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BACKGROUND OF THE INVENTION
Embryonic development and cellular differentiation are considered
unidirectional pathways because cells undergo a progressive loss of developmental
15 potency during cell fate specification. Two categories of pluripotent stem cells are
known to date: embryonic stem cells and embryonic germ cells. Embryonic stem cells
are pluripotent stem cells that are derived directly from an embryo. Embryonic germ
cells are pluripotent stem cells that are derived directly from the fetal tissue of aborted
fetuses. For purposes of simplicity, embryonic stem cells and embryonic germ cells
20 will be collectively referred to as "ES" cells herein.
The generation of live animals by nuclear transfer (NT) demonstrated that the
epigenetic state of somatic cells, including that of terminally differentiated cells, is

labile and can be reset to an embryonic state that is capable of directing development



Further {tdViX3-1CCllint in the area of reprogramming would be tacilitated by establishing robust methods
for reprogranaming human somatic cells and defining ofiective RIDEOCOIS 6)1' Mardpiilating blirEnt: ES
and :PS cells. \4kfSh\ VP TIIE 2N V EN') ION The invernion relaies generally to the dedifferentiation of
di ethrenlialed somatic: ceils, tio methods rif gm)enlibg !cteonciatycens and the seca{ndory cells produced
by the methods, to chimericg, mice, produced from said secondary :PS cells, and to methods a screening
for raprogrammifgPatfehtsedtilizing tha \sEcs AR SrS AL ant ehirREHt AR, R one embodiment die
invention relatesitéhgmetiiod etdepiognuniningda20gifierentiateshsifdiansic weltata s potent state,
comprisingstepso?ft ﬁ:ocr]tactin adi \{Iglt%eie!ﬁ]ag?%s%g%tg:O(ﬁ,‘lt W]j;[(tl'lcﬂt Iea%[c%ngngse]gg%%arimt jag agaot that

P € cloning progess.. [+ Ng .
contrithiges to reprogrammh‘\ of sai oa pfurlp ern state., n urﬁauung .Said cell under conditions

ypropriate for prgiif'@mﬂpm@ﬁmawj@ﬂm&yﬂmkﬁt@@0Hieaalllggsgwp@l@m@grmmmgegent for a period
of time sufficient{0;beaip FeRMarRRMING.ohie aipceitisnddnieianallyinagliyatingipg-at leas{ one

reprogramming agent. ~ hi another embodiment the ink,ention Mates to a method of reprogramming a

di Ithromiated sdihaik CelFte) @it oG StatesEampHsiigtHE stePRIGN SRe\IER Y 4> SGifaiiir (din that

COas at least onengxogeInous )y intiadused factanthateontsibuiesteprogrgiming of said cell to a

fthtrit.:Ment state; maintaining the 30cell under conditions ap jate for proliferation of the cell and for
@l [ﬁg%ﬁn ande Jil mflgﬁgca d$a {40 6?'? %%pé_%%df)

actic iiv of the at %518(1[1‘50' exc{genmisly initothice r Tin- a pericid of titne sufficiem to activate at :east

one endow:moos pithipbtekmu}ﬂgt]'emeaflam funﬂmiam_aw lin.aethmatiﬁ.gghevaﬁIé@ﬁtcc'ihetgl\lvggnously
introdugpd factog 3 gy et embrAms e Javerion ReLARS Ik alRheArfggctng a

effective protocols for manipulating human ES and iPS cells.

SUMMARY OF THE INVENTION
The invention relates generally to the dedifferentiation of differentiated
15 somatic cells, to methods of generating secondary iPS cells and the secondary iPS
cells produced by the methods, to chimeric animals, e.g., mice, produced from said
secondary iPS cells, and to methods of screening for reprogramming agents utilizing
the secondary iPS cells and chimeric animals.
In one embodiment the invention relates to a method of reprogramming a
20 differentiated somatic cell to a pluripotent state, comprising the steps of contacting a
differentiated somatic cell with at least one reprogramming agent that contributes to
reprogramming of said cell to a pluripotent state; maintaining said cell under
conditions appropriate for proliferation of the cell and for activity of the at least one

reprogramming agent for a period of time sufficient to begin reprogramming of the

]
wn

cell; and functionally inactivating the at least one reprogramming agent.

In another embodiment the invention relates to a method of reprogramming a
differentiated somatic cell to a pluripotent state, comprising the steps of providing a
differentiated somatic cell that contains at least one exogenously introduced factor
that contributes to reprogramming of said cell to a pluripotent state; maintaining the
30 cell under conditions appropriate for proliferation of the cell and for activity of the at
least one exogenously introduced factor for a period of time sufficient to activate at
least one endogenous pluripotency gene; and functionally inactivating the at least one

exogenously introduced factor.



differentiate.d somatic cd t that has been reprograthuned to a plthipment state, comprising the si.c.ps ol
procidima a differentiated son tic:. cell that contains at Icyast one esogenotisty introdnced factor that
cm:tot:kites re reprcrammine of the cell to a pthripotent state; maintaining the cell under conditions
appropriate for proliferatlisn of the cell and the activily of ihe at least one es(k2;etlOUSI.;:S: ithrththiCed
facies for a period of time sufficient to activate at least one endogenea.Ls ;slur:potency gene; functimally
inactivating the at loast bAGEAETENEHIT SRHEHSBEA" BR RS 4RY (iffBebiEil §b1 dhe thgthAling betkV(1;
111'11111S whidirdisplayonenotimaté thmahke ts:af plutipmeney anditelsomichado not in one embodiment
direientiating or distinguishing between ¢ llsoqui h dll:play one or more markers orpluripmency and cells
Which o not cor I e L B S omency
andlor selection aifaiisecElis wichddecAdtcispil WDBIOF morernarkersefopliipmensy  in
131M1GIC111bQthiiGHtS o thesi inventianthea differentiated.somatin:cell is: pastialhydifferentiated. In
other embodiments or the invention the .llifficreithaied eel-italic eon is faiiily difThienethed In Sothe
et1111(1111i11119 5% SKHHS fiveition Hie ditfstentisted Som At Caie i iemdidiastic Menge or is
a inescnehytnal.afleinccelifithesomecdmibesilimattiindhediffeientidiirich sainatiaeddnsiobidined frcim
peripheral blood, |n.gne einimament o the AAAA KRG L e, GIRTIRY sihated i3 il L cel is an
immune system cell. in one enilsoditnent the diticsentialed somatic cell is a macro age. In one
embodiment the ditfegeptiatcer soviatie ealhishal igpproid Cellothap&mbotitherescot tiadl 3-R1m:ion the

differentjated somalie,Gerids &B aellnsusihasAhinmatye (8 0oR sBueallianphamnB.cel)ior
inaturexmnnarve) 1$-cell lit stfil other embodiments the differentiated eel: is a tieeral ptegeither cell, an

adrenal gland CEMRr IR A1 ) FE I PARRAREP R SPAr S EEHR AEPIHR AR BRI 10 some
embodiments of dflectivention the at lastdne gaogenansly miroductefactanisaprlynneletatide hi othet

embodiments the %} least gne exols nqwil¥ 3Q tro ce? factcr is a sSs,eq()[persde.mile embodiment the
and/or selec ]("‘1 against cells whic 1)1‘10 1 '}%O C OI MOre markers o
at least one exogenously irullodUeed Tactor is selected titm the ;coup consisting of Octs-1. Sox2Nanog,

esklyc and combihatiotithiereof. In particMar embodiments of the ir:ri.-))-6on 4 the clifferennated

sormthg; CI eianUltfISegiogtislyMuagduaedBen 2, tinll gseganaustyisntiednced Qe Sox2, Kif-4 and
e-Mve. g.ncrae f tm(Lxxli.mcnt of 1,171e inventhg: the at least one exoggnou&? introduced fador it;

2 LM X1 M ey . s PtFar ;
selected from tha%ra(ip L ORERHHE o ORHET SERRSTEA SRR AHAL B B thereof and the
differentiated aomatieicellfiwherd gaidtaimadat kast one esogenously Introduced Mem: (e.g., a
poly:sue:es:Aida or poiyrpedptiedg%ggplabl of inducin d%(qFCRéﬁ{Qiatio C(af the iffe_rl?glst@:ﬁ?g somatic cell. In

s =nts pf (he 11Tvertio ‘entiated soniatic . .
some embcgthnents the :<he ot capab’lléno |?1 ue}ntt ec terentllauon ot taid dlf?é'rentlate somatic eet is

sd'-*(,,l/g1 ftgul thengionmtohsistingropal leststonaphilgrinelseidenghich abwrredhiates
20 differentiated somatic cell is obtained from peripheral blood. In one embodiment of
the invention the differentiated somatic cell is an immune system cell. In one
embodiment the differentiated somatic cell is a macrophage. In one embodiment the
differentiated somatic cell is a lymphoid cell. In other embodiments of the invention
the differentiated somatic cell is a B cell, such as an immature (e.g., pro-B cell or pre-
25 B cell) or mature (e.g., non-naive) B-cell. In still other embodiments the
differentiated cell is a neural progenitor cell, an adrenal gland cell, a keratinocyte, a
muscle cell, or an intestinal epithelium cell.
In some embodiments of the invention the at least one exogenously introduced
factor is a polynucleotide. In other embodiments the at least one exogenously
30 introduced factor is a polypeptide. In one embodiment the at least one exogenously
introduced factor is selected from the group consisting of Oct4, Sox2, KlIf-4, Nanog,

Lin28, c-Myc and combinations thereof, In particular embodiments of the invention



C)B cell late spec :lie markers, at least one poly/loci:ten& which inhibits expression of Pox, at least one
polypeptide which dotynregulates 1- cell latt specific markers, at least one potypeptide which inhibits
expression of Pax 5. and combinations thereof In otw embodiment of the ‘invention the factor ca;xibie of
inducing dedifferentiation of said di fiererMaied somatic cell is C/FliPa or a human hornpipe, of CtEt1Pu
15In particular embodiments of the invention the at ldast one exogenously iturodueed thctot is introduced
using a vector, €' SHF RIS VD FOF L UBIRTER AN S RpPUSEd 05k, SAon@ddpEét the at least
one CaOtZtalOQSh¥cintieduceditjicionistirteaducadiasitigadye.t.or which is not subject to !'nothykitioiiimed

cited silencing. in ye: qn%tgleeern%nggxl%ggm%m?tp% \E?'L!nlt?{%ﬂ[ gﬁg{%lrgzﬁ?%etlousl)é 1'19{{999.911 Ieoq} thefor dt:is icirodllacel

using a viral smetrir sqcrh as a :ictrotiaal or lent:gen-a I'Li:r(féoﬁresent invention also pRa'ide::
methods tot prodiiigsatietred animal2inutheonietiiody, @cibiiatie: 0t feridptated From an animal

lianedisg desired Ghanueigtistie:-sand epiaat-ysingdthsmeathedsifthe dnventian.isOpeoduce one or
more 3:OprOararlialtai t?} uric:Mel:11 somatic coil ('"RPSC").RilSes are then 25inserted Otto a Teen:gem

embryo, and theTOSSHG EBRIBRILBRGFAE o HPOBTLE S EniBipe YrealitabiaPaR)e Eor implantation into
a recipient remaledwhighidsithemtrainSjgnieadiifite: attesipienhi&mnale fa produasaipregrant female. The

pregnant female s MAiaINGd AR SYNCIHIANS ARRIORHAIS, B EAUYING (he embryg 0 1CO-13 15t
pitadtlett OitiaietiO anima! Brogeny, e chimeric animal can furter be. Mated 10 4 . wld type animal as
desired, The :invetsd furthéeratvatesorsisiohiperigaanimrap ok cleoMimiceidh dmouseylpioduced by the
methodlg of the IRvetian specifiP&dRENtPR fUrtheT FelaiRR b ANnisQAtaH RIURFACKis&)} produced by a
T O GO s s oLy Bar B ek iowhrcins Ahes 1 SO1L It Spotia markera st
; polyper 0 g cell late specific markers, a
least one polypeptide which inhibits expression of Pax5, and combinations thereof. In
one embodiment of the invention the factor capable of inducing dedifferentiation of
said differentiated somatic cell is C/EBPa or a human homolog of C/EBPa.
15 In particular embodiments of the invention the at least one exogenously
introduced factor is introduced using a vector, e.g., an inducible vector or a
conditionally expressed vector. In one aspect the at least one exogenously introduced
factor is introduced using a vector which is not subject to methylation-mediated
silencing. In yet another embodiment the at least one exogenously introduced factor
20 is introduced using a viral vector such as a retroviral or lentiviral vector.
The present invention also provides methods for producing a cloned animal.
In the methods, a somatic cell is isolated from an animal having desired
characteristics, and reprogrammed using the methods of the invention to produce one
or more reprogrammed pluripotent somatic cell (“RPSC”). The RPSCs are then
25 inserted into a recipient embryo, and the resulting embryo is cultured to produce an
embryo of suitable size for implantation into a recipient female, which is then
transferred into a recipient female to produce a pregnant female. The pregnant female
is maintained under conditions appropriate for carrying the embryo to term to produce
chimeric animal progeny. The chimeric animal can furter be mated to a wild type
30 animal as desired. The invention further relates to a chimeric animal, e.g., a chimeric
mouse, produced by the methods of the invention.
The invention further relates to an isolated pluripotent cell produced by a

method comprising (a) providing a differentiated somatic cell that contains at least



on.2 nclgenotay introduced :factor that contributes to reprogramming of said cell to a pinripmentntiritairiing
said cell under condithms iimpropriate prohleraboncFE:aid cO11 and !Or aetyl-tys:.flid a:t least one
CtKogenc,csiy introduced j'actor for a period of time sufficient to activate at least one endogenous
phiripotency gene; (e Nnctionany innhiutting said a:CttS ono ex ogenously introduced factor: and t.d)
differentiating cells which display one or rflOrC:Marké:rs of pluripetency from cells which do not. The
invention also ref@eS e ptiifisd popalaticiP ohsbratic delsocsnpesing aelebmiTe phiripotent ceils
derived imm repgpgammed diffe s ntiated 3onaliecnehis raducss RyRomethqd:.compr:sing C,a)providing
a differentiated somatic cell that contains .at least one exogcnou,*: invoduced factar that contributes
to cc:prog rammiﬁ%f’%gﬁiﬂ[ é%%‘i’fﬁl aﬂﬁéﬁf‘)ﬁ?gvé&%?é;sf’b‘j ThHTaTAMmG SRTCEal (e EShditions
appropriate for pralifefatiopofshid oel antdontaclivit)a©fSaist abhitowp¥roxegimausiydntroth:ced facto:
for a pegod ofsufficient Aegin reRiogrAMMINGQtAAlf el rdeaglivale alleasians.endogenous
pluripoteney gene; (e) lianctionally inactivating said at leas: one exogenous!), introduce i’actor, mid (d)
differentiating coifs Mdgis disyna:diedidheter latiikery 619 aunteicy adicelmwHiemds!hot. in
ailother aspect thg,inndiliasi relate:: to a method of producing a pitiripotem cell rremn a SOMalie ec
comprising OA! steps of (aj inoviding one or more solmatic cells that each contain at least One
cAogCAIOC:Siy iiittthlaC8d FABIEG hit € Stiticbié st f&&?ﬂ@ﬁgﬁmﬁ! SYR4id CEIF ST bikBSpatCt state,
wherein said eNepemolsh rarbdueeddactoriisdnirad ugedwsing ariMi:kaildledveataiwhkich is not siftsject
to molly;anon-induced silencing; intaini id one or.more cells under conditions "lippropnaic for
prolifer)z;ﬂt?on of sg?ﬁ‘%'é %lls g}n% lr#ogrt Iﬁi@@%@s%&%ﬁ%ﬁ%%r%‘eﬁlclt:{]ﬁe(%al,lf? ?1%‘1“ ﬁj(t (fﬁllrgg ?Ced 1-k{OF for a
period of time S&ffiGieMit depTotittanamguOhsaitPearsrduetaE einedsiCdraanasgetivites pimipolency
ger:C; t:ic) functionaliy iactivating saidiatkasbPpriexchinenansdy intredused factor, (d) ;31-k:.kciing one
or MOrc ccik which display a m_al'thr of pluri‘pote‘%Ey; g&e,) generating a Chnlierk embryo milizing s:a,A one
or more cells whitR AR By 4 MArkEr St bAdBEIEAES () oBIAING bifeId $7518BC somatic cells front :Said
Chime:de Cnthry@p¢ghunaina)ietig$aidianerat paose soimatic tetisruhdgn condittensir@pfOprinte, For
NOE Iqr1:130r% 0 s#id el andfan 8k QB et b ansiexogenatisbrisliabfagtor for a period of
time sufiEicient to N:gin a:progriunmings. | a o activL-de 6 L ast one endogenous 1)laripmency gene,
-anddillthirentiatifjgtetiee kiislcesione: B dispiag ohe stBldiGar:iengl GHipbResypEnaCaark SVIAL13 do
not. In a particulagiembedinnentthemethed: viglls-apwifigd RapulationIQisematiceells ;au:uprising in
least 70% inn:Mot:ant cells derived from reprograramedSQOirtalra CQIN = _ -rhe
invention also relates t&if {ESItSRF B A BtSA LRI FTSH B E B A Mgy EonigHEiRg €4} moulding one or
more somatic cetlslthatreachneontaii, ableaalionéexogenous iy intnoduced factosdhaticontributes to

reprogramming %EAﬁgiHa?Qi'cBocﬁn‘?aﬁﬁlﬂPBB%PE%&%E%MQ%&?J RRGORARGIAIACSNlBdAgeRd feeter is

introduced using :
reprogramming of said cell to a pluripotent state, wherein said exogenously

introduced factor is introduced using an inducible vector which is not subject to
methylation-induced silencing; (b) maintaining said one or more cells under
conditions appropriate for proliferation of said cells and for activity of said at least

25 one exogenously introduced factor for a period of time sufficient begin
reprogramming of said cell or to activate at least one endogenous pluripotency gene;
(c) functionally inactivating said at least one exogenously introduced factor; (d)
selecting one or more cells which display a marker of pluripotency; (e) generating a
chimeric embryo utilizing said one or more cells which display a marker of

30 pluripotency; (f) obtaining one or more somatic cells from said chimeric embryo; (g)
maintaining said one or more somatic cells under conditions appropriate for
proliferation of said cells and for activity of said at least one exogenously introduced

factor for a period of time sufficient to begin reprogramming said cell or to activate at



ilathraibk votnor which is not subject to mothylatiaiminduced silencing, (In 10maintaining said one or more
cells under conditions appropriate. tot proliferation of said cells and for activity of said at :cast one
exogimously introduced :hider for a period of time sufficient to begin reprogramming Said sell or to
activate. M least one Cc) fanctiocially itiitainvating said so ieaS; one exisigenously
irutrodUCed naciori. (d) selecting one or more cells which dispitty a marker of phiripoloneyi (e) generating
a chimeric embr{f@Vfiiifee8ia Bne B MEHeY oS ribH dlest s psdieret prilfinditineyiobtaining one
or more somatadogils,feasvsaidrehinigcic emye; @) maintaininghsaidone. ineapatr gamane cells tinder
conditions approprials, fin, prolicratianof said cells, and for actyiy,of sald atleast ane gxogenous)
introduced factor for a period o time SUfficient to activate at least 20one en ogé’ﬁéuéb uripotenny gene;
and (h) differentiating €elis winishndisplageoneddramorenrgakers dit ghiripoténtyantcalls which do not.

in prelep ' ed embodiments,of theinvention.the Methads yislhaaurifisd Rapwation pf.somatic cells
comprising at least 70% (e.g., 70%, 75%, 80%, 85%, 90%, 95%, 99%) pluripoteril cells deriYed from
reprogrammed fBREEISEY BEIE P8P pARICHRIPEInSeIdiAiahtatheBliffFetett 68fis are genetically
homogenous. cxdhednyeationdiisel relaieshio @methedofigentifyinga: sepragranuning agent coinnrisMg
(a) providing one Qr.more g&{gatigcgguss trgjaqt‘{%achoﬁq ntfalitr] a[t I\q3§_t one. esug si‘o#tlpé‘int(oduced factor that
contributes to reBro raanmlng of said cell t6’a%)cﬁ|rlpoyténfos ate, wherein each o slafage‘i'(nogenously
introduced factorsdscihteodueedBOlkingantindeidiblectedttrwhidhcig! nbhsuigjebt to methylation-inciacciil

silencing and th%ﬁ?ﬂi’éﬁﬁl\}%i@foW@@ﬁhn%@cQ‘Bﬂér%%nbé’oYﬁ%Hﬁst%%ﬁ! ents: lidnegdiy gistinct indricorsi(b)

Maintaining said one or Mon, CO'S under COndiikinS approprikte for rirolififration of said cells and fix
activity of said atfehet SrakitiRhEan] HitoHRIE T 628 4RO FYERASE B e sufficient to
-reprogram said elbobtoiactivatei attleasione gudeganogs pllcpbie nngrae; {ce)stunetionally
inactivating a.ici at least one "ogenCni*t cil.t(C‘che (1 F_4C021:1111 Sgle(ftinitt eOe or flOrie eelk which
. endogenous pluripotency gene; (€) functidhally inactivaiing said at Teast one
display a markor
exogenously introduced factor; (d) selecting one or more cells which display a marker
15 of pluripotency; (e) generating a chimeric embryo utilizing said one or more cells
which display a marker of pluripotency; (f) obtaining one or more somatic cells from
said chimeric embryo; (g) maintaining said one or more somatic cells under
conditions appropriate for proliferation of said cells and for activity of said at least
one exogenously introduced factor for a period of time sufficient to activate at least
20 one endogenous pluripotency gene; and (h) differentiating cells which display one or
more markers of pluripotency and cells which do not.
In preferred embodiments of the invention the methods yield a purified
population of somatic cells comprising at least 70% (e.g., 70%, 75%, 80%, 85%,
90%, 95%, 99%) pluripotent cells derived from reprogrammed differentiated somatic
25 cells. In particular embodiments the pluripotent cells are genetically homogenous.
The invention also relates to a method of identifying a reprogramming agent
comprising (a) providing one or more somatic cells that each contain at least one
exogenously introduced factor that contributes to reprogramming of said cell to a
pluripotent state, wherein each of said exogenously introduced factors is introduced
30 using an inducible vector which is not subject to methylation-induced silencing and
the expression of which is controlled by regulatory elements induced by distinct

inducers;(b) maintaining said one or more cells under conditions appropriate for

proliferation of said cells and for activity of said at least one exogenously introduced



of plwipoi.ency (e) generating a chimeric embryo utilizing :taiti one or more cells which dhsPh-W airuuker
of Pil-NiPoteticY; Mob:al/ling One Or more somatic cells from said chimeric embryo., (0 maintaining said
one or nore somatie cells tinder condnions appropriate or prolitention or said cells and Mr activity of said
at least one exogenously introduced factor wherein activity of said at leas: one exogenously introduced
factor isinsufficient by itself to actiyate at leas: one effddogenous plurii)oteriQ. gene; (h) contacting the
somatic cell of (d)“WifH%n@@r"?ﬁéé“ﬁ%\ﬁﬂi’&ﬂf@‘r@ﬁ%’&?%ﬁh?ﬁ@‘ seNisicangs o igetnitiig cells eontacled
with said one or iesec.gandigiaigdeprogramming aitaniS,Whiel diaplaycne.ei maere markers of
plutipoteney, wherein candidate reprogramming agents which Induce the somatic cell or (g) to display one
o1 more markers o STB0A et AT S e A G AT PG Nt also relay. s
to methods ofili2imgknowemind (vibledromoterisystents) bigonidi tixampk anducible vedters, e.g., :XIX and
tamoxifen inducible dg-HM ay Wi ik VESIPRRASG QI EAM TRssEE oRON dnducihie etiguial yectors ‘nave
licen unporiant 10 define the _sembal activation of plaripmeney markers and the iniOnnom limo or yeator
0:pression rioting HrpHEYrARFRING RS ORRIAB R0 Q&I AW Fe UrHES HETBIMWe i:ave generated
inducible lentiviraby@etarsaihabwitkallovthedemposaly deshietediexpressiair afithe kgprogramming factors
Followina the same §trqge§}/ §$‘U§e for rrqtitrlﬂner enes, we haye 9$nq[ated lentiviral vectors that
transdace the hutaR 0BT &Y R AT ART CRIY A E BRAS TS o etittive) S tinder the control-
of a DON. i:iducilleogronddtetoiTio igewrératet &yYLYOXfindutible: systemowecinttecteddiwnan fibroblasts with a
leonving 1.eclor aairying, iedlA HFBSHGISVAON somal R &IARISINARPSRAETR Jndugiflg,control olvectoN
we also genei.sied 0E1114,"SOX2 and (11-N,PiC estrogen receptor- (ER) thsioti constructs by litaing the
factors -to the eSHYSHNYAHE ‘bi?f?:l?ﬁ]@"d‘dfﬁé|?f“f8>é\ﬂ6\ﬁﬂ?§r°%6%ﬁéﬁ”&ﬁé B ESsion. Addition of
hartoxicen to celisiianadugedwithha SQ¥2sERifusiopiemistroetloads.tednospeation:ef the SOX2 protein
from the nyiopLisiP to.the ngj _I(leus_‘ as Te_xl[?ected forlo_qug.. pducFQQa]ctuatiolrl,‘ 'ghcfs<}a resttihd show that the
DOX and ER fkisitifi nddct 1edseylé 2e cam be' Csnef(’j‘folfndgpLé“ﬁ‘déﬁtT?/]%%Hthf the! TLffres.s.ion of
transduced factoisp8y onGnenembodivtent plutheinvertiondtelales to theagseofimuitiphé;. e.g.. two,
different regulauthie systems.each sontrpling,sspiesistion sig stbse el Bl For example. one
‘night place 3ot the fitetiits under commit of a :ifs: inttheible te.rz, doxthiduelblei prOlthitet and the 4th
(actor under conttdlGtsa S8CERdIRMALIIRIEIPAC YARER itett-i LEIdCBR) HrortarmTHER one ethnd generate
an IPS stell by indueing eitissegitionftomjaethimoootams.geneiatei alinetise: ko tbis iPS eell, and isolate
fibroblasts tor any othIG_:r [cell it)ﬁoe_) from theququ_lsq IThesfe Iibrobl_asts V\_IQly_‘l(i beiqle_ne:in:any hminigenotis
and would be reb}%}ﬁ}élrlﬁ:{%fe {}\(I:Itlf}‘}él.sl HEEd TS viral tnthetion” Ohe Would thén anitirtnt to reprogram the
Fibroblasts tindemtatimditioms {0 whichecoplysthe firstigromotenisra@tiod @ rnttherpreseribe Af different small
moleculgs that couldpoientially,sybsttute. forHhe;stbdacion: M orderda, identity small.molecule

-reprogram:1hp: agents” or optimize transient transtection or other prerecois for introducing the rftn factor.
A number of vati§iaoe1a a e HELHAEP TP 8RB BHREHIYRT S S5 ihdU e Bk s8R of ,3 inetors and
transiently induce.expressieriabiheukifit tigtact eteay Ansambipatiamofdactorscanieassessed using.
the described methods"ciso,.on ulat ion,levels of the Cantors by using different COM;
e:lttaii:MS of indﬁlé’l ﬁﬁ'gﬁ]e%r?{:. ?4-9%3{]’01;@9%B?%oaﬁgﬁgﬁi%{ﬁaﬁstﬂé“a‘e%’é’ t’[%lé'%ié%égé”sﬁéhe of the factors
between sites fishv redorhbind3e and! thércinduce @xpressiontof the teednibivasetto turn off 20expression
of that factor. Foy,examlen, & Meieialogetis.seHenes cauld be pasitiones kA dhe promote( and

the coding sequence, wherein the heterologons4 sequence is located between sites ter a recombinase;
the betetiotogotis sequéfEaIBIEiagEs EKere 8xiBrbAe Hioste i Hede isihtre e aeedatstbQhd tells (e,g,, by
introducing an cigpressien vertor dudencedesthe Racismiinnseuaby Adetrovistyere)@and causes
excision of the it%terp[lo\%ilpt?.§e yence, threbiytaII ying ex res?]ion ,of th Jransgette, Also, transgenes
e'Xl be integrate [Gta Variety Of non-essentia I&ﬁe‘fﬁ.?focﬁn\(/ns{ 0Se |§?ﬁ5 ion doesh't significantly affect
development, exéddglifiedyOollagenckimrRedtaédocih a SOX2THeseswystemswarécnseful, e.g,, Ibr tdenti
lying reprogramming agants.2ne: 30stud,ying, e sRuirepRatsansk GYeRtR halpsaus jgreprogramming

(including discovering celktype :3pecif.c differences) o )
drug induced activation. These results show that the DOX and ER fusion inducible

systems can be used to independently control the expression of transduced factors.



9 BREW DESCRIP'110.N OF THE DRAWINCIS FIGS. 1A-ID illustrate the generation of genetically
homogenous cell cultures for taren:ride. reprogramming | A shows a schema for infection of
puromycinsivsistant, NancigiGIT or bianogilmo primary MEN: expressing the reverse tetracycline
iransactivater 042rtlA 3 with sitys:draltarible leniiviruses encoding the 1 reprogramming factors followed
by induction ofivibrogiaraming, primary IPS colony sélection, dox withdrawal, chimera illumetion, and
ptfromycin seleethin fof i BErskLithuANFRotRARairGe 18 irstrardsitkiat &iblfée secondary MEFa
solated tkom ethifn@ras: tpdengs compiatecitiepigentiic seprogtantiningbRoxfindaptisgient cultures
express the planapotencys associated genes.alkaline ::ihosghstase, SSEAL, and Nitriog, FIGS. IC shiwys
that MEE-deriven(l?( E){I xé%’éﬁdoﬂfd]lygggﬂs%gﬁnﬁaﬂ&%%elﬁ]s?%e‘ﬁ}é}ré E%&@%‘f'g Lﬁ?Pg'eEb'é‘r’rn layers in
teratema formatidrxasdayslcant contributértotdidarietardriationlwhercinjettedubbé atstocyriis, as
indicated by the presence;of \WS9eHyestaganlicoat colpd pnahlagkibackgropndiO),  FIGS. 2A-2.E

illustrate that reprogramming kinetics and efficiencies vary betwaria hifirdis from distinct WS cell limes. As
shown in FIG, 2AXREEONUERM TR HAPEY piingahy s S8 imeevers trastel Withseidi and reprogramming
was monitored -visuallstsTihe gifferenttidilifhpapuationsoexhibitedemorphelegiodileramas  days alder dox
asimthistration. bat a}yc amed colonies with cell :morphol within 12 rows). FIG. 23 shows

-olonie | mo . < gays (a
ﬁtiv la)gll%nlnom m\ivalull:' ¢ Tepio AR WO m,ug%\{ i\’r%qﬁICeo eultureg when

that neomycin resistant an Ine phosphate positive colonies were presen
the drug was addddctthemedie Gt eancasdayprafienddx ManbbewuElt coatiiiustrates flow

cytometic: iimaysis ftef.feactivation AR P EAaRd the Mitlag-0dTarapruesallelgin NGIFP2 and MIi:FP3
lines: over 1$ dag;{of dox culture. As shown in FRI 212 secondary NOIT2 MITS were plated in: densitieS

varying from 0,095-st0daier ity s thifdwe db ik datitiof Cesip Loddfotigs HpE R Yetitted 1- weeks
later. As shown ifdplGur2ain Sipdecsecondanyisiifssammiplatach ind 6twelb\iates cantaining a
7,4:milk:Jed MEL1].tieeder | ey followed bx dax induction. The perc%nta e of single cells- able to

LFut J ﬂ}/ t Ul % ibl

. 1 h factor.. A er ol varialions 0S . IOF cXample, one
proliferate 30 -sufficien ii} o fiarm a visible ¢o only A the MET féeder Hcl er?ﬁgﬁ grey bars) and the

percentage o vineigkllszhiend formpuTsieoe Nitio tasistditaseicoid arjuis: esfostigsrkidikgrey bink) were

Kore.d; 4 -weeks/ater 1 Qi1 A3 shewdhsreauirerent R xigassiap @t 4lgigedrantigentra in
secondary 51IFlls.cintimititative RI-PCR examining induction of expression O (the 4 reptogranaDiNi"

radon: n responseetBoARr<taCIeRCiH e BE Rt SYRIEVE 1oy BaridhciGiciars BeisHsd iffmtaidniorescence

detection of oc.t4@@ehtrations of inducing agent.
Another approach is to place the gene that encodes one of the factors between
sites for a recombinase and then induce expression of the recombinase to turn off
20 expression of that factor. For example, a heterologous sequence could be positioned
between the promoter and the coding sequence, wherein the heterologous sequence is
located between sites for a recombinase; the heterologous sequence prevents
expression. A recombinase is introduced into the cells (e.g., by introducing an
expression vector that encodes the recombinase, e.g., Adenovirus-Cre) and causes
25 excision of the heterologous sequence, thereby allowing expression of the transgene.
Also, transgenes can be integrated at a variety of non-essential loci (e.g., loci whose
disruption doesn’t significantly affect development, exemplified by Collagen I or
Rosa26 loci).
These systems are useful, e.g., for identifying reprogramming agents and
30 studying the requirements and events that occur in reprogramming (including

discovering cell-type specific differences).



[loK2 iii seenadary NTH' eettutes 72 hours Mier dent induction, As Shown in FiCt. 30. NeliliP2 secondary
MPS's were cultured in the presence of dex for ;he indicated time (5-22 days, red bars) followed by dox
withdrawal. Cult:ices were inotinored daily for the First instance of OFF Activation ;green liars)r iThAe
nitric indicate periods in which ppii epiiitnitis appeared during dos treatment, FIG $D shows that NOP22
MEFa 10Were cal:tired in the ﬁresence of dox Inc 1(®d 5 days, at which point dux was withdrawn, and

GU colonies were'shored 3t ))?‘QNAETiH'ﬁ@'Er]ﬁ{"éﬂ\’}HW@, Pliti NGFP2 MEIni were cultured in the

presence of Cie>: for eithey. 9 AHuR) Rk 22day s drediline)s. gand theyappearance @fIGlik.eglonies WaS
Seenal :hay net g(z%ye %S})énl\_l&t:ef_ath_e z%glpealra}nce of CIPP-posithie colonies as late as 15 days after dos
withdrawal: (blue H ﬁe{j. AsihmiAtiald Tt BiG. Ph. NC-T3 secondary hillills were etil tared in :he presence
or absence of Dikl(@nhinti®szasdrdoddf BAcamdol 11191 Mhoulosies Werescditdr NanbpGS. 4A-4N show

reprogramming, Iqa‘oiBmﬁggalmm%}iﬁédgg&ghé\ﬁemgyv[@&acEéﬁw Han DINtIQSeaaRdRRy injgstinal epithelial
Ir

crypt-villas.strinitures were :kol4te hl and after 24 hours of endure in the irreseneCe of dex.
The:aside begarl VeBItHRGE i i HAIESIOLY el #4970 maet) 24008 atesbthin within 22 hours of
dont. culture, suspeided shhemidsnatiaghethtotheSahitsadiated deedar layerand twakon ES-lim

morphology.. As shown in PAGuA'D’ edior‘lic% coptinye rOW. ohjtreattnent, Out

. . fprmation, an omycin selection for 1PS: to}\% se cgll%tép\gs%vt\{qodt\{v%%hgﬂg
differentimed and became indis mg%us'hacb?e from the fheéjer ayer Upon .dois withdrawal (FIG..4E). FIG,

4P a:tom:Mai soiﬂ%éﬁend&hﬁiﬁ@s@@dwm wdr@ﬁél@mwénnﬂpe@smgwmebk@ after dux
adminiggration. Fl iw%ﬁcﬁc%%ﬁ%érﬁk‘iﬁﬁf&eI§&9—9¥&5}fe‘ﬁlﬂﬁ&fl}lﬂ‘ﬁ&&%8ﬁ§§'ﬂ@%l%%t 4 -Nanog priarnoterS

in:In:Slily isolated N.Nitio secondary intestinal epithelium, .partially reprogrammed dox. dependent cells,
fully .reprogramriSa-KNE 89S Aid areP gomraction With kD UNg Kits itHaskows&Hown in
FIG.4.122741CRvianalyisesi ohexpresaiotoithed famonssands Nanegaesealed thatdex-dependent .bhlsiiix
intestinal epithelial colonjes expriess N levels of Octd apdt-etngenreaison wih £ cells, biut very low
amounts. of Soit2-and ?(qﬂﬂ. A6, Ehehows. that NP2 secon ary T4 intestnal epl}hellal cells formed
spheroids in suspessidnnivithinytody oursiofidged by the presence of iPS-derived agouti coat color
15 on a black background (FIG. 1D).
FIGS. 2A-2E illustrate that reprogramming kinetics and efficiencies vary
between MEFs from distinct iPS cell lines. As shown in FIG. 2A, secondary MEFs
from three ‘primary” iPS cell lines were treated with dox and reprogramming was
monitored visually. The different MEF populations exhibited morphologic differences
20 6 days after dox administration, but all formed colonies with ES cell morphology
within 12 days (arrows). FIG. 2B shows that neomycin resistant and alkaline
phosphate positive colonies were present in NNeo cultures when the drug was added
to the media as early as day 4 after dox induction. FIG. 2C illustrates flow cytometric
analysis for reactivation of SSEA1 and the Nanog-GFP reporter allele (in NGFP2 and
25 NGEFP3 lines) over 18 days of dox culture. As shown in FIG. 2D secondary NGFP2
MEFs were plated at densities varying from 0.025-500 cells/mm? followed by dox
addition. GFP+ colonies were counted 4 weeks later. As shown in FIG. 2E, single
secondary MEFs were plated in 96 well plates containing a y-irradiated MEF feeder
layer followed by dox induction. The percentage of single cells able to proliferate
30 sufficiently to form a visible colony on the MEF feeder layer (light grey bars) and the
percentage of single cells able to form GFP+ or Neo resistant secondary iPS colonies

(dark grey bars) were scored 4 weeks later.



addition and took on ES-like morphology within 72 hours (HO. 44 1);ck, 4K and 41. iliustrates that NO:T.2
intestinal epithet:um gave rise to dox-indepciadent secondary ;PS colonies that express OFF' Cron) the
endogenous NanOg :0(.13S. As shown n HG. EffLA-DTI based fractionation of intestinal 'it: 1th from
differentiated cells of the UptC.111 Cor UK. crypt (tractloll .a01,11AC a *w days dox induction
demonstrates that etypt fractions in both NNtto and NORP2 secondary lines are more etiletern. in initial
colony formation: As shéWh iH'FIGSIN, IR TIHER SR VI SHetwed tHat ter e ekeeption of Kill, the
transgenes weresspatésfiigientlyritOmehieral lafraction R (CPm)dhﬁﬁlﬂ[hﬂﬁﬁu@lﬂzﬁc\mh LSof the N'NfeCs
and NCH32 inic:Si :Ml eplt ellal cells. FIG% SA-3L show rteogqg}]rUM W oflother somatic coil
types. HOS. 5ALdnd b show NW@@ HR31E 85?&11% E:moce“IIs BetOrEnd after 2 week,
of dux administratienveRIGSp8IC ards SB@hIBthtﬁmﬁlmm‘stcb@sbcecamldtan@m@:ﬂayé efidox treatment
formingy3Se colopies, BG4 AE anst Blahoys that NAI3RR  MIG3igavEis6 19 doxjejndopondent iPS

CE):)flies that express C,) PP from the endor%Hnous Nariog locus. An shown ht Fig. 50, colonies of

dermal lteratinoeVted frérP RGN Rimeras Wit Ribie S eproCaIsip i 8y st B‘é‘@jﬁn to exhibit ES

cell morphology withinl 2, Jays:ef densireatyent (Fitir-al) thesecelsfulyo2@sepregrammed to form

3100111YC|nSU]|t|r1d|n ||§>S col lgelg, Fla SF. #&usmged in IG 5J,. a(gter expansion |r11 seram- -frire media,
plated NNeo-deti\fd haurEESHaras raaiRy AHSFSTtintad inth aRHoaIaE Lehs R Telodhse to dos and
serum-containingBS celbmmww@ﬂuwmemmemgmneré(beﬂ@ vere éxpardedlinbdherent conditions
with EGJ and POl taranethiet ;ﬂ@%‘ﬁ&%‘héﬁ%@ﬁpﬁs@% oag%fea{%@mmm@ﬂ'a IFS cell-likc colonies,
appeared both in ES cell (FIG. 5K) and sermin-free media (HO. 5 FIO. 6 shows that Cully

reprogrammed N‘Gh@?@béﬁﬁ&ﬁr& 9@‘1’%"i‘é‘éétfv%%@éldtﬁbdéhdﬂgé\’?dﬂﬁ“mﬁh%@‘Ib&)s”exmess Oct4c. AP,
and SSEA.1, an@hg@ulmbmmamtﬂnadlm the]abﬁge@@: of dos f3AMRSH Mumﬁtmwyaqmuonal analysis.

