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20  permanent implantation of over 160,000 pacemakers annually in the United States.

Conventional medical therapy is predominantly palliative treatment and commonly
fails to impede and prevent the morbidity and mortality associated with cardiac arthythmias.
Radiofrequency catheter ablation of ischemic ventricular tachycardias is considered adjuvant
therapy rather than curative. The implantation of defibrillators and pacemakers, while

25  generally effective, does have problems which include: (1) implantation of a mechanical
device and its need for replacement every 4 to 7 years, (2) surgical and mechanical
complications resulting from the implantation of the device, (3) negative physical and
psychological effects of an implanted mechanical device and (4) a prevalent need to use
concurrent antiarrhythmic therapy and/or radiofrequency modulation/ablation.

30 In some instances, and especially where the conduction disturbances are due to
ischemia, only more radical options are available, such as surgery. However, even surgical
techniques can fall well short of the therapeutic goal of restoring cardiac function in the
patient. For example, coronary bypass surgery is frequently inadequate to restore function in

patients who have few viable surviving myocytes in the infarct region. Therefore, there is a
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skel etal conduction. One concern with the use of skeletal myoblasts transplantation for myocardial

repair is whether the skeletal myoblasts will propagate electrical activity to cardiomyocytes.
25 Cardiomyocytes are electromechanically coupled by intercalated disks composed of
adherens and gap junctions. N-cadherin is the major adherens junction protein, whereas
connexin 43 (Cx43) is the major gap junction protein in the ventricular myocardium
(Verheule S et. al., Circ. Res. 1997, 80:673-81). Due to the difference of cellular
electrophysiological properties of cardiac cells and skeletal muscle cells, tight coupling of
30 cardiac and skeletal muscle cells are required for synchronized electrical communication
(Lee et al., Annals of Biomedical Engineering 28-1:554, 2000).
Skeletal myoblasts express N-cadherin and connexin 43 as replicating myoblasts and
then downregulate the expression of these two proteins after differentiation and myotube

formation. Functional gap junctions have been detected during the early stages of skeletal
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coupl i ng ivetevimdindetected at the contact sites between cardiomyocytes and skeletal myotubes in this

in vitro study, although the roles or importance of these proteins, or the mechanism involved,

in forming gap junctions remained un-determined. While these studies exemplify the

association of connexin 43 expression and functional gap junctions with cardiomyocytes in
25  vitro, no evidence is presented which indicates that adult skeletal myocytes, which have

minimal Cx43 expression, would be capable of forming functional gap junctions in cardiac

tissue.

Accordingly, there is a need in the field to provide methods and compositions for
induction and enhancement of the electrical coupling between cardiomyocytes and

30 transplanted cells, such as adult skeletal muscle cells, to effect cardiac repair.

SUMMARY OF THE INVENTION
The invention provides methods for establishing electrical coupling between

cardiomyocytes and recombinant cells which have been genetically engineered to express a
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modified to express a recombinant connexin protein, where contacting is in a manner

sufficient to provide for production of an electrical connection between the myocardial cell
25  and the recombinant skeletal muscle cell. In specific embodiments, the skeletal muscle cell is
an adult skeletal muscle cell or a skeletal myoblast cell. In still further embodiments, the
electrical connection between the recombinant cell and the myocardial cell is established, the
recombinant cell has similaJ; conductive characteristics as the myocardial cell.
In still another aspect, the invention features a method of establishing an electrical
30  connection between a recombinant skeletal muscle cell and a myocardial cell, the method
comprising contacting a myocardial cell with a recombinant skeletal myoblast cell
genetically modified to express a recombinant connexin 43 protein, wherein contacting is in

a manner sufficient to provide for production of an electrical connection between the



genetically nodified to express a reconbi nant connexin 43 protein, wherein
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25 An aspect of the invention is a method of establishing an electrical connection
between a recombinant transplanted cell and a myocardial cell. The method generally
involves contacting a cell which has been genetically modified to produce a connexin
protein, with a myocardial cell, in a manner that provides for production of an electrical
connection between the myocardial cell and the genetically modified cell. In one

30 embodiment of particular interest, the connexin protein is connexin 43.

In certain embodiments, the method generally involves contacting a recombinant
mammalian cell genetically modified to produce a connexin protein (such as connexin 43),
with a myocardial cell, in a manner that provides for production of a recombinant connexin

(e.g. express or overexpress) connection between the myocardial cell and the recombinant
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aspect, tfig,, éé]l ?9 E‘éc%ﬂlbflt%lrt Uélf%dathgﬁéjag&dfa? Eell ﬁ%@ﬁﬁhﬁﬂdcﬂpwdlﬁﬂalﬁﬁnt of
cardi ac t1580 eat cdrdiac disease) conprising iIntroducing
i nt o oar Obaﬁcdlmmaeesqfthe eoﬂmexmmotammbnmnm@l | genetically nodified to

express a connexin protein, the introducin b i effective to establish
an el ectrical WARAEREF ATCh the jBusntion £e3tpres 681?@?% @gH’éQIPXIQE CONUSTIRRI £ | e

cel | and g myoaaddi @g c&hd trQeft calla@a&ﬁgeaé@}%o ngﬁﬁﬁg mti’&lﬁéﬁ% nt6 @AdUGtisom M t he
cardiac tissue Is dé¢reased. In certain odi nent s e net hod invol ves
i nt r oduci mbosh askemratkdn ceﬂﬂl.@@b’fecaﬂe inpodiféesieto marelsg/a pentiekineotets, theppedncing

n aaul { et e i e B olF e GRpPEh ey R Y Bl e AR AIET | 1 °

partigul afoliife8cElS hnd b BS/00Rtal &l HLHBRardiad 3By wheiragedactidniia thexardidect i on
of a 20 reconbi nant cell conprises surgically |rrpl anting the Cﬁ(l |nto an

i nf ar ct r‘é@ll@h? dstrepprsl. Emearfastembodizgatsy e mefhindpyel &‘?S ipgpducing 3 freledlt ai n
The host et Pl SERRLURAROSAIRE Sl it Bcbhudi @3 BRIAR, 1 GRERS cliBRmertd O

tro to express a
reconbi nafhe sEélBﬂaEmh@cle dell mtalnezﬁub mbmtamam& ¢dhleorgﬁnmblmb¢1§/ Imeaafodedengel | i s
froma cel| | i ne which genetical ly nodified |€uc¥1|trgﬁto express a

r econbi nafitPEBFAINETSSE Ggf‘e]i“hgt mie B AR IEANSES. fsfBEPLICtgR LAt ages and
feat usps I%fCOIkL]BﬁlaR{ c%‘fl%&nﬂrﬂ¥§§ﬁ%1@£lﬁy‘fn{ddé%n§?1gQﬁ@@elﬁﬂﬂ%xﬁiﬂfarét%éﬂﬂ8ﬁh@%ﬁﬁ9§b3

skill'ed in the art upon readin s of the invention nore fully
set fort htijset 6w mjdrardimepdit. om ogithin endwdbnemiiasﬂ@rgemeucaﬂﬁ niedifi¢rbeellguigingtes

repr esent SPGB 18 e bebA e Bk Fop ned a1 Ryfffed R s o

recombinant connexin. In other embodiments the genetically modified cell is from a cell

...4|§

line which has been genetically modified in vitro to express a recombinant connexin protein.
25 These and other aspects, advantages and features of the present invention will
become apparent to those persons skilled in the art upon reading the details of the invention

more fully set forth below. The invention will now be described in further detail.

BRIEF DESCRIPTIONS OF THE DRAWINGS
30 Figures 1A-1D are graphical representations of the action potential parameters during
different periods of myoblasts differentiation to myotubes. FIG. 1A: resting membrane
potential (RMP) over 14 days; FIG. 1B: action potential amplitude (APA) over 14 days;
FIG. 1C: maximum upstroke velocity (Vmax) over 14 days; FIG. 1D: action potential
duration at 50 %(APDs) repolarization over 14 days.

6



di fferent periods of nyoblasts differentiation to nyotubes. FIG 1A
resting nmenbrane potential (RWP) over 14 days; FIG 1B: action potenti al
anpl i t udewQABKS393ever 14 days; FIG 1C naxi mum upstroke PErasny/§s963/max)
over 14 days; FIG 1D. action potential duration at 50 % APD50)

repol ari zat i on ppigE 2 A4s daWstogpHOr 83 ERSPGAbrd3s HohloRe bATIRNEI (QURRPACE 2
phot ograph of an” el ectrophoresis agarose ‘gel of nmRNA"Cx43 RT-PCR

exper i menespaimeghof esntieeedlls (TREZ)2nd seremberrobbixAdmxpressid eshlp pedayi h @, del | s
at day O, A 4 and 7. Figure 2B is a graphical representation of the
average | evel of Cx43 nRNA 5 determ ned by RT-PCR for three control sanples
and three recoFiuranB i&x4thphubrepfsemg@ioncdlthe Safgpedsvedbf da¥3 ARNA 4 and 7.
Figure 2Cis a, phot(ﬁ]ffa%h of a western blot for Cx43 protein, which,

i ndi ca? es detsamined by L BCRA61 HIee comtrokspmplesandithrep recombinanh Cybhexgpssing | s
and reconhj ess cells at day 0, 2, 4 and 7. 10 Figure 2D
is a gragﬁklggé}ﬁl?l%é@sagﬁgt?%@gf Cx43 western blotting experinents to

det erm ne t he fédume RCas aphotnpraph ofx A@stprotled for Cud3 proéencwhich aldicaedsiths anpl es

and three Cx43 expressing cell sanples at day 0, 2, 4 and 7. Figure, 3 is a
Seri oo of RO AP OLLs FgtetB ereds i ocirgf Cisahd Risoraen G kpiiagsing

bet ween skgleltdhy Byohl #jfs or nyotubes indicating the relative transfer of
Rhodanmi ne or 15 Lucifer yellow dyes. Row A: control nyoblasts to control

myobl 38t s; r owFBur€RB3s mgoiphivst wptegertitid ohfoti3antsesn bloling experineats tory ot ube

to control ot ube: w D, Cx4 nor mal. myot ub o] 43 -abnar nal

ot ubes. pEaiRg B el e dinaiiot R TE0ER n RS iean R TR bap PR e a3

M croi nj egkproshind sellysantpids\ue 8y adyltandgt cardi onyoctyes (ARC) and skel et al
myobl asts or otubes. Injected cells 20 were |abel ed with Rhodani ne and
Luci fer Yel | owFigraes3 As a ames o6 redingiephs shpwinsibe sesulipof Bmicsgigjecton sbdyrbi nant
Cx43- expr ; : . : X 1

Feconbi nagE e sEnEmybitor (b RENGR aRYNHRTRP U Rioudiie bP

phot og$ apfiscistiopiloy dyles. RewA tcdnirolonyshlastaoLuoairbliayeisdaty)eew B3i0xdg anal yzi ng

t he expression | eve| s_of C and Desmin, two strong markers for ob| ast
25 di fferérﬁﬁ%k?ﬁsé?n QXﬁéénWNgﬁﬁb@éY Ci epngrghmpygiubg ieic mygtybe; 188113y exthe

present i %ﬁdﬁr{&p{ﬁgbﬁ?g%e&h?%(’g}lﬁlnliél?%ﬁﬁespe understood that this invention

is not limte e parti odol ogy, protocols, cell Iines,
vectors and re&game 4 is aless obphbtagraphscdhomwing the fesolisipSemicraimjection study al so t o

be unders tb(e)t(\))v%e;l g I:[IIt }”aq %a}d?grr@o%?}!eg %XR&? g:r(ljd skeletal myoblasts or myotubes. Injected cells

20  were labeled with Rhodamine and Lucifer Yellow. Row A: ARC to control myoblasts; row
B: ARC to recombinant Cx43-expressing cells; row C: ARC to control myofubes; row D:
ARC to recombinant Cx43-expressing abnormal myotubes.
Figure 5 is a series of photographs showing the results from an Immunofluorescence
study analyzing the expression levels of MHC and Desmin, two strong markers for myoblast

25  differentiation into myotubes, in control and Cx43 cells

Before the present invention is described, it is to be understood that this invention is
not limited to the particular methodology, protocols, cell lines, vectors and reagents
described as such may, of course, vary. It is also to be understood that the terminology used

30  herein is for the purpose of describing particular embodiments only, and is not intended to
limit the scope of the present invention which will be limited only by the appended claims.

It must be noted that as used herein and in the appended claims, the singular forms

a", "an", and "the" include plural referents unless the context clearly dictates otherwise.

Thus, for example, reference to "a cell" includes a plurality of such cells and functional
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30 herein is for the purpose of describing particular enbodi nents only, and
is not intended to limt the scope of the present invention which wll be
limted owby3lgsshe appended clains. |t nust be noted thaCcTasous®we herei n
and in the appended cl ains, the singular forns "a", "an", and "the" include

plural r erqg\[\%mn% P68 Snd F@flfeﬁ&it t%X'Ehngo‘?ﬁfu@éloﬁul@'tiﬁ‘élﬁéesﬁt‘:ﬁ%n\ﬁ@ gﬁ?rlle c;lfriﬂ?jre for

exanpl e, erence to "a ce I ncludes a plurality of suc s an

f unct i onapolynticlabtiosy HFEFIWaROH/ thi3eI 1859820 thasaiskillee it the atteanslolo, forthd

reference to "the polynucleotide’ includes reference to one .or nNDLe
pol ynucl eot i de gﬁﬁeé‘éﬁﬁlllf?g‘ﬁwg’ a%lﬁs“?’@b“ﬁfim%e lgcltmélsgﬁ?r?%&a?’%ﬁ}eﬁ?ngrt ,
and so f optdhind B @pSmeEl uh@ststebd ey WieSsFordibhrylsRIhinitkdhrt & hivk iR irivehGort er s
used herein have the sanme nmeaning as commonly understood to one of

or di ndry leshorigs. Aithohgh arst mebodiidevicestand matciat sighlasonequbrient tobesough any
et 00, SIS e APHEIR IR iR AR oPles BALLNAL Flenidh, blIRErerdg>Cr ! Ded

herein ca e prac or i nventi on,

pr ef er r edmethBld) ddviceiaireridln tremireddsadiedar € now descri bed. All
publ i cations mentioned herein are incorporated 8 reference for the @ur pose
of descri bi ngAHmpyblsationpareniioned derei aigpncorparpls g@F‘FfeWF‘FF‘e T thepBPse ol g
met hodol ogj Wi . SS6h 1 i I L 3: be
used in c%ﬁﬁi%ﬁ?%%%ﬁ@ﬁs? %’ceh)gr eseﬂr%%)’ﬁge @slg%?b‘%g&#éﬁ\%g%?% ('E)lﬁ).d%%%@pu | %:Igti ons
di scuigs edddseritgidrin alicepybliontiaha dviic might bensddheiconmtictien vathtie presently tdescribied
filing date of the present application. Nothing . herein is.to be construed
as an adnf¥SHER- 1 é’t“gfl??éw%&éﬁ’tsé gt amrogﬁg@ ?cﬁ‘é]éf frf}bt'hﬁﬁtdégﬁg’tﬂéreﬁ@ﬁ to

di scl osurge %ing ldbde'$8 (0] prRfdnP hppI RN ESH. 'N&ginéﬁle%ﬂ- £ th BP cblsa%aRH B b h¥irfkssibhiE

| NVENTION T resent invention iIs based upon the discovery that contacting
a nyocar dihat the @lvientors ark nat engitledits aedatesich dissloshredy drtueoiiprior dikesntipn,

nmuscle cell, which is nodified to express a reconbi nant connexin 43 (e.g.,
in the presence or absence of endogenous connexin 43 expression) allows

for ejsectrical coupling dbetdieepDikérRPeoNOFaH INVSelon cel | to the 20
nyocardi al cell. The present invention thus provides nethods for usin? a
o

reconmbi nant ceThe prgesié invention/is basrdrupen thepdiproyeycibatontisie s Rypradis el
c ( . ( . ; ; i .
e e i s L L

and cardi o dirn e ric conmuni ca
The use ofecsabipahi doanéxindB (gt othe prpemsor nbeaodofmadbgenoud Sorfnerincther

connexin protein) increases and majntalns the. co nication betyween the 25
r econbi nafitPreEIon al_éﬁw f?ﬁé@aﬁr’&f‘]ﬁo%fé}‘i‘g %“ttﬁ? 1fbetd(§g}3?éﬁ:l1 gusep F@E@&\ﬁgnd_
coor gjgat lﬁ??%r&ﬁ &dIC Athe éﬁ%&ﬁﬂ inDERtin tthhud R6Vi88SREHBAS fof ﬁﬁi)i% AfredMtiRd cal

contracti The pres I nvention provides nethods of treatnent of
cardi ac dgenetisalybyodifiad sppradudergconnexjn pfateindo pedloehparsistentciahé¢tionahgati fi ed to

gﬁgng i \%élcrzlgtri]()r]n%)ge éerr]ltt e Pe%cr)rg ﬁ‘feﬁn’tt (ge %lﬂg cgr%io%];;o%%e t%g&%{ aie&%icarle"pai r
communication between these cells. The use of recombinant cells that express recombinant
Cx43 (or other connexin protein) increases and maintains the communication between the

25  recombinant cells and myocardial cells, thus providing improved and coordinated electrical

coupling with increased efficacy of myocardial contractility. The present invention provides
methods of treatment of cardiac disease by transplanting or grafting recombinant cells
modified to express a connexin into cardiac tissue to effect myocardial repair. Congestive
heart failure is an exemplary cardiac disease that can be treated according to the methods of

30 the invention.