FIG. 7A shows tllltf PC S|sl%‘ S:-rg) an 30?08&4%88%55 I§|ra and a}ﬁs]%:npts in NGIP2
MITs during the i ‘ér}nne 0 wro (’ram |ng in response to Hea?men §0 shoci.en are expression

Itmeis in t'yo Es eeikRMNAcpreparationsiy6o5line faﬁehd:h:@ M"Cdm 1863 celithidevel@us 1U 25

15 line). As illustrated in FIG. 3F, NGFP3 secondary MEFs were cultured in the
presence or absence of dox, dox+5-Aza, or dox+TSA, and GFP+ colonies were scored
3 weeks later.

FIGS. 4A-4N show reprogramming of intestinal epithelial cells. As shown in

FIG. 4A, NNeo secondary intestinal epithelial crypt-villus structures were isolated

20 from chimeras, and after 24 hours of culture in the presence of dox, spheroids began
appearing in suspension (FIG. 4B, inset). FIG. 4C illustrates that within 72 hours of
dox culture, suspended spheroids attached to the y-irradiated feeder layer and took on
ES-like morphology. As shown in FIG. 4D, colonies continued to grow during two
weeks of dox treatment, but differentiated and became indistinguishable from the

25 feeder layer upon dox withdrawal (FIG. 4E). FIG. 4F shows that sox-dependent
intestinal epithelial colonies were neomycin resistant two weeks after dox
administration. FIG. 4G shows bisulfite sequencing of the endogenous Oct4 and
Nanog promoters in freshly isolated NNeo secondary intestinal epithelium, partially
reprogrammed dox dependent cells, fully reprogrammed NNeo iPS cells after

30 infection with Sox2 and Kl1f4 viruses. As shown in FIG. 4H, qRT-PCR analyses of
expression of the 4 factors and Nanog revealed that dox-dependent NNeo intestinal
epithelial colonies express high levels of Oct4 and cMyc in comparison with ES cells,

but very low amounts of Sox2 and KIf4. FIG. 41 shows that NGFP2 secondary



30, 12 shows a comparison of the interexpenmental variability in iPS colony formation efficiency between
dneci: infection and the secondary system. 5;x10300:4-neo 41151-s1 vercii-515eiiied with the 4 fac.tors
encoded by Moloney-based retroviral vectors On a 10 emneomycin seicietion was initiated on day 6, and
tacistant colonics as";an conntcd on day 20dire d infant:on). 3x II; secondary NC FP2 dftFswere platad ha
a 6 wcil dish, aaposcd to dDK-CCtill3iing media, and GEP-positive colonies were counted 3 weeks later
(right ---- secondatsseystepificiinecr SrapresdntcedionywprmbersShieadrotthe’ ddndepierichini

exporinients. 151@;$Rasi:$ aniheidn analysis b secomdansals:d dies NYFPR; NGFR2.4nd NiNeo with
K1f4, cMve, Sox2, and Octit OONA jp,ilnea. IPMOQOgenitms bands are marked with all arrow, and prmyiral

insertions are mAREEANOWHESH, Raith tHE AR BEER S BRIFCIE T I NRES IMEN WRTORIE & transpene
laignasi to the coltagentiloatist expr&kiES PIADIBhow RtGoSAIshaws NG AR 2seeondary. tall up librobtasts
snecessfully icarpgrainmed.into, dim-independent. OF P4-iPS. coils, FIG.shows that iRS calls darlved
020m MIIP3 seooniay ALl Sutra R L R E s shows
that iPS cells definétafinpi N5 PO Gasndems mese nehiti( frratiste i c&lldrxpress éndogenous Nanog

and SSEAL As showiiR G SR qREMRN%HEsinshymbSten g etis bathetin;the Ryetse jransiSctivator at
the Rosa 26 locus and the Oet4 coding sec1uence under control of the 1let-operator:6 were it:tee:54d with
!

A4thise:i encodingS&HE P VGiEtEE ARy ipY AdaRioR SRR 10 thi R didd N8 e S Rdsbiftdd in fully
reprogrammed, @oxsisidependenil R8lcels:thaitxpreRsfonbo (okaus INane ghproteiiiently

iininhitnolluorescenceh . . FIGS,9.4,5 show sucees.sful reprogramming of cell cultures derived from
o achal s e g AR Tk I PSR e A L AR G Rl K R e

neurosphercs (FIG:sOE) epitiftebewséeondary chimeras determined by dos independence. :neomycin

rosistimee, and Nattoggxjpression {igd. i ﬁiﬁfféﬁe&ﬂ&%rhlﬁc B gqgg\_/slf,g@o@Qac%intestinal
epithelium isolated from NNen chirneras and cultured In the presence of dux Tof 8, 10, or 12 days nod

stained for alkaline $REPRSBRsEIAR MYt B Wi ber NIk & Sheb A% iERNas epithelial cells
became doxindepeidentiRs. qalissafte ainfeC Rl Wit anl dittanad Sox 2andi il IBAIMenges.
limminathioresconce anal ysis (red. top.rosc) reveal ressiop or oct4 2,~Nanog, and SSEAL1 in
iy retogrammieh L (e Eotlonn Iy bt it R MR AL iows
bomohygons inséttioriseftGRR-indonthid @0 1S |odais e thotita FSsessAe retedasdreporateri with the CIFP-

nw:oR gene napeetortranetedihe ridRRseithe RETé a6k ereslifl R L0 G OA. A correctly

targeted elenes, iderdifitd bx Southern analysis (FI(T. 1,011? stained ihr GIP andPnto rosistatif
chimeras with typical epithelial morphology (inset) began to exhibit ES cel

morphology within 12 days of dox treatment (FIG. SH). These cells fully

20 reprogrammed to form neomycin resistant secondary iPS colonies (FIG. 5I). As
illustrated in FIG. 5J, after expansion in serum-free media, plated NNeo-derived
neurospheres readily differentiated into astrocytic cells in response to dox and serum-
containing ES cell media. When plated neurosphere cells were expanded in adherent

conditions with EGF and FGF2 for another 3 weeks and then exposed to dox-

89
Ln

containing media iPS cell-like colonies appeared both in ES cell (FIG. 5K) and
serum-free media (FIG. 5L.).

FIG. 6 shows that fully reprogrammed NGFP2 secondary MEFs reactivated
the endogenous Nanog locus, express Oct4, AP, and SSEA1, and could be maintained
in the absence of dox.

30 FIGS. 7A-7C show additional analysis. FIG. 7A shows qRT-PCR analysis of
endogenous Oct4, Sox2, K1f4, and c-Myc transcripts in NGFP2 MEFs during the time
course of reprogramming in response to dox treatment. Also shown are expression

levels in two ES cell RNA preparations (V6.5 line) and the NGFP2 iPS cell line. FIG.



(GS, ;.00 10th when undifferentiated but the marker and drug resistance genes were silenced when
differentiated (not shown). FIGS. ILA-11B show DON and tatnnxilen inducible factor expression. As
ShOWSFIla | A. launan fibroblasts were inTected s th 1cntis4rns in.a..to:fs carrying DON Inducible factors
i..,Brambrint, o at. C'ell Stem COL Feb1.59 OWhen DON ,,kes added to the CULLfil,;)S, nnfflvsia by
ETPCI3 detecte }strong Ilictor expressrlcfn \vile:tits JitBe |f an %}ﬁcrlpgv jseen in the absence ofDOX.
Also. iPS eclis dervaaioh" B HiL d oS BAdE ISty Sgf ﬁ:} deHentRARelBPEEEIBN (right two
panels). As showffiineRGhihB-fibiioblastsoieredfibcted with wectors. containng adOX24 SA fusion
eonstmet | amox|igq Additiania e medliviesulted RiRRslosalian. olihe culonasiigy protein to the

nucleus indicating: drug dependent protein activation show generation of it'S cells from
human fibroblasts? A EhENRTAIHOICIAD MRS 1atiaid Nmﬂbﬁe%ééggmwa&)q&am@ted by gi3CR and

shown t be in acsimitaroiange2asiim canicol hﬂxﬁ&mllsxm&mﬂaa@aﬁm@ examples:of iFS eel is
generated from a uIt Ina: réamﬁﬂ:% hlast.s, The 118Ma|| |PSfrré]1 '395][19‘3'0”'05 and stained tbr
ssr&A.4,1RA 160 andIBOl J ST SPORGWE TRRATORYAR With it FARAEE ’OSIH‘{yﬁéé’]f&ctited after inject:on
or the :ET'S cellsvimta:SGD Iniceks lateF (G +3c0l80rsHoyenreprbgtammimgsofiimausg fibroblasts after

ransduction of the, (Ut taciore ke PANEISIANE JSNITAL YaEIof AR ASERITANC lustration or

vectors QaThying the four transcription Ifiictors Sox2" Oett 1<114 end emyc, each separated by 2A

sequences or vatoaeathbl RAREAS P BFer X FAttoran ENrowihi K Kh S M SiRroBines Wéte co-infectod

with Hsp, 4 factqnmwﬁl@uwlwﬂg@roaka@wmm;ﬂwmm%w& afithe Wﬁ'nﬁﬂdl%&i@fi@&ﬂs@tdd virus.
ressed Ik Ilne hosphatase SIS dOcl4 FIG, 1'30

Reprogrammed IiR,IS M
Chrowe. e 30re &S BFEN TG B0 AL I TOUAT AL B e ) SR ABBCRUENEIRS fincs. The
DNA was digestedaithespelrwhichoelemiég:eneinsthe ?BS ef the vector (giving | band pet prosdnat)

and the blots were E. qquantallypliohes QMR Sexiirinieand Detpl s0iis 045 alhi 10 carnhi

t,Mle4FOcal.14 two 14 polyeistronic vectors (one of the latter was truncated and had lost the 5'

stiquenties).ltowsesfilarianiagion with e BeftiptesedeavETENIP aatis: 1S Gitikd domsprot  FIGS.
14A -14E shosknmma@nmaﬁmm&Iﬁam&:l&aﬁmmyalﬁb@gﬂﬁi%mnmh/&@m%@@lc tints. FIG. 14,A shows

1,13W lei:divirus c nstruct tested tryristiebon (aI sh t| in t Egarii), in total
Bar 2A peptidesBRTTER A P2 VA LTAS Shons Tal Sel e EEth & 9\3832 fs with
secondary mesenchymal stem cells express endogenous Nanog and SSEA1.
shown in FIG. 8D, primary mesenchymal stem cells harboring the reverse tetracycline
transactivator at the Rosa 26 locus and the Oct4 coding sequence under control of the
20 Tet-operator16 were infected with viruses encoding Sox2, c-Myc, and KIf4. Addition
of dox to the infected MSCs resulted in fully reprogrammed, dox-independent iPS
cells that express endogenous Nanog protein (immunofluorescence).
FIGS. 9A-9G show successful reprogramming of cell cultures derived from

the adrenal gland (FIG. 9A), kidney (FIG. 9B), muscle (FIG. 9C), keratinocytes (FIG.

)
Lh

9D), and neurospheres (FIG. 9E) of NNeo secondary chimeras determined by dox
independence, neomycin resistance, and Nanog expression (red,
immunofluorescence). FIG. 9F shows secondary intestinal epithelium isolated from
NNeo chimeras and cultured in the presence of dox for 8, 10, or 12 days and stained
for alkaline phosphatase activity. As shown in FIG. 9G, NNeo secondary intestinal
30 epithelial cells became doxindependent iPS cells after infection with additional Sox2
and KIf4 viruses. Immunofluorescence analysis (red, top row) revealed expression of
Oct4d, Sox2, Nanog, and SSEAT1 in fully reprogrammed cells (blue, bottom row

represents the nuclear DAPI stain).
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Also, iPS cells derived from the infected fibroblasts displayed DOX dependent

expression (right two panels). As shown in FIG. 11B, fibroblasts were infected with

vectors containing a SOX2-ER fusion construct. Tamoxifen addition to the medium
15 resulted in translocation of the cytoplasmic protein to the nucleus indicating drug

dependent protein activation.

FIGS. 12A-12C show generation of iPS cells from human fibroblasts. As
shown in FIG. 12A, OCT4 and NANOG expression was quantitated by qPCR and
shown to be in a similar range as in control huES cells. FIG. 12B shows examples of

20 iPS cells generated from adult human fibroblasts. The human iPS cells formed tight
colonies and stained for SSEA4, TRA 160 and OCT4. FIG. 12C shows teratomas
with differentiated cell types formed after injection of the iPS cells into SCID mice.

FIGS. 13A-13C show reprogramming of mouse fibroblasts after transduction
of the four factors via a polycistronic retroviral vector. FIG. 13A shows a schematic

25 illustration of vectors carrying the four transcription factors Sox2, Oct4, K1f4 and c-
myc, each separated by 2A sequences or various combinations of 3 or 2 factors. As
shown in FIG. 13B, fibroblasts were co-infected with the 4 factor polycistronic vector
shown in the upper part of the panel and a single Oct4 virus. Reprogrammed iPS cells
expressed alkaline phosphatase (AP), SSEA1, Nanog and Oct4. FIG. 13C shows the

30 results of Southern blot analysis for proviral integrations of 3 independent iPS lines.
The DNA was digested with Spel which cleaves once in the PBS of the vector
(giving 1 band per provirus) and the blots were sequentially probed with a Sox2, K1f4,

c-myc and Oct4 probe. Lines 4FO#5 and #9 carried one and line 4FO#14 two
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shows a schematic of the 4F2A DOX- mduubie lentivirus containing three types of

2A peptides (P2A, T2A, and E2A). Murine cDNAs for Oct4, Sox2, K1f4, and ¢-Myc.
This particular sequence of factors and 2A peptides is subsequently referred to as

15 “4F2A.” FIG. 14 D shows RT-PCR anaylsis of mRNA induction in cells transduced
with OSKM 4F2A+rtTA for 3-days. Total Oct4 or Sox2 induction was used to test
levels of 4F2A induction relative to ES cells. E2A-cMyc primers were used to detect
viral-specific transcripts. Error bars represent s.d. of the mean of triplicate reactions.
FIG. 14E shows the results of Western blot analysis of MEFs transduced with

20 4F2A+1tTA for three days. Cells infected with 4F2A DOX-inducible lentivirus +
rtTA produce all four reprogramming factors upon addition of doxycycline, DOX.

FIGS. 15A-15C illustrate that 4F2A iPS cells express pluripotency markers.

As shown in FIG. 15A, immunostaining of Oct4 protein indicates high titre infections
can be achieved with the 4F2A. MEFs were cultured in DOX media for 2 days after

25 transduction with 4F2A + rtTA. FIG. 15B illustrates morphology changes in
NanogGFP-MEFs transduced with 4F2A + rtTA cultured in ES media + DOX.
Colonies appeared ~ 8 days similar to cells infected with single viruses. Nanog GFP+
colonies were observed by day 25 after DOX media removal at day 20. Two columns
show typical colonies observed on the plate. FIG. 15C shows 4F2A iPS lines

30 generated from Nanog-GFP MEFs or 14-week tail-tip fibroblasts (TTFs) that stain
positive for pluripotency markers AP, SSEA1, Oct4 and have reactivated the

endogenous Nanog locus (GFP+ for MEFs and by immunostaining for TTF).



FIGS. 18A-3811 tthow Southern blot of MU-derived IFS lines and do X-- WiThdraWl, Inti8Clliii;V 8 days is
$1.1ffit;:iiMI to generate iPS lines. FIG. ISA shows Southern blot arsilysis of 4F2A thaes. A se:Ansi unuesl
was pc:fern:b.:NJ io confirm the proviral copy ;:ntother. In ;his d1 'e-'S 1i7, mid tf.I sh,ow proviral copy,
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oFNano.g OF? NTFlbs with ttIA tOSKM gtnierated tWd IFS lines. Both generated stable IFS lines after 1-2
passages. C) 20 2.5 7104% FIG: [ showsieide i 2éfficiendiesre prograimmming using 4F2A in Iv]

NimogUIP IVIEFg.iyees infeaied withdlONIHIRN LUhNRdIN 4 ddiaaioicoy lipus. Ceils were fixed
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Observeéj’ layers. FIG. 16B shows moderate to high contribution postnatal chimeric mice as
detected by agouti coat color from 4F2A iPS line #4. FIG. 16C shows the results of
Southern blot analysis of 4FF2A proviral integrations in MEF-iPS cell lines #1-4. iPS
cell DNA was digested with BamHI. Hybridization of the same molecular weight
fragment using all four probes indicates presence of 4F2A provirus. Red arrow
10 highlights iPS line #4 which contained one proviral copy of the 4F2A. * indicates
endogenous allele.

FIGS. 17A-17E show generation of human iPS lines using a single 4F2A
polycistronic virus. FIG. 17A shows Neonatal human foreskin keritinocytes (NHFK)
transduced with 4F2A (carrying mouse cDNAs) + rtTA. On day 22 a single colony

15 was picked and expanded, giving rise to colonies resembling hES colonies. These
colonies were picked and a stable hiPS line was established. FIG. 17B shows Ker
hiPS #1.1 immunostaining for pluripotency markers AP, Oct4, Nanog, SSEA-4, Tral -
60, and Tral-81. DAPI stain is in lower panels. FIG. 17C illustrates thatkaryotype of
Ker hiPS #1.1 is normal 46 XY. FIG. 17D shows in vivo differentiation of Ker hiPS

20 #1.1. Hematoxylin and eosin staining of teratoma sections generated by Ker hiPS
#1.1. FIG. 17E shows in vitro differentiation of Ker hiPS #1.1. (Left) Ker-iPS #1.1-
derived neural precursors exposed to differentiation conditions for 6 days produce
terminally differentiated neurons as detected by anti-Tuj1 immunostaining (green).
(Right) Ker-iPS #1.1 neural precursors (NPs) undergo spontaneous differentiation.

25 NPs were detected by anti-Nestin immunostaining and differentiated neurons by anti-
Tujl (red). DAPI stain for DNA in both pictures is blue.

FIGS. 18A-18B show Southern blot of MEF-derived iPS lines and dox-
withdrawl, indicating 8 days is sufficient to generate iPS lines. FIG. 18A shows
Southern blot analysis of 4F2A MEF iPS lines. A second digest was performed (Xbal)

30 to confirm the proviral copy number. In this digest iPS line #2 and #4 show 1 proviral
copy, however only #4 had 1 proviral copy in both digests. FIG. 18B shows Dox-
withdraw] after 8 days post-infection of Nanog GFP MEFs with rtTA+OSKM

generated two iPS lines. Both generated stable iPS lines after 1-2 passages.
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FIG. 22 illustrates a strategy for generating iPS cells with single polycistronic
construct at defined genomic locations.

FIGS. 23A-23B show generation of secondary fibroblasts carrying DOX
inducible vectors, permitting reprogramming without viral transduction. As
illustrated in FIG. 23 A “primary” fibroblasts carrying GFP in the OCT4 locus were
30 transduced with all four factors using DOX inducible vectors as well as a vector
carrying the tet rtTA transactivator, and “primary” iPS cells were generated after
DOX induction. The cells were differentiated in the absence of DOX to “secondary”

fibroblasts carrying the same combination of vectors that had allowed the derivation
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FIG. 25 shows a scheme for quantifying the efficiency of reprogramming by

15 testing for different markers. Cells carrying the GFP and puro marker in the OCT4
locus were transduced with 3 or 4 factors. The fraction of drug resistant or GFP
positive colonies and the appearance of cells that stain for alkaline phosphatase (AP),
SSEA4, TRAG61 or Nanog were determined in cell populations at different times after
infection.

20 FIG. 26 illustrates screening for small molecules using secondary fibroblasts
with factors that can be independently induced. Primary fibroblasts carrying the viral
M2rtTA and the OCT4-GFP marker will be transduced with tamoxifen inducible
vectors transducing 3 factors and with a DOX inducible vector transducing the 4th
factor (in this case cMYC). Primary iPS cells will be derived by culture in tamoxifen

25 and DOX and secondary fibrboalsts will be derived. These cells, when cultured in
tamoxifen, can be screened for small molecules that replace cMYC for
reprogramming to secondary iPS cells.

FIGS. 27A-27C show characterization of DOX-inducible hiPSCs derived from

fibroblasts from PD patients. FIG. 27A shows phase contrast picture and

30 immunofluorescence staining of hiPSC lines M*"-1 (non-PD hiPSCs), PDA-1,
PDB*-5, PDC*"-1, PDD-1, and PDE*"-3 for pluripotency markers SSEA4, Tra-1-
60, OCT4, SOX2 and NANOG. FIG 28A shows quantitative RT-PCR for the
reactivation of the endogenous pluripotency related genes NANOG, OCT4 and SOX2
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selection; (it Indlqat?gcgcro;rﬂls g!}%nt GS]II‘IS IL%ESL ]E%/ pF‘éSﬂS ?ﬁ'&'{ 11{94(,& (and non-PD hiPSC
line M**-1) for proviral integrations of Xbal digested genomic DNA using 32P-

15 labelled DNA probes against OCT4, KLF4, SOX2 and c-MYC. FIG. 28C is a table
summarizing the approximate number of proviral integrations for the four
reprogramming factors in hiPSCs based on Southern blot analysis shown in 28B.

FIGS. 29A-29C show generation of PD patient-derived hiPSCs using loxP
excisable reprogramming factors. FIG. 29A is a schematic drawing of the DOX-

20 inducible lentiviral construct FUW-tetO-loxP, the genomic locus after proviral
integration (2lox) and after Cre-recombinase mediated excision (1lox). The FUW-
TetO-loxP vector contains a tetracycline response element (TRE) located 5° of a
minimal CMV promoter and a unique Mfel site used for diagnostic Southern blot
digests. The reprogramming factors are flanked by EcoRI restriction sites. The 3’

25 LTR of this lentiviral vector contains a single loxP site, which is duplicated during
proviral replication into the 5’LTR. This duplication results in a transgene flanked by
2 loxP sites after genomic integration of the provirus (2lox). This allows the excision
of the transgene in combination with the complete promoter sequences using Cre-
recombinase (1lox). (WRE = Woodchuck Response Element). FIG. 29B shows phase

30 contrast picture and immunofluorescence staining of hiPSC lines PDB**-17 and
PDB-21 for pluripotency markers SSEA4, Tra-1-60, OCT4, SOX2 and NANOG.
PDB** -17 and PDB*°* -21 were derived by expression of the three reprogramming

factors OCT4, SOX2 and KLF4 from the FUW-tetO-loxP virus shown in A. In these



(as. itthown in MIA). Gettomie DNA was digested with Xbal and probed for .proviral integrations rising
"12?-labelled DNA probes against OCTitiSOK2. atones .indicated in blue were disregarded because of
Nillainitic4 integrations based on the Nifiel digest Shown in Figure 34. FIG: 30C. shows cyiogerictie
analysis of IniPSCI lines .PD8-17..Puro-5., and PDB2 | Puriwi .2. shows noritnal karyogpir. utter
Cm-mediated.excisiemof the trans genes. FIG. SODIB a summery of the generation: of factior-frtx.:
hifigcs, FIGSshaWwsscHataeiefiRaseh ot redroarimitiy et tor free SHiPIS Bt /™ 1A shows phase
contrast picture anekianmitrialluoresamige staiving o of (e pragrRniningifactoi-fregohiP&Gibies
.FIDB™-17Puro-5 and POWPaqn-12.for pi tiripoteay Markers ..........0014" [litlOX2 and..NANOO, FIG. 3.18
shows ‘quanttatie HIKIR BUDE: ceadiliatabor (0 g RIS Ry R genes
Af4AIO0G.and .SGX2sin hESCS..nbrohlaSts (PDB.), provirls-cdtryiiq: . POW:" elo.rieslV and PDIP"-.21)
and indicated POW™. q*m@.%aﬂeﬂ@rgmmembmmlui@ﬁi%mﬁm@fréﬁﬁ%lam; eileS. Relative

expression levels were indimalized to :expression of these f.itt.nelibroblatits. t0.3iC shows. Itetnittox.ylin
and eosin stainifg BF & MIMESHI Settidns GERBrAECHTMTMEr eI 75 AnbePDB™..2.1
purmil5 celia FliGss@hosshoweMtaitatiativeiamiesidualtranisgetic espressionaf0#d, ic:LF4 and SW? in
hEscaite’GO”i’(R:gjir\peadr}lléiﬁEﬁﬂ?@-sl'i(;‘slfy%g(%)leg[ljm% V(IEIgr%t 1'911&9&8% -illl‘espm}l:é%%%ing factors
OCT4, KLF4 and SOX2. FIG. 30B shows Southern blot analysis for proviral
10 integrations of parental fibroblasts (PDB), provirus-carrying PDB** clones (PDB?*-
17 and PDB?*-21) and the indicated PDB""™ clones after Cre-recombinase mediated
excision of the transgenes. Puro indicates PDB"* clones, which were isolated by
puromycin selection; GFP indicates PDB"* clones isolated by FACS sorting for
EGFP (as shown in 30A). Genomic DNA was digested with Xbal and probed for
15 proviral integrations using **P-labelled DNA probes against OC74, KLF4, and SOX?2.
PDB'"* ¢clones indicated in blue were disregarded because of remaining transgene
integrations based on the Mfel digest shown in Figure 34. FIG. 30C shows
cytogenetic analysis of hiPSC lines PDB"**-17Puro-5, and PDB"**-21Puro-12 shows
normal karyotype after Cre-mediated excision of the transgenes. FIG. 30D is a
20 summary of the generation of factor-free hiPSCs.
FIG. 31A-31E shows characterization of reprogramming factor-free hiPSCs.
FIG. 31A shows phase contrast picture and immunofluorescence staining of
reprogramming factor-free hiPSC lines PDB'**-17Puro-5 and PDB''**-21Puro-12 for
pluripotency markers SSEA4, Tra-1-60, OCT4, SOX2 and NANOG. FIG. 31B shows
25 quantitative RT-PCR for the reactivation of the endogenous pluripotency related
genes NANOG, OCT4 and SOX2 in hESCs, fibroblasts (PDB), provirus-carrying
PDB?* clones (PDB**-17 and PDB?**-21) and indicated PDB"* clones after Cre-
recombinase mediated excision of the transgenes. Relative expression levels were
normalized to expression of these genes in fibroblasts. FIG. 31C shows hematoxylin
30 and eosin staining of a teratoma sections generated from factor-free PDB"**-17puro-5
and PDB"'**-21puro-26 cells. FIG. 31D shows quantitative RT-PCR for residual
transgene expression of OCTY, KLF4 and SOX2 in hESCs (BGO1), primary
fibroblasts (PDB), primary infected fibroblasts (PDD*"+/-DOX), hiPSCs (M3"3-1),



90 PD-derived hiPSCs (PDANt-1,Pne-1,provirus eanyinclones (PDB:uvA-17 and PDi-321' -21) and the
reprogammitw. Mew:: 6.{-,,";- VD1V clones (PDB 'I''-17 W-5, P1)137Pnro-31, PDBK":--2 Ptnii--20).
Relative expression levels are normalized to DOX-ineineed QxProssion in PlimarY infected fibroblasts.
HG, 31E3 is u ViMn diagram disnlayinz, the another o [differentially expressed genes T<0.05 determined

by moderalvdt-test, Cantelbr fake discgl_veri rate) bedeen provirys-earr Jg/% PD&F" lines
0l.):B2k}x--17, PEIR %524 hBHRSTRR2 21) ¢bthpatelite hE S8R 1 KB{207)-d¥ ¥&prégrathmu atP DB
lines P1311.31keAm{iAR 1ine’S) PRRYeL PDBImd PPw=20; PALEEE-RIRUreReheamRared to hESes
04),13001) :respectiyely;.« , FIG Az3 20 show that fransaene expressign for 8 days is suflicient to
reprogram humafh"?i%r%%las%o? s’jr) 1psgrllgma'rj mfré)éfi\{)\{rig}?ﬂéquﬁoé%loé% : ntﬁ%H’dﬁ?Jbg\‘/ :EteetICe Stain; flg
of pritnary fibrobasts {P2I0NS)-fanSdiiced withethie repsogramimingfactdr®BEdated.LF4, SOX2 and

e-MYC.sCells wesg, fixed ARG SHRIRCA AN SYBIEION R NANOGGH)ADH g%rcﬂéﬁr?ﬂn(@{ﬁ@”) at id: Boren,

time points (top panel at day 8; bottom panel at day 1(1)DOX-indueed transgew,...!"expression, No
NANOGITra-1-60BEsHR/e EESICSEY coBtectde sty than Blaaydet i eintsrastiatsivore not treated with
DOX. NANOO angrineddocoloniaswere alsodeteetabls inalletltta eptiat vere staifiedtime points :2,

14, 16, 18, (lays),. 312B s Somm moreseence stainthg thr pi jlli ,013Cy related markers SS
}1A4, FRA- | -60%@? , s&f Wie I\]I:%«ng@&of i sé‘é‘%?&heéz“tjg%aﬁégug%gﬁr 12d.,1 cs determirEe
the teinpocni requmpgx@mnmgﬁm;&ml@BNNESS@QW‘%WD@&_%E“(RE)IEiDOﬂl@re infected with
DOX-ingueiblel ppfjyiruses Gayying e -ApIegraping. Jigliesdlal 1159806 §xpression was indueed by

the addition oF nax. At different tirne points the medium was changed to hESC medium without 1)0X and
PSes were isolatet?%t2% Yays after nrilial DOX addition. I'ne left panel shows hirSC clone PDT3' -1 that

was isolated froth a culturs that wap tiansdueednwithdbefowisepregrammingfactarso,)/Id exposed to
DOX Inc 3 days. The ri%(hganel%hol\)lys‘tth_efg()llll'sc clone PD13- -%Z%that was .isolated from a culture
1 asls allcl 0

that was transduced Wi e't nrféer(r’ebrograntﬁﬁ}?garl)kf]cl)rresc%%f‘ei( 0§I2 CR .ror: 12 days, HO. 132C

shows quantitatilyenRi<P@ResfonthetregactivatiomofytheredoiNADB) plusipateneyhrdlated g.;,:b:.; N:4 wocc
0(.74 qu SOXZ.EMQQJHWIHQWKQQ,b{E’(SIQ m%&%%@c@}{)@@]ﬁe]ls were fixed and
stained for the expression of NANOG (red) and Tra-1-60 (green) at different time
points (top panel at day 8; bottom panel at day 10) after DOX-induced transgene
expression. No NANOG/Tra-1-60 positive cells were detected earlier than 8 days or
in cultures that were not treated with DOX, NANOG and Tra-1-60 colonies were also
20 detectable in all cultures that were stained at later time points (12, 14, 16, 18, 20
days). FIG. 32B shows immunofluorescence staining for pluripotency related markers
SSEA4, TRA-1-60, OCT4, SOX2 and NANOG of hiPSC clones PDB*'-1 and PDB*'-
12d. To determine the temporal requirement for transgene expression, primary
fibroblasts (PDB) were infected with DOX-inducible lentiviruses carrying the
25 reprogramming factors, Transgene expression was induced by the addition of DOX.
At different time points the medium was changed to hESC medium without DOX and
iPSCs were isolated at 24 days after initial DOX addition. The left panel shows hiPSC
clone PDB*-1 that was isolated from a culture that was transduced with the four
reprogramming factors and exposed to DOX for 8 days. The right panel shows the
30 hiPSC clone PDB?"-12d that was isolated from a culture that was transduced with the
three reprogramming factors and exposed to DOX for 12 days. FIG. 32C shows
quantitative RT-PCR for the reactivation of the endogenous pluripotency related

genes NANOG, OCT4 and SOX? in the following lines: hiPSC lines PDB*"-1 and



PD131F-2, D4, AS, hitiSCs and primary fibroblasts Relative expression tevels were normalized to
expression Oliithese genes in illihroblasts, FOB' -1 and 1013:--2 IPSes cue isolated after 8 days of
transgentt espisisition of thereprogramming factors 80X2,1114 and tv-ht VC. HO.. 32D shows
hematoxytin and eosin sitairtlug of teratoma sections generated from liiPS:t2 bine PD.Bd 2d and PDT34'
-2, TilD18:31til 2.dderived by DOX-induced transgeri¥ expression of the three reprogramming factors
OGViii, 810X2... KB\ FoP42/iiahP Bl Sailigrivasy dénivedsha IB@Nvinduceditralvsgenesexpression of the

four reprogrammjng, factors,RGHsSAX2altdJId-And ciMyikadrr Bisiays: ElepsRa showsgeneration of

hipSCs carrying ervisrecombinase excisable viral , reprogramming factors. Southern blot analysis of the
indicated FPSctdﬁ“é‘é‘F&l"'b‘i%\E)ﬁ‘%‘I ﬁfﬂé@?&figﬁ@%ﬁf“}(lﬁ@@ﬁé&é’& ‘5% OthiEMDNATHSIAG 9tLitibeld DNA
probes against Qi(ifa4sdaindkand SONMYAIt 11.1111:" clones were derived by reiroviral transduction

with (restoeumbigasislgntiirel yectrs 081 AWCISIOolsR) Jor the 3 reprogramming fagtors 004, 5,8)x2
and Fa.r4, no. 34 slainsis qqutherhybl%fl anaﬂysS fqr exteishan of the reprogra‘ralni{lgrfleactors in
hiPSes. SoutherhiBiét lamaljais blitdoroVitBHNtegPatidNs of pasettal fibisibliastsn®UB), provitusi-carrying

MB:Nos clones (ERBensI!and andhedndicaledslones alier gresieeamiinase mgdiaied excision of the

transgenes.clones, which weretted by Purort), Ydi: Sek-CtiOW "Fis indicates dories isolated by FACS

oy ) > 4orl
sorting for 1-1.1@W 28 BhowiandkilgEdtits BRX CienshiE DRAGFAE BIGeERUMiItRYIM and probed for
provirai integratiegsdgsingrahencthNA probes against-0¢ 1 M ylhilifiss ang S0X2. Based on this Southern
blot an['aaltiisirlii the PEtp'I"" Cglpgg:-s indicated in musggi?ﬂ t 18,(£fi£re1ti21Pz%5033 andOElft-ZS? were isTarded

as either partially deletelj(J or fn]x%\asc%cffﬁi'g?%b%u?étlonssc\?wﬁ"}n rtla'lrtéceolré‘tlénr'iisseoerxt(ﬁsea|rgH§§enes. FIG, 35
shows Southerntblot@nalysis fortatiVSNIZitia blot analysis of the indicated iPS PDB** clones for
proviral integrations of Xbal digested genomic DNA using **P-labeld DNA probes
against OCT4, KLF4, and SOX2. All PDB?°* clones were derived by retroviral
transduction with Cre-recombinase excisable lentiviral vectors (FUW-tetO-loxP) for
15 the 3 reprogramming factors OCT4, SOX2 and KLF4.

FIG. 34 shows Southern blot analysis for excision of the reprogramming
factors in hiPSCs. Southern blot analysis for proviral integrations of parental
fibroblasts (PDB), provirus-carrying PDB2lox clones (PDB***-17 and PDB*°*-21)
and the indicated PDB'"* clones after Cre-recombinase mediated excision of the

20 transgenes. Puro indicates clones, which were isolated by puromycin selection; GFP
indicates clones isolated by FACS sorting for EGFP (as shown in Figure 5A).
Genomic DNA was digested with Mfel and probed for proviral integrations using **P-
labeled DNA probes against OC74, KLF4, and SOX2. Based on this Southern blot
analysis, the PDB"'™ clones indicated in blue (PDB"**-17GFP-10, PDB"**-17GFP-

25 18, PDB"*™-21Puro35 and PDB'"**-21GFP-28) were regarded as either partially
deleted or mixed cellular populations with partial deletions of the transgenes.

FIG. 35 shows Southern blot analysis for FUW-M2rtTA.

Southern blot analysis of parental fibroblasts (PDB), provirus-carrying PDB*°* clones
(PDB*%*-17 and PDB***-21) and the indicated PDB"** clones for proviral integration
30 of FUW-M2rtTA. Puro indicates clones which were isolated by puromycin selection;
GFP indicates clones isolated by FACS sorting for EGFP (as shown in Figure 30A).
Genomic DNA was digested with Mfel and probed for proviral integrations using **P-

labeld DNA probes against FUW-M2rtTA.