Definitions
“Polynucleotide” as used herein refers to an oligonucleotide, nucleotide, and

fragments or portions thereof, as well as to peptide nucleic acids (PNA), fragments, portions
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heart failure is an exenplary cardi ac di sease that can be treated according
to the methods of 30 the invention. Definitions "Polynucleotide" as used
her ei n r everis/oswB44an ol i gonucl eoti de, nucl eotide, and fra@eEnise2/a93porti ons
thereof, as well as to peptide nucleic acids (PNA), fragnents, portions 8
WO 03/ 039%%1:1? fld M%%{Jl%?%?eof%dngﬁﬁgﬁﬁl\fﬁ%ﬁ bt S{E?E%Ec ofiBfh WRickNA or
RNA of genomC or s etic origin wiic can esmg

doubl e- stcaﬁrbdemgleabddmdﬂe-esmded,tdm rsmmtﬂresamelcsensﬁns& steamd. Wihigeer e

"pol ynucl eoti de" | to refer to nucl oti de sequ

(e.g. a coRNERplRoL 1%?:69;5%5@%8 aesﬂ?ﬁ‘ft}gf’ ﬁgle BB‘?IW ‘E‘i“&% €8 ap‘iS’W?ﬁl&% oti de"
S RNt L RORAMBRSD RANRISLAY! sk fioe g@e@nﬂombm@ml de that is
q

function uivalent to the recited pol ypeptide, e.g., polynucleotides
t hat &r e mégenkptide thatrangedesa leEePtldp dhay mUshetimptie equivelent te thegaeitadhe same

am no acid,se nce bu !

opoer Sep RISyl bl BatR PRSP R Y ARG e bl
bi ol ogi cadnbydehb kdBe u@ﬁﬂoamcs seqaénd‘erbw aERE ﬁ@cﬁyﬁmome ké@en@oduepepid de,

i ncl udi ng pol ynucl eoti des havi ng subst anti 10 sequence, simlarity or

sequence degenaraqyyofitat gariolie code): dooduyglentides tbﬁ@@f"éﬂ?&l%‘ég’éﬁw actigieryaf %?tﬁ Y,
"pol ypept i de" r

oot o npeatenis T RS e flE hOlufle SoLRROERIERayRERIERLT ¢ 6

sequeice efjuchct similaaity yr qugeﬁcreiidngmt)predxttﬂfie o thelsegquenees prpuidgdpbatinde” and |i ke

terns are not meant to |imt t am no acid uence to.the c | gt e,
native antipelagi '@Ob@éﬂ‘é(?ﬁ':élsﬁ %iflé?)fe%tf’ ﬁnPH%OF?"’QEH > &) BPW%PEPW?% %}e&:ul e,
but i nst e%g }le t}]f[ﬁe B rebfle e%&n%&?&&%sa% iR 99 S8t csitd YeRurdBY-loBEUrBinS" |

fragnents, di ng pol ypeptides having substantial sequence simlarity
or sequerpretendmntecﬁly, trelgteptide"tand lﬂchéermmalmncamn@nswdummﬁwnpnowlded her ei n.

As used herein, " tide" refers. an ann ueng

r ecombi naieuBice s CP@%WHW %Bﬁ%ﬁ@%%%ﬂ?cﬁéwﬁ'ﬁ?g‘ g}’r&‘%&ecétgﬁé’ro%l(ﬁluence
of i)j5a Wﬁ&le}!\ﬁe,p&ftﬂé%ﬁ'lﬁjﬁleaﬁt'té aBo ed6bripRs Bldldpadallly ad6¥d WRiahisag MRgmegfs, an
pol ypeptide, iii) biologically active polypeptide anal ogs of an

pol ypept i ideludimg polypentidisdlanigigsubstyntiat saquenceAmBHILy OF SEHCRRS idend iy relative to

Pol ypepti des usef u n_the i can be obtained from any species,

e. gyIO h Fuiné.l??aoc?&ﬁe@ﬁle’%eﬁ%qw r}terelﬂ , reptiles, anphibi ansy a\el an (e.g.,
chi Cken)) par Ak Gstldaiekain, mepoipleptide" refeed tocinngniho Beid sequenceof 4 re¢embinantarr i ne

or rat), bovine, ovine, porcihe, nurine, o, equine, greferab rat, or., 25
hunman, ~ f reprEAgmBiBaRtas] W?@ilﬁ%ha‘ﬂ%ﬁ 0 %fpmos%‘iﬁjt Q"rg’t“?”@e of By naliy palypeRiids, 1) 2

r ecorgy “f‘@&togf‘aﬁ a@ﬁ‘@eonf?el%%n 56%901 Q1) 61%1 anp%eﬁv&e%l e%{ﬁé §net1@gstdie

am no ac guences n Cx43 pol ypepti de o tained froma
human, angh pdypepade, drdv) mblblﬂgezaﬂy lactinaet wariaht qf-an polypeptide. Polypeptides useful in

the invention can be obtained from any species, e.g., mammalian or non-mammalian (e.g.,
reptiles, amphibians, avian (e.g., chicken)), particularly mammalian, including human,
rodenti (e.g., murine or rat), bovine, ovine, porcine, murine, or equine, preferably rat or

25  human, from any source whether natural, synthetic, semi-synthetic or recombinant. For
example, "Human connexin 43 polypeptide" refers to the amino acid sequences of isolated
human Cx43 polypeptide obtained from a human, and is meant to include all naturally-
occurring allelic variants, and is not meant to limit the amino acid sequence to the complete,
native amino acid sequence associated with the recited protein molecule.

30 A “variant” of a polypeptide is defined as an amino acid sequence that is altered by
one or more amino acids (e.g., by deletion, addition, insertion and/or substitution).
Generally, “addition" refers to nucleotide or amino acid residues added to an end of the
molecule, while “insertion” refers to nucleotide or amino acid residues between residues of a

naturally-occurring molecule. The variant can have “conservative” changes, wherein a
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occurring allelic variants, and is not neant to limt the amno acid
sequence to the conplete, native amno acid sequence associated with the
recited pwotogiose3mbl ecul e. 30 A "variant" of a pol ypepti dePC3/ubet/s398 as an
am no acid sequence that is altered by one or nore amno acids (e.g., by
del etion,g gﬁ}ﬁeh%ﬁl  B36hhd Qﬂnﬁpg{‘&%ﬁl%%héﬂl%ldﬂﬁbeme@%erlgﬁllafyemen@gfl' tion
refers to nuc eotléle or amno acid residues ad to an en

nol ecul e, lewding withised@cirieo MOIIBEIﬁIEbS atveriantche bevedmoneonserivaivelwhangessd. gues

between resji dues of. a, natur - urr nol.ecul e... The varian an .have
" conser vatP %‘f’m%nr‘iélﬁaég’ CIRf L @ H)gﬁg’ﬁ’ﬁ %E"%@%WA{ VB GaY %% tudeHhnind

subst i t ut.gel AdTkriths 3¢ itbeRshs SdrHotlRr GEilAne it datrining VEiItE ahd BEW BRI iaGfino €. g.
repI acenent of |eucine wth isoleucine. Mre rareltéélya vari ant can have

' noncdns eridateisidees whnhg e@bstleltgd addede pisertesherrvielesgd withous ebeléshipg biolqgical or

h Sim .
oo G R i B e Al e S A B 800

aci d resiguppld/MNAStswirBiartut ed, added, inserted or deleted w thout
abol i shi ng bi ol ogi cal or |nnunoLog|caI activity n be_found usin
conput er pr ogr ByEnuedsis agid ohintergstt framegnt any B‘t‘deléﬁ‘éﬁg?é Dbiasvhich ep¢qdfsire. By

"nucl eic t 5
encodes al?x 8{5?% e?th&ork%%?ﬂe Mﬁc %lrea%\%l 'u@i',n ggﬂagb{lﬁmg eiecBN?u%(?%l gr
mai ntid ni fegwedreedls. hagermm]pﬂhe Ingcleﬂ:&cinlas mpﬂaumy liskedltn otfen eccpiencets ivdhichuakeei ¢
acid is operatlvely | i nked to ot her sequences which.are nee?ed for its

regul at | oeederdon s reswatinn and gxpression, speha RIPMQH aPd HREAY Pl ent 5. The

term "bi ol ogi C?illé Y Chiol 1caﬂ§rfa‘°cf1§e’tl‘éfer§ fr f(ﬁ%ﬁéﬂ% bR, a Bul A BdhneRinHRKpRptide
pol ypeptide having struc regul at ory, bi ocheni cal functions of a

Pat ulr al | yhaymglstrucngal(;rlzjngubﬁorm, or;jmc;lpemal ﬁmctlpmqf acrmtts:aﬂlx/owurmg@mp@@n to
t at
2 ool | o et redaabovEn csnria§F USRS FRiRhgt GBLRE o gg "

Li kewsse, corfnemaﬁqieﬁgé&ﬁd ¢l B6diiee fo Eghrése e%ommlmp@?bnﬁnue un@ﬁ ntyoeardail velhl
reconbi nant or synthetic human connexin p@ﬂ%pe ti , or any o] j gopepti de

t her eof , kaeWrﬁGu'b@lnalr@WaﬂD’@CtlYﬁﬁ?ﬁée%@§ﬁ dity ﬁf Wisal; IeRMBWARGTs or

|1 dt th
e Wi b RPETE o ey S
nucl ei ¢ @ghdherRemiseth Sppairigeatinds orcellswndan bﬁﬂﬂe\dltlpa) kypeeptn ghecific

Il1lTustrative of such nodifications would be replacenent of 'hydrogen by an
al kyl , ac%‘}tlboéY am no group. A nucleic acid derivative would encode a

pol ypgpti de whipghy Eﬁt"g%{%tﬁésgﬂéeﬁlheMQe?&b fAthe %H&ﬁl@&ltrﬁédlﬁhétﬁ)% d¥fa riucleic

nat ural pol ypept| used herein the term"isolated" is neant to
descri be acid enqadimyh @blyipaptédeestth¢ encgded polypeptide. Illustrative of such modifications

would be replacement of hydrogen by an alkyl, acyl, or amino group. A nucleic acid

derivative would encode a polypeptide which retains essential biological characteristics of a
natural polypeptide.

25 As used herein the term “isolated” is meant to describe a compound of interest (e.g.,
either a polynucleotide or a polypeptide) that is in an environment different from that in
which the compound naturally occurs. “Isolated” is meant to include compounds that are
within samples that are substantially enriched for the compound of interest and/or in which
the compound of interest is partially or substantially purified.

30 As used herein, the term “substantially purified” refers to a compound (e.g., either a
polynucleotide or a polypeptide) that is removed from its natural environment and is at least
60% free, preferably 75% free, and most preferably 90% free from other corhponents with

which it is naturally associated.
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ei ther a polynucleotide or a polypeptide) that is in an environnent
different fromthat in which the conpound naturally occurs. "lsolated" is
meant to woaBMss4conpounds that are wthin sanples that ace/sobsvantially
enriched for the conpound of interest and/or in which the conmpound of

interest is pagtially or subs anti| lly r " S i.n, the
term "subst an?é%ltﬁ?%oﬁ?lla??réd" e Lelﬁhs?nt ;{rcgfe%%%%igf@.aﬁt% ﬁeg%n?ﬁ%n? og
pol ynucl ekt @hefic BRingpantiein)y i péinanentrgenmicettafge indutal imatastlgbllowing

environment and is at |least. 60%free, preferably 75%free, and npst
pr ef er abligcaporatierel BevhRIGein aeidd B gp B 05 RIA exogipqusto the geld)- ngengtis) | v

associ at egano%eoca}é\%e%[%r s n@?siié%i EXeldr %?ggéngéﬁt n Pthe h&R RS TR iR the genome

"t ransduci ction a permanent or transient genetic
changs, pifefiehabtall, ar pgtimsienttor gebktmainieharg ef themdwcBN A as aa episoinat ol | owi ng
i ncorporation of new nucleic acid (e.g., DNA or RNA exogenous to the cell).
Cenetic fe can be acconplished either by incorporation.of the new

nucl eic acid i]ﬁ'%@trﬁlﬁﬁ)rﬂl%ﬁggi‘? 5irfsfidigl (288 br C@drsdudRll ceu’ {sAeSt £6411 Bo St abl e
mai nt enance of the new DNA as an episonal elenent. By "transforned cell"

"t r ansf eclich (alihto aprantestemmddviiely heebeen intodnsedbyanesss of respmbingnt BNA or

into an angestor en introd d, .by neans of reconbi nant DNA
t echni quetg(i“’z‘:lquﬁf‘id,&r1 @ﬁre)gu}gﬁ% %agro%?gf)g}nﬁe.r% “interest. 10 By

"consfigr uct” i sgyERHstract” @GAAN A astontbirinCheclEe held, gapellglrbooniticanDiNant DNA,
t hat has been generat ed for the purpose of the expre55| on of .a specific

nucl eot i dbat hve deemgweried for thepurposp of theepressiomel @ &nesk fieywiclegtidof ot her
{ﬁgggbm?sghuegmgc f%tg'ésdtgobﬁée YENCER con d&%@é&r{ SHtFer Yo@htHindn nbdl€ot d%‘é?{l“éﬁl@% are

n XI'n-enco ene sequence opera to a

pronot er @$iseldcidiukdfubinl thwidventido e gope ezhﬁjhman@hsé bmmmmpmmodmg@emﬂ otein in
a transforned cell Exenpl ary constructs lﬂfeﬁﬂ‘{" for the exg1 g;. si on of. human
and rat sesusncr apareblyrliked & dptomaterevinely il ity i dheieaesssipa ot the mngitr a.

N, et 5a| rot%um%tg%ﬁfcg?eg 1}%13 Q%)g?r}f)l§§ CoRstnR uégfuﬁﬂﬁj tl@-l%('ﬂi‘éssﬁﬁ oPhumABad

Thor ac. respectively. gm promoter” is neant a
m ni nal Sﬁqagm:m sebfdandeewith the idvengion aterdeserthed jin Shimoima, N, et2d., § levrasiigant

or omot er - Bopeasnt SyEnE s R SuehS sTHoRER TRa o OBLI T Vae Sspect Ti o,
tissue- Spﬁ%éch@el r inducible by external signals or agent s; such el enents
may be | oc the 5' or 3' regions of the native gene ( . d., .enhancer
el enents) . By By bmoatmltqr" i miand 2 noipimad sequgneapifcipntig dgectitpnppsipion ihat a DNA
Sequefyce recomginant cell. "Promoter” is also meant to encompass those elements sufficient for
promoter-dependent gene expression controllable for cell-type specific, tissue-specific or
inducible by external signals or agents; such elements may be located in the 5' or 3' regions
of the native gene (e.g., enhancer elements).
By "operably linked" or “operatively linked” is meant that a DNA sequence and a
25  regulatory sequence(s) are connected in such a way as to permit expression when the
appropriate molecules (e.g., transcriptional activator proteins) are bound to the regulatory
sequence(s).
By “connexin gene” is meant the open reading frame encoding a connexin
polypeptide, or introns, or biologically active fragment thereof. “Connexin gene” includes
30 adjacent 5’ and 3’ non-coding nucleotide sequences involved in the regulation of expression,
up to about 10 kb beyond the coding region, but possibly further in either direction. The
DNA sequences encoding a connexin may be cDNA or genomic DNA or a fragment thereof.
The gene may be introduced into an appropriate vector for extrachromosomal maintenance

or for integration into the host.
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25 regul atory sequence(s) are connected in such a way as to permt

expressi on when the appropriate nolecules (e.g., transcriptional activator
pr ot ei ns)warog/obsund to the regulatory sequence(s). By "ceamasoniggane” is
meant the open reading franme encoding a connexin polypeptide, or introns,
or bi ol ogi cal Iy dheatgﬁh“@l)f\IrAa’%%Qéd ﬁé?&h@%teﬁa@mgawe %H@cleﬂc%ﬂd@ﬂﬁﬁ sha?fQ

adj acent 5' non-codi ng nucl eotide sequences involved

regul ati ahe aiframep’reﬁsef sequengp etemeatsoiotind (i dekive syabmel ntRCI‘éA(Sp@ﬂlfrﬁgWihé@l on, but
possi bly further ither direction seq enc

connexi n STEYENSE e@fﬁﬂ? © FEAGIF-&- Weﬁ?esgn??%ﬁi é?% Ci"ﬁté g%‘%oél ecrlnaty be
lntroduceﬂ)u{ﬂe&;ad@rana@praﬁ@sr Abec Rzidner Noxhil ﬂﬁmmmws hevé drgigaoee  or
for integration i'nto the host. 11 03/ 039344 PCT/ US02/ 35932 The term

" CDNAS asexgsadviiethe iinfervening iaiens demevadn! mrskeanRNAnsrlicitizs (eiFals ACABENUSHES o

t he arrangenent..of e native mature nmRNA speci es,
wher e %gﬁgaedlré%%%%fsg 0%%1 "lhggglgli)%pt dg%?gfgé%ﬁences encodi ng open reading

frames of t he B?CM@@myI@@ﬁy’pﬁ;ﬂﬁd:ﬁieﬁ cadthe Fonteavtildeelln omichds b oardizeghase:
Normal |y nRNA speci es have conti guous i exons, Wth the i nt e?]tytﬁnl ng introns
renoved bellnlke e%tﬁlomwgﬁmqeklmgbeﬂﬁplétﬁ ancboutueesh e s b ° e Feading frame

encodi ng I{ngg ‘?pﬁp"wﬁ de of interest. By "cardiomyocyte" is neant a cardiac

contracti is a cardiac nmuscle cell. The cardiornyocyte cell
maybeld sol at edBafiskebathltmusett detl” W meamt arcelh éoyndrin skn‘letahausqhq/whiahdmdndasfoua
host. 10 By "skel et al scle cell" is nea cel | nd in skeletal nuscle
whi ch i nchdidisutad fp mypk FLS"TSP e e%‘ﬂldrﬂf}%T asgf’lg%lﬂi}‘ﬁflﬁﬁ ‘and mature skel et al

muscl e cells. ﬁg rebSmBMRAhNGME 1§ﬁlez!mt a'c%ll @Eﬁﬁﬁmﬁg af1kic GOt ﬁbﬂ)ﬁhlgﬂc' eic acid
not normally aSsociated with the cell (e. g. cell transforne

t r ans duc eabsoviated sithftbe c@bl(wvgi ahce:ﬂ twnﬁmmgd;ttranmgﬁ ph@ﬂ&fwﬁﬁé‘c\wm & comsbel n,

a connexin trans ed cell" is nmeant a cell V\/m ch
has been ?nr?f)& @Bﬁclﬁﬂpﬁ t%fnh%g“f %m]e%mt%o{aﬂé in contact with a cell within

a hosfs For eXB?p{r%aspPanE&K&[Ibhsﬂﬁéﬁnt aeblll whichagk beermaybéuced fiath tadbsedddisas
inplanted into the cardiac tissue of a host. By "therapeutically effective

anount " |b¢mw@ntﬁ9hwh1a cell veithime hesit For examin, acccosyrpant celbar eallsmiavBances i s
nmeant an %?cﬁfnf ?‘%’Ién\{gd {n?o ﬁl%% 8RS P RM of cardiac 20 conduction

di st ur ban nprove cardi ac conductance (a neasure of
conducti on). BBy "‘ﬂm&rpex@craﬂs&ifﬁegtivewm&m\‘iémethepc«nﬁes«t ofitreaineat gfemasdipr oduct
(such as a Cx43 protein) s neant an ingreased. |l evel of prot eflcarcﬁ ression

over a no‘FQ’Péchql%Fmﬂ?anﬁ?sdﬁ Bieanian s} gifective to decrease a sym fom o

20  conduction disturbance and/or to improve cardiac conductance (a measure of conduction).
By “overexpressing” or “overexpression” of a gene product (such as a Cx43 protein)

is meant an increased level of protein expression over a normal level of protein expression
for a particular cell or cell type at, for example, a particular developmental stage or stage of
differentiation. In certain instances, overexpressing can be a cumulative effect of protein

25  expression from endogenous and recombinant genes or essentially protein expression from a
recombinant gene. Overexpression of a connexin (e.g., Cx43) is meant to refer to the
expression of connexin protein within a particular cell which is above the connexin
expression level normally associated with a normal or wild-type cell at a particular stage of
differentiation. For cells which normally do not express significant or detectable amounts of

30 the connexin (e.g. as with Cx43 in adult skeletal muscle cells or myotubes), overexpression
of connexin protein would mean any detectable expression of connexin, and particularly a
level of expression sufficient to promote establishment of an electrochemical connection
between the recombinant cell in which connexin expression is elevated and a cardiomyocyte.

In certain embodiments overexpression of connexin is meant an increase in expression by a
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for a particular cell or cell type at, for exanple, a particular

devel opnental stage or stage of differentiation. In certain instances,
over expr e¥oimng3san be a cunul ative effect of protein 25 erpramss?/si93irom
endogenous and reconbi nant genes or essentially protein expression froma

" ecomb! nagla PG 1eQ BIoRK P TAAS M A enboB AR eds Latbut 5 1A 3hd b TBANrtcd
refer to expression of connexin protein wthin a particular cell which
i s above e&ﬂiﬁadﬁﬁﬂﬂemtteast@bpu’eﬁhfodﬂl | evel normally associated with a nornal

or wild-type ar t.icul.ar, s a,eo“. ifferentiati.o For I 1s

whi ch nor mal | ;ﬁ%e% SERFes P2 L‘?l?jm %P gﬁé‘{“é‘gtaé%}l%e ﬁ%ﬁcwegﬁﬁ'g,o t he
connexi N Hefeifl to Afer'd blly tfndinadbiktt fﬁk@h&h&ilagﬁug@ betheplplyss 8ésirgy,0t ubes) ,
overexpression of connexin protein would nmean any detectabl e expression of
connefi n paatmulthzrhummsaﬂﬂyeraubjle@t\smayaﬂclb&q)eaé@% idegs §eﬁssr FWnARIY, srbbitsFatse

est abl i shnent. of an Iectr i, nant

cel | in WRICEHPUSSERIG S Ty p(? %ﬁéouﬁlﬁl IIsl@e @gagrgtse QCtsg cf;O E%}C/i%ggtggpi a{%ﬁ
certain eiRpairtRals aRvebix R teSshen (af., mﬁ@atdsyu@tmamsoamed lmthethse | n
expression by a 12 WD 03/ 039344 PCT/ US02/ 35932 factor of at ast azlﬁgut 2
fold, in cbrsqaréq»r) brithsdranspletation pEegdls vABeLeXpsess alf%POél%mn%Pol?fwxg’t g Gt

enbodi ment a andligetn i1l ﬁt‘atth "host "
and "indi v? bﬁ&%g g gﬁ?éq%ercilg%fge%g?ﬁlﬁhﬁﬁrcgl n tlo rper Ssm 0 elmy rr%m’ral ian
subj gt fsmbje‘dhmzdb,agnxysgrsﬁmg ctlieexppassing adesnexd(e. &, mh;ﬂttskcl@ta.hmyybhsmqans

O her subjects_may include ttle, at ui ea i,0S abbits, rats,
n ce, horslé‘@@ cel, y&dﬂ%ﬁ?ﬂ%ﬁ@é}@ﬂ%ﬂ% ic), hf%é @gﬁtg d‘%}lgceft%{ W&/‘ilhﬁ
nyocar di aly,RsEokiahBmMtAaLaediiat it RTRAARLE O (reatment (e g, “to

mtlgates tons associ ate the disorder) by the transplantation of
cel I s V\:hl ch exy édsctacal@oupﬂmgﬁamme@mnh@mtera%twnd)etw@}wsbls whithgllews fetubj ect

(e 1 nt uction of .a nt c nnexi he
10" Subj ednirpeslglay gomapiniiptigh horer oo b pes SRR e ARG Ao biRe 07
skel gtsal gy ebll2 B Rtricab EQIPIBE ik $ivh Prdides mﬁmrsrmfrahd 1§‘gﬁﬂiaia¢1§>@b@ﬁmpa}med by,
fibroblasts, cardiac cells, etc.) into the _subject. |In many enbodi nents

t he host selwttotmdﬁbameaiv;nsph@y i whish elackicpl @@&B’ql?m@f ceils thyaugh gQPHEnthPé Mhet i on
bet ween cgl | s hof % ecgﬁt acltlgltlracel | ul ar communi cati on between cells
so as to proHSEE’s |§ gcrrical ~conducti on between 15 the cells.

El ectrical coupyi‘egdian cendietips distabamct’hiz hewsit s disorbanea th the ngenargehémtion

acconpanied b el ectronechani cal .cou in whi el ectrical, excitation
of cg}j I s @ﬁr@%’@ﬁlﬁw ‘]fﬁh?:?lf’ﬁﬁ%allaﬁtwlﬁh@‘ tn‘ﬂg@Feé Imé%ﬂgp i3l Gopfgastion: %,‘“ijfﬁ?‘ Ycti on.
By ° Afhyfidh] 9119 ¢ddufthethGih %[e@ﬁf&ﬁﬁcon'dﬁctﬁadﬁtuﬁ)aﬂée%tcﬂﬁ RanselifthidaRnip mal

gener atl on and transmssion of electrical activity that initiates
myocar di aventdniflaraadhiyarrhytGariat, hm@dymnnWM@mmsomlemlbm gatidiasnans heettr i cal
conduct i ori dlI(St urbances can lead to life threatening

By “condition related to a cardiac conduction disturbance” is meant a condition,
symptom or disorder associated with cardiac conduction disturbance. Examples of

25  conditions related to cardiac conduction disturbance are irregular heart beat, fatigue,
shortness of breath, and lack of synchronized heart muscle contraction.

By “treatment”, “treating”, or “treat” is meant that at least an amelioraton of the
symptoms associated with the condition afflicting the host is achieved, where amelioration is
used in a broad sense to refer to at least a reduction in the magnitude of a parameter, e.g.

30  symptom (such as irregular heart beat, fatigue, shortness of breath, syncope can be
symptoms associated with conduction disturbances as heart block, ventricular tachycardias
or associated with congestive heart failure (i.e. lack of synchronized contraction)) associated
with the condition being treated. As such, treatment also includes situations where the

pathological condition, or at least symptoms associated therewith, are completely inhibited,
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ventricul ar tachyarrhythm as, henodynam cally conprom sing bradycardi as,
and heart block. By "condition related to a cardiac conduction

di st ur barwe"03io393meant a condition, synptom or disorder aP€wAiSar/a¥3mi th
cardi ac conduction disturbance. Exanples of 25 conditions related to

cardi ac conduct i on di ! | |
chor t nesc b RRR o hPRANE o Gkl £ AR o BB e kY B Preer, o gy

"t r eat menjutfersfide @id cugiditionl or' 4t st the spmpeastthitichiraeterizeths conditiame! i or at on
of the synptons associated with the condition afflicting the host is
achi eved, where anelioration is wused in a broad sense to refer to at | east

a reduction i Ho | 4G MrrRc B8 ARG CONSECRONSBERVAEN ASCORNRSIN-
i rregul ar hear - : reatn, Syncope can be
synpt gns  assoceLREXRRESRINGOOELICAND A MiVeCARAh €. Las heart bl ock,

ventricul ar taghycardias or assqgciated w.th { h fall i.e.
| ack of synchr yIf@%PHEBWFP%WTB %" %%Q%Sgg&%%ﬁg ﬁeze"éfe‘?? %‘?ﬁm?ﬁ'!l eieng(;I ©
treated. WgwsdCihecbhBRbAER e%bﬁ:@sih%"& LowiRsirnS bidiakiyobadihesie THeamethods

pat hol ogi cal condition, or at |east synptons associated therewith, are
conpl et el generahiy fintodek; congactine @ 3puBsBYEchTinggrelliegpskelety myscloceHt €ems r om

happeni ng, ..or St oppe . 0. termnated ch 1 t .
suffers feedide @h@eg‘%ﬁgﬁlﬁoﬂ?m%t?p%ﬁtlcﬁglgjg?bl%r%fecqrs&ﬁ%‘%%lhgt %t) %@t %ﬁg?%ag@gﬁezuel " he
condifigi 0y mYEIFERD pEdvides THBhlo Sl NG oE ki eTER daltorebiMm(Het@berBhd Wiibbardial cell
CO\IN_EXI N 5 OVEREXPRESSI NG CELL_AND A MYOCARDI AL, CELL, The present invention
prov |ng_es mtth@fwombma@g@eélbﬁl@rﬁeﬂgs ®RoBpwart £-&allt 13 8?&?@6?1#36%0‘11&95\7\%@?? yee

reconbi napt. . . exin . k@bkinC t hods
Gener al 1y PialEioUS BB FE MR pFABRCE L ot ER) Pty BhaduclSEpLE
mJSg! e Cedcilnfe)sihemh)eqebdmlﬁﬁarg,celﬂrpmm;fmmdn elévtnical opuetii@), and itusehl ast ,
cardiac cell, etc.) with a . cardial cell.in 10.a nner that ovi des for
product i o‘ﬂeﬁlfon?sﬁ?h%mé%lidﬁoeléqcug% E‘E?qn&*ﬂe prepmbEnt 4l PP léleq%ﬁl' and t he
reconfai nant ceg}m J&ﬁ-ﬁ@ﬁlﬁin%?ﬁc‘?&@ﬂ@id@am, e.g., it is genetically nodified
to produce a |o'rog| cally active connexin protein, e.g., connexin 43
(Cx43) pr ot ei nAs Fumhadizédbabovt, the mstheds af the inveatipevalis nheleic @&éd | provi des

for an electrical connection, and.t an. electr hani ' ection,
e e RARE R Ron 0 Bl B G BBSRARL o csimpect o,
Nucl ei ¢ AgibRbgicAfly BB EdnAaeHn A QY6teink e bidtbgieslly @tive haginems tdnarogs, ot i ze
nucl eic acid™ conposi tions, including genom c and ¢cDNA nucleic acid

conposi t | andguestherenfsuitrble for exprgssicn iny: raeqriiBat GR akich 8 can Sihspauently,
bi ol caﬁlr%&aégé%%h%%ﬁg@%%ggpgq% %%agle Lej@nal ogues thereof suitable for

expr €ssi o feconbrnant ¢ |”"Can subsequently
By “connexin protein” is meant a protein from the family of homologous proteins

found in connexins of gap junctions as homo- or heterohexameric arrays. Connexin proteins
are the major gap junction protein involved in the electrical coupling of cells. Gap junctions
regulate intercellular passage of molecules, including inorganic ions and second messengers,

25  thus achieving electrical coupling of cells. Over 15 connexin subunit isoforms are known,
varying in size between about 25 kDa and 60 kDa and generally having four putative
transmembrane o-helical spanners. Different connexins are specific for various parts of the
heart. Connexin family proteins found in the cardiovascular system includes Cx37, Cx40,
Cx43, and Cx45 (van Veen, AA; van Rijen, HV; Opthof, T., Cardiovascular Research 2001

30  Aug1,51(2):217-29.; Severs, NJ; Rothery, S; Dupont, E; Coppen, SR; Yeh; HI; Ko, YS;
Matsushita, T; Kaba, R; Halliday, D., Microscopy Research and Technique 2001 Feb 1,
52(3):301-22; Kwong, KF; Schuessler, RB; Green, KG; Laing, JG; Beyer, EC; Boineau, JP;
Saffitz, JE.,Circulation Research 1998 Mar 23, 82(5):604-12).
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20 form a el ectrochem cal connection with a cardiac cell. By "connexin
protein” is nmeant a protein fromthe famly of honol ogous proteins found
i n connexwpI3893gap juncti ons as hono- or heterohexameri c PATEBYE3S9EDNNEXI N
proteins are the nmajor gap junction protein involved in the electrical

coupling of cells. i I I e j [n I :

nol ecul es, i né%%%ff’%%?rﬁ%%%%@g ﬂ?roeﬁg gﬁ%&é&%ﬁnﬁﬁﬁe&?sdgﬁeg%g%@éﬂd

achi evi ngeqlea6ds dfealisaared Cixny polypeide shavideestrutfral pregebetony,su bicvhemicabf or s
are known, = varying in size bhetween about 25 ﬁDa %nd 0 kD? angﬁg)ener ally
havi ng f dWrctions awspdatediyihaapdipgtions aad plestremschaygafarengsPPERed O 88hexi ns
are speci Al dﬁ?’l’ 18 X ik h&i ns

f ound ins%cge%gwgi\?ggcu arélgaglé?lfgﬁdl c}ru eéjﬁo&%@@%i}&&égﬂ ,’B_g‘ﬁd Cx45
(van YeenyimdAporear, fujiae,or yinyréfofaplyThymada et oz be nhwral Rysthetich 2001 30

A 1, 51(2):217-29.; S , ;. Rot ; t, E. Co . SR Yeh,
H:Jg Ko, \s(sm)l-smh%,ttfm rF‘%P%\{b%rlg%a?gé,ls ﬁ%ar&g{) ?/4081“37 ,awég?t‘r}ﬂ}i‘%f’%%lg&g‘ﬁﬁ%&% ear ch © and
Techni qu ga?i %@%,ea’rfﬁq% fot meAt B lidf heaninWeidGeqithce RCMhbsmbRYe, nitBie daii@en, KG

Lai ng, J C, Boineau, JP;, Saffitz, JE. ,Grculation Research 1998
Mar 23, g@{densee 2@pciatet With Ge/roded proteigmaelsniy. 36k encampassegbiologically

i nt er changeab rein, "Connexin.43'and "Cx43" L: id
sequencesa%tﬂ"e é%“? g@ﬁ’ﬁ?@& %W%%?@é@ﬁwglgégﬁ%%gﬁéfF%%:nt%&%]g cgér%lgﬁ at(:g ory,
or bijgchegp qply466, 3E (02005, 25 004 BX1SH1 79 02h AGAIB 780NCA 3 5853, MR AD00156,

el ect romechani cal coupl g&g obt ai ned from an species, parfi c%}gr&y

manmal i amPAFi38BdVIAY] AAARAAD) moasgCxAT{Fenhankonceegtipn Ngg \bI3425 ovi ne,
por ci ne, i,pe e , N I , K

ont het | & 248 BReAE0S: NPT BLENR KL OIS, MR 010Rs ARG aL x|

nat ur al | yC.emcaié foung adGegbink Astassianiss. PARAST, S005H2, MPaAB6499, A5 19hendini no
acid sequence to the conplete, native amno acid sequence associated with
the reci t¥84p3%ein nol ecul e. Cx43 enconpasses biologically active Cx43

fragments. Exazggl}@gegﬁ{ %(egﬁég% %é%;%leﬁ&%f%@ﬁgt é@[ﬁ@%isés%e RagkicAeRBsdeanbdinsen 10

XP_ 027460, XP P17302, AAD37802, A35853, NP_000156,
AF151980, th¢/EEA&8n caddn AXBBR 581b)codmmusith CxargetiGetdtgenk brive of sitgaulNpinterest3242,

P18246, A398Q2, A3 3., .NP 034418, NM 01256 NM..01 r at
Oca3 af o EtEal! A ERSRLEE PO DR Rd S b RSy e oy
AAAT5194 apd e #E0A 33947 udBanlafAne@shfoBRd aimhe nSRedMRINAOT inay Girdwt
conprises the nucleic acid present between the initiation_codon and the

stop codanglude speciiccioansenptivnabangerrnsigpray regulaionyspauangss: Fypbes sqmoters,

including all of the intron t 1.8 ol PRI EEEREn ! RAbN Kt

chro son‘ﬂ’?’a’i‘(fer%ﬁ -’flﬂ?lP‘%lé’lg agc|)&r¥rc1 p&&éﬁlﬁﬁggémglrl\%e’é unt r gr%flgntﬂe r egai ons

found in gher RtL0e 3 NEN e the trami¢ribed teBidn. The genomic DNA may be isolated as a
Jarge fragment of 100 kbp or more, or as a smaller fragment substantially free of flanking

chromosomal sequence. In another embodiment, the connexin DNA is a cDNA, which lacks
intronic sequences that may be found in the genomic DNA. The cDNA may be operably

25  linked to a promoter that is normally associated with the connexin sequence (e.g., a promoter
endogenous to the connexin gene) or that is heterologous to the connexin sequence (ie,a
promoter from a source other than the connexin sequence).