Southern blot aintlysis of parental fibitiblasts (PDR), provisos-carrying Pclones (11.)DffiTh'xiii7 and
PDB]:it'ii2 ) and the indicated Pailtlk' clones for proviral integration of 1711W-M2rtit A. Pow indicates
chines wit ieb were kohtied by purowyCm CePP Iccatcr, C: loses is:aimed by FAGS sorting for EGFP
iti,as shown in Figjilii) 30A) Chrclomic DNA was digested whit Mfhl and probed for proviral integrations
using DNA probes aga.,n L twttlu'lg ij2 é flum acells d ri,ced &cm fact T\rltransduced
embryonic or adult human fibroBIASe " it Bbistheivars’ r'ﬁb&eaﬂ FERRGIRACSF inducible Lenti
virus vectors trahwdtatﬂnlgtdiiﬁﬂseﬁﬂmdmhbﬁnaﬂmmlDM:dotmtleemymen @SO@HKdridciitlonestivere picked in
each eXpriment, RRUIBGIADIQLSARS: tra%fratagr@&%ﬁﬁmgv&q&mgh@cw&u% , Wergy&rived from
independently infected fibrolnaults. 5 SOX2, KN NANO Table 2: SOMMarY of

transgenic hum&HES BFiPgekes wmms‘éwﬁw% %ﬁkb‘ﬂié@a‘l”W)‘S@Fndu&ﬁlk%ﬁ“{\?@?%ﬂm‘ﬁ?é vectors cartyi no
di libreti: combinationsipf ilpetorsnsilt he:integrataehiniects 3iklthafthe GLk, (& logusotqIFP will be
inserted into the I:)cio ecifi The table also indicates the specific
alms where the coﬁ:;gﬁzlbguseédci }\ﬁ’ q@%eggscgﬁ?% NVENTION The teachings of
P(..:f Application Serlall Nog 9@‘?@3@81@@45@&6}1%%@ 2D05@hichts. Sse@atehus_Applieation I
(1997.146, E1ed Nagsus-bR54hROM: 15 Incomprated Ntpinby aiclalens B heibetalret, fts

contemplated that the vat ions embodlments and aspects of th & invention described herein are applhtable

to all di:lb:rent aSp&tts"dHPeinBadiments Oethd iventisrC itidbldecse ntdmplatdbtat any of the

embodiments or aspectsianaedreal:eosnhipad \Withi @e@mrsm@rectgé]ers shichgimhegdimants or aspect::

whenever appropr riate. The. tud of| duced FC)LP B?tg (f‘ complicated by the need lot infection with
icates the spec ?u, aim th cells will |

high titer retroviral Vectors rés ing in’ gene eterogehe‘tms cell populations. We generate d

gcucincatiy homogeneous "secondary” somatle C.1,:2118 that carry the reprogranuning factors as

defiln?:.d deycMelml(d@Qﬂng{qghbﬁdw@ﬁ flp{@q%\jﬁeﬁ;mals were produced los, infecting fibr:oblasts

with dox-inducilde lora:iv:ruses, rep rograrnmln g by dos addition,. selecting iPS Cells, and producing
chimeric mice. Cans (Id&\}ed}ﬂl‘ﬁh thesd é‘lﬂﬂ'fef"d@‘e?ﬁb‘l@rhfy P(Spmdbr?ﬁff)?fbdl@ ddﬁde&ﬁ’dbure 'sgthont the
need tofiniectior, ttligingithis. sycﬁt:am\w1d¢amﬁnnsmate1matléa)wmw&r 2if 0P AS k:bi0:121 indtgZe

phiriptottonoy, thc1 duratltogﬁlgre gg:ne. acnl,1 dlrectl nt-Ix- ales wit err ramming efficit;McY,
cells from many”sct)(r’gﬁ\}la f,‘l cant er{"ef) ‘g're dHhO&ﬁ?ElPéﬁF é‘i b e diAk, .rent irehedtion

levete. This 'it '4thiéceiderseter: egtikimof the mventlon desulbed herein are applicable to all
different aspects and embodiments of the invention. It is also contemplated that any of
the embodiments or aspects can be freely combined with one or more other such

20 embodiments or aspects whenever appropriate.

The study of induced pluripotency is complicated by the need for infection
with high titer retroviral vectors resulting in genetically heterogeneous cell
populations. We generated genetically homogeneous “secondary” somatic cells that
carry the reprogramming factors as defined doxycycline (dox)-inducible transgenes.

25 These cells were produced by infecting fibroblasts with dox-inducible lentiviruses,
reprogramming by dox addition, selecting iPS cells, and producing chimeric mice.
Cells derived from these chimeras efficiently reprogram upon dox exposure without
the need for viral infection. Utilizing this system we demonstrate that (i) various
induction levels of the reprogramming factors can induce pluripotency, (ii) the

30 duration of transgene activity directly correlates with reprogramming efficiency, (iii)
cells from many somatic tissues can be reprogrammed and, (iv) different cell types

require different induction levels. This system facilitates the characterization of



reprogritmming and provide:: a. unique platflmici for genetic or chemical screens to enhance
tuprogramming or replace :nth widual lectors. ; it lia>: rucently been shown that mouse and human
fibroblasts can be reprogrammed to a pluripotern slate through reiroxinal-mediated introduction f fear
transcrintion taisdors Orrt4. Sox2, KIN, and c-Myc Reprompintring can aisc ai achieved in the absence of
ci-M,/e. though with decreased effkieney. Neverthel&ss,. with these approaches only a very small fraction

of cells infected yyith, all, 4 fagtorswill eueniually.LSRagT,.: JR Andom. viral Rieglion results m genetic

tUhetcropencity in the infected cell culture that likely plays a significant role in the low observed frequency
of induced piaripStEHCStER FESY R foration N dHeTetbr&iSHithfuily reprogrammed cells must be selected
for by the rear:ill:aim; of endogenous plaripotency genes,, or based.gn morphologicai criteriathe

reprogramming process hasrbeenyshoewshtovreguine@pproxihateiyil O fhibdadaysaafteustained transgene
it il vl B B SR A LNk BN R AT E PGS E . i folowed
by recagi:ation ofthegpidogenots iz and Nahagdgehbs; Biterowkiomthecenltliekeare able to sustain the
pimipoiem stare jnfoe-ahsence Qfirapens asiuity 207 he.calularapd,genetis betcreiene;w of randomly
infected fibroblast3 .
with these approaches only a very small fraction of cells infected with all 4 factors
will eventually reprogram l. The random viral infection results in genetic
10 heterogeneity in the infected cell culture that likely plays a significant role in the low
observed frequency of induced pluripotent stem (iPS) cell formation. Therefore,
faithfully reprogrammed cells must be selected for by the reactivation of endogenous
pluripotency genesl-J, or based on morphological crilcria] " Iz. The reprogramming
process has been shown to require approximately 10 to 12 days of sustained transgene
15 expression after viral transduction and follows a sequential activation of pluripotency
markers, with initial activation of alkaline phosphatase and stage-specific embryonic
antigen (SSEA1) followed by reactivation of the endogenous Oct4 and Nanog genes,
after which the cul}ures are able to sustain the pluripotent state in the absence of
transgene aciivityb. :
20 The cellular and genetic heterogeneity of randomly infected fibroblasts
complicates the exploration of important molecular events occurring during
reprogramming and limits the scalability required for high throughput analyses. To
overcome these problems we developed a system to generate genetically identical cell
populations amenable to reprogramming without any further genetic interference. To
25 this end primary fibroblasts were infected with doxycycline-inducible lentiviruses
encoding the 4 reprogramming factors. Following blastocyst injection chimeric mice
were generated consisting of tissue types clonally derived from reprogrammed
fibroblasts. From these mice homogeneous donor cell populations could be derived
harboring pre-selected vector integrations permissible for reprogramming, allowing
30 for the robust and simple doxycycline-induced reprogramming of primary cell types
without the need for direct viral transduction of the reprogramming factors. This
technology facilitates the generation of large numbers of genetically identical donor

cells and represents a powerful platform for genetic or chemical screening



eoirinlicateri the exploratioil of important rmiftrailar events occurring during reprogramming and limits the
sealabfilly required for high throughput arAy.W.S. Jo oviffe.omti these problems We dexelopcd a system
LU generate genetically identical cell populations amenable to reprogramthinc without any furthei genetic
interference To this end primary fibroblasts were infected with doxycycline-indneible lent:virus:us
encoding the 4 reprogramming factors. Following bt&gtoeyst injection Mir:leek! 3.113C-0 were generated
consisting of issy yRes clanalleryad am seppaammeRARILmP SR Fifolp flese mice
homr,geuecitts donor Cell pCp ‘|a1103J1 could he derived. harboring preiselerud vector tritegrahomi
permissible for réb%@‘?‘&ﬁ‘fﬁi%!%@fﬁifh@}%{lﬁ%rﬁﬁ'&%‘i‘r&%Wx&"@;%%fé‘ﬁﬁ&ﬁ@éﬂ%?programming or
prirnary cell typegwithout the peed far itectvikalliansductioprobiharepiogmmeing factors. This
technology taCVY__tStiO_S Ib‘i!_ll enerfalion qf Ia{ 1”F[T‘bﬂr310f eralicall identical'] glt?__nor cells and
reproiieni,s powettAl BIAEIT ol JeRetic BFEheRical SeHening co4 i SBIAHSIE B S trrovo
ICT)Mgparniilingsiddition atipé same lapproachatandbe iscs Rreelio senedmfor s mall imoléewles replacing
cath of the 4 factors, by, danEHc; deletian;ok ane Padictiannaliar inte Qlinatend seprogrammed
fibrotilinas Furthermore, this'tool is not: innited io fibroblast cultures but can in principle he rdmilaely
applied to al | otHersBMaEcdrtypEs, pm \Acting an attractive way to induce genes: in cell types that are
difficult to Infect wills rethwiruses such as lymphocytes or intestinal epithelial cells. RES:ft:TS GenenttiOn
of gene:lea:Hy hrmsngenosts cell EOET6aldords for drug4nducibio teprogriminsing gelierate cell
populaltg)ns hOI’ti(Z{i nQy'%thttfrgsglegtl}q ]the nug1)tt)er‘§lpd IoLl altiiorn (ixf Ip{O\(/i_raldin‘tl%ﬁ‘lrations, we utilized a
dciaynycline iltito iadatein é’%rnanlé‘f‘gérﬁ% g,gcsyfs emmid constmo eéclil('ﬁy'"llﬁdjﬁ’el e lentiviral vectors
encoding the 4 reprogranmmipg faelore. Mouse embryonic 6kt:blastscontaining both a reverse teirseycline
trariazin:Rini:ay and a PeK promeiter-driven piwomycin resistance gene targeted to the ROSA locus
EROSA-M2rETA) in addition to a green Ihrormseent protein ((ITT) targeted to the endOgCTIOUS Nanog
cus E:NOFP) were infelddmmith the! 298GR DS BLSIRRNHY Pl REeet8 RESEMEEN: TA. M
Eistnarboring the,Qeish efENAiundet eeinitcdefthe etracycline IhanemiBgd tangetechig-Meype Coiligen
L T —

ystem and constructed dox-inducible lentiviral vectors encoding the 4

reprogramming factors. Mouse embryonic fibroblasts (MEFs) containing both a

reverse tetracycline transactivator and a PGK promoter-driven puromycin resistance

gene targeted to the ROSA locus (ROSA-M2rtTA) in addition to a green fluorescent

protein (GFP) targeted to the endogenous Nanog locus (NGFP) were infected with the

20 4 lentiviruses. Similarly, we infected Rosa-M2rtTA MEFs harboring the Oct4 cDNA
under control of the tetracycline operator targeted to the Type I Collagen locusm and a
neomycin resistance gene in the endogenous Nanog Iocusl. "’ (NNeo) with dox-
inducible lentiviruses encoding Kl1f4, Sox2, and ¢-Myc (Fig. 1a).

After viral transduction, doxycycline was added to the culture medium to

25 activate the transgenes and initiate the reprogramming process. As expected, Nanog-
GFP positive and Nanog-neo resistant iPS colonies appeared and clonal iPS cell lines
were established. All iPS cell lines could be expanded in the absence of dox,
exhibited alkaline phosphatase activity and homogenously expressed the pluripotency
markers SSEA1, and Nanog (not shown). This indicates that these “primary” iPS cell

30 lines had activated their endogenous pluripotency core transcriptional network and no
longer relied upon exogenous expression of the 4 reprogramming factm'sn. To
generate somatic tissues that were composed of genetically homogenous cells

carrying identical proviral insertions known to achieve reprogramming in primary



IS neonexan resietanc.e gene in the endogenous Nanog locus(NNees) with dox- inducible lentiviruses
ene:oding K1If4. So:s2, and e-Myc (fig. L. Alley viral trunsdniition, doxycycline was added to the
culture medium to activate the tranegence and initiate the reprogramming process. As expected,
NanogCFR posh:dye arid Nanog-neo rest:atm: iPS colonies appeared and cktnai PS cell lines were
established. All 1P8 cell lines could be expanded in &% absence of dox, exhibited alkaline phosphate:se

activity and h“i”ﬁ%‘é%ﬁ!}’»?@qﬁf)&%ﬁ%\t@%IQJ?HQ@Q%%r adzerarRSkA i a0d Napegim,ghown). This

indissales that these 'primary' IPS ce_ll)lines had acrecatExt men: cm:ow:nous pittripotenc:s core
transteaptional &tWERe Ar HEUARGER PidFRipGH e XEHHBUE e XpRss s v thé 4 rébrogramming factors
.Fe generate somaiic paimes ity »S:€ife compasadyofgeneticallydomegenouseealtliseasT ying idenlical

proviral insertions Ifngw.nt achieve re rPgrairm inq in r'm$§y 95 ilbr Pla':JiS,,. e%n:wed several of
. - cells (l‘zl,|§ from the host bla %_0 st deaving y 1BS~derive %3 s, e will refer {o
these cional primary i ines into bias-tort:obi 'file resulting iimoindiittible 1FS cell aimoras were allowed
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cells as "secondarlyf \Mrs as they are derived from the tad:may iiS cells and EOM. eaay a speel.6¢ set of
proviral inst,:rtiofis'thdt'is able to repro:tram somatic cells (FIC., :A). Secondary hilklti were isolated from
chimeric :PS cell embryos concreted 10from Mite distinct, clonal primary iPS ca lines (ntie Nanogmeo
and two hianog-GFT? lines)dandwwere ifitisaaldd thenpresencdof dokdatdetegnisamahether the integrated

lentivirai vectors retained competence to.mediafe epigenetic reprogramming after difiorenbazion in the
develo?)(ll)ng embrlyl/{(})r,n chaﬁ ﬂiﬂ%% %(?{H%)Qlfgi?ﬁegéﬁﬂﬂ%ss {Riﬁatezl ' é]Fr?a‘ﬁ]::& rﬁ”grg{c}g%géga{l changes and
"secondary” :PSleel) linds\were: 1 Bealficidntydasokstetidrone theserOURNirhir By ngeeseataction or GFP

expression and gybsequenily. proragated,M iheaBsenas of dokimmupaliterescenae.demonstrated thia

secondary iPS cells had teactivated the ES cell Mtn-Mote:Ilcy markets alkaline phosphatase, SSEA I. and
the endogenousd &84 eR& IR AE NGE™BYY FhERIf b dterly ot thekecell Eiffes was confirmed by
their ability to forimcells pi20entodernmalicectbsdencahdand.mrsadanmatlineages:in teratorna to tattoo
attsave* Dlwo by their alﬁj[lli

eir ability. tg co Er_ibugL to ariliithnqhir,ne‘ric‘q'ni(;e noo P stoeyst hike:ion (BO. IC. | Et).
"frens induSHEA }yxso o c? mmhf.ca .cultures béfflu} selection or r% expression ang keltdi .
pérte induetiontepregratinttimghtnétics,.and efficiencies vary between secondary keltdics derived
from distinct iPSscbiklingsly praphiiecs ecOndanyistittErde tivedufir@itriaHctmeeald@)psimaitieible illS cell tines
-underwent reprogramigiag Qe R SGaR ISR i (e AL PR PANRE RIRrE 108 sine
phosphatase, SSEAT1, and the endogenous Nanog gene (FIG. 1B and FIG. 6). The
pluripotency of these cell lines was confirmed by their ability to form cells of
20 endodermal, ectodermal, and mesodermal lineages in teratoma formation assays and
by their ability to contribute to adult chimeric mice upon blastocyst injection (FIG.

1C, 1D).

Transgene induction levels, reprogramming kinetics, and efficiencies vary between
25 secondary MEFs derived from distinct iPS cell lines
While secondary MEFs derived from all three dox-inducible iPS cell lines
underwent reprogramming to form secondary iPS cell lines, we noticed differences
with respect to their morphological changes and proliferation rates after dox
treatment. Initially, MEFs from both Nanog-GFP lines proliferated to form a
30 confluent fibroblastic monolayer after exposure to dox. The cells from Nanog-GFP
line 3 (NGFP3) then underwent robust post confluent proliferation including growth
of cells in suspension, while cells from NanogGFP line 2 (NGFP2) grew slower,

forming discreet, alkaline phosphatase positive, ES like colonies upon the fibroblastic



\via: respect to their inr:rphohigieal chanvs-and proliferation tales oftettdo treatment fintially.,:Mlifs .trom
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detail, fVfilEs from theeshregclinesiwere eultuiedhintdexcertaining puaanaiflow gytometrie analgsia was
utilized to monitor th%r activation qf SSEA | .ancﬁ I_P,%]%.J:la 2& (AI hree secondary hilth's exhibited a
gradual inerease SSEAPES ST & EENs QU8 tHe a8 i LLsS B eififéPences in timing were
observed. The NNeo NIEFsashowed theoeantiest incredse iohtoSSEAILpdSitive @ellsdr)d) 1.3% to 17.8%

between daye 8 and I, the NGER? MEFS showed.a gtiniimincrease dra ahamacheint Afiom 4.4'..L.n to
2.9% between days 14 and 18). in contrast,from the ef'S eel] line NGFP3 :::":hibited a dower, gradual

activation of SSEMYSREHiTG resotitiovsior day aul tHe iFdbor p-HBsitra1cendanerétdstheted as early
as day 14 in NGELR1SI on-glay 18-MNGLERFA Migs: Jotomonitardhestiming obigagtivation of the
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carious time poiﬁlféi?fﬁggeﬂdﬁ PiREnTERE, ‘?ﬁsﬁb\'ﬁ ag%{'ﬂfg?ﬂakﬂ? ol l”fhcg N&t8G S PECFebintdr gene around
2 weeK9 alter indisdtioh-phiiNeo NilF srwverie3fiecai), tah rasistantywtemaeo. vilds adden tditihe cultures as
early as dav 4 (H ZC -Eltiji... tniithi e lect is faster ti t1'1 g 1]‘t €402 g'u ocus similar to what
we obserY,;:xl |h"r§g‘&s%l\%+§’égéﬁ)rié§§%r§ E)n{tﬁflzsIi #ﬁl@ g}(%c ﬁ%ré%v%@%ﬁ%%ﬁggggﬁ%lgﬁleé]s may appear
eftrlier beetnise 836w fevie: 181-Napmutas- Midstiatiobe 185SidfiCron o gwehdniey! reslistance in contrast to

6E13 detection \MH&M&%%E@R%SS@QR@E&%Hf&sﬁiﬂnl-16%&%5&*1&154%@!mmﬁ-i&99ﬂdary cells selects
for a specifie set orpreeirin integrations the expression of which is able to induce t ‘? formation of primary

iPS cell lines, th&VeYsiF RMEHES Brpilvipbighdy Matkéf 2 and on day 18 in NGFFPS MEFs.

15 To monitor the timing of reactivation of the endogenous Nanog locus in NNeo
secondary MEFs, we plated cells and began drug selection at various time points after
dox treatment. In contrast to activation of the Nanog-GFP reporter gene around 2
weeks after induction, NNeo MEFs were neomycin resistant when neo was added to
the cultures as early as day 4 (FIG. 2B). This might reflect a faster reactivation of the

20 Nanog locus similar to what we observed for SSEA1 expression in this line (FIG. 2C).
Alternatively, neo resistant colonies may appear earlier because a low level of Nanog
gene activation is sufficient to gijvc drug resistance in contrast to GFP detection which
necessitates higher CX])]‘CSSiOHH‘ "ﬂ‘ Although the generation of secondary cells selects

for a specific set of proviral integrations the expression of which is able to induce the

25 formation of primary iPS cell lines, the overall kinetics of pluripotency marker
1,13, 14
activation were similar to that seen in direct infection of MEFs . This supports
the notion that the reprogramming process requires a series of sequential epigenetic
11,20
changes
30 Next we compared the reprogramming efficiencies of the various secondary

MEFs. To determine the optimal plating density, we plated secondary NGFP2 MEFs
2
at densities ranging from 0.025-500 cells/mm in dox-containing media and counted

GFP-positive colonies 4 weeks later. As shown in FIG. 2D, the plating density had a



t,:4 activation were similar to that. seen in diet itifection oTNI ha's. This supports the notion that the
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lines into  vteli planasdshiaipling7-4maekated b ps addeederticel sl thpxositmeptimal grOwth support
I'kie observed that only -14% and -8% of the seeded cells from the N,Neo. and NGFP2 .N.IEF's,
respectively, had prolifSrataer SuniERssN o Toim Bt ceRBIBATRS B e Hoe admifistration Oiglu prey bars
in FIG. 2E). Howeveniappraximatgly eaesiquanteroiihose caleniesexentuallybacamgneomycin
resistant or GEF;-postice atter 4 Wee‘ks'jn@&gy[ﬁ"{ﬁ‘ ulnaa in t"tﬁ overall :re rogﬁrfl mming efficiency of
-4% fix the NNed Tine ahd <26 t61'the Kt fine ( ark tr°e§rhcec %S i =lef s 9EY5150 thnos mc)re
ell'icient than whatwas Brigihally aépotted forl trugpresits: 9aielecbased P 8 drsélebtionand betwe,.en 4-8
times more efficieptihagmarphology-hosed |5 seleationdn GHlINGHS Qfprimany,jpfected iThroblasts

We next compared the reproducibility of Ihe secondary NINF ?%/stem with direct: Intections We in feted
oth,4-kto MErsdIGtHMAIGREYsHase tisE8yehitoHINg et fapregearpring Paedr:©n8nd counted
nemresisiant colgnies: an@ay: 20eYelhindependentR¥peimentsiaveatada,high degree of
inter-experiment&tl vaLiabiIitY of :PS ﬁqrmation usinﬁ this method F!, ..7B). In con _asL, we noticed a mach
WECKS IP CL“UER TesL llll%(ljl"l dn overa I'G\RII'OéI'am[nl!‘l c 1c(1]cn oy ol ‘"4_é - { 8 . .
smaller degree orvariabi Ity in"the 'secondary system when we counted .Nanog positive colonies
from doxycyclinéNtreated NE3L %, HMIAS (1 A2 hde pénentyexpermiéatsiE). This is 25-50
times more efficient than what was originally reported for drug resistance-based iPS
1,12
15 selection  and between 4-8 times more efficient than morphology-based iPS
11
selection in cultures of primary infected fibroblasts .

We next compared the reproducibility of the secondary MEF system with
direct infections. We infected Oct4-neo Ml'il“s] with Moloney-based viruses
encoding the 4 reprogramming factors and counted neo-resistant colonies on day 20,
20 Four independent experiments revealed a high degree of inter-experimental
variability of iPS formation using this method (FIG. 7B). In contrast, we noticed a
much smaller degree of variability in the secondary system when we counted
Nanog-GFP positive colonies from doxycycline-treated NGFP2 MEFs in 4

independent experiments.

[N
Lh

To correlate the phenotypic behavior of the three secondary MEF populations
with transgene induction, equal numbers of secondary MEFs were plated in the
presence or absence of dox for 72 hours at which point the total transcript levels of the
4 factors were determined by quantitative RT-PCR. Surprisingly, both Nanog-GFP
lines induced Oct4 at much lower levels than the NNeo line which expressed Oct4
30 from the transgene in the collagen 1A1 locus at levels similar to ES cells (FIG. 3A).
Conversely, Sox2 induction in the Nanog-GFP lines reached levels much closer to

that of endogenous Sox2 in ES cells, whereas NNeo expressed Sox2 at significantly
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.51/21/21e then !qﬂLM@§lqu%?}]§B% aranect, Q‘E{qu;‘ YSIRR,-Pesthe CE:l%'LP s over time in the S'aille dish,

e ISR n .
Sur risingiy, \IEfs that were exposed lo doxycyclitte far on ays C. Ziihilied toP-posizi cc colonies up

-to day 25 0 S days aftép doxnitkid el e BEs e inlet? Tweratwordaysiot d@s: neaunent yielded a

much more pronQyREEdNGIERSS IR GZFRRASIHIVE LeleNyfoRANE pverime WM 313, 4ied Intel, [hese
findings are consistent with reprogramming bein%ra gradual atoehastic process even in this genetically

homogenous sySEAMEEH icaGRSmentit] BretioiE cBnethistoRE BES 8t sp oA primary

‘infectiohsharthemsgoiig fibv@ 5 to 22 days and monitored daily for GFP fluorescence. The minimum
length of dox exposure resulting in GFP+ colonies was 9 days, with the first GFP+
colonies appearing seven days after dox removal at day 16 (FIG. 3C). Strikingly,
additional exposure to dox did not accelerate the appearance of GFP+ colonies, with
GFP appearing between days 16 and 18 regardless of the length of dox

30 administration. Similarly, NNeo secondary MEFs were found to require 11-13 days

of dox exposure before stable, neomycin-resistant secondary iPS colonies could be

established.
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chimeras genergieq. ffan e Nhse é&gefé'%ﬁB&'iﬂﬁ%%@ﬁﬂ%@ﬁ@&ﬂé%@b{ﬂ@@iﬁg ability ofnuthiple

eel | types derived from these eftimeras. As summarized in 'Fable I, some cell types could readily he
rsTrogammed wHEREbRIBHFEhIhEP RGPS fiheehi tHe ¥ame Boesi 568 Rbfad rom the NNeo line
did not yteld IFSieells suggestingithatphithatentcell typesdiequisesdifferent transganecinduction levels,
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n
Sumfltary of Necnéir)féﬁ? ?ﬁ@’%eff)g%nera im rﬁ?ﬁtf:p S tkostie ahd éal pes cler o frobm NNeo and

NGFP thimeras fisstit@e)é NI @NOT1)2dN dmantProgedhilytori-hk McAdren al Glehd mullifp
more pronounced increase in GFP-positive colony formation over time (FIG. 3E, red
10 line). These findings are consistent with reprogramming being a gradual stochastic

process even in this genetically homogenous system and are in agreement with
previous conclusions based upon primary infections] P 20. Furthermore, the
reprogramming process continues and can be completed long after the 4 transgenes
are down regulated in response to dox withdrawal.

15 We also tested whether the secondary cells could be used to assess the effect
of drugs on the efficiency of reprogramming. For this we explored the effects of the
DNA demethylating compound 5-Aza-deoxycytidine (5-Aza) and the histone
deacetylase inhibitor trichostatin A (TSA). Because of their action on chromatin
modifications both small molecules are candidates to improve the Sreprogramming

20 efficiency. FIG. 3F shows that addition of 5-Aza to the medium increased the
reprogramming efficiency of MEFs from the NGFP3 line whereas TSA treatment had

no obvious effect on the number of colonies.

Reprogramming of other cell types

25 We sought to determine what range of tissue types are amenable to
reprogramming by isolating secondary cells from iPS cell chimeras generated from
the NNeo and NGFP2 lines and examined the reprogramming ability of multiple
cell types derived from these chimeras. As summarized in Table 1, some cell types
could readily be reprogrammed when isolated from the NGFP2 line but the same

30 cell types isolated from the NNeo line did not yield iPS cells suggesting that
different cell types require different transgene induction levels, which may result

from the different proviral integration sites between the lines studied.
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15 [ntestinal epithelial cells
Purified intestinal epithelial cells from both secondary NGFP2 and NNeo chimeras
responded remarkably quickly to doxycycline treatment and formed spheroids in
suspension within 48 hours which subsequently adhered to the MEF feeder layer and
took on ES-like morphology within 3-4 days (FIG. 4A-4C and 41-4]). Alkaline

20 phosphatase activity, however, was not detected prior to 10-12 days of culture with
dox (FIG. 9F). Using a mechanical fractionation protocol (see Methods) we found that
these colonies formed much more efficiently from fraction 7 (mostly crypt-derived
cells) than from earlier fractions (enriched for villus tip-derived cells) (FIG. 4M).
Cells derived from NGFP2 chimeras developed into dox-independent iPS cells that

25 expressed endogenous Nanog after approximately two weeks of culture in the
presence of dox (FIG. 4K-4L, FIG. §B).

In contrast, cells derived from the NNeo chimera became neo resistant after
two weeks of dox culture, but were unstable and lost their ES like morphology upon
dox withdrawal (FI1G. 4D-4F). Bisulfite sequencing revealed some degree of

30 demethylation of the Nanog promoter but only minimal demethylation of the Oct4
promoter (FIG. 4G), and when injected under the skin of SCID mice, these cells were
unable to generate teratomas in the presence or absence of doxycycline. Quantitative
RT-PCR showed that these cells failed to induce Nanog and expressed only very low
levels of Sox2 and Kl1f4 but high levels of Oct4 and ¢-Myc (FIG. 4H). Additional

35 infection with Sox2 and K!f4 lead to the generation of fully reprogrammed, dox
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the media. C'USﬁﬂrﬁmé’mﬁhﬁl@,'vﬁ%lksﬂﬁ’}ﬁ%@k‘i’o?%ﬁ ngGHh the! WﬁEPL\%EH&%QM%&EHPe- After tvcadve
days the :=d1:1:311 WaSi C1-irtged to tioxycyCline Wraali:ing'ES cell medium f110. 5IT;, and seven
days ldter :thornlp: pirdinés ad deuo NesresistainceibraWiRg T tght tetshies reserbled ES cells (FIG.
51) and were p:gigagechIatriFzirradiated I'eeder cells at which peint the cultures were maintanned 30ia
'_ ' H™ . ! ...l 1

the al-M. WitIC O (10N a8 e S B S e A S AE oL NanOg (11.0. 91)),

We next compared the reprogramming ability of bone marrow derived mesenchymal

stem cells (MSCs) and tail tip fibroblasts (TTFs) isolated from NNeo and NGFP2

15 chimeras. These cells represent two mczsenchymal populations that are amenable to
reprogramming by direct infection o (Supplementary FIG. 8D). As with
intestinal cells, secondary NGFP2 MSCs and TTFs were capable of generating iPS
cells in response to dox, while those derived from NNeo chimeras were not (FIG.

5A-5F, FIG. 8A,8C).

20
Keratinocytes
Cells isolated from the epidermis of NNeo chimeras were first propagated in the
absence of doxycycline in growth conditions optimized for kcratinocytcsz'.
Homogeneous epithelial cultures were obtained (FIG. 5G), and doxycycline was
25 added to the media. Clusters of epithelial cells proliferated and changed their

morphology over time. After twelve days the medium was changed to doxycycline
containing ES cell medium (FIG. 5H), and seven days later neomycin was added.

Neo-resistant cells growing in tight colonies resembled ES cells (FIG. 51) and were
passaged onto y-irradiated feeder cells at which point the cultures were maintained

30 in the absence of dox and expressed endogenous Nanog (FIG. 9D).



32 Neural image:Mot cells Brains front IXNeri chimeras were dissected and a tissue block around the
lateral ventricles was dissociated into single teils and plated onto uncoated culture dishes in LOP and
RiP2-containi rig seramtlime media tiX3EIT) in the presence ot 15:40:T./Chi to select for secondary eel is.
4 weeks hater nemospheres had Mimed that were subsequently plated onto tmlyoritithinesilarnitan coated
dishes in either P'4 cell or Nii3E1 it tedia containing 8@s to activate the icraisdral transigetiseS:peCted |Or
neural precursornsgiife gelisexpaesid to the thrum-containing ES cell media difitrentiated into fiat

astroc.ytic cells and st%o_ped divn ,lllp 51&, in contrast ije Ocells |<]7\t$1d,in N f{h media continued to
. I B]fs from % FO (,‘H{ﬂc a WETC (1SSCCLC .»lm dCﬂSblL#)b OCK aroun c . .
proliferate robustly resembfing unditterentiated nentioepithellal cells. Three wixiis latér these proliferating

cells were  platedrin wither ESveediboc NBE Pinedid containihp dodyoyciiiteaifiderdélls exposed to serum
mostly adopted ?riLi%srﬂpﬁﬁh%ﬁgﬁd’l‘@%&ﬁ‘ﬁ1hﬁ&§ﬁ%1h€e9§yéi£lmHi@jﬁ‘n‘?%@ﬁ&@%@é ipoichology. in

contrast to the previous passage however, small IS1.1.S-1the colonies appParail in both oonditions over

the next 2 VAteRIETESBIEC 5918o0petpadtry 6t drinnirba it A phcrastid e dsdiddpinxiont iFS Pell

lines expressingvenéogesousiiNgnagveare feadily asiablishedding9BithQtheitHissises20additioth ;co also

sueOcothid at gq\mﬁ[;:f}tling%secondar[}/ iPS cell %ines mg[% cellsc]exg!%ined frxm the adrenal gland, kidney, and
m

muscle ot NNito chiméta f.?.??%‘&glé Sé?ﬁ(ég %é?gtﬁlssecrfgﬁl,m iSS0EaLEd s i\ ﬁfrlf and plated in ES cell
media containingadoxXyeycline;sAfter 842 daysdnothie presencetohdex; totbnieswith ES cell morphology

appeared that ttiiimately, RRGAM e NSAMYEIR [LaSIAn: dxdndanandeny 2919 Jad.actiyated Niaitog (F

RI. OA-9C). Reprogramming of the somatic cpigetionte to a pitnipotent, embryonic state through the
ectopic bxpressitit bpP¥Heddnianst mnibhcrictoredka P Eors rabthii, SHd"OES 'is a sloP.,, and inefficient
process. The cugentirethaddianioepation] efirepragrammingis-thkaugh reitroviral.generdelivery resulting
in heterogeneous f:ell po ulatigns \Agth rov%r Pte ations .var in&ln b?th ir ints?t and enomic location,
. R 1][ é} a %cmth duia or NIEEF metia contaiing doxvevehne, The cells . .
offering an explanation for the vat mdility mad inefticieney of direct reprogramming. liete we describe a
novel system forrgpsofraremingngdneticalty hdmogenkdugycethereas in N3EF the cells
maintained a bipolar morphology. In contrast to the previous passage however, small

15 ES-like colonies appeared in both conditions over the next 2 weeks (FIG. 5K, 5L).

When passaged onto y-irradiated feeder MEFs, neo-resistant, doxindependent iPS cell

lines expressing endogenous Nanog were readily established (FIG. 9E).

Other tissues
20 In addition, we also succeeded in generating secondary iPS cell lines from
cells explanted from the adrenal gland, kidney, and muscle of NNeo chimeras._These
tissues were dissected, dissociated in trypsin, and plated in ES cell media containing
doxycycline. After 6-12 days in the presence of dox, colonies with ES cell
morphology appeared that ultimately became neomycin resistant, dox-independent,
25 and had activated Nanog (FIG. 9A-9C).
Reprogramming of the somatic epigenome to a pluripotent, embryonic state
through the ectopic expression of the 4 transcription factors Klf4, Sox2, c-Myc, and
Oct4 is a slow and inefficient process. The current method for induction of
reprogramming is through retroviral gene delivery resulting in heterogeneous cell
30 populations with proviral integrations varying in both number and genomic location,
offering an explanation for the variability and inefficiency of direct reprogramming.