The sequence of this 5' region, and further 5' upstream sequences and 3' downstream

sequences, may be utilized for promoter elements, including enhancer binding sites, that

30  provide for expression in tissues where the connexin polypeptide is normally expressed. The
connexin sequence used can be based on the nucleotide sequences of any species (e.g.,
mammalian or non-mammalian (e.g., reptiles, amphibians, avian (e.g., chicken)), particularly
mammalian, including human, rodent (e.g., murine or rat), bovine, ovine, porcine, murine, or
equine, preferably rat or human) and can be isolated or produced from any source whether
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i nclude specific transcriptional and translational regul atory sequences,
such as pronoters, 20 enhancers, etc., including about 10 kb, but possibly
nore, of WDanksasgs genonmic DNA at either the 5 or 3' endPofi/ush®35932
transcri bed region. The genomic DNA may be isolated as a |arge fragnent of

100 kbp Oﬁa[tiﬁﬁf § tﬁétlc?‘%elﬁl-métl%ror e RAIRAht SWstAnt ibinbidahe&1ak aﬁlhﬁﬁhl ng

chronoso séq ence her enbodi nent, the connexin DNA Is a cDNA
whi ch | acéedl, of throrlh@cesérquamsntbrvdnchrﬂuy cblélsftotlondmphnteldes bemamithe @AexiThe

cDNA rmay be qgpe 25 linked t that is.normal |y associ at ed
with the léé’ﬁ‘#glif‘ﬁ’ % %rh‘éoém?)émé’r%erév‘%irig aEr‘fa B§&itbus to the connexin
gene) or that TR hel&s Qélﬁggﬂlﬁoélﬁoﬁﬁ%e@ﬁf‘ﬂh@%ﬂlﬁ]e&QﬂV@iﬂﬁﬁn{aly eBeodednll v 0pe, er
froma source other than the connexin sequence). The sequence of this 5

regi orf, awmiiallyietlnest sebstansielly ehrafdbeeramexis pabweptidechs\aRBIODESR Fs'«&qmﬁm:@gy may

be utiliz i at
30 provi i genef bR ERTAIA SHAAR &y PSSR B R O el
normal |y ﬁﬁﬁb@ﬁmdonihweth&@nnﬁesmcﬁemmm dig@ﬁoﬁaiy R@Rfaﬁ@hﬁcatbng bve For
nucl eoti de sequences of any spegi e mal i an or non- @15
,),usuallyat

(e.g., T eﬁb@.m@épararﬁmmﬁ%ﬁsenwawldw C(f@t bfast a@ﬁi“c]l@@@)mg‘wﬁw 9
manmal | anlea§t%81)ﬁ’tc§0691t %Sﬁmsuélg%?éasﬂ ot ZS(ﬂ'ﬁrtb Qﬁo&rSOg)%) bovine, ovine,

por ci ne, e, era uman) and can be i sol ated
or prmduced f r ’om emmesmtgenes avh éoleed am dwmai/ 1@3989141@@1&1’&139@%&913&5 other

nat ur al , ynt hetl c, sem-synthetic or ere Ih nant
cell is allRpARNag gammali PTROORRE- (,lésruﬂ%égg‘f B@%@’ﬂm% BbtW’i'ie E?é'tle is

to be i nphangednd Sfdidi@ibid gé@eﬁ&gww nof lacmasaeéqafahae éhcbamgta GARRXi n or
derived froma human connexin. The nucleic acid conpositions used in the

subj ect i fwgn@nt tirerecdy garecablyebeaig atcberas‘aah@at $0%, @ualéja all 1egst about @8%: pure and are

may. o oPiE e binenon JRakehel e ER By AR AR g oo ©

ol i gorsuc! getiaflg sdodiabiCsH Aadarlly bedrin@omeniokenal nethods, by restriction
enzyme di gestion, by PCR anplification, etc. For the nost part, DNA

fragnents wil | Thesegterge qféheseonapeinproton, wehding fiankingreometer geionsasdal | y at

| east about t. O nt. 10
he: connea it Beltes A1) Be AR i VBliob Ats 1B8RMIin Hlrfilo deeROMach

gener al | yc}miagémh@rombﬂeﬁmemgth nécpxehcermfrthaén@ded:plrommaamreTheLENm deguertce@r DNA
will be obt én%g sybstantj al | free of ot he[arnucl ei ¢ aci gﬁggguences t hat

do not i nBfo @H%Oéﬁﬂﬁé’?ﬁbbwa‘ésﬂl 13 RFREAROTE ) qued’@?ﬁeral |y
bei Nyt pe3red RO, zéovém &i%fé%* Mt 19hst bﬁ@ﬁ&d@otefae for 2AWPAE ré’s?gctﬁfe

typical 'y "reconbi nant I anked by one or nore nucl i des W|th whi ch
it is not mﬁ‘y‘sdtffarr’malaltjeam«)cmab}ed least d)qmateurcmlrncye oudentidengr athmorasslsndn The

sequence Ogne}:a ethg ggqrh%ﬁéenchpr géserha{]y be ad%lnﬁjo%ls n&bs’cl’tu{'I gl'ls[]glsgrrtigrrl? 8rec{elet1 %I ons and
Deletions may further include larger changes, such as deletions of a domain or exon. Such
modified connexins sequences can be used, for example, to generate constructs for

25  introduction into cells for the purpose of promoting production of electrochemical
connections.

It should be noted that preferably the connexin gene is selected according to the
genus and species of the host (e.g., where a human is to receive Cx43-modifed cells, then the
Cx43 gene sequence is a human Cx43).

30 The encoded connexin is biologically active, e.g., when produced in a skeletal
muscle cell, a biologically active Cx43 polypeptide facilitates establishment of a connection
between the skeletal muscle cell and a myocardial cell. Without being held to theory, the
connexin protein (e.g., Cx43) is expressed at the cell surface and is inserted into the plasma

membrane as part of gap junctions. To establish electrical coupling between cells, connexin
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codi ng regions, may be nutated in various ways known in the art to generate
targeted changes in pronoter strength, sequence of the encoded protein,
etc. The WNA3wegwence or product of such a nmutation wll Pb?@/l@ﬂbwa:nti ally
simlar to one or nore of the sequences 20 provided herein, i.e. wll

i 1or oy or StiopeR g 5oRh ofF B RS eI
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(e.qg. °F1§n P SCHIORS BG PEESHREq/F BFTR JPFLionBaine ﬁ%r e&c ¥Lyene
sequence ﬁlﬁct?odgpg%gu%])s §%Jéﬁ%n§1r&9ft@ﬂoﬁem%)ns bveRiPheEixembley acti ve,
e.g., when produ in a skeletal nmnuscle cell, a brologically active Cx43

pol ypept i setidraci | i t at es est abl i shment of a connection between the skel etal

nmuscl e cel | ardi a W t hou he

connexi n prot relﬂ?? r(egglagma%%fgf c?nsol?at%%?li%ge%e ?1 ce?ﬁ' Ijﬂ&hlﬁfg& gou%’{b?%é%glﬁ% i's

i nserfiged jBlethst SRhRk 266RIheAR PhstaiRe HRsveRar, theddellgafe frefeebiyoars noflw medifiedi sh

el ectrical coupling between cells, connexin 16 WD 03/ 039344 FB‘@“USOZ/ 35932
e

must be fsoresttd eveid addisioparaenetimanipulptipmotike cellitachs ansplanisd THOLS
conmuni cagl g O@coh%%ag} cell ;[&e% ﬂog BQ ol 3!) QQprgg cﬁ%v&leﬁﬁfeﬁé N%adﬁé?{x‘lp §§ﬂfeo n

bet ween t WO as an adul't Kel'etal 'miscle ce

myocar di ainv&gbishesshdve sh@\&mi ltliay exigtsion ofed elxygetnbosée s qutrbéwbed nr rdwembatamt) Gap
junctions can be evaluated by m c 0| njecti cel l s W t uncti.on

per meabl ecopngia (eighey in the prgseRge oF FW Pﬁ/@f 1oRyof BRY RS ge TS| s

transferrgdsf;egm one ceII to anot her when functional gap jUI’ICtI ons are
present. mcro injection protocol for detecting functional gap junctions
(i.e. functi on@bnsxprseEer GanMxtheidAcigs ven in the Exanples section. The

reconbi nant cells can optionall etic ied t s ot her
10 pr ot ei ns, EW%@Sﬂog’é’cﬁlﬁgﬁglcﬁ ﬂ&wﬂ %@f—:@%r ﬁﬂ’ewcne]InI S agl)r[(gﬁf?ofrsef erably
are not sgl é febB&ructrotitifg Meofn@gal U8 ioeiddre ﬁ@s!tﬁbbd:bjﬂEDOBklbﬁtdt ah Aain. t he
cell to be transpl ant ed. Furt%erm)re t he reconbi nant cell| need not, be

modi fi ed ThoresSuess2¥H, Gld7 %&ﬁae%nmmnrﬁmgac@nn%n -enepding mickeiqaids have
o s RS B LT PRLS BoegpUpah pr embiar)
connexi N) edptession of an introduced connexin-encoding nucleic acid molecule in the modified cell.
Where the nucleic acid to be expressed is DNA, any construct having a promoter
(e.g., a promoter that is functional in a eukaryotic cell) operably linked to a DNA of interest
can be used in the invention. The constructs containing the DNA sequence (or the
25  corresponding RNA sequence) which may be used in accordance with the invention may be
any expression construct suitable for use in a mammalian cell, and containing the DNA or
the RNA sequence of interest. Such constructs can include nucleic acid of a plasmid or viral
construct (e.g. adeno associated virus, adenovirus, and the liked) and can be circular or
linear. Preferably the construct is capable of replication in eukaryotic and/or prokaryotic
30  hosts. Suitable constructs are known in the art and are commercially available. The
constructs can be prepared using techniques well known in the art. Likewise, techniques for

obtaining expression of exogenous DNA or RNA sequences in a genetically altered host cell

are known in the art.
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15 sufficient. Constructs For Connexin Nucleic Acids Constructs conprising
connexin nucleic acids are well known in the art. For exanple, constructs
cont ai ni rgotohe3Ivennexi n 43 gene are described by El Gakl epCTatS0zs393ANN.
Thorac. Surg., 2001, 71:1724-33. Constructs conprising connexi n-encodi ng

nuci eic aci ds plyRlctiilhénotle DNA LARERE BnididAlnbRibterd riRS iR sapCi 11 C

cells of interest to allow for the expression of an introduce
connexi n-@ithe DINYY ofintdrestovithin d nraniredisneelln Thé promodérfrhadbe g btkang pmmptert he

nucleic acid to,be expressed |s , any construct having a ter (e.g.,
a_promot eat faetiqns i Hﬁ‘gﬁ?‘&ﬂﬁ?ﬁ%’ A aé&l?ég%}?ﬁe{ O@e"ly%m‘?%k’r"grﬁﬁ 9%52@8“?% ag
DNA of i nf,ef&sky st viRis YSRETVR KRS shidyB8A birBs(RSWE 1enARg s e hderoQitidi Ni Ng

t he DNA sequenc)é (or the 25 correspondi ng RNA sequence) which may be used
i n acdor dsflocesperificaliexemplant promotery inséde dhg/proxotes Senp thedmmediaie earkyugengbl e

for use in.,.a m ' ell, .a | AN e or th uence of
i nt er est .cr’%ﬂ’ért“?nc t@?@ﬁ%ﬂ &l @r@?gﬁgg’éﬁlh{}@f %8255131&%@%0%0%{ ﬁg?%!}lge gb‘r%%vi ral
const r uct tefsRindl re?gﬁ RRTRY SOREF (CbrMan &tSal., RARNNNMILI Algad. 8EITUSAETI:6KFH78and can
be circular or i near. Preferably the construct is capable of replication
in eukar yBI82. Altemetively ke pyamoter Bed meytbs 2 stgng gencaal cykay Pl Pomoted skefbwn i n
the art ap re.co rCi y i r 1 fad
usi ng tec%sﬁpgﬁelsn %\%%n%xgﬂv\e% %nﬁoﬁ%ﬁgﬁ)g?&enﬁzﬂﬁ%%&g@&t%g ﬁﬁagﬁgé ? (S)L%r ﬁgg{ﬁgi ni ng
expr egBi oproffot@X PoLetinsplENAe prontdith wsedlethe esnsimctomagebed cardiak yelhbpeeifid host
cell are known in the art. 17 WO 03/ 039344 gﬁgﬁ uso2/ 3%232 I.g one
enbodi menPromotRs. DIUxobBssPREeiSie PERRtE: orenadpl skgetal mpgels eelk speeific @ramYFessi on
of the DNA @ eff B &Rl me&lbmmapéwm%m-@@,lﬂee &AL Pr. aWBt, @lard ®r. D@99
strong pronofer that 1punct|ons I h mankl i'an cells, such as a pronoter from
cyt omegal hilj Y181 )20 disoussise 3 4-h nPrmgryt cardiac miocytes(vil vionaRd ats bavedmen

virus (RSV), .lenti-virus or adengvjrus re specifical exenpl ary
pr onot er st\fl%wéq%f‘g‘ewﬁaf?ﬂﬂ&%f%}sg?‘?tcﬂl}}vt?ﬂéyiﬁ?%afoé’? eregfrrﬁvc L?é%enz%]?lehunan CW
(Boshgyt @ntihase obid gKafhha;S&Jﬂ.ifefart VU8 2600d 15 e;:wm?zgsx ®Ell bs fphd-hadbeng
term nal repeat (gLTR of RSV (Gorman et _al., Proc. Natl. Acad. Sci. USA
79: 6777- 6q8diac mypsigtieavyichain gene nremgters(Fanasr @ndlt crirgidatipnddP0rd 1st r ong
gener al GWE%QH szﬁéomter such as the actin gene pronoter. In one
enbodi ment;, e r} ter used may be a tissue-specific 10 pronoter. For
exanpl e, the prReEdBiuets ©dtherintdigion antaldodhcludy sdgaeries ar atidittonae lproragpersi i ¢
pronoter, a myoblast specific pronoter or an ag,ult skel et al rrulscl e cell
speci fi c phisksnbance angd segulite conexinsxprasypREnNodibid ceily, For sxqmple fhgosegam | ee
et. : ; | Rl ' ).
pri mady CPRe e SRR s has R shoxi o s B Rriof bR Bt

and growth factor-inducible genes. Because SRF is not muscle specific, it has been

postulated to activate muscle genes by recruiting myogenic accessory factors. Myocardin is
a member of a class of muscle transcription factors, provides a mechanism whereby SRF can
convey myogenic activity to muscle genes. (Wang, et. al., Cell. 2001 Jun 29;105(7):851-62).
25 In another embodiment, the promoter is a regulated promoter (e.g., inducible
promoter), such as a tetracycline-regulated promoter, expression from which can be
regulated by exposure to an exogenous substance (e.g., tetracycline). Another example of
regulated promoter system useful in the present invention is the lac operator-repressor gene
regulatory system to regulate mammalian promoters (Cronin, et. al., Genes Dev. 2001 Jun
30 15, 15(12):1506-17).
For eukaryotic expression, the construct should contain at a minimum a eukaryotic
promoter operably linked to a DNA of interest, which is in turn operably linked to a
polyadenylation signal sequence. The polyadenylation signal sequence may be selected

from any of a variety of polyadenylation signal sequences known in the art. An exemplary
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transfected with a reporter construct driven by the C pronoter of rat
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pronoters(James, et. al., Crculation 2000 Apr 11, 101(14):1715-21). The
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(e.g ains no introns of the naturally-occufring sequence). Any of a
vari ety ahe liké,foliswing genetionmodifitdteonao pravede foe exmessionenfg. recarpfenintgapnexin

(3-globin intron,.which is inserted i he . construct. at ositign 5 to
the DNA dﬁ-%n@@%g’tm‘il? b oo e ot BRSGRmEN StithEesihe ey
deliveredytQid biscel | is an RNA encoding a connexin protein. In this
enbodi nent, the RNA is adapted for expression (i transl ation of the

RNA) in a tar géd:usaedl)][ be dleinedifofathe ppw deiss m@flvggiéwﬁﬂk()@rémm FRRPriaLe)
encodj ng a,pratejn. i | | i .
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present | éié’.?WiﬁlQébpect to the host. In certain embodiments, the cells are collected from the

subject or patient via biopsy (e.g., muscle biopsy). This latter embodiment allows for

-

autologous transplantation of recombinant connexin-expressing cells into host myocardium.
Cells suitable for use to produce recombinant connexin-expressing cells include
25  skeletal muscle cells, particularly adult skeletal muscle cells, stem cells (e.g., mesenchymal,
hematopoietic), fibroblasts, cardiac cells, and the like. ~An expression construct that
provides for production of connexin (e.g., Cx43) is then introduced into the cells which may
be propagated and cultured in vitro before and/or after transformation to increase the number
of recombinant connexin-expressing cells available for transplantation into myocardial
30  tissue.
In one embodiment, the cell is a skeletal cell muscle cell or cell line, propagated and
transformed with an appropriate vector for the expression of a connexin (e.g., Cx43). These

recombinant connexin expressing cells are cultured in vitro and utilized for transplantation
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Producti on O Reconbi nant Connexin Cells Cells to be nodified to express a
reconbi nant connexin include any cell capable of coupling with a

car di onmy owgtoa/od3ad4 connexi n- nedi at ed gap junctions, i ncl udiPog/uskeb®sal 15
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bef ori@ anigiphantiafties recombisiboretis) on to i ncrease the number of reconbi nant
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expressi on exin . These reconbi nant connexin
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WO 03/ 03 CT/ US02/ 35932 i.nt ocar.di | n. anot her enbodi nent he
cells ar iﬁf'g)lcﬁgsu 188 PrESH SBF?ﬁﬁ?V%HWW EH{BIAQI o rA= e etggwéTﬁ%ds
for imtrogdiedRehraRAREHs h RN ielabilith bPa SonfRETAIJIAepHed, o Endltade st andard
protocols known to those skilled in the art. 5 The regul ation of connexin

expr essi aprodustiobef av elastsicakernaectinnrhgtweesl rgenryinant|celand g cardiqmayncyte GR8er t ed
into the consttéuct Fovqpri siegg t he connexin gene used to transduce the
modi fi ed EEFEd MFHZ " PRPRYS of regul ating connexin expression may incl ude

genonm c regul apRidyickb® MK Gn&idial Gap Ukictionsh Between Rycombinaue |\Gonnetinb@ellishe
addition of conmpounds that nodul ate connexin expression (e.g., either at
the tine of ordr@Casdipaygocytey i npl anting the reconbinant cells.)