Here we describe a novel system for reprogramming genetically homogeneous cell



515 20 30 33 .;:ximinations. Reprogramming .ssith doxycychne-inducible lentivital vectors and
333.a):$(3t1213.311.3 (Mimosa liiiirmatien yi.uicis tissues: comprised of genetically homogenous ceils.that
harbor identical proyiral integrations and re-express the repromynnining factors upon exposure to
doxycycline. This strategy selects for cells.that carry the correct number of proviruses inserwl at
.14c:nornie .h.irir that iire ilatiorable to drug-:induced3&ctivation and eliminates the heterogeneity inherent

in de novo viral infgetiann Ofaragt aellsnSUIRESING: the-timing R EaRIaramming n this system was
similar to directly infected primary fibroblasts. The minimum length Oftime rnai di": was required to in inte
rQprogrumniUIRE 8%“591%1813 PR g AR &S CORYIE SRR S HR G YH dEE e, frame
Observed in cellscthiithhavetbeeividirectiyorinfe otedmitind 3td33:3338i0tB¢3Wei2eismohserved that when

dox was withdra}txgl'ﬁro qﬂg yltures as e ffr,. | y9§_ep_ ry 3PS colopies (mini:maift appeared for
the next 53.3,3\3-Q‘?’153}£B \?vee)i%s‘%nr%ﬁe a X gﬁ%lé%gquc&j}&‘}%ﬁﬁgg hé’sgr(%csﬁggafﬁ%‘ﬁ'\érqufhe notion that
reprogram/Mug RdpEVeHBP P StixtRastHe seglehteofapigenetie modificatdasoregdiring a minimum

:period el:trans:gene &xRiGsSIGN alhaiehsarylidreriagiaiiming &fficieney 9l sesandanyiMElis was as high
as :a which is comparable to the reprogramming efficieney of mature B-cells and vastiy higher than the

estimated 0..1% GBS USIHG HRBSEIBETON Aritiogragming in this system was similar to

directly infected primary fibroblasts. The minimum length of time that dox was
required to initiate reprogramming was 9-13 days. This timescale is consistent with
10 the 10-14 day time frame observed in cells that have been directly infected with
vectors” H. We also observed that when dox was withdrawn from the cultures as
early as day 9, GFP+ secondary iPS colonies continually appeared for the next several
weeks in the absence of doxycycline. These results support the notion that
reprogramming is driven by a stochastic sequence of epigenetic modifications
15 requiring a minimum period of transgene expression.
The observed reprogramming efficiency of secondary MEFs was as high as
4% which is comparable to the reprogramming efficiency of mature B-ce]ls22 and
vastly higher than the estimated 0.1% efficiency using de novo infection and drug
selection, and about 8fold higher than what has been reported using morphological
20 selection crilcriaL " 52‘ It has been well documented that iPS cells derived from
infected MEFs carry on average 15 different proviral copies suggesting strong
selection for the small fraction of the infected cells that carry the “correct” number of
proviruses, or that express the 4 factors with the appropriate stoichiometry for
successful reprogramming. Thus, the reprogramming frequency of secondary MEFs
25 would be expected to be higher because these cells have been clonally derived from
infected cells that carried the “correct” combination of proviruses. If so, why would
4% but not most, or all dox treated secondary cells give rise to secondary iPS cells?
We consider several non-mutually exclusive explanations. (i) It has been established
that genetically identical subclones of directly infected MEFs become reprogrammed
30 at significantly different times or not at aIlI |,zu‘ As discussed previously, this suggests
that reprogramming involves a sequence of stochastic events such that cells carrying

an identical number of proviral copies will activate the endogenous pluripotency



and about .titifoisi higher than what has been reported using :morphological selection criteriahas been
well .thictimented that IPS U0-115 derived from intbisted .N.IEitis carry 6n: average 5 different provirai
copies 'suggesting strong selection for the tints!! fraction of the infected cells' that carry the "terrecr"
number of proviruses, or that express the 4 factors .with the appropriate.stoiebiometry for shceteiritind
reprogramming. Thus, the reprograrnming frequency4f secondary MEllis eirprieted to he higher
beeause these eghls havabeeaniglanallysigrived.fiominfected calis:thahcastiad theieanger’ combination
of proyiruses. It so, why would but not most, or all dox trcaterfseeendary. cells, give rise to Wuou4ary We
consider several S RITHEHLEAIRY LRGN e L G GHECT (6 HS B WSHBTBeSY That Genetically dora
ical subci.clues cftdirrtetiydiniliote ddNitiliFs:hecomeae programmed atsignifietintbyidiftreut 1:Mc's or not at
allas discussed preyigust.. (i SURRSSIRNaLRROAATINIG IMples Aisaqusnga Qf stochastic Silveras
such that cells carrying an identical nuMber o pR3V3§3331 30031:333 nult autivato .the ez.140,Vilous
piutipoténey 34@ekes deidifsrantsiinessvaly Dby datthalse showdHar dos i ammebie dbes not activate the
previa:sea tint:lhwrMyselisouidathgrdbatdifferences in lit: ChiCtiOrt between individual cells. Because of
theao variegated expres i,?n levels only a fraene:: of secondary MEEs ;may achieve high enetrA
expression levels of or‘%ﬂ?é G BTPESH PAIANDR ' XSHHSETOM UK HEEtRIS R Sattbis i tHFefore he capable of
generating secondanyikScodlise plurihilet redtrogiaminingtis indiseed dvitnd dramsduction of the 4 faclors,
the nutinienance of the plat:pptent state depends qn the re-establishment of the tsta toregulatoty loop
involving the e oy S e o N TG o 2] Tetoang
silencih@y of exodetioiIddtoran@initarlynddcdhdary M ERsavereicapapie siemg f;,3 : Ty reprogrammed
to a aipatm: Stak@;haliheziiRsepeatiansaene EXPMSSIQMlly reprodiShikS6 used Me secondary
system to eKat3line the repmg3tamming potoritial of several additional adtdi somatic eell types, iPS cells

could be derived RPN GHHEE NESTRS RS BINY BPARCe pldEMIS D tERtHEP &pithelbgn, mesenchyrwil
sWir: cci is. uril no fibrobllaats ukitdneyhdmuseleaaned adienabglane theaugl gexditraiutotent indicating that
the prociuntes weglenqutr)?gnate y%ﬂﬁlvat?gdlu cell '%Ceb%ﬁ gther n I\ﬂESs ]prl:sd((:l.efllh)tISllt;|LS that the 4

na b everal’additiona t50m /pes. 1PS cells Coul Tivec
reprogramming factors can mediate
15 from many other tissues including brain, epidermis, intestinal epithelium,

mesenchymal stem cells, tail tip fibroblasts, kidney, muscle and adrenal gland through
dox treatment indicating that the proviruses were appropriately activated in cell types
other than MEFs. This demonstrates that the 4 reprogramming factors can mediate
epigenetic reprogramming in cells with different developmental origins and

20 epigenetic states and highlights the usefulness of the secondary system for the study
of reprogramming in a broad range of cell types. Although special care was taken to
avoid other contaminating cell types, we cannot unequivocally demonstrate the cells
of origin of iPS cells from these various tissue types. Genetic lineage tracing
experiments have in fact demonstrated that iPS cells can be dcrivegi from liver and

25 pancreas cells after transduction with Oct4, Sox2, c-Myc and Klf4.'4’ﬁ5. However, not
all cell types are permissive to reprogramming by these four factors. We have shown
that reprogramming of mature but not of immature B cells required the transduction
of an additional factor (¢/EBP-alpha) or the inhibition of the B cells specific
transcription factor Paszz. It is possible that additional and as yet unknown factors

30 are required to reprogram certain cell types. One practical advantage of the system
described here is that cell types including those that might be refractory to ex vivo

culture and retroviral infection such as intestinal epithelial cells can be studied.



". epigenetic reprogramming in cans with different developmental origins and oigtenetie ste;es and
highlights the usefulness nit secondary ayatem For tho study of reprogramming in a broad range of cell
types. Although special care was taken to avoid other contaminadw; e&H typi:":: we cannot
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The tenet:in:4s of all references.; cited herein are incotporated herein by nclerence in theit entirety.
EXAMPLE 1 Vinti pit:ups:raton and infection CMISirtiCtiOnat lentiviral vectors containing K114, 50x2,
004.. and e.-Nlye under Conde: of the tent:cycling operatOr nnd a minimal CMV promoter has been :4
described previously. Ruplieation-incoMpotent lentiviral particles were packaged hi 2931' cells with a
VSV-0 coat and used to infect MFFs cotnaining M2ri3BA and POKPuro resistance acne at the ICS
locuswell as either a neOlnyCi31stance or GIP allele targeted to the en:loge:1+ms Nalg locus. Viral:
supematantsfrum est:turns pacliaOng each of tex4 di@dzs were periled, filtered through a .45 .:41:4 Muer
and mixed 1: with ES-coll medium t-DNIENT suppletnimtcd wr ft% FBS Wyclonc, Logan, tilT), leukemia
'inhibitory isactuil remstinercapioethanol{SIGMACcA tatiehtyrpenicillin/struptomyei)desghuarninu, and
nonesséntial amimorgeidsfrom Inv:Orogen, Carlsbad, CA) herore being applied to MEPs. Pritnary iPS
Isolation, teratomig, itud chimera :imitation Approximately three week:: after the addition of dON. GS
twrw-Aldrid; St. EOGIMS. 2ttgludl.), &EN- or ficomyuit: resistant iPS colOnieS vcCe '1..<40lig:Cd and
expanded In. the absence a dex. The NanegGFP2 U'S line was picked from the same plate as line
25Natatjiolb PI (JEEEREEATHY M I;]fﬁs@?ﬂi ine-) whereas i Hagtugd@%% was cleaved from an
indepetient experimen TRSIHES EPHR R CETRBR L S0 p i S Bitutiooysts were
plaecd in u dropwofiDMENMWIth! 590 RBS underaminedal wihiAflat i)y micreinjelctionpipette with an
internal diameter of .12-45 mm was used tloc :PS cell injection using a Picio mieromunipulator. About 10
>PS 30cells werdHRjEeaiteHe bIRSEOEYP AR ARG BILSIHETEBATEE PraCaf i RSOM

293T cells with a VSV-G coat and used to infect MEFs containing M2rtTA and PGK-

17
Puro resistance gene at the R26 locus , as well as either a neomycin resistance or

L
15 GFP allele targeted to the endogenous Nanog locus . Viral supernatants from

cultures packaging each of the 4 viruses were pooled, filtered through a .45 pM filter
and mixed 1:1 with ES-cell medium (DMEM supplemented w/ 10% FBS (Hyclone,
Logan, UT), leukemia inhibitory factor, beta-mercaptoethanol (SIGMA-Aldrich),
penicillin/streptomycin, L-glutamine, and nonessential amino acids (all from

20 Invitrogen, Carlsbad, CA) before being applied to MEFs.

Primary iPS isolation, teratoma, and chimera formation

Approximately three weeks after the addition of dox (Sigma-Aldrich St. Louis MO.
2ug/mL), GFP+ or neomycin resistant iPS colonies were isolated and expanded in the
absence of dox. The NanogGFP2 iPS line was picked from the same plate as line

25 NanogGFP1 (described in " as MEF-iPS#1 line) whereas line NanogGFP3 was
derived from an independent experiment. iPS lines were injected into C57/B6 x
DBA/1 F1 blastocysts. Blastocysts were placed in a drop of DMEM with 15% FBS
under mineral oil. A flat-tip microinjection pipette with an internal diameter of 1215
mm was used for iPS cell injection using a Piezo micromanipulator. About 10 iPS

30 cells were injected into the blastocyst cavity and blastocysts were placed in KSOM
(Specialty Media, Phillipsburg, NJ) and incubated at 37 °C until they were transferred
to recipient females. Fifteen injected blastocysts were transferred to the uterine horns
of psuedopregnant C57/B6 x DBA/1 F1 females at 2.5 days post coitum. For teratoma

6
generation, 2x10 cells were injected subcutaneously into the flanks of recipient SCID



(Specialty Media, Phillipsburg, NJ) and incubated at 3 "7C until they were trunsiered to recipient
tetrzfACS. FifteC:3 ip,jected biatdOeyStS were tranSterrOd to the uterine horns of pcnedopregmun
C:57:B6 x DBASI Il fen:tales at 2.5 days pest cdtum. For lento:nit generation, 2x10 cells were iniocted
subcutaneously into the flanks of recipient 5010 37 mice, and tumixs were isolated for histological
analysis 36 weeks later. All anirnai svere treated M &écofflance s.sith institutional IACUC guidelims.
Secondary stnnaticecelldselailonvanrdsoultettéor hiskosdERisoldtion; chiaerie:ermryesliwrir isolated at El
3.5 and the head and vernal rincinding reqroducti ve) qr, were removed. kern:in:Intl?. :issue ;vas
physically dissog\@t(é%ca%cg fﬁéﬁbgfgl : %?r@bé?#@&%‘?éi% 'rﬁ}lr%u%égt{bafter which cells were resospended
in MET :31(Xlia COntainiEW, istiromyein (2p.gffra..) and expo:lc:y.)1 for two passes prior to freezing.

Secondary Mlifrsusedfor the gescrihed.expeaffineraswere thawed and eKperiments plated 1-2 passages
after tbinving. Kkiletie ixp rimerns FIG. 21 were pitrr)mpled by platins 4x10 secondary kylEks per well in

() wel platt)s and pl)pcS etk stEiHEq b BRIy &8 b e Haicate g dith&d Can bRty e¥psetimords were
porlisrmed in 32inven;iplatesdand & MictihS) cojpniesewetenscare® weekstaRerdax induction. Single cell

efficiency experiments were performed. by ['dating single, dary. NMIF's onto a layer or wddlype
eder MU 1 SR D B R e A Aeh S onfirment by eye

in .,eplipate platedlkaekingefesdedMETE) PGS dormation wwasiscored Lweeks imérxRegedsentative
experiments from,2;3 higlogicalreplicates;areshomaRompsA2Q1apdlSAexpgliments, lixl0 secondary

MI; Fs were plated in 6 well plates (a paw 100 20cells/mm? and pretreated with ES cell media containing

5-Aza (4)t.N4) oP PEANBHHET) AREFUSY) SSBESRERAPKIRER S Were ettt d iR ES cBlitfidia plus dos

lacking \,2;a oexihAxmkMEFSONEr&/@xposeehiedDyAatpipi2el O stixadecond$gh:pefiad Hetween days

8-10 alter induction, t iloweg é%culture \{vi.th %ox on] oath scoring OFT* colonies,on.day 21. 25Sornalie
t

organs were isolted flom 3 1B 4 month ot chimearas. Epidermal Kerating (7108 WaHY : -Sola:ed and

CflitUF:::tiptintioflspyrdescrived: Nelwralcti311)2 enttoratellswetd’ isdlated @and culturedaksipreviously
describedFetal ia&%ﬂj@%ﬁ@&@ﬁl&&@dﬂﬁsQ&ﬁ@%kﬁ%@h%ﬁﬂg agelnienol 3nMABTepnd 0 05mM DreBS Mr
S

30 mirrates at room temperature. The nmsculature was discarded and purilkd BOcr.thsIviIIi were plated
on y-iffadiated fEEHBE MRS pRe SEHEBIORY Bt cHIpbR A A EA A8 Cthe'same EDsolution was
used, but frac:iopgtWef€or to dox induction (using limiting dilutions, which were confirmed by eye

in replicate plates lacking feeder MEFs). iPS formation was scored 4 weeks later.
Representative experiments from 2-3 biological replicates are shown. For 5-Aza and
TSA experiments, Ix106 secondary MEFs were plated in 6 well plates (approx 100
20 cclls.r’mm?) and pretreated with ES cell media containing 5-Aza (1uM) or TSA (1uM)
for 48h. After 48h, secondary MEFs were cultured in ES cell media plus dox lacking
5-Aza or TSA. MEFS were exposed to 5-Aza or TSA for a second 48h period
between days 8-10 after induction, followed by culture with dox only until scoring

GFP+ colonies on day 21.

]
un

Somatic organs were isolated from 3 to 4 month old chimerﬂas. Epidermal
keratinocytes were isolated and cultured as previously dcscribcdzlms. Neural
progenitor cells were isolated and cultured as previously describedz?. Total intestinal
epithelium was dissociated using a solution of 3mM EDTA and 0.05mM DTT in PBS
for 30 minutes at room temperature. The musculature was discarded and purified
30 crypts/villi were plated on y-irradiated feeder MEFs in the presence of dox. For
crypt-villus fractionation, the same EDTA-DTT solution was used, but fractions were

collected by gentle shaking for 10, 6, 5, 5, 9, 10, and 25 minutes (corresponding to



collec:tcd bySi:l:A.1:T Mr 10, 6.5, 5, 9, 10, rind 25 niinutes (corresponding to 38 frac:ions -7, respectively,
with representing the kilins tip to 7 representing the 2S erypti allot :ncobation as de.scribad.apitho:i&, cells
6.0m each fraenon were plated on a MEC keder layer in ES media containing 2p OM: CIOX. No grOWn't
observed in (minims htck3ng dok. Whole marrow was isolated from secondary Chthierth miceor thinl
Coill-TetO-Oct4,. Rosa264:,..42rale, mice for direct id¥ections) from tim Sour and tibia Miler removal' of

the condyles at the.gsawity plate-byvElyshingiwith asyringe: and,39;0a908 negdle,containing DMENI s 5%
Fetal bovineS.erum KRBS LlEclarkt Thermo Fishier Sci entlﬁl‘g ﬂ$senchymal stem colis skere. -selected

through diftbrental I BR HELOR B ShtRs 6K FERPISTHSPIEASER ed -with 15% f:BS
(flyCionc), Coinnyeft:niatexomnof MVES Gisdier wttum Mascarriediautyy’platingddx 18 ngcleated cells from

eshiy isolated whols mAey NIg Ocin pletes. pA Alaned [ axpand I8t days  he. presence o
eri ells IC 0]

plirOnlydn to eliminate host-blastoeyst after wh X was introduced 16 induce
reprogramming, ‘ém‘t‘tﬁé@&érﬁ(}é&(t%ﬁaoﬂﬁr@ﬂ&@gﬁdgom%%é{@”érrﬁlnléfhef@ wieret dissected, mechanic:ill)

dissociated, and;gligesied i tryRsidalSnd LHIonL0Q thinthes KFOEIAdRIating 1R, gokrliingoatedwith ES
media contalnln%dox Ant:bodies For now crcipmetric analysis we used an AEC conjugated

anti.~-mouse SSE AT L) SEHaLMMnEapoRs, oidica0' 4R AkRMEN HospHatase sitbaniate kit:
Vector Red eJ Ibmwath%h(\v{emﬂ)l(aly@ﬂﬂmﬂea;rﬁ.ﬁmm HokhtiM, QAjefcbyinkramoleiereacence, cells

were Oxed in 4% anlthrlna{b d]e s Mormelonai fIJyRI amst SSEAI
! o -
(Developmental Studies klybrido ﬁw] dgke an Sﬁd CPE% ant D 155 C(F%&'ﬂ)m a}s en%%)lgn"?c?ﬁselréﬁtl i-)enl-(Saiiia

Crua), ldnd rabbitdnd Nanb‘me(mémyl) Iﬂ%ﬂtlﬁﬁtﬁﬂb@ﬁb@kcﬁ téwurdpmm@@eﬁdﬁaﬁﬁylantlbodles were
purchased from i@ﬁKﬁ.o@J!ﬂ:am1@5‘91R§§Elaﬂfﬁ§)4x$@ nucleated cells from freshly isolated whole

marrow onto 10cm plates and allowed to expand for 5 days in the presence of
puromycin to eliminate host-blastocyst derived cells, after which dox was introduced
to induce reprogramming. Cultures derived from adrenal glands, muscle, and kidneys
15 were dissected, mechanically dissociated, and digested in trypsin at 37°C for 20
minutes prior to plating on gelatin-coated culture dishes with ES media containing

dox.

Antibodies

20 For flow cytometric analysis we used an APC conjugated anti-mouse SSEA1
(R&D systems, Minneapolis, MN) and an alkaline phosphatase substrate kit: Vector
Red substrate kit (Vector Laboratories, Burlingame, CA). For immunofluorescence,
cells were fixed in 4% paraformaldehyde and we used mouse monoclonal antibodies
against SSEA1 (Developmental Studies Hybridoma Bank), goat anti Sox2 (R&D

25 Systems), mouse anti Oct4 (Santa Cruz), and rabbit anti Nanog (Bethyl). Fluorophore-
labeled, appropriate secondary antibodies were purchased from Jackson

ImmunoResearch.

Flow Cytometry
30 Cells were trypsinized, washed once in PBS and resuspended in FACS buffer
6
(PBS+5% fetal bovine serum). 10 cells were stained with 10ul of APC-conjugated

anti-SSEA1 antibody in a 100ul volume for 30 minutes, cells were then washed



twine in PBS. Cellathen wasfied once with wash buffer and resuspended in 'FADS buffet For anzdysi,s on
a FACS-cali but coil Sorter. Bisi.thito sequencing and Southern blotting irerionent of DNA was done using,
the CipCienoing DNA Modificithon  (Choinition, Tometsita, CA) fillip:sing ihe maindetsturtith.
Instructions, 'Die is:nu:thug modified DNA was amplified by nested polynsettisc chain reaction t'ill.CR)
using two liiirwiati (F) plitisesigignd one reverseprimé: Oct4 OEFIDITTIGITITIOGEITIUGATAT; SEQ. NO:

(FI ATOGGITGAAAT ATHEOGIJITE. Ak meﬁsmlua M 2ilh (RsICEACCET CIARGELTBA ACCTCTAAC;
ID NC: 4; E),

SEQ WINO, 2) an %/g Sra?ﬁlfgl F OACr omorr| r|t ruf g@)
AATOITTAIGGIGCA LAGE él‘—_’b (5" ”6 REACTCATATCAATATAATAAC" SEQ U) NO:
6). The first round of PCR .was. dene as foIIows 94"C for 4 initiates; live rtyrikt; of 94C for $0 goisondsi

56C for minutu- Qxfﬁlpc%ﬁ}{&l@ %14128[Qﬁ]{gmlqﬁ)tﬁln%nd $0 eycles of 94C .for 30 secontia, .51'C for 45
seconde..tiisti 72C for minute:: 20 seconds. The :Secetid round of PCR was 94C for 4 minutes: 30 gyeles

of .942(fi the .30 secoﬂa‘é“@bgllFﬁ‘ﬁﬁtﬁ]féﬁe{NﬂfY?&ﬂQ%“T‘iﬂWﬁt‘él@-g@@éﬁﬁ‘y\'ﬂ‘ﬁ@dré%ﬁﬂﬁg amplified

pireithiets were giterpatiifieshl T RsiosRPUA MO ReseachRIRBERsY ReivnelbiRtatie MP() TA vector
(J1rotrotoro, 3r|as ret.treed, S hern Honin unornic DNA was curried out b escting | U pg of
RN % s

DNA with Spot (WRICHEREY SRWUB. éﬁ?fﬂa”éii%é’ﬁé‘)s SRSEPBY T intion with
tuaitiorn priEled usm;g(i\txlgﬂhr@ﬁmlﬂ prabesskmthenfourctiseé8staiQuantitative, RT-PCR ~ Total P.NA gaits

isolated Using | puptegnit: IF{JE PY-FORER: ﬁ@p}qq%(:ﬁ)()ﬁ%%@clrwﬁms of total RNA was :mated with

UNasis | to remove potential coot mignon of genornic DNA usnig'a DNA Free RNA kit (Zyino Research,

On, CAY, One 30Hifefdgtd ot DNasH ﬁ!ﬁl@éﬂeH\FkNMv‘a%Qé{?eﬁ% #arferibed sit:.ing a First Strand

Synthesis kit (riwmg@@&ao¢~ﬂtr@atﬁwA@@ﬁsnmién@®Q nefwvatenyatithativo PCR analysis was
performed in trip; %m %1150 of the itverse |ran|ser|%t|on mlastlon in anFrisin 7000 ttop c Biosystems,
)

Fissitor City, C12 il 4@ AGTITTTITT, SEQ1
AATGTTTATGGTGGATTTTGTAGGT, SEQ ID NO: 5; R,

CCCACACTCATATCAATATAATAAC, SEQ ID NO: 6). The first round of PCR

15 was done as follows: 94°C for 4 minutes; five cycles of 94°C for 30 seconds, 56°C for
1 minute (-1°C per cycle), 72°C for 1 minute; and 30 cycles of 94°C for 30 seconds,
51°C for 45 seconds, and 72°C for 1 minute, 20 seconds. The second round of PCR
was 94°C for 4 minutes; 30 cycles of 94°C for 30 seconds, 53.5°C for 1 minute, and
72°C for 1 minute 20 seconds. The resulting amplified products were gel-purified

20 (Zymogen, Zymo Research, Orange, CA), subcloned into the TOPO TA vector
(Invitrogen), and sequenced. Southern blotting of genomic DNA was carried out by
digesting 10 pg of DNA with Spel (which cuts once in the lentiviral vector backbone)

followed by hybridization with random primed full-length cDNA probes for the four

factors.
25
Quantitative RT-PCR
Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA). Five
micrograms of total RNA was treated with DNase I to remove potential contamination
of genomic DNA using a DNA Free RNA kit (Zymo Research, Orange, CA). One
30 microgram of DNase I-treated RNA was reverse transcribed using a First Strand

Synthesis kit (Invitrogen) and ultimately resuspended in 100 ul of water. Quantitative
PCR analysis was performed in triplicate using 1/50 of the reverse transcription

reaction in an ABI Prism 7000 (Applied Biosystems, Foster City, CA) with Platinum



SYRR gcten oPCR SuporMix-11DD with .R.(,)>: arr40-.0genY. Primers used for amplifiexdon wure aJ.;Oct4
F. 5"-ACATCC.CCAATUAGUT Rai-3' NCF7 and R. 5’A GAACCA1'ALCCOAA.CCACA.TCC-3' SEQ ID
NO: 8; esmgc 5'seCACCAGCAOCGACTCTGASI'NO 9 and R, 3'-- TOCCICVIVICCACAG.A.CACC-3'
SIT,Q ID NO: 10: 1(1H F. s'- ocAcAcCI1 uccAiskelcAcike-3. SEQ ID NO: Il and IC 5'-
eCOFCCCAOTCACAGTOOTAA--3' SEQ ID NO: | 24®cutl F.5-- A;,CACIATtICAACCGATOCACC-3"

SEQ. ID NO: 133406 B, 51 MEAGIERIRETRCARRBC Ai3in b DN dd:Nanog KS's
AAGAACICT 5- CHiC

GeTcCAOCAGATGCAAG EQID NO; 15 and R. : ACCIAC fOGT t1-1.1:CT(3C-C-3'
SFQ I1) NO: 15. TBRerkiitng sttt oaelvig W aDNA Mt RiGeactions AP O mRREWEs amplified using
the fbilowing: F. NB- TKaAQCACHGA LO0 AGARRO0AT SEcA 10 Na 1g:anth Ripd§ GREFITTOCCI
CCAOCCI-3' SEQ RRIO A(S ?\?t? (Weq,i, § ggqte&ﬁ:@v\t\hﬁ Ié;ﬁ%r Iéang:eméf at-80 ification. A Il graphs of
gRI-PC.IR data Shown %e(pre’sté Samp ﬁ NA that were se Teated, reverse transcribe& and
amplified in parailtt6’ avoideriatemimstrera’ s thelelpidvoe tr&4Brror-bars rupresent standard

deviation of the mean-Qi{riplicate reaptiqes, (41 gg@ﬁgﬁﬁg@%ﬁ(&RSEN,AMP.1.1111 ) WornUy,, M. J. al.
In vitro reprograemning cf fibrithlasts: into a pithipotunt ES-ce.11- like state. Niante 448, 3 :8424 (2007).

2) OKK.. lithisak&,Cf 8- Yamtat ake, 80 Eerération $ist.§emibridséeipetain Induced plininotent :man eclis.
INatere 448, 318133G:(ROQ A CcoaI)Nilabierals i) gt aloDitegtly Rgprogrimed Fibroblasts Show Glob:1i
Epigenetic., 1(1Remadeling. and Widespread. Tis ontribution. Cell Stem Cell 1, 55-70 (2007). 4)
Takahashi, K. & %(ﬁélgg%%&&é%%%fj&dséﬁéfg St8rn EelléHPSry mouse embryonic: and adult
fibroblaia cultures®yCdefiied hadiorsACelhA2E,EB FHEF61§2006) 5:30d R, 5°-

CTTCAACCACTGGTTTTTCTGCC-3" SEQ ID NO: 16. To ensure equal loading of
¢DNA into RT reactions, GAPDH mRNA was amplified using the following: F, 5-
TTCACCACCATGGAGAAGGC-3" SEQID NO: 17; and R, 5°-
CCCTTTTGGCTCCACCCT-3" SEQ ID NO: 18. Data were extracted from the linear
15 range of amplification. All graphs of qRT-PCR data shown represent samples of RNA
that were DNase treated, reverse transcribed, and amplified in parallel to avoid
variation inherent in these procedures. Error bars represent standard deviation of the

mean of triplicate reactions.
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Work described 1-terein providea robusi approaChes firc targeting gC-31:::; in IniEftl cells and In ;araetote
took for the rOpltogaEnfilb:igintOCCIRI, MOIV. spec:Aka:ly, hornologons recombitration is used to insert
Of- P line key neural /thetsge genes of InaltS and iPS odis, The oFp riiii::tiker is used to Isolate neuronal
precursor cells irom maniptsiated iPS cells to ttssess their developmental potential, 10 the curreot
reprogramming pronuols rely on itelnyvnni ventor-triédtated transduction of transcription factors resulting
in inultipte pith-hal. insertions. in the iPS cells. This work &it:ger:hes methods that either avoid the use of
multiple vim]. infle€tidfiS ot 51 hut eintriinate the reOttMie3at for thrtattonediated feorograrno-ting. 1S1,
DOX and tam:mitten ingugihle, thiroviriti vectors 1)0X (VU S] rettovirat vectors have been important to
define the sequential activation Of .pluripatency markers and the Minimum time of vector et:Ix-cask-tn.
during reprograminfiigef Sthir iate 37 1rossetc PR & genetateadindueibife haul:sin: vecitars that
will allow the tempointlyigstiictethexpiessian edtthenepspgiainmeing: keiketont(a) iPRXS
inch:tabIeFoibnvingE]th% same strate % as L#E:e_q tIst- :mutate gents we hase ge e‘rgﬂgd lectitilthi vectors
that hat-Omits tHé hufial 6CTA 80K7, BIllE4 R ENIVES QL BNALS Sthel Eohstittittivety or under the
control of a DOXvVindugibigi pridmbeerdlb8thintorink|25)00068752d, tibigenerdle iatDRX nndutible systom we

infected human fiproblasts wiph, a-tenth (pail RCAL.CHHYINGINE; UG RARSARINIG,, 1IA shows nigh
DOX-dependent expression of 0cT4, SOX2,in fibroblasts 0-Distil:iced with the reapecthat DQX inducible

vectors Similarly?"F6BiSt SOXTaEpEAteRttdi TS GeRR e RPras$i6H Was'OpsenEd 9+ 188. cells derived from
the inleettx: littroblastsigtiwer-pgmmnis pfdltais301y(b) faritthtifen indusiialeudantivigsts iugctors: To einible
independent induIci_bIe control of vectors we also ﬁerPerated .PI1,,80X2.anld‘ﬁ,-£\li‘tl‘f etgxtuten reeepter (ER)
fusion consthaad By RISIHY TSNS FEHE tie REHSYER HEENY BINGING HOmMSiA toallow 8 45 Mum:siren
thapaidt;;;|: ar<presicsrt98os#6508d1 HAs {Mown@) Ha @€ KilidnttakaljéllnftdiimGCarid bd;11.'11i:Etilead
514U1it SOX.24%:R;Ciaiaitaid, S}ré%iéfi?i‘&w‘?\rﬂ%@lﬁ'ﬁ‘&ﬂ@f‘m b gdl%g}%)gprotein from the cytoplasm to the

nucleus as expected hdrdrup bid:iced activation.] hose results show that the DOX and FR fusion mdueible
systems can be used to independently control the expie5esion of transduced thctors. One imporhint
COticelyt is the yspoftwaddiffetent segalatablesystamsceaeb controlling expresson of a subset of the

lactors. For example. one giaht place 3 of hg asioptunde, cotinel efa iy Indygole
dox-itiducible'i.pro et ‘and‘the 41 P 4
activation of pluripotency markers and the minimum time of vector expression during
reprogramming of somatic mouse cells. We have generated inducible lentiviral
vectors that will allow the temporally restricted expression of the reprogramming
20 factors.
(a) DOX inducible lentivirus vectors: Following the same strategy as used for murine
genes we have generated lentiviral vectors that transduce the human OCT4, SOX2,
KLF4 and C-MYC ¢-DNAs either constitutively or under the control of a DOX
inducible promoter [Brambrink, 2008 #6877]. To generate a DOX inducible system
25 we infected human fibroblasts with a lentiviral vector carrying the rtTA transactivator.
FIG. 11A shows high DOX-dependent expression of OCT4, SOX2, and KLF4 in
fibroblasts transduced with the respective DOX inducible vectors. Similarly, robust
DOX dependent transgene expression was observed in iPS cells derived from the
infected fibroblasts (right two panels of FIG. 11A).
30
(b) Tamoxifen inducible lentivirus vectors: To enable independent inducible control
of vectors we also generated OCT4, SOX2 and C-MYC estrogen receptor (ER) fusion

constructs by fusing the factors to the estrogen ligand binding domain to allow for



factor tinder control of a second inducible ftamoxilen-indixiblei promoter. Then, one could iionorate an iPS
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exprcsaion of stiFSES AR frasishtAiRNICE BRpreS STPRIPSNtHEFACRYF SR 2ARP61E €4n modulate e;
:pression laktiS afithenMetarschyatising Mild kg eoncennationd BrantibRitsidnemucibleAnother approach
s to plage the gone that engode:s iMG.QL e TActars Bewesn sites for Aresampinase and then indnec
exmcotPort or the recombinusu to turn ofr eﬁpressmn of that factor. Recombinase e?\lpression could be
induced by infecting wittna iviralrvecton¢eny is AdierovitrCré)icRianitay etadle Seiente £848, 1920-1923
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differences). 462n&eneratiose dfcnuhaniiffdedelisiconfitmihcgthetthe imdudhislecsystem works as expected
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was cortpared. EAS TSNS TP L Ne Bt b Paede o SR Y timus oo Yo)
constitutiyely expressed odDOXdndifciblecttandetiptior fastowsmvheacthie’ DORtNdutible lentivi ruses

were used :PS clopes arrigiied wib.a ainpaiiraqusney andiallarapoyt the samagime 31 the IrioU:Cd
cultures as has been _publishedgg/othem [ Takahashi, 2007 f6769) FIG 2,A shows that the endogenous

0014 and NANO'GEHESS A\ ENinitz 24 in ' PS Hinel ot i 18RS 88 7 hitES cells. The
feprogrammed iffiGdimillsi @rewas dightpealonies with friacpholagy/tigicalcafihuman &S ecits and they CN
pressoj he anpropiiate, plyripptepty, markers fle A28k Ta et fur, pipotency,the, B3, gells were injected.
into S mice, |§’tlolog|cati examination o Prre reé’u {lng tumors showe (fyplca fe"rafomgs containing
multiple differentiated celotypes(1dad.id Q) ace the gene that encodes one of the factors between
sites for a recombinase and then induce expression of the recombinase to turn off
expression of that factor. Recombinase expression could be induced by infecting with
a viral vector (e.g., Adenovirus-Cre). Hanna, et al, Science, 318, 1920-1923 (2007)
25 describes such an approach, which was used to reduce the potential risk of tumor
formation due to c-Myc transgene expression -- Cells were infected with retroviruses
encoding for Oct4, Sox2, and KIf4 factors and a lentivirus encoding a 2-lox c-Myc
c¢DNA. iPS cells generated from these cells were infected with an adenovirus
encoding Cre recombinase to delete the lentivirus-transduced c-Myc copies.
30 These systems are useful, e.g., for identifying reprogramming agents and
studying the requirements and events that occur in reprogramming (including

discovering cell-type specific differences).



2.0 B. Generation of mouse and human >PS cells by a piLlypiatronic retroytral Yee:et eortellt
pt:AUCOIS to nencruk VS etdls call [hr transduction or the 4 transerioilon factors Oct4, Soxl, emaye and
K1811 by l'otir different relsovirai vectors. Reprogramming this tnenner in:solves the selection tor the small
liaction of inthcled cells that carry multiple Integrated vectors: (up to 15 or more provirnsesn) raising
concerns of cancer duo to the use or powerful oncogénes and/or tetrovirue induce:a inseMonal
inmagenesM TCO rédted the Huiber BiSsaependent RN EF indgrbtnris required r reprogramming we
have desivurd apghused ia PalysistrorkiyecieRuRW can. mu:Lid:tee any conibitkeion of the factors with a
goai of reducing the 80number of @rowral mtagratl ternal rlbﬁ_“omal entry sites tIRESTiana

. I
widely used to express 'MURiBTe GeHESHoTE GRE %ﬂ?ﬁ&’ﬁé”t;'hﬂms“fr Enily’ 1eatd 8 hoinsurtchiamntric
expression of thexgenes.liTherelf:oalic-divinged®: 122udibd Chacidstitiinge27 Ingeptittes mediate ‘'ribosomal 47

skipping betweeq ik pinlai and OisliNe EHuRRI0OD Sepiedicinalan i, fiectipp downstream
iranFikt6013., MeSe peptides alictry limit-Mk proteins to be encoded as poisp O:::::31S \K'ITtiOti

d|880el3te30|anT‘féﬁ't‘@@F’l@‘“‘Péﬁlltéléghfﬂafm CquBeatithid.ciefin 2eeffefSavidyr lis3¥8fintended to imply

prmeolytic ciileads)ge; reactia Sekfcreaving peplides are lionndinymembearsatthec-kigotriasaridac virus
including apinhoriruses i%?Ch a fo%? nd-mouth disease virys |SCE g eq ine rhinitis A virus (ERA V),

Thoseu asigna virts TR ARG b BrElve teedRbUIFUSATBFR Y ER L° CEEIYS Gen. V)rod, 82,
:027-101 ("200 )¢RyamngdMDibr lathovOttrat mgoicnm;@aamt@?eaz)imeadmm eftdieviitisets such as

Thadiegjrits (e. Q(ET)PSRLCE‘WQW &negpbalonay, QL%'d‘%Qq) 1618 f‘}’[‘gﬁéﬁﬂﬂf%nvﬁ IWSEr. the 2A peptides
derived from FM RAV Ta are Ornetlle tS: referre erein as "f2A", 'E2A". "P23,-1 and -12A-,

respectively. Aplﬂih‘f\‘?lffﬁ% lé?%wrjLﬁéﬂﬁ&@éﬂdféﬂfﬁpﬁé@ﬂlymlﬁsﬂaﬁmﬁ@pﬁa@@%Hglahwik@bntain a
DKIDa2NPO (SHiyatR: NQd3dhrwharane kis:edan vane ariseieusnesAsnotedahayanthe 2A sequence

is believed to m d|at]§ rllrﬁ?s;ma @Bw}t%fﬁ V\ﬁ&?}? (%ollne an gls ine, im a(;l g irormai pemide
bond formation ét% BahY % t § s RGN ARSI, stitip:my 2A
sem:gene-a 3:; NANOG genes were expressed in 2 iPS lines at similar Iew_ls as in huES cells. The
15 reprogrammed iPS cells grew as tight colonies with morphology typical of human ES
cells and they expressed the appropriate pluripotency markers (FIG. 12B). To test for
pluripotency the iPS cells were injected into SCID mice. Histological examination of
the resulting tumors showed typical teratomas containing multiple differentiated cell

types (FIG. 12C).