20 The recombinant connexin-expressing cells can be cultured to expand the number of
cells in vitro. After a desired number of recombinant cells are obtained, the cells are
introduced into myocardial tissue. Alternatively or in addition, recombinant connexin cells
and myocardial cells are co-cultured in vitro and then transplanted.

Production of a connexin allows the modified cells to induce an electrical connection

25  with myocardial cells via gap junctions. Due to the difference in the cellular and
electrophysiological properties of myocardial cells and non-myocardial cells, tight coupling
of myocardial and non-myocardial cells is required for synchronized electrical
communication. The present invention demonstrates a unique and novel interaction between
two different cell types which allows for the treatment and therapy of myocardial diseases

30 and disorders.

METHODS OF TREATING CARDIAC CONDITIONS

The instant invention provides methods for correction of cardiac conduction

disturbances and methods for treating cardiac conditions related to a cardiac conduction

20



Connexin expression in the nodified cells can be detected by such
techni ques as western blotting, utilizing antibodies specific for the
reconbi nawo ososasexi n. Gt her nmethods for confirm ng the epPpmase?/sinf a
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different cell types which allows for the treatnent and therapy of
myocar di al di sexesenianyoliseasesdimsanble e treatepiciyd @jﬂeﬂmﬂ??mlw&m@cm@
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mor e 1%y nGhERRhZSenE PRisbRGh{@RonThe nethods generally involve contacting a
cardiac tissue of a host wmth a reconbinant cell that expresses a connexin
protein (e.q.,Imddadation QfRachuatbindne CoonexiriGellpr ot ein facilitates 5
production of an electrical connection between.t. J -ahd t he
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muscl e celngendiab tharp jaescvoraethedsior mitpdugas the reppbipancrbhintaiie uRigetset y of
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Patent No. 6,059,726 (Lee and Lesh, “Method for locating the AV junction of the heart and

injecting active substances therein").

The recombinant connexin cells can be implanted into any area of the heart where

conduction disturbances have occurred. The amount of recombinant cells to be transplanted
25  is determined by the type of heart disease being treated, the overall damage Qf myocardial
tissue and the level of connexin expression in the cells to be transplanted.

In certain embodiments, the recombinant connexin-expressing cells are transplanted
by percutaneous methods. If the site of the damaged heart tissue can be accurately
determined in a subject by non-invasive diagnostic techniques, the recombinant connexin

30  cells can be injected directly into the damaged myocardial tissue using general methods for
percutaneous injections into cardiac muscle well known in the art. The amount of
recombinant cells necessary to be therapeutically effective will vary with the type of disorder

being treated as well as the extent of heart damage that has occurred.
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10 which an increase coordinated conduction of cardi onyocytes is desired.
Exenpl ary di seases anenable to treatnent by the nethods of the invention

i ncl ude, wbuwt/oz3es not Iimted to, conplete heart block, r@emtusansso32
arrhythm as (e.g., ventricular tachycardia) congestive heart failure, and
the Iike. Any - gl . SEAR ' . e [ ym i npr oved
synchroni zed c%%?%(%tﬁ P@Jﬁ' I's ?@b;ﬂ*sé@%rﬁcﬁng%%?%g?@%{sp ]hah?ﬂgﬁbgg&gﬁ%t hods of

t he pr esesteréxpyesing @olls hotplednedfromrthdhosRecmirimivarthe Reibaity wf Geif rsjethen,
transplantati on of, recombi nant connexin cells into the nyocardiumof a

subj ect T&NALRIEDHEIN XRAMATE GG cal techni ques for grafting tissue and/ or
i sol at ed cel | schabfaiod9Rith Othér TIRPRSER! . there are two nethods for

i ntroduci ng the recor’rtgl nant cells into the subject's 20 heart tissue: 1)
surgi ¢al , di r ethe innfheds pHihe sebje)inyeation ranabodetusibined i rombiratiga G ¢beri n US

Pat ent No. 059, 726 (lLee and Les "Met hod f.or | ogating t.he AV junction of
the hear t “%&Hd° eF'f]péetst‘ig}?“neél BRTRa" s HBS? AR Slgl%?%l eél{[Sh ])%.gs d o grg%ﬁrﬁoelhﬁfzia&nt
connexi n gpkd & @aludBni d¥RcR Hal beiaBinthisteiedad eembihatidiewlie anplafiey e

conducti on di sturbances have occurred. The ampunt of reconbinant cells to

be t r anspleapmbigantapnnexig selds inforfhe dppagadanygrgedign (B8 a PHOHOs dyéng 30d] g glter
treated, th I rel L.S: Ad. : connexin
expr essi on: pﬁ%ﬁﬁ%ﬁc ga?cgg?%%%ée){hta{r%gg‘gﬁ%%?l%a%f%%gﬂ%uﬁﬂZh i n%ﬁhse , the
recontd namethoanofike nvexpore iriudeg, oe latesnoa tienited acnppdwtht factorsbypolpeudtedtaagous

met hods. If the site of the damaged hearagﬁ,ti ?%ue Ela)ﬂ) ge accgr at elé.

det er ni nedepAing %Whéé?toﬁya%?gqnWPVe? 1 ainee P1og ?{ﬁiaﬁﬂ wperiepive
reconbi n en&oglﬂﬁfﬁ't&iég%eﬁﬁ! Indir ?rélgﬁité Bheah&dodic 5’%{& antllbSagulrlporRoed

myocardi al~ t1ssue usi genera ods for percu neous injections into
car di ac nbisclters,\aetiiarthythamic iagertts) @antinflamitatorg mgents, vefodilators, thirombnlytic egéngs,

necessary to. be therapeut.i.call ffecti i | ith. t 1 f
G Sor dor caidengbEPaaRL aaRo G foefiref Fshisipntifbmes) Sicuy bichis BEWRERT, *has
occurfsd. pl%goz\’)\le?%t@éﬁ%ﬂﬂni%%é%?%é@ﬁﬂ%atnﬁdﬁﬂiﬂ@&iﬂ@@ﬂﬁ&&@@b&d@)bj@ﬁeﬂSEd in

conjunction of transplantation of Cx43 overexpressing cells not derived
from the mgEetensin pomientingeenziime RACE) ithititops; braig pafrivrgtisjpsptide®NDe. g. |

al | ogenei ol xe%}og%geg c.cells, { gﬁi{gati on Wth O her Therapies 5 The
met hods ofHNEPIETHS ARERts; QK B1Y B *%4l so be utilized in conbination with
ot her car di acThéigleadit esventienmap Also peiagupplembntaEfroeddureiaotsmenirsery dr ugs
used to treat certain types of conduction defects can be adm pjstered in
conbi nat i bypag# gwftmgoﬂ%ﬁ%ﬁgl%enl@@m%t HfpnonciyRsiisning wypeasdiahicg VHR damaged

myocagfli UR)(Bofne bR odether Hifh rBoasBREfi Stioft ithBFoves myocardial performance more

than revascularization (bypass surgery) alone. Transplantation of recombinant connexin

cells in conjunction with CABG provides for additive treatment during surgery by
preventing the continued myocardial remodeling by reducing wall stress and ischemic
burden. Additional surgical procedures to deliver the recombinant cells into the myocardium
25  can be avoided by implanting the recombinant cells at the time of CABG surgery.
Assessment of Therapy
The effects of therapy according to the methods of the invention can be monitored in
a variety of ways. Generally for heart block disorders, an electrocardiogram (ECG) or holter
monitor is utilized to determine the efficacy of treatment. The contraction of the heart
30  occurs due to electrical impulses that are generated within the heart; an ECG is a measure of
the heart rhythms and electrical impulses. Thus ECG is a very effective and non-invasive
way to determine if therapy has improved or maintained, prevented, or slowed degradation

of the electrical conduction in a subject's heart. The use of a holter monitor, a portable ECG
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i npl antation). Cardiac drugs that are suitable for use in conbination
therapy with the 10 nethods of the invention include, but are not limted
to, growmwofiaoswsrs, pol ynucl eotides encodi ng grow h fact @cs/usansioeyeni c
agents, cal cium channel bl ockers, antihypertensive agents, antimtotic
agents, i.qtropi t i NetW-ToT Yo} It:3s s, beta-

bl ocker s,tﬂgcnc I Bg&rogg?%r%‘l&%g géggggg?ﬁ%%???fﬁﬁtammt (S)dm&%dgrtf?g,a&y soé?l ators,

t hr onbol ydissedagemntshe likgishlsca religble snadies] toastasbibeteffestiveanssi ofitheapyagent s,
antifungal agents, agenis that\ﬁ#ﬁg ibit 15 protozogns, ant}arrh 1L C_ agents

th
(used for tredtiRErPhyFOlPEN st VRIS 9uS PIAGYEIE] Catha“ﬁ%? Wn%fféi n
conver ti nge fOAYITEssACHe doffhd¥ioh Prsperths ¥ thetithft! dHn@lldobelRRd tPiRsdsBNRrapy.

antineoplastic agents, steroids, and the like. The present invention may
al so Be a suppWaemrthatorghitinetdibedrentsd dGoeamgastive et fajlurd; pp sckocgrdiggrampr

(CABG) . Replacenent of a npon-functionin cardial .scar w t .

L onat) onimlear SETL Carne s Gothe SRRt R SE bRt Rho . Lebtbarison pf
per f or manggodBRdiBerahiaiior &Y aflifted HicZahftiap of RitpASHmaGtE@BEYh callDint

Transpl antati on of reconbi nant connexin cells in conjunction wth CABG

provi des mhpecagdialitissueallovesdonalinblg@sseammant phseafmept. preeventing the conti nued
myocar di al renpdelin r CJ . | i

Addi ti onal su?@?ec% ngPge}:ﬁleogg?(Se{sasgbgmﬁgMevegfr‘léat%ﬁz)f?%ga(#ﬁ%? %gfrill egeel?l S i%&oar? he
myocandi uibt Akafei Hediniviag dBhnp ypproptiastésags fdideteetimgynobrohizeé owpliag, t he
time of CABG surgery, Assessnent of Therapy The effects of iher

accor di ngeigo byHeoRstingsardyc @H@lqnﬁé‘@n‘f’aﬁgmg’éhl Ee A6 ARY 630F 3 pteg%&a/‘r‘ﬁeet y of
ways. Generally for heart block disorders, an el ectrocardi ogram (ECG or

holter monitor is utilized to determne the efficacy of treatnent. The
contraction of the heart 30 occurs dEXAMFLES ectrical inpulses that are

generated w thin e heart; an ECG is .a neasure .of . the. heart rhyth and
electrical i npht]P%% OV Sjage %ut\;sgﬁt%/_s%?sf _&PE?‘G@C thete ?lfo?{ﬁ}nﬁr\}’asski%len 1%Evvay to
det eryg ney §ith RRLAPetD AR cloSRE AME HesRFiptidH Ot IRIwRAmally £1MQiRE 6, préfenSin@w@ibn,
degradation of thé electrical conduction in a subject's heart. ' The use of

a hol t er ansirare et intengdest todishis tiecerpofintay teoguauars peeprd sotheis guygption RRjarg an

be worn for |l on ri ods of.t.i {0 . it r o) £ rrhyt hm a
ai sor dor s BegitRR % fopiseRondy B ekl Rlo BBl PG ehlckfne”

ef f ecti vepgasmell. ERFtaRNve tet Gidde phyisutd agirat e sith redpectito nombbsased (e.g.

per cut aneous pl acenent of catheters within the hggrt, to agg‘géﬁpt he

conduct i oRMHEHEEPHBIVET, etchduh 8e1pe ?XR?ﬁﬁle&Taé EITRHE a 8"1?%01&55 ResouiEd 5
Wher e, he copdidl Bk edboefhér()v?s%;ﬁﬂts' ﬁ%gfﬁ’%ggfz\;v%lgﬁt Beddchlat Helghh & wBht

echocar di ogr am or “nucl ear stu can determ ne ihprovenent in
vent ri cul aferdoenasle@ilar Wiighatengertat is malegres Tentigrads apd presswoisahdr adarer t he

grafting of reconbi nant connexin cells into
atmospheric.

While the present invention has been described with reference to the specific
embodiments thereof, it should be understood by those skilled in the art that various changes
25  may be made and equivalents may be substituted without departing from the true spirit and
scope of the invention. In addition, many modifications may be made to adapt a particular
situation, material, composition of matter, process, process step or steps, to the objective,
spirit and scope of the present invention. All such modifications are intended to be within
the scope of the claims appended hereto.

30
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nyocardi al tissue allows for reliable assessnent of treatnent. The above
nmet hods for assessing the efficacy of therapy are only exenplary and are
10 not neaoto3psssbe |imting. Many appropriate assays for @®€TarsSn2/8R932
synchroni zed coupling, (e.g., by nonitoring cardiac function) are well

known 1 SRS L: eSacRR R -ARRUEH LSO m BUELERy J1fdaLiou g
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devi ations shaqul d .be ;accaunted 20 for... Unl.ess jndi cated otherw s arts
are parts by Paﬂ?c‘fs}ﬂ%ﬁa&‘t‘% ‘"_%éfF FHpILitesCels; %ﬁ*etaqwé)&)gagg, nglcé@fﬂ agj e\E})Ovei ght ,
tenper at Wi@dk and Mult§ay.e SRl SFIAALini I RHRES Tk3.| HoRbva] astB@tells

at mospheric. VWile the present invention has been described with reference
to the spoatifeand differeniiate inte myletbesfthe basiswetivhichdeads dethstcenigagije pysde

skilled in th t that varj ous _ chan e made and equi val ents may
be subst iﬁ‘iﬁ’f)eg:xa;'f’ﬁ%rﬁfm%lﬁglﬁéﬁsdl? g%ﬁglﬁtg?%yan@%g%i rit and scope of the

i nvenpi on. | n i@dehtdliyoblasevhdmagbtibes dial @ disferay céltulardetiophysitdpgical :
particular situation, material, conposition of matter rogess

eri, C . rocess,
step or sherssteristics: ehagasiesizetion of the getion poteidiak pygmetsts qlﬁg‘gpﬂl "erth)eno S
i nvention, C Py [ ' 4B of
e ol o i YRRHEd RSP 5 R R U ABGETed SR 5%1‘2‘3?‘2”%53%?? 1
Char act erByz%izymatioﬂisp&eioatfaim thedtihdEinb/mmysotewdf @sS ddyi 01d ngonagal edte.c Miiobdstsy
excite cardiac tissue. Tissue engineering.technigues,are attractive.
al t er nat i &8 dﬂ%“@’%ﬁﬂ?%‘ﬁ’t“?%ﬁ&ﬁ“’ﬂ‘ﬁ@?%ﬁ Wé’t‘fb(?? n "ﬁ ‘?'g%ﬁxﬁ’}?@%t ?gr_é’ﬁﬁﬁ E}egb]%n
hear tsdi Sgag qifndGPREHEN A ROy BUAENLEB% helak serufrA(B 18R Aeniillia ©f f er s

the prom se of restoring f ion to patients. Biopsied skeletal nuscle
have sat el(0U/ml esd bteeptaipdint A0pughndb IMzpetdastsdridonyetnbesdntubated in PIM i2cet daye

mul tiply. Skel etal opblasts jinitially express 43. However, as the cells
mat ure andeigistidisde rﬁ%%@é’eﬁ 5P 1%1’?@!%51”@}?@”&%9%“1%‘? Yva%ﬁ_e‘éﬁé Feé?gﬁtac‘ta(?nt he
cont r act Iﬁ%{@s@ Ifhe ft)uQ\%fr%,mé&g&%nﬁﬁﬁrﬁe%é bBRired: fefitnd Bambrand pblgtiaRIMI)Rl
myot ubes. el etal nyobl asts and nyotubes have different cellular
el ect r ophaesionipotghtiall amplitude (APA), action potential duration at 50 %(APDsp) repolarization

20 (Table 1).

Myoblasts began to differentiate into multinucleated myotubes in 4 days and form a

network of spontaneously contractile fibers by 10-14 days.