B. Generation of mouse and human iPS cells by a polycistronic retroviral vector
Many current protocols to generate iPS cells call for transduction of the 4
transcription factors Oct4, Sox2, c-myc and Klf4 by four different retroviral vectors.
Reprogramming in this manner involves the selection for the small fraction of
25 infected cells that carry multiple integrated vectors (up to 15 or more proviruses:)
raising concerns of cancer due to the use of powerful oncogenes and/or retrovirus
induced insertional mutagenesis. To reduce the number of independent proviral
integrations required for reprogramming we have designed and used a polycistronic
vector that can transduce any combination of the factors with a goal of reducing the
30 number of proviral integrations.
Internal ribosomal entry sites (IRES) are widely used to express multiple
genes from one promoter but this frequently leads to non-stoichiometric expression of

the genes. The self-cleaving 18-22 amino acids long 2A peptides mediate ‘ribosomal



VKLIILNFDI-INTACID'VESNPOP ;SEG SD hlfit 383 from PM1:35i, where :inch:dined residues are
sionsened in mans: 2A peptides 1 lie C 1031 till, 01 cardiovirus 2A peptides is conserved, shows a high
degree of similarity with IPMDV 2A pepiiete, and has been shown to also mediate sellteletwage
rDonnelly, ML., or al., J. Gem Virot, 7$, 13-21 (1997). Earr-IM 2A peptide has been shown to mcdinte
cleavage of an artificial pot:quanta n (Ryan, MD and4Drew, J., MHO J., 13, 928-933 25(1 994). The ability
to express four proreing dlelcieritiihany lsisitihivanieaiy drve aidiyhibeerada10v yiweSadetnorisftauxi
.:x..ently using seaipresessing ZAvRERtdEstRexpressHihe fopti &PAIRroteins (Sawnel46: et al., Nature
Biotech 5, 589-594, 2004). Potycistronle transg%enes in which the individual oBNAs are sdipairiied by 2A

peptides have b8&ASABHIH IS PraMEIE PSSl Rl SXBRSId IR ANLR8Bted cells including iniES
cells ()-hasepirsvishatioat, Steerv Gells:r200¢1hdi2b(h): 1iE0i6: 125120(rai i48¢codseinycorlain
ex:Matcb:ileitislllC ipai%(;ee%%gldl?%nstructs oninpriac jaction that anoxic:a a ad:tido:wing peptic:e_ The
:myCDtam provides apoly simniti nucleic: iscid nonaeruetalterein the crab op regions ate linked to each
by a titicleic aaid that evrabthigviselcelaaying jatoitie sasss hOh A singlerspenirsading frame, and
wherein the codingfiegiRnsignepdadrstand gecandierrearamining.ltelots panaliet eil her alone or in
combination with Oile OT more additional nap:liar:limning factors, of reprogramming a mammalian

somatic eell to pFIBPEIEHRY SH S5 ERAboHimarta B v htibn e RORLRRISEROMPtsts two coding

regions separated by-a) selfrcleéaving.paplidé. tan SOrdll, 82,elb2XibVilt®) Of hehillithN, the <103-Or:xi

comprisps three cocing seglons saih enepdigy B LeRIGAIATING, (Ao MSTEIn adjacent coding regions
L . | -C ev- L) o /fi e‘-; o ™ ' I = -

are separated, by a se aving pep h some embodiments of the invention the construct colmidses
lour coding: regidhsi Eaemerepdingradie proditammirty thdtowivspsiitadjaessnt coding tegions ate
sopa:tied by a S%ﬁgcim@vaegde@wwﬁ{@hw.nnﬁmim)ﬂwa prevides doconstiuetsdhat.gngode a polyprote.i.in
that comprises 2, 3, or 4__‘r<_-:-;)rggmi?nmir‘|§ fagt(’)rs,éepa,ra_tgd pﬁYSTg-CI%SVing_ pemidea, hi sortie
embodiinents th8CoAAuEECompriSes ExpredlibnlcohtrBisBISMER < RGO A Sramoter, suitable to direct
expression in maoinpaliateObA3dpiukigrein e 1103-0031 10fthedetiiMaiGilthaE enébdeSIie polymath: is
operahjy linked i the, eLALTRSIN, control slementis) Thednuention ts PIRVIJES g pQexpression
atdoeue cotnpriaiitga l'ntel)éie acid that. encodes a pofyptlateili compthe iepi ,imming ﬁletots, each
reprogramming fad@ickedriv, Minkeld tabasiernssongi ether FESTograrmming iHetoey-a self-cleaving pepfide,

operably linked to.a.pramQieh{orthersrilable axpressies.aanisekalemenulie ramoter doves
transcription of a polycistronic message that encodes the reprogramming factors, each reprogramming,

factor being linkdd t8 e A SR BHE Sth &V et BB MMING #5&ET By a self-cleaving peptide. The piornitiot
can he a viral profHQIer.1&;pl,. BKCNIMromdater) grrrDmanimalignipromdier (evheya POI< pramoter), The

expresgjon cassette or constrct tiall Comprise, oiner ganelici RIEments, &8y, (o, gnhance expression or
stabihty of a transcrl_pt.an some em odiments or the mvér_] ion any or the threpoing constructs or
expression cassettésnray fdriivetilseliideracveing mityibiecthdtadersl noviteicodé dYEbYogramming

factor, wherein the cogling, tegin is-sepaated frepmadiacantcading tagion(sh Pya salfr.leaviidg pepticte.
al some em bodu nenis the OdOIt10/1:il: 1/4:00i0g rojeitm encodes a selectable marker. 49 Specthe

reprogramming faétéPs YA yr-hy' tie eHcodbd BYpEjAigtritig has been shown to mediate

cleavage of an artificial polyprotein (Ryan, MD and Drew, J., EMBO J., 13, 928-933
25 (1994). The ability to express four proteins efficiently and stoichiometrically from
one polycistron in vivo was demonstrated recently using self-processing 2A peptides
to express the four CD3 proteins (Szymczak et al., Nature Biotech. 5, 589-594, 2004).
Polycistronic transgenes in which the individual cDNAs are separated by 2A peptides
have been shown to promote polycistronic gene expression in transfected cells
30 including huES cells (Hasegawa, K., et al., Stem Cells. 2007 Jul;25(7):1707-12,
2007).
The present invention provides polycistronic nucleic acid constructs,

expression cassettes, and vectors useful for generating induced pluripotent stem (iPS)



construct include transcription ibieOM1LICVI, SOX2,C-Mye, and Nano. whia 01'0 further dm:ix:4 herein
and known. in the an. 'the invention encompasses all combinations of two or more of the romping
thetors,ea<d) oossit:le order, For 5 purposes of brevity, not all of these combinations are individually
listed herein. In some etxtbodiroents, the construct 11)011(1.0a 064. KlIf4, and So.K2, separated by 2A
peptides. In some embodiments the construct does A8t encode c..Myc, In some embodiments_ the
construct contaitig! & codifgre giobe thae el coried [Ghzeninnseivie Embodimerits otharéenstruct contains a
coding region tha&emaﬁaa&.Q&EEaBJah@mava fepeie mﬂmd&mﬁmemc@@mmm@mrises one or
more sites that me ates rfamhtges ime. gafl%r:llof the co struct into the genuine of a mammalian cell. In

some embodni3BhtS tHe ConBHUIET COMPIRERS B o iMare Ei%éﬁﬁ’é?rﬁ‘ §ista 865 % Bfitates targeting the
(Ibalstaret 10 a selgciedridousdndhecirdKane Of aadidnllaactdBldsSetiltaFop example, the construct

eould cgmprise ene, Of MOLEILLIANS NAMIGRUR IOARSRIacIeddRcus Mh%n%?c'ﬁ}{?md in some

embodiments the construct comprises sites fOr a reconthinase that’is functional in mem.:Thdian cells.,
wherein the siteSTaRk APTRESTRE BAMHOR SFPRR CoHSHLELE BRAE EoAIPHEBY e dBdih2replons for the

factors (i.e., onesife igipasitiongdor anththseeand, sitedssbositioned Batthe.pastion Ofdhe construe; that
encodes the 20pol% roteln,, SO, that the seqﬁ:ence er edln%} he f ctors can be excised from the getli)MQ

after relprogramMiRy" PREVEcomBIRESECaH BE™E §. e WY “ﬁfb‘w&&?ét Hé CUPRESORIng reconibinatAlt
sires are 1.0.K? amthsg,angluﬁnt ssitestcthbS Gthefembodinmpepisth& recomiihasenisia tidhsposase. It will be

1.130lggn00d that ihe TeeRUNTHISG e naed agkhs diraatbuaiace[o,the region elcoding the

polyprotein but will Be 25 positioned such that a reglon W ose c'eentnal removal ii em the genome is
desired is locatetEEEER B Sites Vifrsormeiempodifiehtesthes e orBIABS S sités! re on. the 5' and 3'

ends of an exme&&&owa&;&&t&e-1!5?,@'@&0&1%1&@%!&1!% hesidual @@Qﬁnﬁﬁi&%ﬁﬁﬁ?m@lf&%e site remaining
in the gnome, Whl{g in some embodi ents is the onlé%%9 etic chan e Its: rn the reprogramming

process. 30In soie emBodimeéit Cﬂ?g condtuetest 4%ing 5 é%g ﬂ §8 tfe" wherein the site is
copied during insertion ©f theaconstruetsiritatheige moteltOritk thatatdedststhe pdetion of the construct that

encodgs polyprolein, GRMRNIsINg I8 (G S&Po@ﬂ%ﬂ%%?{gﬁ's& any giher ﬁ%&léﬁm HheGaslime; whose

eventual removal from the. 50 genome is desired) is flanked b teX| reetanbinaSe aneS a :ler
IF:lege:a:On 13 H@@h&tﬂéﬁeﬁlétkwe&pmﬁle tHebPé&Gm?i?fh%1‘%&@’@%&@%@'%%&%’4«%R of a noroviral

hale ORO Venn'c;§eesigdonlisRmplemtd; .q., dhsame asnests idheoweiaian aravides vectors
comprising the polgelst‘[onlc Ellcl%c aC| constreets In seine el bodlrntgts }tﬁ}fe vectors are retroviral

vectors, hmik ind\Vtt8rs i ethd ‘é‘ﬁ%é&ﬁﬁ%&‘ﬁ% I TS S AT ISHIRTRSRRSFY & g, svhich may
be viral (e.g., ailenewtrial)iokadan-irak Eixemplavytpolyicistronic nlicleivacidrebnsimetggtricites:don

cassettps, :tad V?QPQ@W&%%QBE? ’ﬂlﬁ—@mﬂ‘ém acid Jl%§9m‘%1&5593&3%1m81ﬂ‘6‘ﬁﬂ}!RﬁllF‘”OVideS cells and

cell :Ines (e.g., somatic eel is and cell lineS such as th Mehl)Shi, kerathuseyies, and cells of other types
discussed here|rﬁhffrfwwﬁlalwaay&lst‘mrclﬁitzﬂewaﬁale%tﬁueu SeEexPrécHuiidassette (e,g., any of the

constructs or expigssignassaties deseribedhetainiis inearategintntheigenomaotibeemc
embodiments the celhc, are r% ent cells, e. %Hgﬁmurme c rLs in some embediments the cells are primate.

ecith, e.g., humaf' &S Ri¥sHeSHSBMERtS SPdt4t & BOAIBH'S the LERERE BHYt%encodes the

polycistronic message that encodes the reprogramming factors, each reprogramming
25 factor being linked to at least one other reprogramming factor by a self-cleaving
peptide. The promoter can be a viral promoter (e.g., a CMV promoter) or a
mammalian promoter (e.g., a PGK promoter). The expression cassette or construct
can comprise other genetic elements, e.g., to enhance expression or stability of a
transcript. In some embodiments of the invention any of the foregoing constructs or
30 expression cassettes may further include a coding region that does not encode a
reprogramming factor, wherein the coding region is separated from adjacent coding
region(s) by a self-cleaving peptide. In some embodiments the additional coding

region encodes a selectable marker.



polyprotein is flanked by sites Mr a recombinese. kern reprogrammed cell is derived, a recombitaise can
be introduced into the cell, e.g.., by protein tratridnction, or a gene encoding the neconthinase can be
i.:31.roducs:(1 ir-ito the cell, e,g., using a vector such as an tide:los-nal vector. The mcombinase excises
the sequences encoding the Stkngehen3S :gm:van:lining factors from the genome. In some
embodiments the cells_cortiain an inducible gene thaltgenc des th r Cco se, wherein the
reetinthinase is expresa&d iSHPIRELGIBH A &‘8?&%&‘}1’7 CaOsaHE! Wﬁ/ﬂ?ﬁ YEiisBtoranTh: the
inducible gene isdntegrateduift\W the genonieldrs QEMe%nﬁbdfdimem&menm}inmble»gmhans on an
ebisome. In somEIIARAIMENRING SRS AR SANIAI A IRduiFibleeys;Eseding the recunthinase.

In some embodiments, the nucleic acid con:dn.:et or cassette is targeted tg a specific :onus in the
genc,nusing horfTBBLIS ReebMBIARTOH: W S6Me-ensofitent rsieess bl oRe s dispensable lor

normal'sdeveloppigpisel srostofallcell bnesitthebadmoba mammﬁmmia@mmmbmiments the locus is
one into 30,e,:lhleh |nse}§t|$n does am affect the abili %?‘ﬁﬁ é ote it ilPS,cells :Tom a Sinnehe

cell having an inS&HiGH Y THBTERUES P SOMHE Ehbssaife "s SRBYAES Which iiiiertion \youth not
_neelurb pthnpm@qp‘ydc‘st [thsaSccetibidiSeimetkrmhoentrients the docusis-tecCOLIcAldocus Or the ,.1/2/IN
inuredulion locug in SaMe& SRR GBS ﬂ%'&%ﬂ%‘h RSS2 6815t pLgmoter. In some
embodiments the construe: or cassette is targeted s t expression of titi.e pthyeistronie tnes.;.lage
el:coding the polypepHeientoiipising thcertard iver frofhcd orvjegedimprotaterpresent in the locus to

which the construe:l oncassetts s darggtethe consthRipvepAQH éu&therﬂar-@\gifi@sml%iaﬁmt reprogrammed
cells OPS celisi veeFermed from the sonﬁwe cells that arbor the %cleic acid constryct or expression

cassette in their §e 103175 15E 1158 Uais SUR'BE UL 16EEM Path 8L BBRtEH Sfated fur pinripotent
CellS. Further provided acengifferéntiateccebdinpssqecge, 0BG Ukasitacealis| inednatepoictic CcSls, rinuale

cells, cardiac cellg);ferivef H%E‘tﬁé%&%‘@?é?ﬁ%”lt I8 ‘?9(5‘?9{9\"\?1%9 %%'&%Lﬁzﬁemmmmaﬂc eélin and|

PS cell 1..!..eaierated thel cfrom are described in Example* e prei;:erd invention establishes that the
reprogramming fabtof8pyagwss th%%ﬁﬂ?ﬁté%t%&?ﬂ?@l'?@ﬁﬂ?r@%‘f@fﬁlFSWC@ﬁl’é‘i’@Pﬂl?J%@)‘é%’é’sing of the- :2-A
sequenge whenJgeated hetwear rRpmgratriming that:am, an important finding since it is reC.C3gB ;zed

15that cleavage is a st ueture based evenﬁ1 1S:0;mud, L. mpra) Th? lgresent dkmmgre establi.ahea that
transcription factors haVifg the"AdditBHAT 7315 i HYTRAS HE ¢ STROPEDEGE Betheir C-terminus

retain the ability fio@hter! thernuctelisrand @GR 18 their{Jak niénst Thepresertidisclosure also

establishes that ;[SQIRAraMMIRG,REAR candpleraii e Rresence oL headdiiopdshd4! amino acids
from the 2A peptlde that
and a second site is positioned 3” to the portion of the construct that encodes the

20 polyprotein), so that the sequence encoding the factors can be excised from the
genome after reprogramming. The recombinase can be, e.g., Cre or Flp, where the
corresponding recombinase sites are LoxP sites and Frt sites. In some embodiments
the recombinase is a transposase. It will be understood that the recombinase sites

need not be directly adjacent to the region encoding the polyprotein but will be

2
wn

positioned such that a region whose eventual removal from the genome is desired is
located between the sites. In some embodiments the recombinase sites are on the 5’
and 3’ ends of an expression cassette. Excision may result in a residual copy of the
recombinase site remaining in the genome, which in some embodiments is the only
genetic change resulting from the reprogramming process.

30 In some embodiments the construct comprises a single recombinase site,
wherein the site is copied during insertion of the construct into the genome such that
at least the portion of the construct that encodes polyprotein comprising the factors

(and, optionally, any other portion of the construct whose eventual removal from the



20remain on the C.-terminus of the: upstream protein and remain functional in reprogramming. While
reprogramming by ii)ieciing with high titer 're:rev:Fai vectors to express the required reprogramming
farrors highly reproducible, the process is rekakely inefficient and the preeke requirements in terms of not
lag and order of expression of the ithetors, as well as the absolute. and relative teveis of C:stlYeSSiMi
required, remain incompletely understood. MoreovekhOnhen 11>5 cells arc generated by infecting celk with
multiple \iiruses'283thcenE6tiRg) & ingied Hidtor, T mam s ProtocsIseadhe i3 has been shown to
cause integrationglbﬁawvee&&édﬁﬁ@tm@ﬁx@wﬂmg dRe-dArBOiingartion 1R 64 318 dMieN@L:3.1: the geneme.
This prece:A. creates IPS cellhi that are genelically modified and SOmay con am unknown

inset-tioni-.4en T%&Bb't“ﬂfu‘té‘tiBh%“’h?rﬁwerﬁﬁ‘B} sice only a small fraction of inf::cu:d cens become
reprogrammed, the re-Buitsrobtairved uhmngdwesemultlmmsmn@oemhm@uheqmnthmmuestlon asto
whetheg the locafipf a0g IBISRIRHONS andlar B el UG- A WRIRR SXRIGSSION flom the
tratist4mes occurs is an important 52 dolcimmanl oi wheti:a:T.a cjjinsnim thymmor, .ektablisho that
exsentinlly simulfafebak'exiBte IS $BRIARIGEHIE Tattsr fromanpsRisitor Baltare=hpt md t rOatiVe

kvelits daxitickniorioe gdylsecind Qi dhaddn alenaaen-whE: Mkismeiiacthaioiepiaamting. Furthermore,
the invention es:obj:ski:a that a single copy: of the Jiamors.ix s%hnt for.r 6gnﬁn§m|ng I3ncianse the

'Mar factors are &X ﬁﬁ'é%é‘&f’ﬁb%p%a?é?ﬁép T esBR N eSSBS h Ehte B i inventionkg,. a location
that is preselecked or dmeothafiscdetehmimechiafterrintégsationaofithdVeetol) theqpaliicistionk( vector

systergnay simpifi 8 study, ol TeRTIgLAT UG, Mg Misusi i faQiitien din eycision mi.the

emdor, Jr. some embodiment:";;, stmia exculmlt resat: in removal of ai Ieast the exogenous sequenCit:i
encoding the reprogfaMning fadtrsssorie BrBGdiferes 'B8SC OISO ESa XS ittipsth.ai (::arrli7

no gellinic mOd'f!ﬁ@tlﬂmﬁaﬂnslﬂ%&fbﬂ@x?ﬁ%oﬂmﬁlﬁiﬁﬂﬂei&11%!265!%@19 maprbinanesite. hi other
eathodimithis, there are no more t resid aI recgmblnase sites. |th|§>ut wishing to be

3,
hound by Theorﬁ'cqpélﬁ?oélré?ﬂlrhﬁ% Ségllg"”@&n g’lﬁfjﬁ émsfng'fgllh? @deu“d“ﬁ’é?&ﬁé{ will'in¢f&ase the
likelihood or casendivtecoveringtibnsgenexireeciBticeel Buusingaiécambimase-baned approachria. Itis aliin

coniorpplEated that pOIXQ@HQ%t}’(ﬁ%‘élgﬁﬁE‘&?mQgo?ue?h OF i fasitars. MY heddsedin ‘combination with

Small protein’s, or other agents that enhance nt:programniing f:tarilor that substitute For one ot
inoitil'act.ors notRoRGBEEE by ek etiipeistoicasseesrinase g éérﬁﬁl@m(t%@dbﬁﬁ%"@ahetlments in which

human induced pdnciperenbsisingalls hif.SeaddiegothihpriviaintsingJastarswete derived using
Cre-recombinase excisable from fibro Jasts fro lndlpléLrl| o S with Pé |nson 's disease (RD). In some
0

embodiments of theSHYTArSH IS CEr R eAHing 00" ABCHES (MBI teprograinining
factors are SiCtiicSirasctieSedb{kndniMtinpit-1Th4 orousing:si mﬁhcﬂﬂh@d&nu@m@pﬁﬂ@t a single

vector gomposing L uehiosiis ielsie, aci consiryet sncadingithobaralsincmpriking multiple (2. 3

or 4 fuelork) tS use ra‘t er than nmitiolc vectors encoding single factors,. Of course Memethoth
described in Exaifiplecateamaieg e lisea it h‘fﬂfﬁb?e“\?(@gllmsﬁén\éﬁﬂm%‘ﬁ?dlv rEnal :hewn: in order to

etmdocas WIthou&t&tieg@ckeus:gﬁe@&anmptml&ﬁ@sqgm@gﬁaat@gatwhsrs%mcthe resuiting IPS cells
haw .onlya amith number of resid aI r eombinase sites. \\lido fIbI’Ob|C S from m%gpuals with PD were

used as an .excifiprs Bcﬁ}bgf‘ljﬂ: IHBlE % e MetHies AR B sirsble & Harre jiWith, rlitlitllai.
genetic alteratiorhfronhunibimairsomatiorceils (e.g 1y fibnoblastsionautb dreaiciltyjoe® sughaasakernifinocytes,

iV:ea:”yBo cella, pllglﬂ(ijb?teélgl'!)? gﬁcﬂrﬂmg the recombinase.

In some embodiments, the nucleic acid construct or cassette is targeted to a
specific locus in the genome, e.g., using homologous recombination. In some
embodiments the locus is one that is dispensable for normal development of most or
all cell types in the body of a mammal. In some embodiments the locus is one into

30 which insertion does not affect the ability to derive pluripotent iPS cells from a
somatic cell having an insertion in the locus. In some embodiments the locus is one
into which insertion would not perturb pluripotency of an ES cell. In some

embodiments the locus is the COL1A1 locus or the AAV integration locus. In some



somatic cellsindividual: with a disease of interest. hi some i,noltorlitnentai the gene encoding the
fratisaelivator is also flanked by irecombitiase siles, so that it NCOmoved from the genomb asweft

The iPs cells and dliTerentiated cells banned from them tins of use for research purposes (e.g., as a
model system to study the disease and/or tribal:13r therapeutic igi,ents Mr the disease) and/or for the
development Of cell-basied :therapies, which in sonmfel embodiments are putientaspecific tiell-baSed
therapies. C. DeVBRSHHEAtAI SOt AP BPRGMASCBUIS AHURIAO oM d¥Y pRAPHEIEIBIB6d  An
eNciting potentiabefidee -FSsystamds: to:desivepatients spedcific: Quikcioutsil celssadéork described herein
describes protocols gt Wil lawihe shudveleqmaier, umpandiseases, thyire fella patient specilPS

n 1 CHOLS .
cells. For examﬁle, at prese tE)atPent specifie s are derived from dee slkln‘b|0p5|es. In an effort to

establish a potentiallgtPhoressiripleplotatii toigo e PSredly ipredinicilsefihg procedures described

here use peripheral blogd as denarrmaterialinkosnenaing 5 calsRidergenorsniall molecules
Work deseriliediterein. provides Man throu%?

ut systems for identifying small molecules that improve
reprogramming SHIEIANEY RIS GIRLHE 51 5%&&5%5%%8? AfEproBTanihihg teetiey that does not

require the gene&swan ipaialivaromniaséition Of @xagemhousegeneticyglementsosuchpiievéittor mcaliatted

transduction of %ﬁk%-‘?&ﬁ&ﬁ%df!%? Fu%ﬁé'rtgfdGfgcé*ER:rSﬁ‘ﬁQemi iny e, moyse éygtt:%ltgl.tc?ﬁsl:lse of yet:P.n.s that
allowed for drug'inducible expression of the transraiption -factors has been crucial to' define the

moleeDtar eventsthatiatisecedipropramnntiy cifitaia cepefiispisiipelidateldrihaicréprogramming involves

the set;jj:et-Mal activatianfi B cellmapkatssshehasakaline phosphatasel @ctihapd,Niaog imd that tile.
trareidueed tn.:riser:Qi= faelwrs needed to he expressed :40[hr at least 12 days in order M give. rise to

IFS cells BiramBiRik! 2008 [t82§¥7%4. A major grad of aim A is to generate foots that will help in
reptiagamming somatidleeis:andiallow dthesgeietic manipulgiioprohiningfihcbS anckéRSheella. These tools
will be important fin Al & WIS FOFHRETAmdRe MRS OLE YRR SOTANS 8 W hen
located between reprogramming factors, an important finding since it is recognized
15 that cleavage is a structure-based event (Szymczak, supra). The present disclosure
establishes that transcription factors having the additional ~17-21 amino acids from
the 2A peptide at their C-terminus retain the ability to enter the nucleus and perform
their functions. The present disclosure also establishes that reprogramming factors can
tolerate the presence of the additional ~17-21 amino acids from the 2A peptide that
20 remain on the C-terminus of the upstream protein and remain functional in
reprogramming.

While reprogramming by infecting with high titer retroviral vectors to express the
required reprogramming factors is highly reproducible, the process is relatively inefficient
and the precise requirements in terms of timing and order of expression of the factors, as

25 well as the absolute and relative levels of expression required, remain incompletely
understood. Moreover, when iPS cells are generated by infecting cells with multiple
viruses, each encoding a single factor, in many current protocols, each virus has been
shown to cause integrations at between 2-6 locations, resulting in ~14-20 insertion events
throughout the genome. This process creates iPS cells that are genetically modified and

30 may contain unknown insertion-generated mutations. Furthermore, since only a small
fraction of infected cells become reprogrammed, the results obtained using these multi-
virus protocols leave open the question as to whether the location of the integrations

and/or the relative timing at which expression from the transgenes occurs is an important



54 reprogramming, The, .::toal film CeStablishing experimental sysetit.s to evaluate. the Potential of
human [PS cells to ditierentiale into tittle:lona: nettrOnal: cells 131 Vitra Wt:ffiasifl VivVo In chimeric :mice:
Furthermore, wo wilt design protocols to.vnerate iPS cells liiTttri human peripheral blood,. Finally.< the
i.'?.:mtis of aim D is to screen tor elietnieal compounds as alternatives to activating reprogramininc.
pathways by. genetic means. A. Generation of toolsdBr the genetic manipulation of human ES and it'S
cells  'the abiflgjctenganeticallytatter @Hdv§erets Yene By Avmoldgotsadcormbivation has

revolimonized biglegysandihin &@éﬂhﬂ@téﬂﬂdﬁﬂﬁhgu@B!ﬁ%ﬂﬁcﬂ%ﬁhulhﬂ@%&!&%ﬁr&ﬁpwise tor molecular
medicine. Although gene latgeting is a roatine procedure in monse ES cells, It has previously been

Jiff-malt to transfer thid tEehABTO0Y B AdMTAR Bih: Yy orilePStarm Bl 53 7). f08"°664631. Indeed, only 4
publieations haveappearethteperitngvsuceessatidargeting ogan end@gGMOd iNvanieMC! since the first

isolation of humag kg gells 1y, Iiﬂé’f@#é’é}(ﬁﬁﬁ@ﬁo@&? iPsﬁYﬁ%ié??ﬁ re&réﬁ%%r%%%?é@%??Hezwai1--4’

2003 46223', lirbach, 2004 #61631. The difficulties of genetically modifying endogenous genes need 30
be oVelterGC 1dpréatizertiectamppoiihabortismmd BPSdeninteéfosmeotithishorkis to establish took,

that will allow for,the,gfficient 20ytteiN iniRulatien ef dittaymES AN eells: e PredusslitiES eelk Ce

marker in | | cage specitle jre.ner we will use two di Ethrent atmroachex, ntodified hun';ail ES cells were
created canying T SitkEHS ThiKeY HE0BIO SR ER It Eg ITatorERSRG KotV OhREHAT oA Midgons
recombination, Thesermmarkets fingentediin lingsge spécificgenassiMidl dvebudsedntlt, Stb$Caltit)31; EtULIS
the oot fel e ) B R (301 waneduction
was also developlBiSTrargetin§ 6P lindagenspesikganes.syhomoietoigsiteconibisatiohma0The derivation
of:differentiated gglls fropanunditfesantiatec ES: e llS i8 some embodiments, a residual recombinase
site. In other embodiments, there are no more than 2, 3, 4, or 5 residual recombinase
sites. Without wishing to be bound by theory, reprogramming cells containing a single
15 integrated construct will increase the likelihood or ease of recovering transgene-free iPS
cells using recombinase-based approaches. It is also contemplated that polycistronic
vectors encoding 2, 3, or 4 factors may be used in combination with small molecules,
proteins, or other agents that enhance reprogramming and/or that substitute for one or
more factors not encoded by the polycistronic vector.
20 Example 4 describes experiments in which human induced pluripotent stem cells
(hiPSCs) free of reprogramming factors were derived using Cre-recombinase excisable
viruses from fibroblasts from individuals with Parkinson’s disease (PD). In some

embodiments of the invention, iPS cells carrying no exogenous genes encoding

reprogramming factors are derived as described in Example 4 or using similar methods,

R
wh

except that a single vector comprising a polycistronic nucleic acid construct encoding a
polyprotein comprising multiple (2, 3, or 4 factors) is used rather than multiple vectors
encoding single factors. Of course the methods described in Example 4 can also be used
with multiple vectors encoding individual factors in order to obtain iPS cells without
exogenous genes encoding reprogramming factors, wherein the resulting iPS cells have
30 only a small number of residual recombinase sites. While fibroblasts from individuals
with PD were used as an exemplary cell type in Example 4, the methods are applicable to
derive iPS cells with minimal genetic alteration from normal somatic cells (e.g.,

fibroblasts or other cell types such as keratinocytes, intestinal cells, blood cells) or from



facilitated by markers inserted into liieage specilie endogenous genes that can he used. for the isolation
of a desired differentiated cell type. Our preliminary experiments demotistraied targeting ot the ocri as
:veil as the COIL Ailocus With 55  Or.drrig tesistance..markers. AmairdinglY mgoist was. awe:Wrote
ES and iiPS celln that carry drug resistant:it Trcark,:y3 and/or Gil'? (or other detectable marker)
(itgllefiCeS in genes that are expressed in Cells of tHe neural or other lineage and can be used CM:
seregaing or selfWifbH 6?‘&#@#8#%&@@%@%%@&ﬁ*fa%@aﬁblatﬁ@?étedqﬁ%é&ﬁé&f%waﬁwwwéimer-s and
PrtricirtsotMa 6 lemened tisetimiakinewrak mwasestit mielstwbinviteSitds: satirskinniatieeornbination:
oinurast inotise § rg(ﬁngafylg)mgq _I%§1Foifs are usual iv passaged mechanicath using onty liinited
enzymatic diges ion as cellular ‘c‘(]oﬁ‘ln'g setectsl'ar chromosomal aberrations that enhance single cell
growth. This as awl: aslitreiStow! rowth isagn hiddtnpotabitreslsons thangeneltugennghiagbeen so
inefficient in huER,cgtls: (BEQ%BHXn&FHP@?QUQﬂcPM&Q ROGKnhiiter M’c%?i@ig%glpaﬁ%@a‘gﬁﬂﬁ has been
shoed--; to markedly diminish dissociabonthoduced apoptotiis and to incmase cloning efficiency
Wtawiabe, 2007'4654915°K6) 8%perifieiidritHmBtaormeHe s iR predeh &e6fthis inhibitor.  For
homologous recerthiniations iargeting yeciorscemtaming:tddiand two icsistrinee markets separated by 2A
sequences will be constructed from kogenic nenotnic DNA of B.002. Or 1119 fi'S cells using Tontine.
procedures. The DNA svill be 20 electropcirrited inio the cells following published procedures [Loma<
2007 ti68681, artd DN Iimredidgresisthnt bolonidPwilllbenisdtatediand analyzédfobtorrect lamming. We
will target genes that ap@«.%sztimgegﬂﬂtn@m%nqn& teesdurinaneyral differentiation Andindlifferent subsets
orneurons as detailed heiow. SOX | The transcription factor SOXI is the earliest ktit)k%li gone that is

exclusively exprésSed'ifh el Bectidp & B tife RJOsY TAUREM D003 584010 /I Serted into this
gene will serve asia@cithvVCEQelltmatker faiselgeting MiESIRrTSreclaadvegaeaual precursor cells. 56
PITX3: '1-his:.ioineodontain.t.zascription :litelor |s siii;eci:lyaly es pressed during terminal differentiation of
tirosine bythoxyies pBaIG heCAe S S o e TSRt S Piia-6113
transgertic: :nicermarciiedn shoysnp eprichriOrepainife kyics ne ardmscpiH et droe08 5$415;

Thao, ;13004 #644461,diMd thishpmepdamain Hanscrption farinannrsasdabe a crucial determinant
of prollf,!rating dopamine:Tie precursor cells r'ndersson: 2006 #68401. .11te marking of reievaw i.iuet
ne specific genes 1Y-OFP has been shown to aid in establishing robust differdnnation protocol:: that allow
to:r the n3oiatiomorseryiahedsonivesidani31: SgUW:0.US populanona: of differetniated cells .1.1u1&.$
cells carrying. CAT in the 4 gettou will allow enrichment fiox precursors as well as.more chflerentiated
cell that ath relevant (e SR e D A e s or
Parkinson's diseaséccules tiidroifficaltyrod @stablishigcatiicie hhimethodswofivorrieldgousniceombination has
greatly,inmeded fhe uiil x.Qfthe s tESGal: nekxRoRglimingary daia eneevraging.and demonstrato that
two endogenous loci, 00[4 and 00f,. Al, have been tare-clod with OFF and poremyein reistanee eDN As

(FIG, 10). tdrkk-&X8F8D tAPBiRPgerES tHat KRB TEs SRt ER Lai’ (B0 TH PRI, R.0SA,26 Priom
2007 aRoil-C 7; hwvakan2003: lif:Nd223;1abach, 2004 ,ijo1630 or that late ricticied to he expraaseii st3Cil as
MOXL1 Mavis. 2008 #.68601 have been. targeted in human ES cells. Also, the c.:01..1.1' | loons
isrecond)inogenie in moteie cells [Beard, 200'3 #61 991 and targeting of this looms may not he
representative oflotherlnerrewtelsseprefehes. Pins, becai:,se our nIN:M1 iS U) la :get 3:tome:Tressed

genes By homologous feeQMRIRALIQRem the use of vectors that allowed for drug inducible
expression of the transcription factors has been crucial to define the molecular events
that cause reprogramming. These experiments indicated that reprogramming involves
the sequential activation of ES cell markers such as alkaline phosphatase, SSEA1,
Oct4 and Nanog and that the transduced transcription factors needed to be expressed
30 for at least 12 days in order to give rise to iPS cells [Brambrink, 2008 #6877]. A

major goal of aim A is to generate tools that will help in reprogramming somatic cells
and allow the genetic manipulation of human ES and iPS cells. These tools will be

important for aim B which focuses on the mechanism of human somatic cell



this aim pose5 a chal:lenge. -Secondary- IT'S cells carrying different combinations of reprogramming
nictors We have :thaw?) that :noose IFS eells may carry 15 or mote proviral inserts 301Wernig, 2007
$66411 suggesting a strong selection for the .zariall fraction of cells that harbor multiple oopiea of each
vector to achieve high levels or a ecalain staichiomeny of factor eN.pression required for ilte initiation of
the reprogramming process. Described herern is a :54ystem that circnnwents the need Car viral
transduction andahigs Bl hatesthe eon Sstivestalinenforaaisinai fradton ofcceligicarrying the intiou"

combination of prRViFkseS: Ndeacthnthesgeneration Rhisecondany:filroRlarasdhatiwereehnially derlived
from "primary" iPS cells and cc mrnrd the dpproptiare number of DOX inducible ptOVirUSeti that had

achieved :tiptop i Ny T tHe Rrst Praite A6 wed S8B8™ FoproRri T Hrahid BCels 43 S Poripotem. state
illsnpa, 2008 86842} cThisapproachwiatcadapied ttrfauman cetissandigederaiedrsechndary fibroblasts
that cargy the reprqgr. ing fa ither as im| \eet int >d | -sch Ctfatrnosomal
Positons O1losy T e O DT i systom can
be USed to delCMHAE the mechanisms of | Oropmgramming and to semen for small moleetiles that
enhance reprogramming EEC replace any of the factors, Seratitidwy fibre lasts cartying pre-seleoted
provitOses: To Pre-Sete:Cl thr Mk that carry the -'right” combination arjg number of retroviral copies, a
two-step protocd?‘rﬁ%?ﬂ)%@%I?ﬂéﬁ?ll“:%éh?%ﬂ%ﬁé“ﬁi%é“ﬁié%gﬁ?éﬁbh, WHIdh¥5A0s the same icry.iic
Mitized to reprogram miduseiBteoilgdintodiPSatelisndbtannas 2008 W6B4RYI ¢ittisES or iIFS cells carrying the

OPP marker in the OE14 gene_as well.as a teiniyituir tr ngi ed I:i‘g. trapsact:Yam will be
oro e B B B B e wsing

i)OX indueibte vitdlit&s!dner 2O cum e i THacprEsarsbcoDON @l seresnettiirioT. T4 activation to

isolate reprogrammeg peman: iiFweslisstheseilRs gells wil Bedifferentiatad Rithe,absence of DOX to
generate -secondary" libroblesta (FIG. 23A). The rati roach is that secondary fibroblasts:

onale for this 0
carry the "right" %H{bﬁ‘ﬁﬁﬁ6%*1%?&?8}%‘6%5&‘18&%%@&# %erzr%ogg’l%%féb'l%eﬁg:ﬁﬂgrf}' iPS cells in the
first step. TheseRbsecondany fibppblasiscaretgeneticaliin harpagenaus sintedhey atise from a single iPS

15 since the first isolation of human ES cells by Thomson 10 years ago [Davis, 2008
#6860; Irion, 2007 #6857, Zwaka, 2003 #6223; Urbach, 2004 #6163]. The difficulties
of genetically modifying endogenous genes need to be overcome to realize the full
potential of human ES cells.

The focus of this work is to establish tools that will allow for the efficient

20 genetic manipulation of human ES and iPS cells. To produce huES cells carrying
marker in lineage specific genes we will use two different approaches, genetically
modified human ES cells were created carrying markers in key developmental
regulators using conventional homologous recombination. These markers, inserted in
lineage specific genes, will be used in subsequent aims for differentiation of iPS cells

25 into specific neuronal lineages. An experimental system that allows for the efficient
reprogramming of somatic cells in the absence of retrovirus mediated factor

transduction was also developled.

Targeting of lineage specific genes by homologous recombination

30 The derivation of differentiated cells from undifferentiated ES cells is
facilitated by markers inserted into lineage specific endogenous genes that can be
used for the isolation of a desired differentiated cell type. Our preliminary

experiments demonstrated targeting of the OCT4 as well as the COL1AT1 locus with



colony. Upon addition of DOX to such cultures the intearated \tettiors will be reactivated resulting in the
am:skit:int gettemthin orsecondary IFS cells without requiring the new transduction of factors (FIO. 23B),
This can be used to generate human secondary IFS carts (or mouse, monkey, etn,),. without .going
through the 30process of generating an animal from the primary :PS cell. Alternatively. DOX Inc hmc.ute
polycisfronic vectors (FIG. 3A-1 3C) can be Imi.ed in§tead of the singleilactor vectors for Ihn. Le iii." Of
primary 131111 celi$, 058 00! SEkeReE flisobrastdicalryisgHe o grmtsitall an¢tONisHthe COL | Al
llocus: In an efoHatQ;ﬂMﬁiﬂt@ftéqmmmﬁmﬂf@t@mﬂ@e@m@ﬁ(letbf&b&@ﬁiﬁéh@k&&ﬂsﬁcﬁu&w@géﬂN3TCUIM
'fa,n0f3 in the COL AT Iq?cus or other noti- e qtfl Iocus1 suctéas ROS.A26 or VS(i éocus speciTh locus
into which Aden85&HS3E atéﬁ’\?ffﬁrscﬁﬂ\ |F1 Cr t%gfléFeoﬁrfbl El'c T r?{'(glu 8 e have shown.
that :he Col at locus:cap besefficiently ddfgetédire suiting:snttepuechicibte wbiguiteuswhimducible
expressjon of |n§\qrt§qlt[§4gs]gg@ﬁ§\,ﬁs%grg 7006 #6199; finche.diinger, 2009 41575%1, Reporter cells will
be constructed that can, in addition to the Cox inducible rtIA firiosactiyator tind the 0C14 GVP reporter a
golycistronie vector inserted into the COL A locus IQencoding aft or a subset of the reprogramming
factors under the; copteolefdhe et QRerptarékie24). Liilagw:sei{&s@ta}tmﬁgﬁgbm $0X2 and giYISIC have
been inserted into the COL IAI locus. Primary fibroblasts will he derived in vitro nod will be infiteted
9:4.11: a KLF4 \/Th?éeﬁéthkga by two lox sites. Primary IPS eell:4 will be selected as aboye with the ti-ace
factors being, induced byvﬁ)uwe,sthemwcﬂI\EruélwﬂWbendél%tetISbytemamﬂmsmmdn [Hanna, 2007 #67811
and segpndary flht@?&%%tﬁ A ro\amH, Kl e q?atlp'&%ﬁefnlasvem% ifforaniaton.Jhese cells can be
screened thr small molecules t at replace the needt r KI,F4 i.n reprogramthing (se later: Aim 1.4) or The
streamlining traﬁ@@ﬁt%ﬂﬁété@%ﬁ‘ﬁ%t@éb@1(?&1??1 wge &snﬂébt@gféﬁtﬁﬁﬁﬁgléétéh'fs‘”l‘b‘?‘ the small :faction

bliPS tells that carsya hightiRparoer Lf4pps: meﬂaécm@@élﬂﬁ: hdtlaeex@@rimmtszwmmqssd in this aim seek
to establish e>t Th“n{ t:t‘tghzﬁgggm that aj%\év'ia ﬂf{)ctlg]nvta#%rgpg% r?lﬁé%grammmg as the

process would b€ indepen et vira nser ions select he Fare 8l ht The ".statl is to
gencmte scttondanyri:torofaudedi: cthnattcardysamwwmﬂbmatl(bnmbmm 48! DOXindeaciblerpeton and thus

would allow sere:pping: 1y smallmolsylesthat Kenlace:LmiAOg fiitor for pur.aim .th screen for

small melecuk;.; that can enhance or induce reprogramming (Aim DI, Also:, this system Will be important
for studying the RiSTeRIAr e chERiHhs of ‘reprogramming (Aim i3 4) B. ir2 ththo TepregrUrilthn of

somatic htl.131art ;.:)alls RORMEducblelendvits Sy ICtdiasnbeanuser iaddefine the
reprogramrthsT kinetics of thotheWork eh ibed herein u s the tools cribed above to determine the

kintfiics and 311 TNMENSVEYET eXPreasidR 6r r%cﬁtlocﬁﬁﬁf\ﬁ g § PRI TS E6 i cells, Furthertnore,
we will develop methodddfA of BGO2 or HY ES cells using routine proccdtlrcs The DNA will be

20 electroporated into the cells following published procedures [Costa, 2007 #6868], and
DNA from drug resistant colonies will be isolated and analyzed for correct targeting.
We will target genes that are activated at different times during neural differentiation

and in different subsets of neurons as detailed below.