Table 1. Change of action potential parameters during different days in DM

25
group RMP APA (mV) | Vmax (V/s) | Threshold APDs5p (ms)
(mV) (®A)

DM 2 (n=10) | -27.442.9 | 60.1+5.8 27.4+4.2 31.1+6.5 15.1£1.7
DM 4 (n=4) |-38.3+3.6 | 94.446.5 72.246.7 23.8+2.39 8.1+0.1
DM 6 (0=8) |-50.6+3.0 |113.9£3.4 102.9+9.0 18.120.9 7.4£0.5
DM 8 (n=11) | -52.8+1.8 | 123.7+4.3 123.5+6.4 17.2+1.9 7.4+0.4
DM 10 (n=7) |-53.1+2.5 | 133.1+2.7 153.448.9 29.245.3 7.4£0.5
DM 11 (n=10) | -53+1.7 133.543.1 146.412.9 33+2.8 5.120.5
DM 12 (n=9) |-52.4+3.2 | 127.442.9 142.7+6.4 30.7+6.8 5.4+0.7
DM 13 (n=9) |-48.8+3.1 | 120.6£3.0 129.3+6.8 30+4.9 7.5+0.6
DM 14 (n=9) |-46.8+0.9 |120.2+5.4 114.6+£3.9 43.3+4.3 6.410.6
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characteristics. Characterization of the action potential paraneters during
different periods of nyoblasts differentiation to nyotubes were

det er m newo 03kad3et al nyobl asts were isolated by enzymati ecuitspzsBsnn from
the hind linmb nmuscle of 2-5 day old neonatal rats. Myoblasts were

di fferenti ated._int.o. [ ' . J: aci

oroveh e umFr by i sRUEE BBt B G o Sl el pbERYACLAD 1
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of patch cl an'dﬂ'ﬂ@c"ﬁbﬁfaﬁ\@sﬂﬁ@gﬂ}hfgég? @ﬁg’%gﬁésée%‘é’lﬁ?eq W\é\y&%&géﬁg’? LQ'ig?gifﬁgm t on
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into multin ted t.ub ' . .
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Thr eshol g%APDBO s). _m%nA)MDM 2(‘1”:10 - g?. 42. 9 60. 15. gnzl)? 423)2( gl. i%s 5
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-52.43.2 127.42.9 142.76.4 30.76.8 5.40.7 . DM 13 _(n=9) .- 48.83.1.120.63.0
129. 36. 8 304. JlmspEaptign ppigntial Harﬁé@f)termh%.dgﬂﬁéé%fﬁ@%?% Pifi%.“&*%@‘/o 7

6. 40. 6 24d'%9§e8§£t%%%§g‘?4yo%%gp802/ 35932 Freshly isol ated skeletal mnyoblasts
di d not HAVE heasurable action potentials and were unable to be

ggsgt g i ; ﬁljl é s’l.“helip(;xltc?lz1 c&?iEFiﬁylaftXTﬂgﬂ%g?th%v rﬂiaart]tbzie@mctrii@émexeﬁﬁlii)’ ehswoblastieen

) ays - . ~Wth the. f - '
mor e negdfiRN lefsithany/ e@@e’ﬁaep@hcgmwé)ft@sgwpﬁ%g%&&g@%ﬁ% 5%(1)% agi(r:n(:) imalngal o)
| ncr Ei?S eqaw?ﬁﬁ%?%gasf 3il?n&§ﬁ‘(lfpa‘g§ﬂeléﬁ eBctriddt pulayimlest e isARRardedr eased in

paral Tel 14 days. No significant difference was found between day
10 and dall8lar dayplibg Ma gdpHu@tiohB)

Computer modeling was used to assess cell to cell electrical excitation between
skeletal myoblasts and myofibers with cardiac myocardial cells (Lee R et al., Annals of
20  Biomedical Engineering 28-1:554, 2000). The modeling was performed by incorportating
measured cellular parameters of each cell's type. The computer modeling results determined
that the action potential duration (APD) of skeletal cells is short (1.6 ms and 2.8 ms for
myoblast and myofiber, respectively), as compared to the cardiac cell, and is the major
limitation of skeletal-to-skeletal and skeletal-to-cardiac excitation. A high degree of
25  intercellular coupling was required for skeletal cells to excite their downstream neighbors
quickly enough, within 2.5 ms, prior to their own repolarization. The cardiac APD is long
(178 ms) and there was a long length of time for cardiac cells to charge their downstream
neighbor, before the charging cell repolarizes. Decreasing intercellular coupling increased
the time necessary to charge adjoining cells. The ratio of intercellular coupling reduction to
30  still allow cell-to-cell excitation in homogeneous strands was 45:5:1 for the ventricular,
skeletal myoblast, and skeletal myofiber cell types, respectively. In mixed strands, the
limiting factor in excitation was any instance that the skeletal cell was the source cell.
These results demonstrate that: 1) the short skeletal action potential limits skeletal to

cardiac conduction by limiting the capacity to provide a sufficient excitation charge to
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Vmax: simlar changes were noticed as that of APA. (FIG 1 C) APD50: The

m ni um val ue of APD50 occurred at 11-12 days and then increased. 10 There
was no siynioBioasmt anong each group except day 2. (FI G 1PCI/UBba3393acti on
potential paraneters change during different periods of nyobl asts
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(APD) of skeletal cells is short (1.6 ns and 2.8 ns for myoblast and
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electrophysiologic properties, a rat model for AV node injections was utilized (Lee et al.

1998 J Appl Physiol. 85(2): 758-763). Animals were chemically denervated (using atropine

H CH

and propranolol to inhibit the influence of autonomic nervous system) and studied with right
atrial overdrive pacing and atrial programmed extrastimulation, both pre-injection and at the

25  time of sacrifice. Surface ECG PR intervals were measured, together with AV nodal block
cycle length (AVBCL) (the rate at which AV conduction becomes sequentially longer, then
fails to conduct) and effective refractory period (ERP) (the coupling interval at which an
atrial extrastimulus fails to conduct through the AV node). A single injection of skeletal
myoblasts (1 x 10°, 15 ul) or vehicle was injected into the AVN of rats (n=8).

30 Electrophysiologic properties of the AV junction were significantly gltered in
animals with transplantation of skeletal myoblasts. Significant alterations in the Wenkebach
cycle length (70.0 + 4.4 vs 57.0 + 5.0 msec;p < 0.01) and AV nodal refractory petiod (113.8
1 5.6 vs 87.0 £ 6.2 msec; p < 0.005) were recorded in the skeletal myoblast injected rats as

compared to control animals. Histological examination of the AVN revealed that
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Exanple 2 : El ectrophysi ol ogi c consequences of skeletal nuscle

transpl antation To assess the el ectrophysi ol ogi c consequences of skel etal
nmuscl e t rapIplosassati on into 10 the nyocardium we utili z@dTars02/85991 vo
nodel to assess cardi ac conduction. The feasibility of gene transfer to

specific C ' i #[bnﬁ% [ously

denonst ra?@g&gf}%@e@? Soé)l ﬁt%l%%&%%ﬂ%&ivﬁ{f “ﬁ"éﬁ‘%ﬁﬂ@ﬁﬁ Pﬁg ouseg%dtn' al . Novenber
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efficient_and specifically cal i zed expressi on of r.ecqnmhi nant. bet

gal act osi Hi&estngly, Hee ﬁ&’“ﬁ%’é{ ‘g‘g WE%lgmgﬁ@t%ﬁ $ratelipst gﬁ 1’6ﬁ?§§‘?’|"’6§éﬁ? The
accur acy LDl kd I .IM tions has been validated by
t he produ%%}?agﬁ@g@%%?%#%idlgtc%{rﬁcaﬁ%}s{dﬁ%gpg% al. 1998 J Appl Physiol. 85(2):
758-7638). As Aheselresuitsiadd further avideredlont dronshlarted skeletdl exyablastsl (everawhen ssi on

between the atrium and the ent {4 ¢l the. AV conduction axis .is in

strat egi CH‘HBE"F% %ﬁnsﬁ PoRtog of ﬁt?d%{dﬁ aﬁ%f? ﬁi’@@c 0811‘2%“1%58 ﬁi]@ g}agfi%%v"o aﬁel(?s 'f’g

det er m neghedoRghicther@baducivs 6lRk! TABSRIra Mk #d keledll hBfoblasRnitsthede afto AV

nodal el ectrophysiol ogic %r operties, a rat nodel for AV node injections
al

was uti | i mydtubesandelosatheir abdug tyfonpdap Frnesipag, thegility to prpagagyplectisalm) s
wer e chem calll ddenerevat ed (using atropine and propranolol to inhibit the
i nf | uence™FHENSHEM % nervous systen) and studied with right atrial
overdrp ve pacing and atrial progranmed extrastinulation, both pre-injection
and at the 25 wmMdamRfangdg4atbdidiee. Surface ECG PR interval s were neasured,
together with AV nodal block cycle |ength (A\_/BCLI%) ](5t he rate_at which AV
conduct i on becdhelinvgng mateaielsandanefbeds waie Htilized; fos Exampleh dubt ) and
effective refractory period (ERP) (the coupling interval at which an
atrial extrastinulus fails to conduct through the AV node). A single

i njection of skitlefabmyobMetibdstich {nll caltd@5, 15 ul) or vehicle was injected
into the AVN of rats (n=8). 30 El ectrophysiol ogic properties_of the AV

j unct 1on were Jhigiretoselivisaparaved géﬂ ﬂi‘%g%m{nh%qeso%‘?lﬁmr ﬁﬁ%@m%am‘ter%w ogf

skel et al : Eon i bkl : ngt h
(70.0 & 4CHIREAR 5P G F AL AN oG e P i ke
(113.8 +skel@aMaydblads wefe. iolateé as prvioully@io&yibes by enzowatitatispersiothfromkieb et al

bl i.nj , d | ani nal i st ol Qqj
o sct ol ey S B COmE bo, Contiel aol e 5 SLoladienl v
appr oxi @E%Pfi)yi@én@‘ioﬂ hs, ML, AT idbRio dells Wehd durddOwR gidvth 2iedRirh ON.

Hi st ol ogi ¢ the AV conduction axis appeared normal in control vehicle

i nj ec20 on§GM)I(B@% T medin (FIRECPRRIL) %}"/2 EBSdHy Chane Isbgrateriasalnc)ypeiciie,
pr oper 1 o8 1K R Fesnpicta dhog b TR 2ot R kb ety OB ce ol
nyobl ast s p{yeBRELsWEE maintained in GM medium in humidified 95% air and 5% CO,. Once the
cultures achieved 75% confluency (day 0), the myoblasts were cultured in either GM
medium or changed to differential medium (DM) (98% DMEM, 2% horse serum (HyClone),
25  penicillin G 100U/ml and streptomycin 100ug/ml). Myoblasts cultured in DM were
incubated in humidified 95% air and 10% CO,. Myoblasts were collected on day 0, day 2,

day 4, day 7, respectively for extraction of RNA and protein.

Production of Connexin 43

30 The rat connexin 43 (Cx43) ¢cDNA was cloned into the MFG retroviral vector; and

transduced into murine myoblasts as previously described (Springer ML, Chen AS, Kraft
PE, Bednarski M, Blau HM., Molecular Cell. 1998, 2:549-558). This vector has been
shown to be stably expressed in muscle (Dhawan J, Pan LC, Pavlath GK, Travis MA,
Lanctot AM, Blau HM, Science 1991:254,1509-1512). Primary myoblasts already
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involving a small portion of the AVN) alters cardiac conducti on and may

| ead to areas of slow conduction or conduction block. Therefore, as the
skel et al wpobloasts differentiate into nyotubes and | ose Ph@iusoabiodity to
formgap junctions, the ability to propagate electrical inpulses decrease.

1, L T BT A T <
prot ocol (@psing@pMVehndyBltal. GamiSoht, €.l Mol AGka) 199933apeh209)0i versity of

California at San Franci sco and conducted i n accordance w th federal

gui delines. Neonatal skeletal nyoblasts were isolated as previously
descri bed by eBetgrmination|pEMBNA tavelsusimg RIEPCRays ol d C3H neonatal mice and

cul tured as prgyionsly, d ' e . 3 94h, J.
ol 155 ol - 1 5ROl Bl R Bl R el vl Bl 18, Qhecnt BEUCH,
growt h negidunagffiédd sfe3bpiotdfletni (A260 £t ABB0 BElshreni2it). FRNA Hyg) ofeach
Laboratories, Inc.), penicillin G 100U nm and streptomnycin 100ug/ m , bFGF
2. 5ng/ n ($Runde Wapreyeesgdraosi ey forsk bowtah B 7° Grysing @Bgélpfvmdéh%amﬁ apowH of n am

medi umin 1.di fi . % aj V% . i %
Cont | uencsD L Aa il B0 bonBRR 2 bl D, Cam it SRPDPE Rt
changed t Ph&ldiffefine giiin@ks uediinihiy by w8 UeEAVEM i Tatlen s & fee demanirheCltoneq,

25 penicillin G 100U mM and streptonycin 100ug/n). Moblasts cultured in
DM wekle  fonSuhiatted, amplificatidi fiae gerdGusedifor cenidinQyedes(R4°OVipo BO'aSHEC frar3”

collected o 0, day. 2, ay 4, day 7, respectively for. extraction of
PA nd i B B ropa g taPted B Tedries ton AhahSeS Rt e theli I th em)
cDNA was i t i : 753 i nmuri ne
yobi aot s TLRRE e BhOnlch fr WAPD I Ay bhfexint B4Rk 258 o ARRENE DAy ol e
Bednar ski dé¢miBiare 2M TheBCRqubductsGedre restDe8 by 21e640plE58jis oM Aesaguasetgol aridas

b h t t apl d j | J. Pan LC_ Paylath CK,
Travi s VRHAEEH 87 GRS BTN e ltiAEs 118 daveD} OB sy Bepiai D!
nyobl gsst Safi dRARY exre B0 3BRAAIRETS HSQeV/eBEOGAPDRKRILE Fisd 18Tellfiay-0 vl i

(3-gal actosi dase (a-gal) gene (TR/Z) was used as control myobl asts
(Springersetm 1., and Blau, H M, Som Cell Ml. Genet. 1997:23, 203-209).
Determ nation of MRNA | evels using RT-PCR 5 RNA fromthe cultured cells was

Cpett 1 ophot omel POIe SR o ORBHOFEdL L HCFEEF moaRA Pl of cach”

Genes Primer(Forward) Primer(Reverse)

Connexin 43 | 5°- 5°-
TACCACGCCACCACCGGCCCA | GGCATTTTGGCTGTCGTCA
-3’ GGGAA-3’

Myogenin 5°- 5°-
CCTTAAAGCAGAGAGCATCC- | GGAATTCGAGGCATAATAT
3 GA-3’

MyoD 5°- 5’-
TTCTTCACCACACCTCTGACA- | GCCGTGAGAGTCGTCTTAA
3 CTT-3’

Desmin 5’- 5°.
CCGGAGGCTTGGGGTCGCT-3’ | CTGTTCCTGAAGCTGGGCC

TGG-3’

GAPDH 5°- 5°-
AAAGTGGAGATTGTTGCCAT- | TTGACTGTGCCGTTGAATT-
3 3’

20 Detection of protein expression with Western blotting

The total soluble protein was extracted from the cultured cells and was quantified by
Bradford method. The soluble proteins (40ug) were separated via SDS-PAGE using a 10-
20% resolving gel for connexin 43, MHC, P21 detection. Proteins were electroblotted to

HYBONDT™-ECL nitrocellulose membrane and immunoreactions were carried out as
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sanpl e was reverse-transcribed for 1 hour at 37C using Aig-dT and the sane
anmount of CcDNA was anplified for connexin 43, nyogenin, nyoD, desm n and
GAPDH, respesisasely. The different prinmers used in this SCEABONETIE2
described in Table 2. After denaturi ng at 94C 10 for 5 m nutes,

anplifica "
o AR IR RPN FCTot L Alop (e ob e BAC Uind0e oty 207
cycl es torabbmpolyqlmal m¢odﬁé2m@ﬂLMOrﬁmesGﬁPm Bd 0OOn nMypmnhBamimmZS and

el ect 1 opnBelts BeAeBgsd 3 EOTEdR AR Dl o oy e REHEER P h N H

sof t war e. UhRRrit9\F 16w (12900 @Khtlor3 P2MpRASA WS dedeled with PICargesdy n
expression were normal’ized to the'| evel of GAPDH, and the |evel of day O

was set Hshemicopgintesnationgly fxea g )@t :500 dikgian)uti i zed i n Experi nent al

studies: Genes Priner(Forward) Prinmer(Reverse) Connexin 43 5 - 5'
TACCACGCCACCACCGECCCA GECATTTTGECTGICGTCA -3 GGGAA-3'  Myogenin 5 - 5
CCTTAAAGCAGAGAEATREHuITERAIl SafSASCATAATAT 3" GA-3' MWoD 5' - &
TTCTTCACCACACCTCTGACA- GCCGTGAGAGICGTCTTAA 3 CIT-3"  Desmin 5' - 5
CCGGAGGCTTGaaGErunereuoresreseransthphisr rengsain 4#@@:1‘32 Degmaippypers -perf@med as

AAAGT GGA %f)# HPAA t | rotein
expr essi Sﬁé@\%@%— ste?lgl“&agott e tégg) (fho,gl éﬁ)glﬁgtgé?%hmr[/g%ugxktegact ed
fromtthe 2000;301€2):323+327. aBmieﬂoamwpbhmﬂsMar@pllateyl onBhadber dideetvith M hieliwn! ubl e

proteins (40Q) re se ted via SDS; PAGE .using.a 20%.r esol yi n
Do Conment A0t i maneRs MeStediinh avms ciha rarHaig AL b e Svioen o YL Beff
HYBONDT M & i i RE0, t
HYBCNDT I gz%eod%gg%tg&giék}? 0561 /y@@rbga@ﬁd anfl7 | AIPAKARRIRNSYRESo G AdS e OU

in PBS and post fixative permeabilization with 0.2% triton X-100/PBS, cells were blocked

with 3% BSA for 1 hour and incubated with primary antibody at room temperature for 1

15  hour. After washing with PBS three times, FITC-conjugated secondary antibody were used
for incubation 1 hour. The dilution for Desmin antibody (Sigma, St. Louis, Mo), connexin
43 (Zymed Laboratories,Inc. Ca.) and MF-20 (Developmental studies hybridoma bank,
University of lowa) were 1:100, 1:100 and 1: 50, respectively.