25 SOX1: The transcription factor SOX1 is the earliest known gene that is exclusively
expressed in neural precursors of the mouse [Aubert, 2003 #6841]. GFP inserted into
this gene will serve as a convenient marker for selecting huES or iPS cell-derived

neural precursor cells.

30 FOXG1: Expression of this gene has been demonstrated in proliferating telencephalic
precursor cells and in acetyl-cholinergic neurons of the basal forebrain [Hebert, 2000

#6844, cells that are affected in Alzheimer’s.



59 t.eprograitoning that %oat tinnimiati or circumvent genetic alterations and ocit. Will use ineertional
nitnagettesis to isolate addibonal genes that enhance reprogramming. Finally, we will define the
epicenctio state. at PS cells us welt aS:otl:tc.:3.1ne,diato stages of reprogramming. 5 C. Developmental
potentiai and derivdtion from blood donor eat.. The most important application of ptittinot specific WS
cells is their potemint use in studying comp:ley humaf diseases in the test tube. For this application
robust ex pannelihtXapprosetiasodeaditoibeseseaplisheor bescretthity wrninspclbéyrioan be used in 1.0a
clinical yhtting. Wortidesgribed herein stitablel thae.pigsaid tiesdhataliounthe fepreducible in citro
differentiation of |PS ‘an_c! htteS c;_ells and the eva}luatiﬂon,g)the in vivo potential of NS eons, Isolation of
WS cells from pEHBHetHr ifiman Blodd Fmpies may 4isb'beperfarmed® 314 ells 1 oifs and
macrophages asiidtioft dopdiisoginaresint QHtlide i@ (eprogtany cells(obtansed|fican peripheral blood
samples instead of from deep skin bittipsies, as this would facilitate generating patient :pee:if:at WS cells
in a clinical :Setling. We have recently shovvn that immature and mature mouse ft cells can efficiently be
reprogrammed tbJfatipbtertorsopelsianthat thesé&teliseattiedohe doter cétfspaeanfiel ftertettic.
titarrangements Q4 the.impwnaifioRain ipeusdirisna AR08 #68 dkicsuim-kingly, the efficiency of

rcptioatamming mature moose hi coils WaS 3%, which is subetamialiy higher than that of adoit fibroblasts
or MEls, Tilts aim will seek to adapt the methods used for rttprograitt,Iningtn01.thC,cells to human
pi:trip:rotal blood samplés.r2okap oélide drattitraigiaimrilith dhe illEGPaHrabseripgtiom factor was requited to
render,mature mouse,lt: gells susceptible to ction ef the four reprogramming factors [-I farina, 200R
ippature mouse It Galls SUISFRIRISIR.ING ARISN RTHIEIRN, fSPIRaAmMmINg fag  E1
5842; e wil R L T B e s, susceptivilty to
repropitcaming. SFEMoark s iR B atdept ¢t Tarenried zefisthiufoed® Haeediaéprogramming. we will

kit;ie csiahlishodpitpgegltian sainitataneahiti aien.ofl3and heplbiriardiordadeeda, 2008.and infota

thiaviaottio tranialocinif . . . , L
that are relevant for the study of iPS cells derived from patients with diseases such as

Alzheimer’s or Parkinson’s disease.

The difficulty of establishing efficient methods of homologous recombination
has greatly impeded the utility of the huES cell system. Preliminary data are
encouraging and demonstrate that two endogenous loci, OCT4 and COL1A1, have
been targeted with GFP and puromycin resistance cDNAs (FIG. 10). However, so far

20 only genes that are expressed in ES cells (OCT4, HPRT, ROSA26 [Irion, 2007 #6857,
Zwaka, 2003 #6223; Urbach, 2004 #6163]) or that are poised to be expressed such as
MOXIL1 [Davis, 2008 #6860] have been targeted in human ES cells. Also, the
COLIAT locus is highly recombinogenic in mouse cells [Beard, 2006 #6199] and
targeting of this locus may not be representative of other non-expressed genes. Thus,
25 because our intent is to target non-expressed genes by homologous recombination,

this aim poses a challenge.

*Secondary” iPS cells carrying different combinations of reprogramming factors
We have shown that mouse iPS cells may carry 15 or more proviral inserts
30 [Wernig, 2007 #6641] suggesting a strong selection for the small fraction of cells that
harbor multiple copies of each vector to achieve high levels or a certain stoichiometry
of factor expression required for the initiation of the reprogramming process.

Described herein is a system that circumvents the need for viral transduction and thus



60 and the lei n1.A transactivator. Alla a few days of culture in cytokinec the cells will be Inuisdeced with
the lout- 00X. inducible reprogramming lainoci ()CPI. 50X2. ivivc and Ki,p4 and ad: tared in ES eel!
inesibuM, ReprOgrflbrbitd COte-)H,C: will be isolated by morphology and tested for the expression of
pluriponinoy markers such as IRA! 50.NANOG and 001.4. To verify the donor cell origin of the iPS ecHo
we will ariail:Al llenatnie DNA tbr the prcSITICtZig orSJCR rearrangements. (nAI;/Ij;ngieytesi Our results
with mouse :a:nrHEiH‘.%‘i?FaLf’aﬁciﬂ‘t‘é‘Wf‘aFﬁl&“kf@bﬂi}‘i tHE Y BYOrARtTinG i iBeURS BT8RN is inight be a
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Goived human VW GERL REOH SLFRR TS SURGHAT ISACIS (RS et INIad alEHoRcs
iPS cells carrying the GFP marker in the OCT4 gene as well as a lentivirus transduced
tet rtTA transactivator will be differentiated into fibroblasts. These “primary”
fibroblasts will be transduced with all four factors using DOX inducible vectors and

20 cultured in the presence of DOX and screened for OCT4 activation to isolate
reprogrammed “primary” iPS cells. These iPS cells will be differentiated in the
absence of DOX to generate “secondary” fibroblasts (FIG. 23A). The rationale for
this approach is that secondary fibroblasts carry the “right” combination of vector
copies because they were selected as “primary” iPS cells in the first step. These

25 secondary fibroblasts are genetically homogenous since they arise from a single iPS
colony. Upon addition of DOX to such cultures the integrated vectors will be re-
activated resulting in the consistent generation of “secondary” iPS cells without
requiring the new transduction of factors (FIG. 23B). This can be used to generate
human secondary iPS cells (or mouse, monkey, etc.), without going through the

30 process of generating an animal from the primary iPS cell. Alternatively, DOX
inducible polycistronic vectors (FIG. 13A-13C) can be used instead of the single-

factor vectors for the generation of primary iPS cells.



SCrttiM Ib; SEnull TOC:1::CIAleS llie iiXbttiiOt; <it Iti:Ttogr;:ttraid,Pg by retros.:iral vector mediaucd
gene transfer, in particular the transduction o oncogenes, .7tpltt;:i011b3 a serious irOpOilirEle.nt to the
eventual therapeutic appkealion of this approach. For example, we andothen.:10kita, 2007 ft05421 have
seen that tumors form in chimeras ptoduced with IT'S cells doe to vtnye Myo seti.yation. P is. therethre, of
intercat to identify small melectdes that would eitherathprove reprogramming efficiency or sYould activate
a relevant pathway- anePtidasy dould fsitamcyihe weudribmarprassirgateivenlthéintosuchnas C-N4 ye or
15K1..P4. The goal@fdhis mindsio-asiaplishhiahsihteuglTut cellpasediassayyystaras to scaten chemical
libraries Icir such (:3mnpounds. h) | Experimental design and reporter cells frt.InOketik Abliary SCletnIS
'To detect roprovaftihig iH'& ﬁl@‘ﬂfﬁ#b OUL-33-HERHRE OHEE G VRS BHA A5 IiiEtSsuch as GIP
inserted into the kD8agénous: 014G r NANOG: locusinGuehidellsiwiO-nebexpdedsithe narket, but can be
used toscreen for cor &E‘dﬂds that 1t 3y fivate either, flt 5‘\%05 enoys genes, 1., 1kor (\!\{Ihﬂg up a
high-thronOmut scréen thr re rogrammlng Sce consider two imalor constraints t hat fimit the experimental
design. lleterogettedhisi@gly popeiktiont nrguantyriieciisstéthicalslivhitationis ehaessamsducnon of
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inketed cells need to survive and pro rat rtnltts or this time penod winch limits the
number of.eiclis Wé&icankbBe pratede derived by in vitro differentiation. These cells can be screened

for small molecules that replace the need for KLF4 in reprogramming (see later, Aim
D) or for streamlining transient transfection protocols (Aim B.2, 4).
Reprogramming selects for the small fraction of iPS cells that carry a high
20 number of proviral insertions. The experiments proposed in this aim seek to establish
an experimental system that allows a more efficient and reproducible reprogramming
as the process would be independent of random proviral insertions that select the rare
iPS cells. The goal is to generate secondary fibroblasts that carry any combination of
2 or 3 DOX inducible factors and thus would allow screening for small molecules that
25 replace the missing factor(s) for our aim to screen for small molecules that can
enhance or induce reprogramming (Aim D). Also, this system will be important for

studying the molecular mechanisms of reprogramming (Aim B.4).

B. In vitro reprogramming of somatic human cells

30 The DOX inducible lentivirus system has been used to define the
reprogramming kinetics of mouse fibroblasts. Work described herein uses the tools
described above to determine the kinetics and minimal vector expression for

reprogramming of human somatic cells. Furthermore, we will develop methods of
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mature mouse B cells can efficiently be reprogrammed to pluripotent iPS cells and

20 that these cells carried the donor cell specific genetic rearrangements of the

immunoglobulin locus [Hanna, 2008 #6842]. Surprisingly, the efficiency of

reprogramming mature mouse B cells was 3%, which is substantially higher than that

of adult fibroblasts or MEFs. This aim will seek to adapt the methods used for

reprogramming of mouse lymphoid cells to human peripheral blood samples.

25
Donor cells: Transduction with the c/EBPa transcription factor was required to render
mature mouse B cells susceptible to the action of the four reprogramming factors
[Hanna, 2008 #6842]. We will isolate various cell populations from human peripheral
blood and test their susceptibility to reprogramming.

30

(i) B and T cells: In an effort to adapt the protocol for mouse B cell reprogramming
we will use established procedures to stimulate proliferation of B and T cells

[Mercier-Letondal, 2008 #6855] and infect the cells with vectors transducing ¢c/EBPa
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20 Presently, the strategy of isolating patient specific iPS cells envisions the
reprogramming of donor cells derived from deep skin biopsies, a procedure that is
more complex and painful than collecting blood. For the routine clinical application it
would be of obvious interest to design reproducible protocols for the routine isolation
of patient specific iPS cells from peripheral blood samples. We anticipate that the

25 proposed experiments will help in establishing such protocols.

Given the ease and efficiency of mouse B cell reprogramming we are
encouraged that this protocol should also be effective in reprogramming human
peripheral blood derived cells. Because B or T cell-derived iPS cells would carry

30 genetic rearrangements at the Ig or TCR locus, respectively, it may be advantageous
for potential therapeutic applications to use macrophages or monocytes as donors as
they would harbor no genetic changes. Although we do not know the mechanism that

causes ¢/EBPalpha to render mature B cells susceptible to reprogramming by OCT4,
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25 For setting up a high-throughput screen for reprogramming we consider two

major constraints that limit the experimental design.

e Heterogeneous cell population: Arguably, the most critical limitation is that
transduction of fibroblasts with the four factors will produce a genetically
30 heterogeneous population of cells. As discussed above in V.A.3, it is likely that
only the small fraction of infected cells that carry a specific number of viral
vectors generating the “right” expression level or the “right” combination of

expression levels of the four factors are the ones that are being selected when
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need to survive and proliferate in 96- or 384- well formats for this time period,

which limits the number of cells that can be plated.

To overcome these limitations we will generate fibroblast populations that are
genetically homogenous because they (i) carry the identical number of vector
integrations or (ii) carry various combinations of reprogramming factors inserted into
an endogenous expression locus by homologous recombination.

20
(i). “Secondary” clonal fibroblasts that carry a specific and predetermined
combination of proviruses: We have recently shown that “secondary” mouse iPS cells
can be derived from “primary” iPS cells that had been generated by infection of
fibroblasts with DOX inducible lentiviruses transducing the four transcription factors

25 Oct4, Sox2, c-myc and KIf4 [Hanna, 2008 #6842]. Because the “right” combination
and number of proviral copies was carried in the “secondary” fibroblasts, no viral
infection was needed to induce reprogramming of B cells to secondary iPS cells.

We will follow a similar protocol to pre-select for cells that carry the “right”
combination and number of retroviral copies. As shown in FIG. 23A-23B,

30 “secondary” fibroblasts will be derived from “primary” iPS cells by in vitro
differentiation without DOX. Instead of using vectors that transduce a single factor
we will alternatively use a polycistronic construct as described in FIG. 13A-13C and

14A-14E for transduction of different combinations of factors. As outlined in VL.A.3,
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(ii). Transgenic fibroblasts that carry DOX-inducible reprogramming factors in the

COLI1AI locus: We have shown that transgenes inserted into the Collal locus are
highly expressed in transgenic mice and, if under the control of the tet operator, are
reproducibly activated in all tissues upon DOX application [Beard, 2006 #6199,

15 Hochedlinger, 2005 #5758]. We will insert polycistronic constructs expressing
different combinations of 3 or of all four reprogramming factors under the control of
the tet operator into the COL1A1 locus of huES cells carrying the GFP marker in the
OCT4 locus (FIG. 10). In addition, the cells will be infected with a lentivirus vector
transducing the rtTA transactivator. The cells will be differentiated into secondary

20 fibroblasts that can be screened for compounds that enhance reprogramming or

replace a given factor (see later, FIG. 24).
D.2 Screen for compounds that enhance reprogramming efficiency

25 To screen for compounds that increase reprogramming efficiency we will
culture secondary iPS cells carrying the “right” combination of all four factors or
fibroblasts carrying all four factors in the COL1AT1 locus in the presence of DOX
(FIG. 24). In preliminary experiments we will determine the fraction of GFP positive
cells that can be detected in the screens. Given that the fraction of reprogrammed cells

30 arising from fibroblasts transduced with the four factors is low it may be difficult or
impossible to detect a single reprogrammed cell in the 1000 or 100 cells that can be

plated per 96- or 384-well plate, respectively, unless a given compound would
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cells need to be plated per well to detect a compound that enhances the fraction of

10 GFP positive cells in a less stringent screen. A more stringent screen would use cells
that have not been treated with 5-azadC or infected with the DNMT1 siRNA vector as
this would monitor non-sensitized cells for compounds that more efficiently activate

the reporter than above.
15 D.3 Screen for compounds that replace any of the four factors

To screen for compounds that could replace any of the retrovirus transduced
factors we will transduce cells with vectors that can be independently regulated. The
concept of the approach is that 3 factors will be under the control of one inducible

20 system and the fourth factor under independent inducible control. We will use two
different strategies to produce the cells used for screening.

(i) Tamoxifen inducible vectors: We have generated vectors transducing
OCT4, SOX2, KLF4 and C-MYC estrogen receptor (ER) fusion constructs [Grandori,
1996 #6505] whose expression is activated by the addition of tamoxifen to the

25 medium (FIG. 11B). As outlined in FIG. 26, OCT4-GFP reporter primary fibroblasts
will be transduced with retroviruses expressing three tamoxifen inducible factors with
the fourth factor expressed from a DOX dependent vector. The infected cells will be
grown in medium containing tamoxifen and DOX and “primary” iPS cells will be
selected by screening for GFP expression. As described above, secondary fibroblasts

30 will be derived, exposed to tamoxifen to activate the three tamoxifen-dependent
factors and will be screened for small molecule compounds that activate the GFP

reporter in the absence of DOX and cMYC expression.
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the COL1A1 locus and the cells will be screened for small molecules that activate the

GFP reporter in the absence of the missing 4" factor (in this case KLF4). To sensitize

the screen we will use cells that have been treated with 5-aza-dC.
15 D.4 Screening platforms

The screening of small molecule libraries will be performed in collaboration
with the laboratory of S. Ding at Scripps (see letter by S. Ding). For example, the
Ding laboratory has developed and optimized cell-based phenotypic high throughput

20 screens [Xu, 2008 #6875] and identified the small molecule pluripotin that sustains
self renewal of ES cells in chemically defined medium and in the absence of LIF
[Chen, 2006 #6871]. The screen was based upon the expression of an Oct4 promoter
driven GFP marker. We will screen the OCT4-GFP transgenic fibroblasts carrying the
different combinations of factors as described above for GFP activation.

25 The activity of any compounds that score positive in the screens will be
verified under defined culture conditions. A major issue will be to investigate the
molecular pathways that are involved in the reprogramming process.

Possible outcome and interpretation: We expect that the screen for activation
of the OCT4 gene will identify compounds that facilitate the transition from a somatic

30 epigenetic state to one that is characteristic of pluripotent cells and thus render the
reprogramming process more efficient. Another important goal of these experiments

is to find small molecule compounds that could replace the need for genetic
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transduction of powerful oncogenes, a stumbling block to any therapeutic application.
This goal seeks to identify small molecules that could activate relevant pathways and
15 thus would improve efficiency and possibly minimize the genetic alterations required

for inducing reprogramming.

Significance and Long Term Implications
The method of the in vitro generation of pluripotent iPS cells promises to

20 revolutionize the study of complex human diseases and has significant implications
for the eventual treatment of degenerative diseases. In vitro reprogramming of mouse
somatic cells to a pluripotent state has been shown to be reasonably efficient and the
underlying molecular mechanisms of this process are being actively studied.
However, reprogramming of human cells has proved to be more laborious and

25 difficult and major technical issues need to be resolved before this technology could
be adapted for clinical use. Work described herein seeks to define the molecular
mechanisms that bring about the conversion of human somatic cells to a pluripotent
state, to devise strategies for assessing the developmental potential of human iPS cells
and to achieve reprogramming without the need for genetic manipulation. Work

30 described herein will contribute to solving some of the crucial obstacles that presently
hamper the application of the technology to study human diseases and to its eventual

use for transplantation therapy of degenerative diseases.
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Replication-incompetent lentiviral particles (4F2A and M2rtTA) were
packaged in 293T cells with a VSV-G coat and used to infect MEFs containing a GFP
allele targeted to the endogenous Nanog locus (25) (7). 14-week old tail tip fibroblasts
were derived from mice previously published (12). Human keratinocytes (NHFK)
25 were obtained from Coriell Institute for Medical Research Camden, NJ. Viral
supernatants from cultures packaging each of the two viruses were pooled, filtered
through a 0.45 muM filter and subjected to ultracentrifugation for concentration.
Virus pellets were resuspended in ES cell medium (DMEM supplemented with 10%
FBS (Hyclone), leukemia inhibitory factor, f-mercaptoethanol (Sigma-Aldrich),
30 penicillin/streptomycin, L-glutamine and nonessential amino acids (all from

Invitrogen) before being applied to cells for 24 hours.
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X. After incubation with primary antibodies against Oct4 (Santa Cruz h-134), Sox2

(R&D Biosystems), Nanog (anti-ms R&D and anti-h), Tra-1-60, (mouse monoclonal,
Chemicon International); ANANOG (goat polyclonal R&D Systems); mNANOG
(Bethyl A300-398A), Tral-81 (mouse monoclonal, Chemicon International), SSEA4
20 and SSEA1 (monoclonal mouse, Developmental Studies Hybridoma Bank) for 1 h in
1% FBS in PBS containing 0.1% Triton-X, cells were washed 3 times with PBS and
incubated with fluorophore-labeled appropriate secondary antibodies purchased from
Jackson Immunoresearch. Specimens were analyzed on an Olympus Fluorescence

microscope and images were acquired with a Zeiss Axiocam camera.

25
Mouse Chimera and Teratoma Formation
Diploid blastocysts (94-98 h after hCG injection) were placed in a drop of
Hepes-CZB medium under mineral oil. A flat tip microinjection pipette with an
internal diameter of 16 pm was used for iPS cell injections. Each blastocyst received
30 8-10 iPS cells. After injection, blastocysts were cultured in potassium simplex

optimization medium (KSOM) and placed at 37 °C until transferred to recipient
females. About 10 injected blastocysts were transferred to each uterine horn of 2.5-

day-postcoitum pseudo-pregnant B6D2F1 female. Pups were recovered at day 19.5



75 difreFent d es (XbalBalt: HO ;thOW the 1F2A provieopy runthor ‘is three and two 03) tespectively (FIG.
21A-B). To loSt tor pluripoinn..).,, ono Fne, Ker.:1)S. , was. inpetc.xisubcotanoottSly into SOD :nice.
These cells induced tcratomas and after his:dog:cal ex aMirlath)E1 5different:wed into cells of all three
germ lavc 010.17D). in addition:. Kor-iPS #1.1 ceUs.: when subjected ti) an in:dito neural difteyentlat:orl
protoed proded neural progenilor O1 )onniations as Well a Idu I1+post-mil(Aie neurons as detected LT |
ninn.inostain:ng 2041RFEIEd Yo birisngStORE THaashe e irieinesantve SHorthaario font different
ropli:ograrnmingfaeiars dnsedtedsintg, a,polycisitOniecy ecion semyaikdeiby: 2Aiseguences can be
expresSed at Iever)sLiffickm to’addqv;-f] _rgc.-grgf;(at_r_ ni_rhq. . mbrﬁfordf nod adult marine libroblaSts is
well as po:31nat511{’ 'urﬁ%’ﬁof?eﬁfﬁﬁbsgy?gé \%/ r&Jhdace q %ﬁ?ﬁﬁ rf}% EhtiP$ cells when 15inft.;etc-:d
with the FUN riTA and 2A veetot traniildthithv Oct*.Ktf-4 4t3d. We observe a reprogranimin efficiency

signifccavtly Tovyﬁ;mﬂnrgpgwggsf%pﬁgjueﬂ‘t§%§iﬂ,gissingk yeetots to t::::ansdue.c each of the font factors
(FIG. I'13 and ati:k: 76

hiPSCs were collected by collagenase treatment (1.5mg/ml) and separated
from feeder cells by subsequent washes with medium and sedimentation of iPSC
colonies. iPSC aggregates were collected by centrifugation and resuspended in a ratio
of 1076 cells in 250pul of iPSC culture media. iPSCs were injected subcutaneously by
10 21 gauge needle in the back of SCID mice (Taconic). A tumor developed within 6
weeks and the animal was sacrificed before tumor size exceeded 1.5 cm in diameter.
Teratomas were isolated after sacrificing the mice and fixed in formalin. After
sectioning, teratomas were diagnosed base on hematoxylin and eosin staining.
Karyotype analysis was done with CLGenetics (Madison, WI).
15
In Vitro differentiation of human IPS cells into neuronal progenitors:
Human keratinocyte iPS cells were allowed to outgrow in culture without
pasaging for 2 weeks with daily medium change. At day 15 after passage distinct
neural rossets were observed and picked mechanically by pooled glass pipett (26).
20 Rosettes were replated on dishes precoated with 15pg/ml polyornithin/ 10pg/ml of
laminin (Po/Lam) in N2B27 medium supplemented with FGF2 (20ng/ml) EGF
(20ng/ml) (All R&D Systems). After 5-7 d cells were dissociated by scraping with
cell lifter and pippeting to single cells in N2B27 medium and replated to Po/Lam
culture dishes.
25
Differentiation and immunocytochemistry
Induction of differentiation of neural progenitors was performed by
withdrowal of FGF2 and EGF from culture medium for 5days. Cells were fixed in
4% paraformaldehyde for 20 min and stained for human nestin (Chemicon; 1:100)
30 and Tuj-1 (1:100) and subsequently washed 3 times with PBS and incubated with
fluorophore-labeled appropriate secondary antibodies purchased from Jackson
Immunoresearch. Specimens were analyzed on an Olympus Fluorescence microscope

and images were acquired with a Zeiss Axiocam camera.
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RESULTS
Vectors were constructed with different combinations of two, three, or all four

reprogramming factors from one promoter. The goal was to generate polycistronic

W

viral vectors that would express multiple reprogramming genes from a single

promoter using 2A peptides. For this one, two, or three 2A oligopeptides containing

unique restriction sites were ligated into FUW lentivirus (18) backbones to allow

efficient cloning of Oct4, Sox2, c-Myc and Klf4 each separated by a different 2A

sequence. Vectors carrying four, three or two factors consecutively with different

10 combinations of F2A, T2A, E2A or P2A sequences (FIGS. 13A and 14A) were tested
for their ability to express individual factors by transient transfection in human 293
cells. Western blot analysis demonstrated that 2A peptides support efficient
expression of two, three or all four cistrons from a single polycistronic vector (FIG.
14B).

15 To test the utility of polycistronic vectors for reprogramming we initially
transduced retroviral vectors carrying different combinations of 2 or 3 reprogramming
factors into MEFs and showed that these constructs were able to generate iPS cells in
combination with vectors carrying the additional single factor-cDNA(s). Importantly, a
polycistronic vector carrying all four factors was able to generate iPS cells. In this

20 preliminary experiment we co-infected Oct4-GFP fibroblasts with the polycistronic Sox2-
Oct4-KIf4-myc vector and an additional Oct4 vector (to account for the possibility that
relatively more Oct4 protein might be needed for reprogramming; FIG. 13B). FIG. 13B
shows that iPS cells were obtained that expressed AP, SSEAI, Nanog and Oct4.
Moreover adult chimeras have been generated from iPS lines infected with the four-factor

25 2A vector plus Oct4 Moloney virus. To determine the number of proviral integrations, a
Southern blot was sequentially hybridized with a Sox2, KIf4, c-myc and Oct4 probe. FIG.
13C shows that a single polycistronic vector was integrated in 2 of 3 different tested iPS
lines and 2 proviruses were carried in the third line (in this line, 4FO#14, the c-myc
sequences were deleted in one of the proviruses). Surprisingly, an additional 8 to 11 Oct 4

30 proviruses were carried in each of the iPS lines, suggesting strong selection for multiple

integrations of the Oct4 provirus. Because we have never seen more than 4 or 5 Oct4

proviruses in iPS cells induced by the four separately transduced factors, it is unlikely

though cannot be excluded that selection was for high Oct4 expression. An alternative
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interpretation is that the selection for multiple proviruses was due to selection for
insertional activation of an unknown cellular gene. These initial data suggested that at
least 3 reprogramming factors can be expressed from a single polycistronic provirus to
induce reprogramming.  As further described below, we proceeded to successfully
5 generated murine iPS cells using only a polycistronic vector carrying the four factors and
have also used the polycistronic vector system for generating human iPS cells carrying
minimal genetic alteration.
A tetracycline inducible lentivirus vector was constructed where expression of the
genes was controlled from the tetracycline operator minimal promoter (tetOP; FIG. 14C).

10 To test whether all four genes of a single four-factor (Oct4/Sox2/Klf4/c-Myc) virus could
be expressed upon DOX addition, MEFs were infected with the polycistronic vector
(referred below to as “4F2A”) as well as a constitutive FUW lentivirus carrying the
tetracycline controllable trans-activator (M2rtTA; abbreviated as rtTA). Two independent
experiments were performed and drug inducible expression of the virus was tested 3 days

15 post-infection by qRT-PCR. Using primers for viral specific transcripts (E2A-cMyc),
robust induction was observed (7-10 fold) in cells cultured with DOX as compared to
control medium (FIG. 14D). To test the relative induction compared to ES cells, Oct4 and
Sox2 primers that cannot discriminate between viral or endogenous transcripts were
utilized and in both experiments infected DOX induced MEFs were significantly higher

20 than in ES cells (~ 3.5- and ~17-fold over ES levels respectively). Western blot analysis
of cells isolated at 3 days after infection demonstrated that little or no protein was
expressed when the cells were cultured without DOX whereas robust induction was seen
in the presence of DOX with levels of Oct4 and Sox2 protein being similar to that in ES
cells (FIG. 14E).

25 To test whether the 4F2A vector was able to reprogram somatic cells to a
pluripotent state MEFs containing a GFP reporter driven by the endogenous Nanog
promoter were infected with virus (4F2A+rtTA). 85-90% of the cells stained for Oct4 at
48 hours after transduction indicating high titre infection (FIG. 15A). Morphological
changes were observed a few days after addition of DOX (data not shown) with distinet

30 colonies appearing after about 8 days and Nanog-GFP+ cells at approximately 25 days
after DOX induction (FIG. 15B). After mechanical isolation and subsequent passage the
cells had the typical morphology of ES cells and grew independently of DOX. Four
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independent 4F2A iPS cell lines were established that were positive for the pluripotency

markers AP, SSEA1 and Nanog-GFP (FIG. 15C).

To investigate whether adult somatic cells could be reprogrammed using the 4F2A
vector, we infected tail-tip fibroblasts (TTFs) from 14 week-old mice with the 4F2A +
rtTA vectors. Similar to MEFs, typical morphological changes were observed a few days
after addition of DOX media. Colonies appeared around 8 days and continued to expand
until they were picked (day 16) based on morphology. After several passages four stable
iPS cell lines were established that stained positive for all pluripotency markers (Nanog,
Oct4, SSEAL, AP) (FIG. 15C). MEF iPS cell lines were injected subcutaneously into
SCID mice and were shown to induce teratomas that contained differentiated cells of all
three germ layers (FIG. 16A). Finally, injection of MEF iPS cells (#4) into blastocysts
generated postnatal chimeras (FIG. 16B) demonstrating that a single 4F2A polycistronic
virus can reprogram MEFs to a pluripotent state.

To determine the number of proviruses carried in the 4F2A iPS cell lines, DNA
was extracted and subjected to Southern blot analysis using an enzyme that does not cut
in the vector sequences. Using Oct4, Sox2, c-Myc and K1f4 probes for hybridization, we
detected bands of identical molecular weight confirming that the factor sequences were
carried in one provirus. The total number of proviruses was between one and three with
iPS cell line #4 carrying a single viral insert (FIG. 16C). One of two integrations from iPS
cell line #1 failed to produce a band after c-Myc hybridization, suggesting a 3” deletion of
the c-Myc sequences may have occurred. A second digest confirmed the proviral copy
numbers (FIG. 18A).

To estimate reprogramming efficiency MEFs were infected with the 4F2A and
itTA vectors and plated at 0.25x10"° per 10cm plate culture dish. About 70% of the
MEFs were infected as estimated by immunostaining of Oct4 at 48 hours after infection
(FIG. 19A). Cells were cultured in ES media containing DOX for 20 days and
subsequently transferred to ES cell medium until GFP+ colonies were counted on day 25.
An average of ~14.7t4 colonies were detected in three independent dishes (10+10+17)
indicating a relative efficiency of 0.0001%. This is one to two orders of magnitude lower
than that of ‘primary’ infected fibroblasts (3, 7).

To test the kinetics of reprogramming using the 4F2A virus we performed dox-
withdrawl experiments where at specified days (i.e. 2, 4, 8, 12 etc) DOX containing

media is replaced with ES media and the number of Nanog-GFP+ colonies are counted at
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VIRUS
To investigate whether human cells could be reprogrammed with the

15 polycistronic vector, neonatal human foreskin keratinocytes (NHFK) were transduced
with both the constitutive rtTA and DOX-inducible 4F2A vectors. The fraction of
infected cells was 10% as determined by staining for Oct4 at 48 hours after transduction
(FIG. 20A). Cells were incubated in keratinocyte medium + DOX and allowed to grow
for 6 days until they were passaged and cultured in hESC media + DOX on gelatinized

20 plates. Colonies were first detected at day 12 and most displayed transformed
morphology with a few colonies exhibiting a distinct appearance that resembled hESC-
like morphology. Two such colonies generated in independent infections were picked
between 22 and 35 days after infection and found to expand as distinct colonies with
morphology similar to hESC (FIG. 17A). These cells were expanded in the absence of

25 DOX and gave rise to a homogenous population identical to hESC (Ker-iPS) after an
additional 2-5 passages. The cells stained for the pluripotency markers AP, Oct4, Nanog,
Sox2, SSEA4, Tral-60, Tral-81 (FIG. 17B, FIG. 10B) and had a normal karyotype (FIG.
17C). DNA fingerprinting excluded that such Ker-iPS cell lines were contamination from
previously established human iPS cells or hES lines from our lab (data not shown), To

30 determine proviral copy number in Ker-iPS cell lines genomic DNA was extracted and
subjected to Southern blot analysis using an enzyme that does not cut in the vector
sequences. Probes for all four reprogramming factors show hybridization to similar

molecular weight band(s) again indicating they were carried on a single virus. Two
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cells, when subjected to an in-vitro neural differentiation protocol produced nestin+

neural progenitor cell populations as well as Tuj1+ post-mitotic neurons as detected by

immunostaining. (FIG. 17E).

10 DISCUSSION:

The experiments described above show that up to four different reprogramming
factors inserted into a polycistronic vector separated by 2A sequences can be expressed at
levels sufficient to achieve reprogramming. Embryonic and adult murine fibroblasts as
well as postnatal human keratinocytes were induced to form pluripotent iPS cells when

15 infected with the FUW rtTA and 2A vector transducing Oct4, Sox2, KIf4 and ¢c-Myec.

We observe a reprogramming efficiency significantly lower than previous

experiments using single vectors to transduce each of the four factors (FIG. 19B and

Table 3).
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It is possible that the lower reprogramming efficiency is due to the stochiometry
of factor expression from the polycistronic vector, which may be suboptimal for inducing
10 reprogramming. Transduction with separate vectors allows integration of different
numbers of proviruses for each factor, therefore reprogramming may select for a specific
set of proviral integrations that result in high expression or an optimal stochiometry
between the different factors. However, the 2A system, has been reported to support near
equimolar protein expression in vivo (17). Also, when separate vectors transducing each
15 of the four factors were used for induction of iPS cells, Nanog-GFP positive cells were
detected as early as 16 days after DOX induction in contrast to GFP positive cells
observed 22-25 days after 4F2A vector transduction, consistent with less optimal
reprogramming. Moreover, whereas iPS cells frequently carry multiple Oct4 or K1f4
proviruses, consistently fewer Sox2 proviruses were found suggesting that a high level of
20 Sox2 expression may perhaps be unfavorable for reprogramming (24).
In other experiments, the flp-in transgenic system is used to create multiple
murine cell lines containing 4-, 3- and 2-factor 2A constructs in the collagen gene locus
(FIG. 22) (20). The system contains two components: tetracycline controllable trans-
activator (rtTA) and tetracycline operator minimal promoter (tetOP) driving the gene of
25 interest. After addition of media containing doxycycline the trans-activator drives
expression of the transgene at the collagen locus. If desired, inserting a GFP reporter
construct at the Nanog gene allows detection of complete reactivation of the Nanog locus

and act as a marker of genome-wide epigenetic reprogramming.
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Research I'oundation, Badison; Vii) were mainiannxl on TM MC-innntivified MEHS or
nn110.8,1C-inadivitted human fibroblasb3 (D55 American Type C111(tire Collect:on, Manassas, VA)
according to the manufacturer's protnent For LB induced differentiathm, ESCchiPSC colonies were
harvested using H5 mdfireelidgéiase tybeMuriinvitrogersy, depabatedficmene MPHfeetdr edix by

gravityy@enOy triturated,apg culisedh e 1 Q. dir$ incbunedherent:suspension swiuresdishes (Corning) in
DMEM supplemented with 15% PBS. For Cre-recombintise ntednaed vector exeision., hiPSC lines

were cultured in Rho K%ﬁtﬂs()éo(#BéK)inhibitor (Calbiochem; Y-27632)24 hours prior to elentroporation.
Cell were harvested using 0.05":!4., trypsirilEDIA solution (hr.:Mogen) and | x 107 cells resuspended in

PBS 1.4 ere trays-lee:jod withGitar i PAG(30 o' JFapioNaibe) ReuATRCUE G A fec-fed Wit
pTurbo-Cre (40 .tig: Genba ccession
reprogrammed fibroblasts functionally integrate into the fetal brain and
15 improve symptoms of rats with Parkinson's disease Proc Natl Acad Sci U S 4

105, 5856-5861.

14, Ryan MD & Drew J (1994) Foot-and-mouth disease virus 2A oligopeptide

mediated cleavage of an artificial polyprotein Embo J 13, 928-933.

20
15, Ryan MD, King AM, & Thomas GP (1991) Cleavage of foot-and-mouth
disease virus polyprotein is mediated by residues located within a 19 amino
acid sequence J Gen Virol 72 ( Pt 11), 2727-2732.
25 16. Doronina VA, Wu C, de Felipe P, et al. (2008) Site-specific release of nascent

chains from ribosomes at a sense codon Mol Cell Biol 28, 4227-4239.

17. Szymczak AL, Workman CJ, Wang Y, ef al. (2004) Correction of multi-gene
deficiency in vivo using a single 'self-cleaving' 2A peptide-based retroviral

30 vector Nat Biotechnol 22, 589-594,



30 Number A11334827) and pEGFP--NI ( Otig; Chmtech) by Hectropuration as described pree3ously
(Costa et ai." 2007; Gene Pulsor )Coell System, Rio-Rad: 250 V. 5000, 04 ern cuvenes). Cells ,...ktere
subsecpently plated on MEI feeder [avers (DR4 MEEs for 82 pilromycin seitifilion) n iifitSC medium
supplemented 4 ROCK- inhibitor for the first 24 boors. Cie-rifecimbinase expressing cells were selects:tit
tisine one of the Collaystiing metikodiraddition or rita€dinycin i2 maid) 2 days after eieeiroperelion lea a
period of 46i hours. 2) PACS déttiad (FResArigl 31\ Bleseienedsror @ singleeetsispension for

1.1611" expressing cellgp&rbaursatien elegtioparationifeliamed by raplatingdii adew-density in R OCK-i
nm hi tor contairdng, hE%O iICdirn11. Individual colonies were picked 10 to 14 days after eleetroporation.

Viral construct .11111- TB ”’itiIA h.intivirfil 'vector and les:Bind veitiorS eobtainirig the human .e-DNAs
0.ir.taFifcO(74 (FilivV4il10-hocl4), (J50W-teli0-1)B0X2ili. and esiliffti (al-Wideltd-iiiN4Y-Cli under the control

Ot the tetrifeyeling operateand. a Minital CHipramater hayasbeen desrien Pieyiausly fidoe keineer

et at 2008). To generate die Cre-recombinese excisable DOXinducible hmliviral vector', a Not iii3fii36
daginent containing thé8&acycHHecoFeFrBARIRIRT MY DECRTBIEE AR tHEHUh A EDIAS for either
KLIsli Ofi74or Suai2 were sekicipned Item ea:fib:RAY-mu) vector iuN u BIitt36 site" of the FUG W-loxP,
which contains a MP site in the 3' LTR (tiaana a al.., 2007). 20Lentivind intediari and hi.PSC derivation
ViSVG coated lentisintses were generated in 293 cells as described 'nevi:tinily (Brim:brink ci al., 2008).
Briefly, culture mi@diumBwaschaigédrd@dndtirs/pbstirafiGfes tion 22408 Vinuseigontaipingisupérnatant was

collectggl 60-72 hours agt ransiection. Viral suPeaatan was fltered hronab @T%ipmu'er-

Virus-containing supernatants were pooled for 3 and Udder infections and supplemented with Hi
WNt2rif3, virus and an el voiisfhé. dPfrdsh: culture medium. Ix 0 human fibroblasts svere seeded 24
hour" before transduction in 17.5 flasks. Four consecutive infections in the presence of 2nglitil of

polybremi were gerformed over a period of urs. Culture medi _haqged 2 hours: al ride
batiafeezion. | ic:Be?day;g Wgég'\g?or@an&%ﬁ%@drﬁ’i&%ﬁ%tﬁ VI;/L:eFé ﬁigsél%@éigsc%ﬁl?@p%%{éﬁ "iV-pikiktd al
different densities betweeriSM&0hang 2ZbxobRwelisfrerd Orgnvoangelatinnicoated dish&ssiTia 83
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inctuee tcptograintning, eultnre medium was replaced 4S hours liner by ial:Se medium supplemented with
DOX (SigmasnAldricn; 2 itglini). fliRSCs colonies were picked manually based on norphoicury between 3
and 5 weeks after DOX-induction and manually maintained and passaged according liIESC proti)eols in
the absence of DOX. 'bo du:ermine retsrogrumming a:Mendes. xT.0 human fibroblasts were seeded onto
| ft em gelatin coated dishes. Repl'Ogranl:01n effici8ficies were mamboed after 20 days based on
immunotAdochemistry [Or the pi uripoimcy markers Tra-1.4.10 and NANO(3, .34icrottrray gene
expre.stthon analysis 1QRNMmwas isolateskfromchESCUi and iP80s) whish weirimechapically supiRated
from feeder cells, tisita3RNeaay Mtn Kit Nisge t, 2 tig total RNA was used to | repar ?igtinylitied eRNA
according to the manufScfUfet's Brote e8I ARy MethiX B8 BV NA%S 'ﬁ@%‘i‘.‘ﬁﬁkit.)ﬁ% &My, this method
Rivolves SuperScripa evéssédvaitscription tisthg a T7-Oligo(dT) Promoter Primer to create first strand
S5eDNAsRNase kl-inediated second unsind eDNA synthesis is lelitivvert by 17 RNA PC6'MeraSe directed
in Whir transcription, which incorporates a bMtinyiared nucleon& among during cRNA amplification,
Samples were prepared for hybridization using Cpg bionnylined eRNA. in a IX hybridization cocktail
according the Alrymetrix hybrid:mile): manual. fithieChir artays ititsnari t )13:3 2.t0 wale 20hybridized in a
Geneebin Hybridization Overt at 45C fin. 16 hours at 60 RPM. Washing was cione. name a CieneChip
Hind Los Station 430 acurniding in the marairisentror's instructions, using the Marius provided in the
Affyinetrix GenirChip Hybridization, Wash and Stain Kit. Arrays were scanned on a Genet:hip Scanner
3000 and ininges were extracted and ariabized using Ger:eel:Sp Operating Software :1 4. tfl 33 Pi U3 2.0
03:CitalTaySprocessed using the MASS algorithm and absent/present calls fox each probeset were
detennined using: the standard Affyrrii;)-trix nips:Milani, both as.; iMplerdelitC:d in iiiiteoratactht.
Probesets that were absata tit ail sample.s were removed for subsumes-a analysis. Differential expreen
36ssas determined a moderated t-test using the ibruna;NiekagC. in R. (cinTecied tbr false di.scovery rate)
or My fold change. Where a gene was represented by multiple (in:besets osast-Q. on annotation Mom A
Rytheitix),C;J;.:PIC,S33(itn laK-iatiosWJp- 84 VidUOS eracalculated as the mean and nnnthlthr. of the;,ie
probcxels, respectively. tietatehicalWwa5b perlefined on log-tta;:sfOrmed tne ‘expression ratios



nine uneentered Pearson cormfation and pai nise ayif)age linkage Co:Telatiem: were compared. u.sing
Ifishey's2 transthananon. Confidence ol the hierarchleal clustering vas compined using innhiscalo
hontstfnp fesainpling with the R package 'pyclusr, Reversti transcription Of total RNA and rnaktline PCB:
RNA. was isolated from [Bs or hESCs and i.PSCs." which were Mechanically sepafated from
leeder ceids, using either the RNensy Mini Kit (Piagén) of Ttizol extraction and subsequent ethanoi
precipitation, Rel&rserieatt. H omp ioh a9 erotmédion ke ofrstal RNANgBIg @idipriming and
Therax)script reygggg-dranscriptase al, 50"C (invitrogen). Real-time PCP, was performed in an A131 Prism
7000 LA abed Biosy)lemS) )),,Eith Platinum SYBR grt::en pPQR SuperNI1X1fIX1 with ROX (Invitrogen)
Using primers that were in part pieiflo)taiy described alockemeYer at al,, 2008; Yn et al., 2007) and in part
are descrilx.,d inFSgtéidiyianal’A ROTBD Sippl&iiental Experimental Procedures, 't enlinraa orknation and
analysis [IIIPSes were collected by eollatzellx..L. treatment (1,5nigg.'ini) and separated from feeder
cefls byssubsequent waghes sOtlif i.nedium .i,f43(1SCEliineYthi:ii:W1 bygrayity. kii.P.S1,:f aggregates
were collected by cemdfugation and resuspended in 250.4i of phospink.1)utThred saline (PBS), H.PSCs
were injected subcutan®bisRa theobhekst SCIDipiEdeT Heovid)rfrters yerseaiyiam:61(1nd. within
44ﬁ+ weekls and ﬁmma;&rw% Reﬁﬁﬁﬁiiigeﬂi&iﬂmﬁ% :NB?@EL-AS&}?QI ﬁm@m@t-ﬁmg;mfitéw(m isoollaw)d
.aftersactilicing the :nice and fixed in fOrMJ'alin., Alter sectiening, teratern.as were diagno;:edim),,,x1 on
hematexylin andsﬁ‘tb’.lﬁi]ﬁ"”&'ﬁ%ﬂé‘,?R/g(]ézlf.fﬁ?;f@ﬁ kot £ SRS Bl tollected front hESes and
hiPSCs by mechamicath$eparnaiicnifrofinfeeden cellsp@MNAl was dircoteinade Kitreatdd and ph1431:4

<IXWag}iCif and }; pgcaf QN Wag s -:%ﬁ%?ﬁ_ﬁ%&%‘\dﬁﬂﬂﬁw&‘%_ he QlagenEpiTect fideKit.
Promoter regions of CfCT4 Were amph ied ming pravitna,.sly described pritnets {(Yu al., 2007): 85 OL:T4
Fon:,nru: krrrucrBFSTESG UTIACFTAARG O SECriEN O 3)c0eds REVefse:inactivated
CC.AACTATCT TgAlsErAMAMNENTSE kR 3N NR33) RORHIroducisiwe®Osiened using the pCR1"vect t
andsequencedN&%ﬁtﬁggg%rglgp gnggi\llttc %K%elgtwl?]g% (Hyclone), 5% KnockOut™ Serum
Replacement (Invitrogen), | mM glutamine (Invitrogen), 1% nonessential amino
15 acids (Invitrogen), 0.1 mM B-mercaptoethanol (Sigma) and 4 ng/ml FGF2 (R&D
systems)]. Cultures were passaged every 5 to 7 days either manually or enzymatically
with collagenase type IV (Invitrogen; 1.5 mg/ml). Human embryonic stem cells H9
(NIH Code: WA09, Wisconsin Alumni Research Foundation, Madison, WI) were
maintained on MMC-inactivated MEFs or on MM C-inactivated human fibroblasts
20 (D551; American Type Culture Collection, Manassas, VA) according to the
manufacturer’s protocol. For EB induced differentiation, ESC/hiPSC colonies were
harvested using 1.5 mg/ml collagenase type IV (Invitrogen), separated from the MEF
feeder cells by gravity, gently triturated and cultured for 10 days in non-adherent
suspension culture dishes (Corning) in DMEM supplemented with 15% FBS.
25 For Cre-recombinase mediated vector excision, hiPSC lines were cultured in
Rho Kinase (ROCK)-inhibitor (Calbiochem; Y-27632) 24 hours prior to
electroporation. Cell were harvested using 0.05% trypsin/EDTA solution (Invitrogen)
and 1 x 107 cells resuspended in PBS were transfected with either pCre-PAC (50 pg;
Taniguchi et al., 1998) or co-transfected with pTurbo-Cre (40 pg; Genbank Accession
30 Number AF334827) and pEGFP-N1 (10pg; Clontech) by electroporation as described
previously (Costa et al., 2007; Gene Pulser Xcell System, Bio-Rad: 250 V, 500uF, 0.4

cm cuvettes), Cells were subsequently plated on MEF feeder layers (DR4 MEFs for



Genii *,-ktin riNed in 4% paCalbitt:ithiehyde in PBS and intrinmosmined aecording c5lanthird pt-olocols
using the following prirtlary antibodies: SS EAAI i:nouse monoclonal:. Developmental I' "Udit,:r3
Hybri(10:113 Bai*); 'lIra 1-60, Orwose. monoclonal, Chernlixifi International); hS0X2 (goat pol yclonal,
ReL:-.1.) Systems): Oct-3/1 mouEa-: monoclonal.. Santa Cruz Hiotoehraldlogyr, IINANtgi (\gnat
Ix)ilyNonal R&D Sy:ttetmi; appropriate Tvlolecalar P&%bes Alexadye coninga:tod wound:icy antibodies
(InvittcTen Ske. RUSSEL: 1 5Seitpieri blotfingedium S%Ri“&d)vilgt%&:ﬁéﬂbﬂéff%ﬁhm DNA was
..separated on afds¢ % agakose.gelomanijerzedidaiaddonyinrlshung (Amesshampand hybridized with 1
random pi-noel (S I,;ata i]Teg }a elefd rf)bes fPr 0C14 Eﬁtagl-ﬁ’s%ag_rpgnl ut pRIW:-tet0-hOCT4
plasmid). Kt 14 (RUTPISRGH RIS AIRAY L MVETAF 1B gt ZY0-MYE SRR SARS (£ 7 spi-EcoRi
Fra2zment of pFUWatetD<hiS0 22hplas.thid) drttdspsopp B isrminabBirtagmentrot thefitl2ygt4 e-DNA),

Accesision ”U_mQaﬁ%uspcﬁ{!iSﬁ%rr@ma%ﬁé%ﬁ\-%’@éﬁ%b&% Abihe, Neth GROS FXBIESHON. Spnibus..databas
under the &cries. accession number €$S.114711 , OVERVIEW In Z])Oexat3100 We 1thOW that

libTObiaRS ITO, 1¥1afive Padntsimititidiopathie PhrKins e et SOy Eam veBikiently tenrogrammed.

Moreover, we dexusge3Qratpandadaced piusipetentskanpeellsothine:0 free at reprograrruning factors
uslug CRf-riXEOrnbi:iaR OXCX:Sable virascs..F:::citiat-free PSCs nntintain a pluripotent state and ShOW

a global gene expression [volile, mote closely relaled to hcsles than lo hiPSC5.: 86 carrying the
trant:genes:, Our resutts indicate that residual iransgene expression in yirtts.tarrylng hiPSes c¢.111;?tfCc;
thUr t"; lettdar k. M&rEceosiEuaHd s.31goal: that faetor'free hiPSC:s therefore represent a more stnzable

source, Bf cells for mo%ﬂ[‘@l%%ﬂ??ﬂlgﬁ?ﬁ?ﬁl B&Etgi!n;rcﬁentivirai vectors containing the
human ¢-DNAs for KLF4 (FUW-tetO-hKLF4), OCT4 (FUW-tetO-hOCT4), SOX2
(FUW-tetO-hSOX2), and ¢-MYC (FUW-tetO-hMYC) under the control of the
tetracycline operator and a minimal CMV promoter have been described previously
(Hockemeyer et al., 2008). To generate the Cre-recombinase excisable DOX-

15 inducible lentiviral vectors, a Not [/Bsu36 I fragment containing the tetracycline

operator/minimal CMV promoter and the human ¢-DNAs for either KLF4, OCT4 or
SOX2 were subcloned from each FUW-tetO vector into the Not I/ BSU36 I sites of

the FUGW-loxP, which contains a loxP site in the 3’LTR (Hanna et al., 2007).

20 Lentiviral infection and hiPSC derivation
VSVG coated lentiviruses were generated in 293 cells as described previously

(Brambrink et al., 2008). Briefly, culture medium was changed 12 hours post-
transfection and virus-containing supernatant was collected 60-72 hours post
transfection. Viral supernatant was filtered through a 0.45um filter. Virus-containing

25 supernatants were pooled for 3 and 4 factor infections and supplemented with FUW-
M2rtTA virus and an equal volume of fresh culture medium. 1x10° human fibroblasts
were seeded 24 hours before transduction in T75 flasks. Four consecutive infections
in the presence of 2pg/ml of polybrene were performed over a period of 48 hours.
Culture medium was changed 12 hours after the last infection. Five days after

30 transduction, fibroblasts were passaged using trypsin and re-plated at different

densities between 5 X 10" and 2 x 10’ cells per 10 cm® on gelatin coated dishes. To



Reprogramming of fibroblasts from PD Wien s by DOX-inducibie lentiviral vectors Dermal! tibrobtasts
om live patients with idiopathic PD go of biopsy between 53 and 85 years) and from two unaffected
subiects were obtained from the Coriell Inssiitutt: for Mahe& Research (sec Table:r). To indoee
3',:pRigramini:ng.  ihrObhiSIS wee? rift:!C{ed With a eons: ttuth,ely active lennvirus expressing the
reverse Lettacycline trans:activator at W-M2rl'A tot.4&tiv.f.'r with / )0X-inducible lentiviruses transducing
either 4 rOCT7tf, SAECKER U BRBI(6(+7AUSOXBUID S0Pyt At g Rebsratsifsdbsequently refer

uliPSC thles derivigd by transguation @S@fﬁcrqrﬁlas blﬁ’@%’ lﬁmmmmwe%byeﬁ factorhil'SC".

Coionies with e,.elltde ESC lik hoIo eIe ted a [ﬁ icked 3 to 5 "Attk3 after
DOX-induoed traT|11ml JFlnbe%?pe)re"’é]s'fil) E\T OIS 5% Brant p Qﬁllb@%‘g aon PD patients
gawe tit, to s;trbiohiRECsthatiweter8: padsaimt hmmdln@ﬂtﬁé absende ioftR@XforemorEKan 20 passages.

At leastione cell fog (il Rach denahiablRsbing WermiakEpAin delRll (daRle kb of those
hi-1'5. es urnthrmlty1 es;Nesse:1 the 1*u:1:potency markers Tra-3-6Q CT:, 80X2 and NANC.Kt

as detertnined by mm@hb@ym%é@rﬁwﬁy% W@“’E"Fﬂ)‘“l‘ﬁch‘%f&ﬁlb‘ﬁ“éﬁIW@WS@“’(H‘]%&“ ﬁlt'r’aly/?ed by quaranative

RT,-PCR showeghyeaativationof the plditraneus 2hplpripptency iplatesgenass@li4, SOX2 and NANO()
with similar Ieveﬁg g)ﬂ)ressmn as seen in LESCs (FIG, 228) As expected tot hiPSCs, the (X:rit promoter
It'Ljon of PD patlen erived hiPSts was fOund to he hypornethylated in contrast to its ype:methylated
stale in the parental fibroblasts27C). In order to test for piuripotency, hi PSCa isotaled from each =donor
fibroblast line weYdSHjataY 416 SCIBFTRE"AlY HFCSCs formed teratorrnD comprised of :issues

gel"oe 'fgiggg’éns‘;” eMRRYRUIGISSIAYRS MADde faeBa0s; HPReSMARiRi-IYSEs Qegsodorm), neural
from feeder cells, using the RNeasy Mini Kit (Qiagen). 2 ng total RNA was used to

prepare biotinylated cRNA according to the manufacturer’s protocol (Affymetrix One
Cycle cDNA Synthesis Kit). Briefly, this method involves SuperScript 11-directed
reverse transcription using a T7-Oligo(dT) Promoter Primer to create first strand

15 cDNA. RNase H-mediated second strand cDNA synthesis is followed by T7 RNA
Polymerase directed in vitro transcription, which incorporates a biotinylated
nucleotide analog during cRNA amplification. Samples were prepared for
hybridization using 15 pg biotinylated cRNA in a 1X hybridization cocktail according
the Affymetrix hybridization manual. GeneChip arrays (Human U133 2.0) were

20 hybridized in a GeneChip Hybridization Oven at 45°C for 16 hours at 60 RPM.
Washing was done using a GeneChip Fluidics Station 450 according to the
manufacturer’s instructions, using the buffers provided in the Affymetrix GeneChip
Hybridization, Wash and Stain Kit. Arrays were scanned on a GeneChip Scanner
3000 and images were extracted and analyzed using GeneChip Operating Software

25 vl.4.
U133 Plus 2.0 microarrays (Affymetrix) were processed using the MASS algorithm
and absent/present calls for each probeset were determined using the standard
Affymetrix algorithm, both as implemented in Bioconductor. Probesets that were
absent in all samples were removed for subsequent analysis. Differential expression

30 was determined a moderated t-test using the ‘limma’ package in R (corrected for false
discovery rate) or by fold change. Where a gene was represented by multiple

probesets (based on annotation from Affymetrix), gene expression log-ratios and p-



| osettes, 1:3igmenled nourd epithelium (ectoderm) and intestinal et)1thelhan with goblet- and
Paneth-likt) cells (sndocit,,,$)211A.1. Cytmtenetie analysis of PI.) specific hiPSC lines .1'1)Vealecl
abOn)711/1 karynt,..pe  oat oil 2 iines (see Supplemental Figaro 1 of Soldner, 2009)" Only ono ont. of*
three clones derived from the fibroblast line POD that had been trarauthieed4 factors (iPS 1)1)1.)43:-5).
showed an arthalaneed tram:location between the Idig-arm of chromosome IS and the long arm ot
chromosome 22 VERGHE rf A YEYRAE B CRGM BSOS TS Bt BsiRgretéspy: 6F61Fies:some 22. Two
irAlependent bil18&s derived steatiy RABpelincpatiant fibreblastlinendRS 1Mok andsWS Nr-2) showed a
balanced 13:a31L1)(14,3047betioetl e shod and bod arms of chiomosomes 4 and 7. sur.gestiog
that the 4:7 transiocation was a rezla?iy 5ré§en{ in the'donor fibroblasts (’s‘gé‘e %féﬁiéﬁn’é’t‘h . 2009,
Supplemental FigureakDNAfiNHicosptintngcoi@ R D pdtientadelr hvddekiitBitdslasdrthe Eparemal
fibroblasts were perfoy %Eﬂ&ﬂ@ﬁﬁmtm%lgrﬁgd@%ﬁ'?@semfH@ 306 1 s QUL &IRR GoNtaininadom With
t)ikil371g PilitiprAlenT Cell 1i.111);$1 (data not shok,M). Sonthern blot bnalysis probing for leinivim1
integrations showed distinct paztems thr each of the hiPSC lines confirming that each fine analyzed was
derived. from indepenpdanilystitpetiaddisellasta cairying-adetalcRC4 to 10 proviral copics (PIG. 28.8".
280), In order to further eharacterin.the usefulness. of this system, we determined the

reprogi-al) 111111g ey L) LIS For e i aAS e (M) ot ot A idsamming
efficiencies were@ahidatednditet20adlaysshasedanhdiRinenodytoekeriistegtebtHeipihripotency net
kers-6Q;and NA NQG, FIPSG s AeseWithanefficiancyaf apprimately :00R% alter transduction with 3

Faclors and approxinuitely 0,01% after transduction With 4 factors, This is comparable 10 previtrasly
reported eilleienBfBTRiAGitHe P MOy bEEBY Hatrovir AV BEota O KRSttt Ry Siive . 1entiviml
Yee:.tom (Nakagawagitale 200811 @kahaghi eRakl-20Q0 P uvelsaler200é). iimmunocyteghemistry for
NANOG and Tra;1-60 at different time points after D dition ed that,small plutipotent colonies
could he detect?ﬁﬁ%ﬂﬁ%ﬁ% que (\j“:rllwl—lﬁ[;f"gmgs sggl]sﬁédﬁlr f%&@@gy }L'étg@%(tsr@r%gene induction (FTC,
32A). We also detériinddtheteiaporsheaguiremént voteherexprassionlofitheibepropuruning faetors by

varying ¢he time of PQNRducad tansaerle expressionin fibroblasts ransdreed with anher 3 or $
reprogramming .factor5. Afier 24 days we were able to isolalewlonies from 4. factor transduced
-fihroblavN expodedf 16 "B B dr SR SIHAYEMBES*-1,2,3) tN lieteta.; titliSC from 3 factor tratittdtteatt
cells eould be isolated only atler exposure to DOX thr cc, least 12 days (PDB33thd12), Although the
rttprctutantning f?.d%r% Were on-y ex rﬁsa%e(iivtscl)_t a:united period: all of the piked celis gave rise to fully
reprogrammed hifSén which stainedtor pfauripfhency markers (HG, 3213), reaCtNated the endogenous
CX.AL.14NO(7 and 80. 112 Yenes ¢ Ritdtcd 20 alhdefornechtanto tiaseomprsestpiealls derived from the
three deyvelopmenial gefm:[axen (RhGq320.)- QKL restilis sugogst thakierraganIning: by 3 Factors is less
efficient and takes lonizer than reprogramming by 4 lietors in agreement with pnwhiths observations

(Nakagawa et. alliD00828/0iRm‘ &t A lot08), [BHWwaroRHN ARt Rt deriVato 6P hilySCs using 2
thcz.cira is morepp-astiketbusinee dheninkasd fibretilast eulijuwred aibcnohevelgrawie buigeanulated, last
grossing non-hiRSC colonies as.has.been described prey:Nisi), for cultures infected yvith 4 factors
(Nakagawa ot Ak I IE TaLIRIcT DS o o Sl M MR e po
X-indueible delivesieofttiaaabroipahiminEecfactordeddndafficieAtyngenelatediRSes from skin biopcie.s
obtained from PR patients.indhaiahsence Rt issMire avithahnilar kingtics @nsheflicigngigs as previously
Ic:ported using other appioacites. Imporiantly,. 8 of 13 3 factor hi fhSes carried a total of otly 3to 5
provdrai integrati$iis (#5008 oB N hRIH IS SR AN I8eL aintatcaNttatt: tatitateS Wernigal _ 2007).
Generation of PO patient-derived hiNes free. of viral repo)gramtning factors in order to derive bil>C,
(bat were free VMS,@t:JI\[I“SO W$n?l%n§rated VaChttS that t:Cadid be excused after integrainm using
Crethteontbini.lse. 1 hé htlitart ithipitttri promoter of the FiX11.lii-liaxP tent:virus, which conthim a loN.P
she ut the 3'1.1 R (Hartraet il DPO07Ys wak vegl Gesuhith se BN dustimecitiftrital CM \i promoter
billowegh by the hi:MwignciBN Asibr QAZIINA, GAFH4RL SRR tbpanRroviabreplizatian, the 'ix& site in the
3'LTR is duplicated into the 5'1:IR resulting th an integrated tratisi,ene tiataked by lits41 sites in both I..
Ms (Figure 4A), Y86 HhiBbIaL & (PDY 3 WawaRC tihEdeest it uRaRithu et i flse 3 yitlaStit as
well as a constittpiveliackie Homibluts@xpressngth e ceversd fietracyelineviMd aGtiradat (113W-M2rt
fAth 24 hiPSC lines is|?>}§(13%3l'|-_121&j 4) were isolated 3 to 4 weeks alter DOX addition with similar kinehcs
e

e I'Imers uc 5 i
and efficiency as described above. Southern Not



89 analysis for 12 cell lines showed Mai 4 POWSs' linesPOW"klitti 7, POS:2'."- 21, POe".-22) eornained
only 5 to 7 integrations of the rein:fen:mining faeters (17:0. 3;3). 'these Pat? Celt lirteS were Maintahled
1t1 the ah1;erlet[f of 00 X I'ot mere than 20 past:ages and displayed al:of the:char:tote:frith:30f hiPSCs
such as espression el pitirhaiixeraty related marker proteins Trail -60, SSE.A4,SOX2 thd NANOG (Ma
2913) and the reactivation rif the endogenous pluripéfeney related genes Oer4, AS,:ADO and SOU t
included in HO 2143 THEN e il HAA AL oS G OB DIk 22) demonstrated f

inn: thtdti hinge dJﬁtfnemtaJﬂw el lifs’ Ma@rn@ﬁwwnizanﬂlzﬁ@me@aqaat@mnﬁswiﬂtsponttibutions to all

three embryonlc Qe]{ E{,;S tlllrgrc utaneq CP%)H}% VS(t‘,l mice {Ing 2? ? flacased on two
clones, with enterk [:[50 ﬁgbig 17)ptoo integra ieha 114 %qré’p{r’g(g}“grﬁ[mmg fiaelos to teat

whether the exc@nmmﬂhréllamfsnetrﬁmked lentivirai vectors would .ititatiterate trausgernittree tells. Two
different rate des jot Cle-nAiau:4 vector excision were used WIG, 30A): (1) Transient expression of a
15vector encoding Cmi-recombinase and the pubtanycin resistance :marker (peria-PAC).
Followingt:operafof “HE AR Mt S elected with puroincin fin 48 hours to enrich for cells that transtlently

expressed Cretrecomhtttﬁs&ﬁlad‘pwraﬂ%lﬁm{Rﬂﬁoﬂ@i?smlliﬁﬁmﬁﬁﬁﬁmhmﬁBe with no EON'
expression plastnld 1aan i‘f ubsequ nt FAG sorthgc L It posmve and. C ﬁ% ﬁ{ng cells GO hours

after transfection, Lﬂ(ﬁ’sln ese tw o S Rethdds tdsie. |so a%d*ap total of' R‘é?)o clohes 0 14 days ailler
eliectroporanion((FiGic B@A?dmlalimgmemlmbbmdwsléisbnmdseméhlfm the: éxgisiomofeKifit4 (highest

numbeyof integr ﬁHR&%LHﬁ'%@HnL%F?TH@I AfGHRS) digesh Showss k48 1@&98%?&‘6%{% negative for lasra

lentiviral integrations; (Data not shown). ;Subsequent Southern Hot arealysis far FJ.4, 0c14 and SOX?
ptoviral integratiofs iSifg ﬁwWemb|%%ﬁ%é§tﬁ&i6ﬂla?¢@§t)ré%é%%ﬁaw b elerived &OM

POI3ii"k"-17 andr&kcionesdeyivpk ditind ARBe2: hash roAntegration ofyanypidhedeprogramming llictors
(FI(ii. 3013, referred tp as P1713" clones g‘iﬁ CISIOI‘I faII reprogramming thetrit s was eitill:MTICti by an

additional Southern'b ot aaﬁ]élyos]‘?lsca I%lt}ao rent res rlctlon digest IMO. 34i. Furthermore, PLR of

geiniatie DNA using primers 3Us):ecific: for Cr:it-re:ton:bin are .ctonfinned that none of the powiti, clones
had stafily integrgigd, e piggifgperated plastnithf (data not .,:fatwo.f. Southern ‘Net anfkaffs ftr the
integration of the faiiiierce ternlﬁgelltlte tratinierethicior AI2rat4 showed one inte ratlon fitir line PD.W1

7and two inogrations forAusfeRo  sBehdigs Hd gsrinisPthat the Svaraitiniter 61 pro viral integrations

including the Ira?E’?f‘%Eé’Z‘E?rt{inslpmch to a nylon membrane (Amersham) and hybridized \mh I’

random primer (Stratagene) labeled probes for OC74 (EcoRI-Pstl fragment of
pFUW-tetO-hOCT4 plasmid), KLF4 (full length hKLF4 ¢cDNA), c-MYC (full length

20 ¢-MYC cDNA), SOX2 (Fspl-EcoRlI fragment of pFUW-tetO-hSOX2 plasmid) and
M2rtTA (380 bp C-terminal fragment of the M2r174 c-DNA).

Accession numbers
Microarray data are available at the NCBI Gene Expression Omnibus database

25 under the series accession number GSE14711.

OVERVIEW
In this example we show that fibroblasts from five patients with idiopathic
Parkinson’s disease (PD) can be efficiently reprogrammed. Moreover, we derived
30 human induced pluripotent stem cells (hiPSCs) free of reprogramming factors using
Cre-recombinase excisable viruses. Factor-free iPSCs maintain a pluripotent state and

show a global gene expression profile, more closely related to hESCs than to hiPSCs



pp[31kn-21 s the sanle as the nurtibor of excised trans.:gapes froas pon""-17 fatift"gefaing thin the
excision of all transgenes including the transactivator shinild be possible. Cybagenctic analysis
demonstrated that 14 oilt oil 4tivzed :thanes showed a normal ktaymype attet Cite-mediated tuansgene
excision irip0:1, 30C and dtua 001Sf30A,110.. All viribi-free chat CS rot:titled a sitible hP.SC like
morphitilogy upon pirdenged chore ter inure than 1586asstiges and maintained all the characteristics of
hIPSes such OscexXpression 8Tgiact0OBiCsrelated sHinter proteins Traes 60X SSPIUNOCT& SOX2 and

NANO. Os shown by intspimemdoshstnistey (RiCmabiaand:the expressiangtihggndogentins
phriptitency related genes O¥§74,. SOX2 aml.?\:04,-7 crlG 31 Bliat lcwela comparable to hESCs and to the

parental hiPSCs Baf5rE e xtision GF HE GrABEGEAES " Srak RS deiohatite AR 98 #ptbpthmtniog
ractotylbee PDBholonesimaintain pluripoteticy alter the excision of the reprograniniing factors, "
intiepengetat POIPItI' clones were ffillferentiaitxt in vitro by 1111 Milt-fat:en or injected subcutaneously into
SOD mice. All tested P1-31111' clones showed multisirmage differentiation In Omit and developed into
term:on:as with &htBkidNs to all three embryonic 3r311/ layers (Fla 3it?). In order to compare reaiduaf
1.mi-fit:gene expression between distinct LUPSCs iatemaied tram:gimes and thrtion-Trec hil'Stl's< we
per Ibrineit riittarilitiftheie RkRigR UBINgbinandgends8neaciliat PGP, (PXiiensci s leporited previously using
either letn iral orvl\e/lc%q,ney-based retruyiral vectors 03initis et al., 20118t Ithett et; al., 2008: llockerneyes et
al., 2008: Park et a|..Ysu et oh, 20011 we detected residual expression of the reprogramming factorx. for
roost oil the transgene®imnall (fetbRries fithniftegratedsvirils s duthistinagninfécted, lbroblasis, fil3SCs, or

PDIPs, fnen (FRI.311.4)-Qui ;RUtasieals fhas s Hse gHRER Clanked ek opeprogramming
followed by Cre-meg:hate cxc slon can efficiently generate Utpfoyamming thebta--free hiPSCs, ft
address whethef ra&id it transgeie Espréssivhicoeid arfech tHe sveralrgune Expiession pNfite of th(t
reprogrammeq Qﬁj"sﬁM/&aﬁﬁmR@FSQ}ﬂ%@@gitmﬁcﬂﬂﬁﬂmap@Q@%tﬁ%ﬂ?ﬁ@ﬁ&ef%e and after
transgene excision by ggno‘m‘ twide ge‘ne”e%pr@ﬁé(?}gﬁalfdgtdsﬁomlatbg@ :%31 cQrsis based On alll
genes which shd® 4t eSSt Y 4461 BSH U differehe RerE AR b PoBiaSie aRA95IISts confirmed that
all 91 MPSCSatenGi@Sebyaelhtedgoregaddiess ofS(ekie. - IithEframnsgeries were).x2,
15 KLF4) reprogramming factors. We will subsequently refer to hiPSC lines derived by
transduction of 4 factors as hiPSC' and those obtained by 3 factors as hiPSC*".
Colonies with well-defined hESC like morphology were selected and manually picked
3 to 5 weeks after DOX-induced transgene expression. All fibroblasts obtained from
PD patients and non-PD patients gave rise to stable hiPSCs that were maintained in
20 the absence of DOX for more than 30 passages. At least one cell line from each donor
fibroblast line was analyzed in detail (Table 4). All of these hiPSCs uniformly
expressed the pluripotency markers Tra-1-60, SSEA4, OCT4, SOX2 and NANOG as
determined by immunocytochemistry (FIG. 27A). In addition, all hiPSC lines
analyzed by quantitative RT-PCR showed reactivation of the endogenous
25 pluripotency related genes OCT4, SOX2 and NANOG with similar levels of
expression as seen in hESCs (FIG. 27B). As expected for hiPSCs, the OCT74 promoter
region of PD patient-derived hiPSCs was found to be hypomethylated in contrast to
its hypermethylated state in the parental fibroblasts (FIG. 27C). In order to test for
pluripotency, hiPSCs isolated from each donor fibroblast line were injected into SCID
30 mice. All hiPSCs formed teratomas comprised of tissues developing from all

embryonic germ layers including cartilage, bone, smooth muscle (mesoderm), neural



removed ea not isee Soldner, et al 2009, Supplemental Figure 7). Despitc the similarity of inESCs and
hiPSCiti statistical ;Analysis COrnpvin., PUBand PDF3.2k7i cells in no:rotation to hESCs demonstrated
that PDI3™ cells are more similar to 'tit-3;3es than the parental PDB2' ()ells (Soithistr, in 31. 2009,
Supplemental Figure 7). Notably, correlation 'analysis based an all genell showing at least a 24tbid
expression differentia bet \seen MPSCs either with di7without Iransgenes confirmed, that the gene
exit:ryas:tat profﬂ%*)‘é‘féhdHéﬁde@d&NP‘lb‘B’“‘lﬁ%@’W%W@léfb@ém?éIa@éélw’ﬂﬁk‘?mtmﬂhan to Tillie™ lines.

iidina not shown),MeliR&G:onwithiviradintegrations. (21 penes showed statistically significant differential

expression as compared to hilSes (p<:0.05) (FIG. 3)E ilar dilThretices haye been reported
pies-Musty (ifititoinisnie@%\ﬁ’e‘fﬁb‘j ! é'é‘ﬁt?i“ oWﬁ?ﬁ“‘é)‘ égégé”ﬁ?e'l%’ dl SL EH‘?%JE%’Péé%%d between

iTarl:31.1:ens.,ffix | hiRSCK dmdshigStile (Fin B allurtHis 8 présentd @ redhigtion oftmbre than SO% of
da., gulatej gc:- i‘t&&bclHR&“dE?%‘a"i%ﬂ B@%ﬁ%‘ﬁi&’&ﬁ%‘i&rﬁ%ﬂtl:ﬁ‘ﬁ&i%emﬁarﬁmﬁ@”»%E'ﬂbre”d tally

expressed genes Mi factor-f ree, |PSC|s are most likely due 1<3either the dlverse genetic background of

lidaSCs and hiP&E§f e rddprenhidi Brdie WaRSHCadidsrbreatgarisite h b o) ofthe Femsigirammeei

somatic cell of origism A &ARQWikellist A thendbiitereritialynceguiaied gemnasds5a3QWO ifiSlippletriCiltai

Table 1 of Soldn r, et al, 20 DISCUSSIO In the work described |n ample we derived
iIPSCit from skif HGBORE L AMC A AP MO AL B e b B Sh robust

reprogramming protacolrthat aliovi?@tmelcepﬁtbmtddsiélgem%w&*n Icehpakteivi-spedidiecliiiP SCis carrying a
OSlow,gumber %PJ?&%%Y?%%‘& IEQalang. g us§ /hg E,'%ﬁif%ﬂ}’é%ﬁ%% £afying a loxi4 site

flanklng the integrate pan|rt|ses rillineeri the ellicierti iemoval of all transgene sequences mid generated
reprogramming-tHétspifeethahilmsCstigere hiripote rtraity, RisHg! dlscinaretherh wereshom similar to

ehmbfyg dE”VEd BBJES@:S than tothescppventional mastor- wgw'ggg@ef;ﬁm%mﬁ&mé%gw ts to UnddEVStﬁnd
the underEintg p ic eneratb.e diseases such a are hampered by the
lack of genuine i W f{] c?é%lgxﬁéﬁﬁaﬂ?/ﬁé% é‘gﬁg%fdbﬁf?/\?é IGHSA&E! 'EI5§ THIFEFom five patients
with idiopathic Pibg tinzick DOXi mnidlcwltd&)ienmytnmhmaotrsrmttanesihlgm@rmmeﬂ&dﬂrlméepnglanamlng 92
thcaorgs hese Cebls iR QALIG 'é""(%]%l A IAPSJE%%H% FoIRIRAIEMERAEHS pGluding the ability to

dlfferentlate into cell types of all etithryonic line
distinct patterns for each of the hlPSC lines confirming that each line analyzed was

derived from independently infected fibroblasts carrying a total of 4 to 10 proviral
copies (FIG. 28B, 28C).
In order to further characterize the usefulness of this system, we determined

20 the reprogramming efficiencies for one fibroblast line (PDB) in detail.
Reprogramming efficiencies were calculated after 20 days based on
immunocytochemistry for the pluripotency markers Tra-1-60 and NANOG. HiPSCs
arose with an efficiency of approximately 0.005% after transduction with 3 factors
and approximately 0.01% after transduction with 4 factors. This is comparable to

25 previously reported efficiencies using either Moloney-based retroviral vectors or
constitutively active lentiviral vectors (Nakagawa et al., 2008; Takahashi et al., 2007;
Yu et al., 2007). Immunocytochemistry for NANOG and Tra-1-60 at different time
points after DOX addition revealed that small pluripotent colonies could be detected
in 4 factor transduced fibroblasts as early as 8 days after transgene induction (FIG.