20 Microinjection technique

Gap junctions were evaluated by microinjecting cells with the gap junction

permeable dye, Lucifer yellow (Molecular Probes, Or.). Microinjection was performed in:
1) control(TR/Z) and CX43 myoblasts at 70-80% confluency, 2) TR/Z and CX43 myotubes
and 3) co-cultured adult rat cardiomyocytes (ARC) and adult skeletal myoblasts or

25 myotubes. The dye solution was composed of 2% Lucifer yellow (gap junction permeable)
and 1% tetramethylrhodamine-dextran (gap junction impermeable; Molecular Probes) in
sterile distilled water. Microinjection was performed with Micromanipulator 5171,
FemtoJet, Eppendorf by a pulse pressure of 80hpa of 0.3 second of duration through a
0.5+0.2um tip micropipette (Femtotips, Eppendorf). Cultured cells were washed and the

30 medium was replaced with phosphate-buffered saline (PBS) containing 10% FBS.

Injections were done with Nikon TE300 Microscope with phase and fluorescence optics.
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described using the ECL detection kit. Connexin 43 was detected using as
anti-connexin 43 rabbit polyclonal antibody (Zyned Laboratories,Inc. Ca.)
(1: 1000) .whipawsas4heavy chain protein was detected w th MPCTAISan339BDdy
(Devel opnent al studi es hybridoma bank, University of lowa) (1:2000
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Expression of Gap Junction Proteins Connexin 43-encodi6§8 9uc| eic acid was
2.

i nt r oduce@xf#hwes skursedin MASE @YQ@bF%UIﬁg‘e coisel mypiebes )The formation of
funct 5@ nal gapFig'ﬁ?e%tZCO %1 B5LHEE ﬂxe@&ﬁ’ﬁ%ﬂ%ﬁﬂkv% 4s3ociated with the same cells

analyzed for Cx43 mRNA depicted in FIG. 2A and 2B. Figure 2C is a photograph ofa

western blot for Cx43 protein, which indicates the relative amounts of Cx43 protein present

in control cells and recombinant Cx43-expressing cells at day 0, 2, 4 and 7. Figure 2D is a
graphical representation of Cx43 western blotting experiments to determine the relative

25  amount of Cx43 protein in three control cell samples and three Cx43 expressing cell samples
at day 0, 2, 4 and 7. Protein expression results were consistent with the RT-PCR results
confirming that expression of recombinant Cx43 can rescue connexin 43 loss in control cells
at day 7 (FIG. 2C and 2D). The RT-PCR results shown in Figure 2A and 2B, demonstrate
that Cx43 mRNA levels as expected, in control cells were gradually down and almost absent

30  at day 7 while the level of Cx43 mRNA for recombinant CX43 expressing cells was
unchanged through day 0 to day 7. GAPDH was utilized as an internal control in these RT-
PCR studies. Western blotting with antibodies for Cx43, in control cells showed that CX43
expression was downregulated at day 2 and almost absent after day 4 (during myotube

formation) while recombinant Cx43-expressing cells did not show any downregulation, and
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expressi ng nyobl asts or reconbi nant Cx43-expressi ng nyobl asts whi ch have
differentiated 5 into nyotubes with other types of nyoblasts or nyotubes
was eval maoaedios®dscontrol (TR Z) nyoblast cell, which expPeIase2/§5948
initially and then down regul ates Cx43 expression during differentiation
into myot I r RGN and
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Example 4 : Gap Junction Function and co-culture experiments

25 To evaluate gap junction formation between myoblasts and cultured adult rat
cardiomyocytes (ARC), single adult rat cardiac ventricular myocytes were enzymatically
isolated from female Sprague-Dawley rats weighing 200-250g by standard methods.

Briefly, following intraperitoneal anesthesia (pentobarbtal 100mg/kg), the rat heart was
rapidly excised and perfused retrogradely via the aorta using the Langendorff technique.

30  The perfusion was performed at 37° C using solution A (norminal Ca®" free solution, NaCl
134 mM, KCl 5.4 mM, Hepes 10 mM, glucose 10mM, MgCl, 1 mM, NaH2PO4 0.33 mM,
titrated to pH 7.4 with NaOH.) for 5 min, solution A, 0.1 mM CaCl, with 1 mg/ml
collagenase (Type B, Boehringer Mannheim, Germany) for about 15 min consequently, then
washout with solution A and CaCl2 0.2 mM for 5 min. Afterwards the left ventricle was
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protein expression levels were found in skeletal nyoblasts before or after
differentiation. Mcroinjection studies to investigate the formation of
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Spr ague- Dawlisduce amsmwm gdnme@oﬁptﬁe pEdipnbyvas thanged tb Iad anglgmicroimeriedn yas

foll owi ng intraperjtoneal est ent obar btal 100ng/ kg), the rat heart
was rapi BP‘{}I ormyed alel My QEHbS ? k‘/ailagyg}gr adely via the aorta using the

Langendorf f t EMde;ll&j@cmanStJ&i@s 1B8hVdEER tnwfsfmrofnwfrmftuaha@ap ‘j?ant&bﬂg
soI ution A (normnal” Ca2+ free solution, NaCl 4 nmv Hepes 10

gl ucobetweBnivhrdidpy@tanedlls Radieriw] gelb(skelptal W@bla‘-’ct énd myomhes» 04 With h
o Sl At Uk e Gkl (oo
washout WwikiBets@bells were Aaband vaaGHhddSmiherdvkfrom arfil igifer Ketlewylaudfer ybléow ef t
ventricle b\é\ﬁ‘lsg c:zé-ab\{\eoofo t%n%tseasfrdédrfn (I?I%T c/:e lst(()) Zat{lgt grs %rough functional gap junctions. The

black arrow in Figure 4 indicates the injected cell in each set of experiments. In co-culture
experiments, dye transfer could be observed between adult rat cardiomyocytes (ARC) and

25  control myoblast (which express Cx43, FIG. 4, row A) or with Cx43 myoblasts (FIG. 4, row
B). Even after 7 days in differentiation culture, Cx43 cells were capable of dye transfer with
ARC, indicating functional gap junctions(FIG 4, row D). In contrast, there was no dye
transfer between control skeletal myotubes and ARC as shown in Figure 4, row C. In
summary, these experiments indicate the unique and novel features of the present invention

30 by demonstrating that it is possible to form functional gap junctions between two different
cell types by expressing a recombinant connexin in one of the cells. In particular, that

functional gap junctions can be formed between adult skeletal muscle cells modified to over

express Cx43 and cardiomyocytes.
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removed and chopped into small pieces, which were incubated with 20 m
solution A and 0.1 nM CaCl2 with shaking at 37C for 10 mn in a gl ass

coni cal fwek/039Bhe cell suspension was filtered (200 m crom/useybyw3and t he
filtrate was sedinented for 5 min. The Ca2+ concentration of the _
super nal apl a2 s9EIAUA! drCdnRGEf A3 Spithdidh &mefé%ﬁfn-o%%@sadimﬂagﬁa‘m?llytl o
suppl ement ed WL BetdAinEBS, effe@ﬂbf:@k U3 Bxlﬁesfsﬁﬁwmedifﬂarsttiaﬁpnoﬁslwﬂa’nallobg/ m in

| ami nin- coated dish densi t i f_104 rod-shaped cel 2. |
Ser U ConbaDRRTE SO 1SXRE L AT JMC BRSO BETE dTEEh e S BrrBd as
dedi ffer eﬁ&ﬁaagl l{rﬁ)@lh&e%&@é L@b{ Afkly 1A 1HERK RSB 1818 of BESC @hd Dagmiryd

shape and nyofibrillar 10 disintegration and subsequent spreadi ng, and
r eor gani ziawd sirongfmarkers formhyatdast diffeagyiation ingo myatubas; iBconixal gad 43 cells

ar abi nour I 5 was ;added to nr t fibroblas r st

o the- ARG G Sqvpec Pare. ad B8y So ot dsR | ORb Bttt
obser ved. gifft&Hiated PR IRkt IR e dCin§daba e incapdtioadiifif BMefdri7atayanin thkel et al
nyobl asts (1 04/cn2) were added to the ARC cultures._The gﬁre kept, in the

HAM F- 12/ Gtoeexired’ grouponyeubesdidnet frg eyen st ldidayeePMh DPEFPEFHIY next
day to evaluate, dye transfer last: hSHLIE t ubes
formati on?%rteﬁ%mwg tu% e c%geﬁgéwght%rﬁﬁﬁn? g?ﬁioﬁ}gg%'t P%_l%uhwas %gr (%r med
af t er 101y obtubies skt Higive Gidegi@ysirate Mat Mii-2§ QdiHi@)rnd Dedings two sirongemeikges e
the formation of functional gap junctions betwee&‘n rdi ooyocte. cel l.s and
control c&rmayoblaskalisiorentiaiiomnie mygR@es 5T Bressnt gt day; 4 1 coBgolapRifsiaRdnt ox43
- eXpr essi GEh! §(:<AF# ind s S hdBEShinWests GRMINoRInGH th

I njected ce 'ﬁ:ﬂl\g?ée: a %@?&S#E'%?ﬁgdgﬁh@%{e}%ext ron lgnd ijci fer Yell oew,

Luci fer yeppepund heierganclpabFis. of rdspentistlyr MF-Gtheapressiai fromovestese histtingir ough
functi onal Hap junctions.. The black arrow,i n}égf%{ﬁre A i ndi catﬁsnlalt

i nj ected S@AY Wep cengigient afithgmmayotinpresernt study, THee m@%%? Y nl{u‘s%?m%jye

transfer v LHRES R stoub R bnd AhSiPrepRtYdEaradiiG)randap5
contrz) nyglg%%k’g}sa?%&aﬂ?tgﬁt%%ér%ss 0%43, EIEGE) 4, royvl,%\) or v(fl?h Cx43 nyob§I2asts
(FIG 4, 0dovdayB], wikek reflectsehat bottaVR/Z anddi¥43eqetinwithdiaghirenydividiag wien3 cel | s
wer e capabl ﬁ of dye tralas[fﬁjr with ARC, indicating functional gap

j unct i ons EEfEmWaE SIRCA Y PMoni rast, there was no dye transfer between
control skel et gi, RyehuReshangd R&Re&sBA@MRecombiiagticcandxinmMévis arnifol tosummar y,

these experinments indicate the unique and novel features of %‘gg £reie

i nvent i onnBOtUbps deiswaly deleterigus dwsingidifferentistion oy mypblagis A MYPLPS R etg';p
junctions be n [ ; PIER SnP S o VBGORTh BNt
conne Qn Wob\r,?\gggfla\t{%@g%bee%%.é]ﬁtr?\nsgegﬁcﬁmgfépﬁtxﬁg{ﬁ Je?ﬁncti ongl gap junctions
can be foigxad gbed WabOx4BiuMyshiastctralsfeacted ovith 4¢K(xd3 andlirhnsfetreddoover express

Cx43 and (czl?frfe(iler(l?cia igg >r/rlgeec"lisa' ha?c)lzimpaired myotube formation. In contrast, fully differentiated

myotubes transfected with Ad Cx43 remained normal appearing and aligned themselves in

an orderly array analogous to control myotubes. Transfection with control adenovirus

25  without Cx43 developed normally.

Examvle 6: Cx 43 expression in skeletal muscle improves electrical conduction in the AV

node.
To determine whether the forced expression of connexins improve cardiac

30  conduction, skeletal muscle cells were transduced with Cx 43 (same cells as used in in vitro
experiments) and injected into the AV node of immunodeficient rats (Lee et al. 1998 J Appl
Physiol. 85(2): 758-763). Animials injected with Cx 43 transduced skeletal myoblasts (2.5 x
10° cells/ 25 pl; n= 8) were compared to animals injected with control skeletal myoblasts
(2.5 x 10° cells/ 25 pl; n=5). Surface ECG PR intervals were measured, together with AV
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WO 03/ 039344 PCT/ US02/ 35932 Exanple 5: Effects of Connexin 43 expression
on skeletal nyoblasts differentiation To determne the effect of Cx 43

expr essi owoan/0893e4 di fferenti ati on of skeletal nyobl asts, pexrprsexsisen | evel s
of other proteins were analyzed. Figure 5 shows the results from an

| nmunof | u i i : m n,
5 T st ane e syeie e A e R o R o o e A O
and Cx43 daiges thénMRlls tol @ndet) appbAN Noefietive refrabesyrperidd (A VIS ERR)\(he cpaplalg) .

Control skel etal (qbl ast.s iflerenti.ated i pto.nultinu at nyot ubes
after | nodBgrRoH MRt A rsgyEs BiR § herdef e B GRHED, hyot ubes
did not form ewgshiBfdn€EhokfbnHRYST thPIMiteFhPRE] dbsel® %@ LS ia@iinal OinjdRSOWRK nant
Cx43 prevented nyoblasts from form ng nyotubes. | nmunofl uorescence 10

studi e§ sliadn tiansdticgdisleelBalduyinasts astcompared tvthexpnirpikrless anselsreel injeqied

strong marker 0 bl i.fferentiat} i u , e at
day 71 aonee{ T B ST b b DShEIBRAMEEE PEL3M
VHC and DeggWsnl 1065111 9 m¢; @ <008 paifd Thest) tixpAVNBHPI(80Wr- p2aslw 100.0-+ G 5,
respectively. M--20 expression fromwestern blotting study. was consj stent

wi th i mud60 mesms9adl s paiteddltesprvere sigpifisanthimpseyeddn apimalsinjectad; widh £x4%

arrest, h i ac\%ﬂﬁ}gw: H/\ﬁﬁl?w) | at ed

gr adual | y%glr]%&r%{agéa%e?%&t%@%?%s I'c etd?§ g%{i%ﬂﬁg? (t)t ﬂ{egﬁ Cx43

cel | s10i t mebrodust r om di vi di ng when nmediumwas switched to DM To determ ne
whet her the expression of reconbinant connexin 43.is_har I ot ubes
or is only del Jt&ss GHYISAFIORGIP flTaéﬂ@r?i‘?cgﬁaﬁﬁOWSWnggﬁ%A&g BEs
skel etal  20iA0sa aabrdovalt MMALN RS REL AN HaBEhRED Yiddlalanyoblasts as
replication-deficient adenovirus with the Cx43 gene (Ad O<43§5. obl ast s

t r ansf ect edmyated te\dor@rod Skeletdl myohiastsr Tlat coonexdi prodnedinn iatherecombinantells

i npai red otube.formation. In. contrast, fully differenfiat.ed ot ubes

{1 ansf ect GOV ToRR eERa ameiod e nre bt G 1 oihie PHERURD o
in ansor ¢end, Y Rtudi@dbld PrsvideOfos Battdr @leciv@bitaRkal shieMohs bbtv@en Wd diria
control adenovirus 25 w thout Cx43 devel oped normal ly. Exanple 6: Cx 43

egr essi on ané thekeentricdd. nmuscl e i nproves el ectrical conduction in the AV

node. To determ ne whet her the forced expression of connexins inprove

cardi ac 30 conduction, skeletal nuscle cells were transduced with Cx 43
(sane cel IBxappldsp e duitdlopdusvithngplangxioarof K&AS Sxpsessing AieHs ircPhtientsawitthe AV node

of i m"runoc)efi_ci ent rats (Lee.et al. 1998 J Appl Physiol. 85(2): 758-763).

Animi al é—w@&&@m&bﬁ@&@r L A t r ansduced skel etal nyoblasts (2.5 x 106

cel1shy25 |; n=l) | FBhssiif FutMstebr t X Qhuselee! et al
2 i ént P EREL ShE M MBnsns' i LEEEE GutUs Ol GRN A Qhus?

nyobl a(s)ts (2. gx rf%%ﬁcel Fg%} 2°§g’|°§° n2 ). Stigrlf ace ECG PR intervals were

measur ed, biaggtihebtamed from\patients who have experienced anterior, lateral or inferior wall

myocardial infarction and may or may not be a patient that requires coronary artery bypass
graft (CABG) surgery. The skeletal muscle cells gathered from the biopsy are cultured ex
vivo and genetically modified to express a human connexin (such as Cx43) by the methods
25  described above. The modified skeletal muscles are analyzed for recombinant connexin
expression by immunofluorescence assay for connexin protein. In certain instances, the cells
are analyzed for the ability to form functional gap junctions with cardiomyocyte cells by the
in vitro Lucifer dye assays described above.
After analysis of the modified muscle cells, a therapeutically effective amount of the
30 modified muscle cells are implanted into the patients heart tissue. In certain instances when
the patients own skeletal muscle cells cannot be used for cardiac treatment, a recombinant
muscle cell line which expresses recombinant human Cx43 is utilized in conjunction with
the appropriate use of immunosuprression drugs known to those skilled in the art. The Cx43

expressing muscle cells are then implanted endovascularly with a injection catheter, which
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33 WD 03/ 039344 PCT/ US02/ 35932 nodal block cycle length (AVBCL) (the rate
at which AV conduction becones sequentially 1longer, then fails to conduct)
and AVN eWwDaciosasas refractory period (AVN ERP) (the coupli egT/tisar/a39sal at
which an atrial extrastinulus fails to conduct through the AV node).
Significa ' PR 4k j i

nf ect ed o PR LR e bidthed fifn el GrolHS D ATEUEE ol o o Solhon
control skelatmmbn’sNRGA systein, BijHeatttMyacutimeBigcardi@, Bostorl Séiemtifio/sstdletg + 2. 5
ms; p < 0.0001, ired T-te L. rhe AV 96. 7.+ 10 i.ns 2.0 # 11.0
T b < 0TSV Goheh A e ROR MRS Tobetishic oTiber (8 ARG edind g o
ns; p<0. 00%e pBﬁéﬂtQQmBnIt@@H)aﬁW@g&% enévaladdihk ¥IidiBY 6F @6htinBn@Nni mal s injected
with Cx43 transduced skel etal nyoblasts as conpared to aninals injected
with céntrol skeletal 10 nyobl ast These results denonstrate that the

el ectrical coné}yﬁlt i an t hrough the AV junction was significantly inproved
in animals inj &4 °wi th Cx43 transduced skel et al myobl asts as conpared to

control skel et athepatibhta atcsmaldats] ok seterpllpbitaile0 D8 bl T gedrectupeiwidnt
cells provided for electrical cgnnection between the reconbinant cells and

adj oi ni ng thydeanasisof proviewy myocayhplaptaretion gr moppighamis idig@ypPrthyet t er

el ectronmechani cal synchrony between the atria and the ventricle. Exanple
7: Autol ogous Transplantati on of Cx43-Expressing Cells in Patients with a
Previ a0s MyocarBippdy | nfarction 20 The treatnment of cardi omyopathy in humans

is carried out gs follows. A nuscle.  hiopsy .is obtained fr atients who
have experi encélﬁleéﬁ??]t@faXWS(’lFQfoé’P}éFS q%altamﬁf\.gﬁnara f&&'lweeﬂﬁg%%a?%]l‘g‘?eﬁ(?%&ar ction
and nmay ory,fg at@@tcoﬁﬁmg«l %t%gﬂ{ %sé RAbafi & WHeRSthE BERBAIY idvh@iteDYRADg08S af t

(CABG) surgery. The sk scle cells gathered fromthe biopsy are
cul tured ekeletal muselndelipemetobiaatsiand myditfhies)care isobatgst Bem the skghaial nausale opsy.