30 32A). We also determined the temporal requirement for the expression of the
reprogramming factors by varying the time of DOX-induced transgene expression in
fibroblasts transduced with either 3 or 4 reprogramming factors. After 24 days we

were able to isolate hiPSC colonies from 4 factor transduced fibroblasts exposed to
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reprogramming tk?’?e%ofig?l:t:’ﬁfst”asf’ncalfclf\?\ll'bdlﬂ] Rtectabie edd R trAR e e expradivh' (Dimos ci id, 2.008:;
)dbert et a:1,, 20@;ré¢ovkemelyereelmit, 2008 Rark H:2008% c¥dl, 32608V 3/ ¢2007)al halgBiestion of whether

hiPSCsdlepend pg the.eXpIesRian ol dhe.[SRASARAING RS RIS IR Fogipfain 2 Rlbripgrent £ SC-like state
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reprogramming fitC o1\ Yhese resuits provllae1 additional’pmof that hiPSCs reestablish a pluripotenty

related_aqtoyegniatory’l"ch@pesngtHa‘tCkiasdj@dhrpt@potbedII@Nﬁlyctmitheth:di'mratitﬁmhof the four endogenous
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expression from liartially silenced viral veetors perturbs the transcriptional profile of hiPSCs Because the
genomic integrafioidité B4 PaHiCiaP previfis Plovir SlemtiAg A tirsitat HEITIEREPEe ing 3-eau:iv:St:XL
hiPtiesand previously reported using other approaches. Importantly, 8 of 13 3 factor hiPSCs

carried a total of only 3 to 5 proviral integrations (FIG. 28B, 28C), which is

significantly less than observed in previous studies (Wernig et al., 2007).

20

Generation of PD patient-derived hiPSCs free of viral reprogramming factors
[n order to derive hiPSCs that were free of proviruses, we generated lentiviral
vectors that could be excised after integration using Cre-recombinase. The human
ubiquitin promoter of the FUGW-loxP lentivirus, which contains a loxP site in the
25 3’LTR (Hanna et al., 2007), was replaced with a DOX-inducible, minimal CMV
promoter followed by the human c-DNAs for OCT4, KLF4 or SOX2. Upon proviral
replication, the loxP site in the 3’LTR is duplicated into the 5’LTR resulting in an
integrated transgene flanked by loxP sites in both LTRs (Figure 4A). 1 x 10°
fibroblasts (PDB) were transduced simultaneously with these 3 viruses as well as a
30 constitutively active lentivirus expressing the reverse tetracycline transactivator
(FUW-M2rtTA). 24 hiPSC lines (PDB*®-1 to 24) were isolated 3 to 4 weeks after

DOX addition with similar kinetics and efficiency as described above. Southern blot
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system describeg.hceahas e phientialig.Recome aanring techngleaydarthedash(ajon of hiP.Ses that
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transfection of Cre-recombinase with an EGFP expression plasmid and subsequent
FACS sorting for EGFP positive and Cre-expressing cells 60 hours after transfection.

20 Using these two methods we isolated a total of 180 clones 10 to 14 days after
electroporation (FIG. 30A). Initial Southern blot analysis to screen for the excision of
KLF4 (highest number of integrations) using an internal EcoRI digest showed that 48
clones were negative for KLF4 lentiviral integrations (Data not shown). Subsequent
Southern blot analysis for KLF4, OCT4 and SOX2 proviral integrations using an

25 external Xbal restriction digest revealed that 7 clones derived from PDB***-17 and 9
clones derived from PDB*°*-21 had no integration of any of the reprogramming
factors (FIG. 30B, referred to as PDB''* clones). Excision of all reprogramming
factors was confirmed by an additional Southern blot analysis using a different
restriction digest (FIG. 34). Furthermore, PCR of genomic DNA using primers

30 specific for Cre-recombinase confirmed that none of the PDB''* clones had stably
integrated the electroporated plasmids (data not shown). Southern blot analysis for the
integration of the reverse tetracycline transactivator M2rtTA showed one integration

for line PDB***-17 and two integrations for line PDB?**-21 (FIG. 35). This means
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cult&re for more tpan 1?passagcs and maintained all the characteristics of hIPSCs

such as expression of the hESC related marker proteins Tra-1-60, SSEA4, OCT4,

10 SOX2 and NANOG as shown by immunocytochemistry (FIG. 31A), and the
expression of the endogenous pluripotency related genes OCT4, SOX2 and NANOG
(FIG. 31B) at levels comparable to hESCs and to the parental hiPSCs before excision
of the transgenes. In order to demonstrate that the reprogramming factor-free PDB!''*
clones maintain pluripotency after the excision of the reprogramming factors,

15 independent PDB' clones were differentiated in vitro by EB formation or injected
subcutaneously into SCID mice. All tested PDB"'™* clones showed multi-lineage
differentiation in vitro and developed into teratomas with contributions to all three
embryonic germ layers (FIG. 31C).

In order to compare residual transgene expression between distinct hiPSCs

20 with integrated transgenes and factor-free hiPSCs, we performed quantitative RT-
PCR using transgene-specific PCR primers. As reported previously using either
lentiviral or Moloney-based retroviral vectors (Dimos et al., 2008; Ebert et al., 2008;
Hockemeyer et al., 2008; Park et al., 2008a; Yu et al., 2007) we detected residual
expression of the reprogramming factors for most of the transgenes in all cell lines

25 with integrated viruses but not in uninfected fibroblasts, hESCs, or PDB" lines
(FIG. 31D). Our results indicate that the use of loxP flanked vectors for
reprogramming followed by Cre-mediated excision can efficiently generate
reprogramming factor-free hiPSCs.

To address whether residual transgene expression could affect the overall gene

30 expression profile of the reprogrammed cells, we compared hESCs, the parental
fibroblasts, and hiPSCs before and after transgene excision by genome-wide gene
expression analysis. Initial correlation analysis based on all genes which show at least

a 4-fold expression difference between fibroblasts and hESCs confirmed that all
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(FIG. 31E). Similar differences have been reported previously (Takahashi et al.,
2007). In contrast only 48 genes were differentially expressed between transgene-free
hiPSCs and hESCs (FIG. 31E). This represents a reduction of more than 80% of
deregulated genes upon removal of the reprogramming factors. The remaining

15 differentially expressed genes in factor-free hiPSCs are most likely due to either the
diverse genetic background of hESCs and hiPSCs or the expression of the
transactivator or a genetic memory of the reprogrammed somatic cell of origin. A
detailed list of the differentially regulated genes is shown in Supplemental Table 1 of
Soldner, et al., 2009.

20
DISCUSSION

In the work described in this example we derived hiPSCs from skin biopsies

obtained from patients with idiopathic PD. We developed a robust reprogramming
protocol that allows the reproducible generation of patient-specific hiPSCs carrying a

25 low number of proviral vector integrations. The use of modified lentiviruses carrying
a loxP site flanking the integrated proviruses allowed the efficient removal of all
fransgene sequences and generated reprogramming-factor-free hiPSCs. The factor-
free hiPSCs were pluripotent and, using molecular criteria, were more similar to
embryo-derived hESCs than to the conventional vector-carrying parental hiPSCs.

30 Efforts to understand the underlying pathophysiology of many neurodegenerative
diseases such as PD are hampered by the lack of genuine in vifro models. Using
hiPSC technology we established hiPSC lines from five patients with idiopathic PD

using DOX-inducible lentiviral vectors transducing either 3 or 4 reprogramming
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impossible or caused catastrophic genomic instability. Our results, based upon DOX-
inducible lentiviral transduction, show that hiPSCs carrying as few as 3 or 4 viral

10 integrations can be generated. Using DOX-inducible lentiviral vectors with a loxP site
within the 3’LTR, we derived PD patient-specific reprogramming factor-free hiPSCs
after Cre-recombinase mediated excision of the transgenes. Removal of the promoter
and transgene sequences in self-inactivating (SIN) lentiviral vectors is expected to
considerably reduce the risk of oncogenic transformation due to virus mediated

15 oncogene activation and/or re-expression of the transduced transcription factors

(Allen and Berns, 1996; von Kalle et al., 2004). The remaining risk of gene disruption
could be eliminated by targeting the reprogramming factors as a polycistronic single

expression vector flanked by loxP sites into a genomic safe-harbor locus.

Factor-free hiPSCs maintain a pluripotent ESC like state

20 Although silencing of transgene expression has been reported for several
hiPSCs, all hiPSCs generated to date (including the lines described in this example
prior to removal of the reprogramming factors), sustain a low but detectable residual
transgene expression (Dimos et al., 2008; Ebert et al., 2008; Hockemeyer et al., 2008;
Park et al., 2008a; Yu et al., 2007). The question of whether hiPSCs depend on the

25 expression of the reprogramming factors to maintain a pluripotent ESC-like state has
therefore not been conclusively resolved. The observation that factor-free hiPSCs
were morphologically and biological indistinguishable from the parental hiPSCs and
maintained all the characteristics of hESCs demonstrates that human somatic cells can
be reprogrammed to a self-sustaining pluripotent state which can be maintained in the

30 complete absence of the exogenous reprogramming factors. These results provide

additional proof that hiPSCs reestablish a pluripotency related autoregulatory loop
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136(.5't:064-77. iPSCs. Indeed, significant differences between mouse ES cells and iPSCs in their

10 ability to differentiate into cardiomyocytes (K. Hochedlinger, personal
communication) as well as partially blocked EB induced differentiation along with
incomplete OCT4 and NANOG downregulation of distinct hiPSC clones (Yu et al.,
2007) have been observed. These observations are consistent with the possibility that
the variable basal transcription of only partially silenced vectors might influence the

15 generation of functional differentiated cells.

In an effort to assess whether the removal of the vectors would affect the
properties of the hiPSCs, we compared overall gene expression patterns in parental
provirus-carrying hiPSCs, factor-free hiPSCs, and in embryo-derived hESCs. As
reported previously (Park et al., 2008b; Takahashi et al., 2007; Yu et al., 2007), the

20 provirus-carrying hiPSCs and factor-free hiPSCs clustered closely with the hESCs
when compared to the donor fibroblasts. However, a more detailed analysis of the
most divergent genes between the different hiPSCs cell types revealed that embryo-
derived hESCs and factor-free hiPSCs were more closely related to each other than to
the provirus-carrying parental hiPSCs, It is possible that the remaining small

25 difference in gene expression between the vector-free hiPSCs and hESCs may be due
to expression of the transactivator that had not been excised in our experiments. These
results presented here provide clear evidence that the basal expression of proviruses
carried in conventional iPS cells can affect the molecular characteristics of the cells.
The system described here provides the basis to further elucidate the effect of residual

30 transgene expression, e.g., in the context of in vitro and in vivo differentiation
paradigms. Furthermore, these results demonstrate that the derivation of

reprogramming factor-free hiPSCs is of great benefit not only for potential therapeutic
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stem cell lines derived from human somatic cells Science 2/8, 1917- 1920, 100 CLAWS What g; elm ined
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Ningie: OpC11. reading frame, and wherein the coding regions encode rirst and second reprogyamming
hietors eapai>k, either alone or in cotnbination with 8ae or Xrlcir:t Addifionai: reprogramming iactom, of
rept ogratmning a Omanimaiian ,mmatig cell to pi ttriporeney. Th'é"nUeIeiQ acid on:arta:l of claim
tilrffiCET comprisingrenthird,coding regions ﬂgaitenmdesmﬂhird:}fé}ﬂmﬂggmrﬂmg factor, wherein the three
coding regions are'lik&8 to each othé&pihy iateid 4eids that encodeselfi-cleaving petMcies go as to
isconn a singbe open-reading frame. -3.-The nucleic ted-corgkuCt-O.-chim further comprising third and
fourth  genes th&t €nhoodg;third and Ibutthfactotf,s Whrein the four codihg regions are linked to each
other by nucleic acids that eneode seff-deaving peptides so 20f(1.1Th 1T; :Pjfigk.1 open :reading franie,
4. The one tele acid conatdtt'6f claim | Wher1:1:11 the seif-cleavitw pepnde is a viral 2A peptide. 255.The
nucleic acid construct of claiekiwherein the ser-gitgaing;peptide is an apinhgvirns 2A peptide. the
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* Additional information about these fibroblast cell lines can be obtained from the
5 Coriell Institute.

® pDB*-12d was isolated in experiments to determine the temporal requirements of
transgene expression. PDB'-12d was isolated from cultures exposed for 12 days to
doxycycline.
¢ These cells were derived in experiments to determine the temporal requirements of

10 transgene expression. PDB*-1 to -3 were isolated from cultures exposed for 8 days to
doxycyline, whereas PDB*-4 and -5 were exposed to doxycycline for 10 and 12 days,
respectively.

Y These hiPSCs cells have been previously characterized in Hockemeyer et al., 2008.
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33. A:cempositilma comprising- multiple traftentially genetically identical celis of claim 20.. 36.A
composition lot idenlifying areprogratingiwagent, the -composition compri sine one or moi:c mammalian
cells -of claim 2.0 and .a Mtn agent. 17.life co position of Maim 34, thither comprising an agent that
induces expression of the reprogramming .factors from the expression cassette. 30 38.A method of
identifying a reprogramming agent c.ompri.:iim32;.: 904 maintaining the eon:position of elaitn 34 or a time
period under :coHtfttERETHIVIFIEMTAE Pe Hi3g FAmAT S PALBis s éﬁé?fré%@édlﬁé’ﬁﬁhe eXpte;itd.01.1
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illThe method of claim 36, wherein the test agent is identi lied as a 15reprogramminp.agthnl if etifts do not
become rept ognammed at a detectable frequency if maintained ihr We time period in the absence of the
tent agent but do become reprogrammed at.a detectable frequency ii'maintained in the presence of the
test agent Ihr at least a portion of the lime period, 2.043.The method of claim 3-5, tt.dteretn the teat ageof
is identified as an enhancer of reprogramming agent if cells become reprogrammed at a detectable
frequency if maintained for the time period in the &bdehte or We test agent and become reprogrammed at
a significantly greater frequency if maintained in the presence or the test agent for at least: a portion of
the time period. 43.1 he method qgf cfaim 36, wherein the cells express a se; of reprogramming raCiON
front the expression CASSERE! Wherein the set consists oft (1) Get4 and ~ Osit4 and Kt 14; 010004 and
Natiog: (M) Oc14, Kli4, and tiOx2; On Gat, Nanog, and Liit2S: ftidi Weil, Nanog, and Sox2, and (*nip
aro: ) i) furthey Meant g g 30105 (Bdceniaring & Wicrelitaled samalc erlfb pppast one
reprogramming agent that contrihutes to reprogramming of said cell to a ph:on:potent stale;
(b)maintaining saidieelrgiisrcdntarhikik AT preltcier Hibiiferanors éfshitl €oand lor activity of said
at east onniaiprogranmings agentnly anpeisheh afdime suficignt tobedinepy@gramining Of naid ceth and.
RIlit ctortallv inantivating said at least One re ro_%;ra}mmi_ng agent. . .~

encode first and second reprogrammiilg factors Tapable, either alone or in

combination with one or more additional reprogramming factors, of reprogramming a

10 mammalian somatic cell to pluripotency.

2. The nucleic acid construct of claim 1, further comprising a third coding
regions that encodes a third reprogramming factor, wherein the three coding regions
are linked to each other by nucleic acids that encode self-cleaving peptides so as to
15 form a single open reading frame.
3. The nucleic acid construct of claim 1, further comprising third and fourth
genes that encode third and fourth reprogramming factors, wherein the four coding
regions are linked to each other by nucleic acids that encode self-cleaving peptides so

20 as to form a single open reading frame.

4. The nucleic acid construct of claim 1, wherein the self-cleaving peptide is a

viral 2A peptide.

25 5. The nucleic acid construct of claim 1, wherein the self-cleaving peptide is an

aphthovirus 2A peptide.

6. The nucleic acid construct of claim 1, wherein the reprogramming factors are

selected from Oct4, Nanog, Sox2, KIf4, Lin28, and c-Myec.

7. The nucleic acid construct of claim 1, wherein the coding regions encode first
and second reprogramming factors that require at least one additional reprogramming

factor in order to reprogram a mammalian somatic cell to pluripotency.



45, fltatiOd of :reprogram flthlg a attiCrtaEattailltt a pitiripotern: comprising tht:, steps of: 141providing a
difforeiniated So 3031 ccci that contains at toast one eX0gCi3MtSly irittOdUCt:d radOr that contri bales to
reprogramming- DI said net> to a plutipotent slide; maintaining said cell: under eonditions appropriate for
proliferation of said con and for activity of said at least one exogenous:1y introduced Ibetm- for a period
oftime surileiern to activate at feast one endogenoudql'aripotersity gene; ancit .11tnetionalliii inactivating
said at least one exonenously intrinuced thetor. 40.A method Deselecting a diilrentiated somatic cell that
has been reprogtammeddeapimipatenissiaterfeomprsing:the stepsnefr(a) previdinga@ diffetentlatixi
somatic cell that ontalns at least one onageneusly introduced fitctor that eottfribtatts to reprogramming of
said e.ell to a pIurlpotent state; (b) inaintainitig :mid coil ander conditions appropriate tor ;inn ‘Jima:on 01’
said eel: and tot activity t1'3'. at least one cxognnotisty introduced Factor lot a period o r time sliMnient to

activatesat toastone engogenelspRERNENey anhie: (Cmglianalbnnactiyaling saic.at least Olie

coils wtheh do nbti*106 47,An |solated plan potent ea derived from a reprogratirmed differentiated
10.  The nucleic acid construct of claim 1, wherein the construct does not encode

Sox2.

10 11. The nucleic acid construct of claim 1, wherein the construct does not encode

c-Myec.

12. The nucleic acid construct of claim 1, wherein the construct does not encode

Lin28.

13. The nucleic acid construct of claim 1, wherein the construct does not encode

Nanog.

14.  The nucleic acid construct of claim 1, wherein the coding regions encode a set
20 of reprogramming factors selected from: (i) the set consisting of Oct4 and Sox2; (ii)
the set consisting of Oct4 and Klf4; (iii) the set consisting of Oct4 and Nanog; (iv) the
set consisting of Oct4, K1f4, and Sox2; (v) the set consisting of Oct4, Nanog, and
Lin28; (vi) the set consisting of Oct4, Nanog, and Sox2; and (vii) the set consisting of

any of (i) — (vi) and further including c-Mye.

15.  An expression cassette comprising the nucleic acid construct of claim 1
operably linked to a promoter, wherein the promoter drives transcription of a
polycistronic message that encodes the reprogramming factors, each reprogramming
factor being linked to at least one other reprogramming factor by a self-cleaving

30 peptide.

16.  The expression cassette of claim 15, further comprising one or more sites that

mediate integration into the genome of a mammalian cell.



.Sitmatic 48. A purified population of sintiatic tells comprising at 10ast 70% pitiripotent cells .derived from
.Nprogmmmed differentiated somatic cells. 49. An isolated ploripoleut cell produced by a method Cc: mph
s Il)Isroviding a differentiated sou:alio coil that contains at least one exogetiously introduced factor that
contributes to reprogramming or said cell to a plutipcnent state; 'lilrcialmaining said cell under condition::
appropriate for proliferation of said cell and for activit§2of said at least one exogenous:1y introduced lticitor
for a period of time sufficient to acilvate at leas; one endogenous 1:0,fripottmoy gene; (c)limetionally
inactivating said gt leastoageNogeneuslydnisadugest fagiessrnd differesniatingicells which display one or
more markers of Oar:potency from cells which do not. A par lied population of scan:tile cells comprising at
least 70% pi:nilpotent cells dented ?tom reprogrammed differentiaied somatic cells produced by a method
compiising (a)providing! acdifferesitia:ce:tisoraticcéll, thbtrcontains dvleastioneaxogenotaily introduced
factor that contributes to reprogramming of said cell to a pi:trip:nem state; tibimaintaining said cell antler
conditions appropriate for proliferation of said cell and for activity of sald at 3...eaq One exogenously
introduced factor for a peHEPGFtifte SUfiCGentty aévatecHt IeaBtBhiEMdbgerblis .pluripotertcy gene',
(e)functionally inactiveling said at least one exogenously introduced fdifor; and

20. A mammalian cell comprising the expression cassette of claim 15.
10 21. The mammalian cell of claim 20, wherein the cell is a somatic cell.
22, The mammalian cell of claim 20, wherein the cell is a terminally differentiated

somatic cell.

15 23, The mammalian cell of claim 20, wherein the cell is an iPS cell.
24. A chimeric mouse generated at least in part from the mammalian iPS cell of
claim 23.

20 25.  The chimeric mouse of claim 24, wherein the mouse is generated by injecting

the mammalian iPS cell into a mouse blastocyt and allowing the blastocyst to develop

into a mouse in vivo.

26. A cell obtained from the mouse of claim 24, wherein the cell is derived from
25 the iPS cell.

27. The mammalian cell of ¢laim 20, wherein the cell 1s a human cell.

28.  The mammalian cell of claim 20, wherein the expression cassette is integrated
30 into the genome at a locus whose disruption has minimal or no effect on the cell.

29. The mammalian cell of claim 20, wherein the cell expresses two

reprogramming factors from the expression cassette.



107 0.1.)differentiating mdis which display One Or more markers of plutipolency and cellk which do not, A
method of product a. plop:potent cell from a sontabc cell, comprising the sieps of: (a) providing One or
MOM so3natic cells that each contain al: :east one exogenonsiy introduced factor that contributes to
reprogramming pi' said cell to a piuripotent state, wherein said exogenously introduced facior is
introduced using an ;T:iitheible vector which is. not $aBject to methyl:Mon-induced silencing: (b)
maimairing said one or more cells under eonditiOnS3 appropriate tor pro Iteration of said cells and for

activity of said agleast Qneexeganausly intaducedfastan the a-pesipeatiime sufficient to activate at
least one endogenousglarﬁgtenq{ enesgig’c funetknxillé/ inactiVating said at leas: One esogenonsly
g e

introduced thetof?r(fﬁgg ice e oF PEJ8Fe CEREWAIEH S(§|t§eplay a marker of phi:rim:A:cute (e}generatina.
a chimeric embryo :Mhz:rig said one or more cells which markex of pluripmency; (I)obtaining one or more

somaticscells frog) saidigRimeHS SMPLYP, BURAPIINNG k.G oL JRelgFihearie COIN' wider

nONdin031::: appropriate :br proliceralion of said cells and ior actiony of said at kteSt one exogenous:).
introduced FactdFINRa peisd eiielEost RO ereste B étivsts -t 5t ke Rtlogenous pluripotency gene;
and (h)differentiating batween eeliss-which displayapecComeramankeats Gbroblasts with an

efficiency of at least 0.05%.

10 32. The mammalian cell of claim 20, wherein the cell expresses three
reprogramming factors from the expression cassette, wherein the three
reprogramming factors are sufficient to reprogram mammalian fibroblasts with an

efficiency of at least 0.05%.
15 33.  The mammalian cell of claim 20, wherein the cell further comprises a reporter
gene integrated at a locus whose activation serves as a marker of reprogramming to

pluripotency.

34.  The mammalian cell of claim 31, wherein the locus is selected from Nanog

20 and Oct4.

35. A composition comprising multiple essentially genetically identical cells of

claim 20.

25 36. A composition for identifying a reprogramming agent, the composition

comprising one or more mammalian cells of claim 20 and a test agent.

37.  The composition of claim 34, further comprising an agent that induces

expression of the reprogramming factors from the expression cassette.

38. A method of identifying a reprogramming agent comprising:



plaripotency and cells which do no:. An isolated plocipotent cell proiluccxi by a method comprising:
(a)providing one or more somatic cells that each contain at least one eNO.Cnokr.dy introdm;NI factor tha:
contributes to reprogramming ol :kid toll to o pluripotent state, wherein said exounously introduced factor
is introduced using an inducible vector which Is not subject to mothylation-induced tileneing 108 (b)
maintaining said one or more nelbs under condition$Cppropriate for prnlit'eration of said coils and.flfr
activity m1 said. @t TEHER B SRR h FATER &t it REPRfiod{riiei Sp#fkient to eon Yato at
kast one endogeneus pluripeleneyhgeneicc)functionalydnastivating saithatjeast @necexogenonsly
introduced factor "leﬁelﬁgﬁi% .one or,more cells which display 4maiker of pluripotency; (e) generating a
chimeric embryoﬁfﬂl | L:rlahg said oiﬁe‘“gT More Gelb: which display a market of pluripoterioy; (.1)obtaining
one Or More diffeéremtiatadesdmatientalls fionrséidcoiiimaorisembryodindintantingisaidiore or more
differenfiated somati gats undes,copdi-Mins.anrrariiate dorpralifsration afsaid eeits and fin activity of
said at. least one 6;0genuaisly introduced fa:-..tor for a period of time sufficient to activate at least one
endogenous plripotEREYGERS Ot thidiferEring MENdTSEHAT UilEm A BHE b Wigrehiatkers of
pluripolenny andhthdisipohich delrati3eA puified population Of SOIMAK cells coill/nising; at least 70%
pluriporern

39. The method of claim 36, wherein the composition is maintained for at least X
10 days.
40. The method of claim 36, wherein the test agent is present for at least X days.
41, The method of claim 36, wherein the test agent is identified as a
15 reprogramming agent if cells do not become reprogrammed at a detectable frequency

if maintained for the time period in the absence of the test agent but do become
reprogrammed at a detectable frequency if maintained in the presence of the test agent

for at least a portion of the time period.

20 42, The method of claim 36, wherein the test agent is identified as an enhancer of
reprogramming agent if cells become reprogrammed at a detectable frequency if
maintained for the time period in the absence of the test agent and become
reprogrammed at a significantly greater frequency if maintained in the presence of the

test agent for at least a portion of the time period.

25
43.  The method of claim 36, wherein the cells express a set of reprogramming
factors from the expression cassette, wherein the set consists of: (i) Oct4 and Sox2;
(it) Oct4 and Kl1f4; (iii) Oct4 and Nanog; (iv) Oct4, KlIf4, and Sox2; (v) Oct4, Nanog,
and Lin28; (vi) Oct4, Nanog, and Sox2; and (vii) any of (i) — (vi) further including c-
30 Myec.

44, A method of reprogramming a differentiated somatic cell to a pluripotent state,

comprising the steps of:



cells derived frOni repro rammed differentiated Seirlatie Colls produced by a method comprising: ptovid
'mg One or more somatic cells that oath contffin at I.*:,:tffic one exogenously introduced factor that
co:Aram:es to Itpl'Ogaillirting of said cell to a Muripomitt}3c (li Said exogenottsly introdoeod thoior is
introduced using an indueiblo vector which is not subject to methylabon-indneed silencing. (b)inai)taitinig
said one or more cells under conditions appropriatef¥f proliferation or said cells and for activity al said at
least one exogenously(ﬂitrod&%’éﬁl‘—‘fﬁ’c&@ﬂfﬁ&‘ﬁ&‘ﬁ:ﬁbﬁ%‘ﬂﬁ%é@hfﬁ&fb’i‘itl?éséeﬁ‘?/ate at least one endogenous
pluripmenm gene; ()fbnctionallyrinastivating gaidiat leastione xogenenshiintodusedfacter; (d) seiceting
one or more cells which display,a marker of pkripatency: 109 (e)generating a chimeric embryo utilizinp,

said one or mote cells which 3 élﬁfé{)fg%%"r‘%ér of plahpokincyi t Oobtaining one or more cliffererniated

somatic coils from saidlehimernic @abngosagl ivaintdinieg&aidoneopmoréoditirdeukied somatic cells
under condons appropriate fqQr prohjeratimi, af said-cqils, andfidh actiyi r%ﬁ\i}% atle.igjt one exogenotady

introduced dcor for a period of lime sufficient to activak at least one endogell(M; IoTuticlootency gene; and

period of time sufficient to begin reprogramming o sa:as cell; an

(c) functionally inactivating said at least one reprogramming agent.

45. A method of reprogramming a differentiated somatic cell to a pluripotent state,
comprising the steps of:

(a) providing a differentiated somatic cell that contains at least one
exogenously introduced factor that contributes to reprogramming of
said cell to a pluripotent state;

(b) maintaining said cell under conditions appropriate for proliferation of
said cell and for activity of said at least one exogenously introduced
factor for a period of time sufficient to activate at least one endogenous

pluripotency gene; and

(c) functionally inactivating said at least one exogenously introduced
factor.
46. A method of selecting a differentiated somatic cell that has been

reprogrammed to a pluripotent state, comprising the steps of:

(a) providing a differentiated somatic cell that contains at least one
exogenously introduced factor that contributes to reprogramming of
said cell to a pluripotent state;

(b) maintaining said cell under conditions appropriate for proliferation of
said cell and for activity of said at least one exogenously introduced
factor for a period of time sufficient to activate at least one endogenous
pluripotency gene;

(c) functionally inactivating said at least one exogenously introduced
factor; and

(d) differentiating cells which display one or more markers of pluripotency

and cells which do not.



Mdifferentiating cans which dispky one or more markets of pluripotency and eel's which do not. 54.A
method of reprogrammitT a differemiated irmnune cell to a pi uripotem state" comprising the steps on
(a)providMg a ch ain't:Mixed imintine cell that contains exogenixisy introduced ()ad, Sox2, K11-4 a:xi
c-Myc, each f31.1thfr the control of an inducible vector, and further contains ex ogenously introduced
iliairdailling said eel: under condition appropriate for!pfoliferarion of said cell and for activity of
0cl14,.SoN2, }(21.4, c-Mye and ellitiPix for a period of time sufficient aciicate endoganotta "Vain* anchor

Oel4:: and hr)iringcutingnexagemitsiy dntrocucedi Qatl:oSoir2pand cnMyc dArpurifigdipopulation of immane

celis comp-icing fil kast 700{_0 p!glriipoient cells derived from mix-rig:tan:la:ad differentiated immune cells
produced by a nwthod bc{}é%ﬁﬁéﬁhg thC: step. of: (a) providing a differentiatcxL immune call that contains

exogenoefily introduced Oct4, So;x2, Klf-4 and c-Mye, each under the control of an inducible. vectoii, and

further contains gxogenoys:k IHQAHEGH HHERRAC @;miﬂpi&iy%mégs{:%wg%gﬁwitions appropriate

for proliferation of said cell and for activity of 0c14, Sox2, KIN. c-Myc and CskiI3Pa for 110 a period of
time iintimiect to aciii,, tfleAdbGEBIR AHIASF D11 HHEF firHeiO e iactivating estogenetisly intioduced
Oct4. Sox 2. ktf-t and cAlye.
49.  Anisolated pluripotent cell produced by a method comprising:
(a) providing a differentiated somatic cell that contains at least one
exogenously introduced factor that contributes to reprogramming of
said cell to a pluripotent state;
(b) maintaining said cell under conditions appropriate for proliferation of
said cell and for activity of said at least one exogenously introduced
factor for a period of time sufficient to activate at least one endogenous
pluripotency gene;
(c) functionally inactivating said at least one exogenously introduced
factor; and
(d) differentiating cells which display one or more markers of pluripotency

from cells which do not.

50. A purified population of somatic cells comprising at least 70% pluripotent
cells derived from reprogrammed differentiated somatic cells produced by a
method comprising:

(a) providing a differentiated somatic cell that contains at least one
exogenously introduced factor that contributes to reprogramming of
said cell to a pluripotent state;

(b) maintaining said cell under conditions appropriate for proliferation of
said cell and for activity of said at least one exogenously introduced
factor for a period of time sufficient to activate at least one endogenous
pluripotency gene;

() functionally inactivating said at least one exogenously introduced

factor; and



56.ets, al?lithod of identifying a reprogramming agent comprising: (a)proyiding one or more somatic. cells
that each contain at least one exogonoliely introduced factor that etintributes.to reprograinining. of said
Odl to ;:t 17)1Wilxgcnt staic,.whertini each of said exogenousty introduced fraitors is nitrochiced using an
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uripotent state, wherein said exogenously introduced
factor is introduced using an inducible vector which is not subject to
methylation-induced silencing;
(b) maintaining said one or more cells under conditions appropriate for
proliferation of said cells and for activity of said at least one
exogenously introduced factor for a period of time sufficient to activate

at least one endogenous pluripotency gene;

(¢) functionally inactivating said at least one exogenously introduced
factor:

(d) selecting one or more cells which display a marker of pluripotency;

(e) generating a chimeric embryo utilizing said one or more cells which

display a marker of pluripotency;

H obtaining one or more somatic cells from said chimeric embryo;

(g) maintaining said one or more somatic cells under conditions
appropriate for proliferation of said cells and for activity of said at least
one exogenously introduced factor for a period of time sufficient to
activate at least one endogenous pluripotency gene; and

(h) differentiating between cells which display one or more markers of

pluripotency and cells which do not.

52 An isolated pluripotent cell produced by a method comprising:

(a) providing one or more somatic cells that each contain at least one
exogenously introduced factor that contributes to reprogramming of
said cell to a pluripotent state, wherein said exogenously introduced
factor is introduced using an inducible vector which is not subject to

methylation-induced silencing;
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(b) maintaining said one or more cells under conditions appropriate for

proliferation of said cells and for activity of said at least one
exogenously introduced factor for a period of time sufficient to activate
at least one endogenous pluripotency gene;

(c) functionally inactivating said at least one exogenously introduced
factor;

(d)  selecting one or more cells which display a marker of pluripotency;

(e) generating a chimeric embryo utilizing said one or more cells which
display a marker of pluripotency;

(H obtaining one or more differentiated somatic cells from said chimeric
embryo;

(g) maintaining said one or more differentiated somatic cells under
conditions appropriate for proliferation of said cells and for activity of
said at least one exogenously introduced factor for a period of time
sufficient to activate at least one endogenous pluripotency gene; and

(h) differentiating cells which display one or more markers of pluripotency

and cells which do not.

53. A purified population of somatic cells comprising at least 70% pluripotent
cells derived from reprogrammed differentiated somatic cells produced by a
method comprising:

(a) providing one or more somatic cells that each contain at least one
exogenously introduced factor that contributes to reprogramming of
said cell to a pluripotent state, wherein said exogenously introduced
factor is introduced using an inducible vector which is not subject to
methylation-induced silencing;

(b) maintaining said one or more cells under conditions appropriate for
proliferation of said cells and for activity of said at least one
exogenously introduced factor for a period of time sufficient to activate
at least one endogenous pluripotency gene;

(c) functionally inactivating said at least one exogenously introduced
factor;

(d) selecting one or more cells which display a marker of pluripotency;
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(e) generating a chimeric embryo utilizing said one or more cells which

display a marker of pluripotency:

63) obtaining one or more differentiated somatic cells from said chimeric
embryo;

(g) maintaining said one or more differentiated somatic cells under
conditions appropriate for proliferation of said cells and for activity of
said at least one exogenously introduced factor for a period of time
sufficient to activate at least one endogenous pluripotency gene; and

(h) differentiating cells which display one or more markers of pluripotency

and cells which do not.

A method of reprogramming a differentiated immune cell to a pluripotent

state, comprising the steps of:

(a) providing a differentiated immune cell that contains exogenously
introduced Oct4, Sox2, KIf-4 and ¢-Myc, each under the control of an
inducible vector, and further contains exogenously introduced
C/EBPa;

(b) maintaining said cell under conditions appropriate for proliferation of
said cell and for activity of Oct4, Sox2, KIf-4, c-Myc and C/EBPa for
a period of time sufficient to activate endogenous Nanog and/or Oct4,
and

(c) functionally inactivating exogenously introduced Oct4, Sox2, KIf-4

and c-Myc.

A purified population of immune cells comprising at least 70% pluripotent
cells derived from reprogrammed differentiated immune cells produced by a
method comprising the steps of:

(a) providing a differentiated immune cell that contains exogenously
introduced Oct4, Sox2, KIf-4 and c-Myc, each under the control of an
inducible vector, and further contains exogenously introduced
C/EBPu;

(b)  maintaining said cell under conditions appropriate for proliferation of

said cell and for activity of Oct4, Sox2, KIf-4, c-Myc and C/EBPu for
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a period of time sufficient to activate endogenous Nanog and/or Oct4,

and
functionally inactivating exogenously introduced Oct4, Sox2, Klf-4

and c-Myc.

A method of identifying a reprogramming agent comprising:

(a)

(b)

(©)

(d)
(e)

(0
(2)

(h)

(1)

providing one or more somatic cells that each contain at least one
exogenously introduced factor that contributes to reprogramming of
said cell to a pluripotent state, wherein each of said exogenously
introduced factors is introduced using an inducible vector which is not
subject to methylation-induced silencing and the expression of which
is controlled by regulatory elements induced by distinct inducers;
maintaining said one or more cells under conditions appropriate for
proliferation of said cells and for activity of said at least one
exogenously introduced factor for a period of time sufficient to
reprogram said cell or to activate at least one endogenous pluripotency
gene;

functionally inactivating said at least one exogenously introduced
factor;

selecting one or more cells which display a marker of pluripotency;
generating a chimeric embryo utilizing said one or more cells which
display a marker of pluripotency;

obtaining one or more somatic cells from said chimeric embryo;
maintaining said one or more somatic cells under conditions
appropriate for proliferation of said cells and for activity of said at least
one exogenously introduced factor wherein activity of said at least one
exogenously introduced factor is insufficient by itself to activate at
least one endogenous pluripotency gene;

contacting the somatic cell of (g) with one or more candidate
reprogramming agents; and

identifying cells contacted with said one or more candidate
reprogramming agents which display one or more markers of

pluripotency,wherein candidate reprogramming agents which induce
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the somatic cell of (g) to display one or more markers of pluripotency

are identified as reprogramming agents.