(such as 4 by, t he .net ho 25 descr.i.bed .ahove. .The. ified skeletal
iscl eq ardiehsPYEEHER cPBERGT AL RPL PRI b HEufao pye A6k

i Munqkl UGHERREMGA tRSHAYCIE BEILYS OTHDbibkyRs Steindd flofh e tiigh (Quasicapreestust he
cells are analyzed for the ability to formfunctional gap junctions with

car di omyodgteealiskenthe mjdcplé (Gpsirognemizs) efche patieal eAn sderpat 15 &wde foewludsove.
After anal ysj.s..of. t pso]= Il le cells, a therapeutically effective
anount of ct\()ﬁ{ea%ng%lnrgor}g?cfln%)%éﬁlr}gg]@ §}gel | s are inplanted into the patients
heart tissue. |Qugleicéms-vastusditanties Antirtision ilempdd loagitislimily stk the al nuscl e

cells cannot be used for cardiac treatnent recombjnant. nuscl.e,cell .1ine
whi ch exprédtsselateral aspast pbthe tHehiht rﬁ@udﬂ,pﬁhp i@&ﬂ;ﬂhlsé?ﬁﬂo&ﬁ%?%ﬁd P¥eh ¢ he

appro ggi a3§e4 go%ﬁﬁgghe L RTHRER URE HRSRa8Rcdps Yasuk BRI Wil HRA8nt el lah § Expdied. ne

art. e

A segment of muscle is resected longitudinally along the long axis of the muscle fiber and
placed into a container of transport medium.

Gastrocnemius- An incision is longitudinally in the posterolateral gastrocnemius

area in the mid calf. Dissection is made through to the deep fascia to expose the
25  gastrocnemius muscle. A segment of muscle is resected longitudinally along the long axis of

the muscle fiber and placed into a container of transport medium.

Ex vivo propagation and genetic modification of autologous cells
The methods and protocols used for the isolation, expansion and transduction of the
30 autologous skeletal muscle cells with a human connexin construct ex vivo are as described
above. For example, human connexin (e.g., Cx43) cDNA is cloned into the MFG retroviral
construct and transduced into the autologous skeletal mucslce cells in a similar manner as
described by Springer ML et. al., Molecular Cell. 1998, 2:549-558. This construct is
generally stably expressed in the autologous muscle cells.
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expressing nmuscle cells are then inplanted endovascularly with a injection
cat heter, which 34 WD 03/039344 PCT/ US02/ 35932 catheters can be obtai ned
froma vawoaB®p3wBi4 sources (e.g., injectable catheters suclrCagSIvsEdnn &
Johnson's NOGA system BioHeart's Myocath, Biocardia, Boston Scientific's
stilleto, Tr anm\éezg&x@ﬁ@dnyqﬁédiﬁé&éellswgm@ed dok)o Brovivd 3r & cONRAERIIH &

syringe for a CABG.procedure. The patient is nonitored after surgery to
eval uat e tdbeueld’ridaestsanl. (Theanodified cedls magyi hertered whder pefrigenatien Gusvalladrenndind
females g al.ly between 18 and,75 year f. Wi t t he. di Si.s .of

pr evi ous- iy GO RFAl 1 NP AP EE PR Ao e raHEts SO N i Lrup BLIR DT B e
The skel etgah bBuSEd & DEQPFENLIliSy B4R MRsheid BinfirRcd Q1 WS 8&Ect R - Cx43- 4 weeks)
of anticipated coronary artery bypass for patient where the procedure is
war r anted. SXRERSSIOD G usmusrEneregdenen andl o bydhe Sincigusb Bap juncherdassyystdgbatedar e

i solated f t he skel etal nuscle biopsy. Under sterile surgical

condi tions, an open biopsy technique is utilized to excise skeletal 15
nmuscle fromthe nmuscle belly. The biopsy is obtained fromthe thigh

(Quadriceps-vastus lateralis) or the md-calf (Gastrocnem us) of the
patient. An at t@W&mﬁ%ow?récq@lm|cefer@exlrtfaﬂfeafﬁma£€l¥ma paersuiarephenmraach

bi opsy. Quadric = tt?gesl. [ LACi.Si i ﬁg‘iﬁ’eﬂn {: i y

al ong the anter ?%f}\[f@ga gé%%@%l ﬁi)tfcgl'glhe t%@gﬁﬁﬁkgg%lﬁgn ower gf’f&%?drlglﬂg?@kées

t hi gh.10Di ssledtistering thecacamladartleeldsilgghusi®a tdtheternddiveiysystemarithefrasomtanand t he
quadriceps vastus. lateralis wil] be identifi and exposed. .A. segnent of
sl e 1 & ol Bratbisefe P bnas e ReeaRE oHY ¥ BRg & RE PR RATTLa) 6 11 ber
and plac Qﬂeﬂeﬁ&&gi‘)nctﬁ@ 52 Bfthe %ﬁ&té@ﬁﬁﬂ@f ForREBHtWERn ABShIIRGDSM LSillid cells
incision islongitudinally in the posterol at er al gastrocnemus area in the
md cal f. 4Dk ggented awn suspersthe. tMvltiplghingeotionsean be psddae celiver dhetepombinphie 25
gastrocnem us nuscle. A segnent of nuscle is resected |ongitudinally along
t he | ong aX's of the nuscle fiber and pl aced into a container of transport

nedi ums Ex Vi VOTHY idpRasid 28 catidd 988t Advandifls fHeGredlo throhgptht @hOBHOE DI ER) | S
The met hods and protocols used for the isolation, expansion and

t r ansduct | @Hhet t@ peredstermined|depibu Lhe peaxima) endipf dthencedel lymgp {spatiackadian

connexin ¢ ' . g ahaves  Fo
connexin (%ngfaw& 5@?6 M&)rﬁéﬁ%ﬁ% ne i?[;rllffegﬁ g ?1Heb (yé%%oe i r‘é({)f\t/%&gwageo%%ﬁ gtﬂ}c & and
t r ansducethgainispthe kadsvatdbicgatce iskih@bsdopityislacadiae ktioocarlicpraphyl dranagimtiner

as described by Springer M et. al.,. Ml ecul ar 1. 1998, 2:.549-558. This
const r uct qegonange ing)agllnggguidance, the needle is advance ﬂlto t%%myocard?um an ’316 ceﬁ

20  suspension is injected. Upon completion of the injection, the needle is withdrawn into the

7,

catheter. This method is repeated in the target region until transfer of the cells is complete.
An attempt is made to cover the entire area of the scar, including its periphery. If the cellular
therapy is delivered during a CABG, then a needle and syringe are used to epicardially
deliver the cells to the akinetic region as described above.
25
Monitoring and Evaluation of Treatment
Clinical status, adverse events, 12-lead electrocardiogram, 24 hour ambulatory
electrocardiogram, and routine clinical laboratory tests are carried out by methods and
techniques known to those skilled in the art for the evaluation of regional left ventricular
30  wall function. Follow-up can be performed and compared to baseline (i.e., prior to
treatment) at selected periods post-implantation (e.g,. 1, 2, 3, 4, 6, and 12 months). In certain
instances, evaluation of treatment may include Dobutamine stress echocardiographic
evaluation of regional wall motion and wall thickness in region of implantation (infracted
region), contrast ventriculography or magnetic resonance imaging. The monitoring and
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generally stably expressed in the autol ogous nuscle cells. 35 WD 03/039344
PCT/ US02/ 35932 The genetically nodified cells are cultured so as to

provi de fwpo oogsmcentrati on of about 106-109cel |l s/ m . The paodishz/ad3zel | s
may be stored under refrigeration (usually around O0C) prior to

transpl anicgiil, b eﬁ&?ﬁéﬁﬁeﬂ%%hsecﬁ%l detetin®R the ieeVdfBeJdnbPROn Br U cHSRal
Exclusion can be used as a cell viability assay. Potency i1s confirned via
t he det ectnuuwnleahd Exadiréizsdol edonmehimjcal pondvofibnvitbsctbe odamhd/ or by t he
functional gap junction assays described above. Inplantation of

reconbi nant connexin expressing cells via a percutaneous approach

| npl ant i NExbgld & ¢aibloBail TaadleXatibnefIReESH binantOC43SEx ibRildCel MIA Pafiétittm
involves 10 adnministering the reconbinant cells by using a catheter
del i vefy ithessdiacrepndusiéoméisessat cells are injected into the akinetic
nyocardi al scarpat the site of a previous infarct. Depending on the size
of the targeteé)ln?arct zone, between 400 mllion and 1 billion cells are
injected as a dbspatiaitoare MAlkd dnd femialek etineensd aad 90 lyeary 9€dgd withl élid diggnosize

reconbi nant, cells. 15 The injectjons are carried out by advancing the
needl e t hobGyHiacikendFHon Jrsassi(-en carichlptidt dhe beprbblgle et b sANGERItAkept h.  The
pr oxi mal . i i : i hat
cont ai ns f(ﬁ %I%Eéfgtn}gig%gﬁgé '%”e% i su plgzﬁg{)%n. Al tsteu?gﬁ}éggg% ?@é‘%@%@m ﬁ%‘? of

agai n30 t hlee mordatagidg ptocsssr flitdezingthe methicdls dewiibed imExaaaze dj he 100 million
echocar di ogr aph r magneti resonance, i magi ng i dance, e needle is
advanced illgﬂdgg‘?cﬁ‘?%ﬁ]?f}?:g? Hy?ﬁ%‘fdalﬁgﬁ? ﬁ&n"&"gﬂregé&‘ E&%@H@F&ﬁ?’%w r’i‘iﬂeglﬁ’gd. Upon
conpl et i oRe bRt bohR&IH @5 chliBe ARALA shifpiMlly R AP ghiifeQsytifge, viathBeter .
This method is repeated in the target region until transfer of the cells is
conpl et e. nodgl agteryeorpiia p pereatiocqus debvery sysiemdsee ¢-g., &k B P agint Nee6.H824726.
including its periphery. If the cellular therapy is delivered during a
CABG, then a needle and syringe are used to epicardially deliver the cells

to thesaki neti q/s:80FR8 ang FgRBLIDE T rakmvR. 25 Monitoring and Eval uation of
Treatnment Cinical status, adverse events, 1 el ectrocardi ogram 24

2-| ead
hour ambul at or yhedeisgtionelieant dlnck fanddtsdreatsaanthran bp rearils feteetpd buswfacet est s
are carri u - . - : J.he
art for t R Bx Al Ee SR ot AHE B AN i IABES R e bl
Fol | ow up sapplethentfeestotormsbsatidrappnpared to baseline (i.e., prior to
treatnent) at sel ected periods post-inplantation (e.g,. 1, 2, 3, 4, 6, and
12 nmonths). In certain instances, evaluation of treatnment may include
Dobut am ne stress echocar di ographic
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eval uation of regional wall notion and wall thickness in region of
inplantation (infracted region), contrast ventricul ography or nmagnetic
resonancewiormagsasgs The nonitoring and 36 WO 03/ 039344 PCTPUSARNBFII2

eval uati on post treatnent can be used to determ ne the |evel of
regeneration of functional nuscle andcgupggroni zed el ectronmechani cal
conduction within the infarct, . Exanple 8: Autol ogous Transpl antati on of
Reconbi nant O<4"§haf§>‘€‘f§\“g§§ic}?§fn€§é}sfs in Patients 5 with cardiac conduction
di sease. Patients The patients are nales and fermal es between 1 and 90
years of age with the diagnosis of cardiac conduction disease (i.e., heart
bl ock) . The heal.t Ahathdd cfaastablisliog gealetitical coandption ®dtwdeabro@@itifarte. 9., as
a conpl. cation ve, surge cat het er_abl ation) or part of 10 the

f v ry. or
nor mal Sagilﬂ@m’ﬁ‘rag%% | ang;q y9eqsdiak ¢ell, thermeibrd eppaprisingad in Exanple 7, 1 - 100
mi | 1ion “modi fiQ@tahd 8 niRRaRR bAl §5the0rdebmbihenANa | QReliuRy VOl ume
of 0.2-0.5 m_. The r%cg%‘%i nant connexi% ceI] S @gﬁﬁ%gﬁ%%@{/%ﬁg%&s@rgi cally
via a 25 gaedjfied o prodece agaunetie pANeinnsrihtomadtiap peimg in b anaanpesuchidiamaous
delivery syst. see .9.. US Patent No..6,059,726. 15 Nbnjtoring and
Bval uat | o o8 PPt R e R gt BRteRR Bisenyosdeibh 8l pd et
can be readidmbidgitestied by surface ECG Exercise stress testing, holter
monitaring or an el ectrophysiol ogy study are alternative supplenental
test s I0o assessvhdieinapylectralmgttigpdsimedndin: usombsB98¢E!l a@dAbdByoddrdial whi ch
i s clained._.jS. thod of establishing an el ectrical connection between
a reconbi %gl%?seséab@n%%l ian cell and a myocardial cell, the method
conprising: contacting a nyocardial cell with a reconbi nant mamal i an cel |

genetically nodified to produce a connexin protein, said contacting being
in a manner squf-iP?eéﬁ?&iP%Of elain L fuherein the reembingnt sl in peleatedfrpmdhe group

connect i OroRELNRAL o Relcl ARRLMIcRH, £8bh Bt AliShILCERIPLARAL P! | i 10

wherein an el ectrical connection between e reco and t he
myocardial <cell is established. 2. The method of claim1, wherein the
reconbi nant cel] s select fromthe group consisting of a skeletal
muscl e cell, a st na%th) og‘ﬂf‘%fo‘%]?eé@f‘%%ﬁﬂoﬁg@%tcﬁehés ¢ ggletal muscle cell.

4. The method of claim 3, wherein the skeletal muscle cell is an adult skeletal

muscle cell.

20

5. The method of claim 3, wherein the skeletal muscle cell is a myoblast cell.

6. The method of claim 1, wherein the connexin protein is a connexin 43 protein.
25 7. A method of claim 1, wherein said contacting comprises implanting the

recombinant cell into myocardial tissue of a subject.
8. The method of claim 1, wherein after the electrical connection between the
recombinant cell and the myocardial cell is established, the recombinant cell has similar

30 conductive characteristics similar to the myocardial cell.

9. A method of establishing an electrical connection between a recombinant skeletal

muscle cell and a myocardial cell, the method comprising:
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15 3. The nmethod of claim1l, wherein the reconbinant cell is a skeletal
muscle cell. 4. The nethod of claim 3, wherein the skeletal nuscle cell is
an adult wheBesahs nuscle cell. 20 5. The method of cl ai mP8T/UshES®BN t he
skeletal muscle cell is a nyoblast cell. 6. The nmethod of claim1, wherein
the connexin pr@hficing 8 nfoe@ANRE¥INWAR aREQhSiiRant skletdl masIBEdMOnsficalyai m 1,
wherein said contacting conprises inplanting the reconbinant cell Into
myocar di almedifiedto express ggbpeaxin pi@teimisaidrpontactingbeing in amannesseffisiont &f t er t he
el ectrical cti r inant cell and t ocardi al cel
s est aby 1ZAHE REprORREA NP AL O cp SRR AwcB e NG ol Y g8 ke

char act er irstomlsnsitikélagal indsdlbeelljyocardi al cell. 9. A nethod of establishing
an el ectrical connection between a reconbi nant skeletal rnuscle cell and a

nyocar di al cel IWhergia aplasirat enppertignRptvens thgyegsembaugyskelatat musolz/cgt 9ad
contacti ngh@gggg%afa@lggi is%?t]aﬁlis‘ﬂie&h a reconbi nant skel etal nuscle cell
I

genetically red to express a connexin protein, said contacting being
in a manner sufficient to provide for production of an electrical
connecti on between_the cardial cell, and the reconbjnant skeletal nuscle
cell; 5 wherein‘a @I%@W‘?@‘Fla% n‘@%etr?IBEheo%ﬁe{%\?éﬁ“’tsﬁlécP EotIdvttelstad) et al
muscl e celd@neyt he nyocardial cell is established. 10. The nethod of

claim9, wherein the skeletal nuscle cell is an adult skeletal nmuscle
cell. 100 11. The nethod of claim9, wherein the skeletal nuscle cell is a
skel etal nyobl ast ...cell 2. .The net had of .claim 9 . wher ei fter e

el ectri cal con?Qct?%ﬁngg?ﬂl}%%ﬂa%%nﬁl%elp&eoﬁlfﬁie%ﬁ’?usglglcfsﬁéﬁn?jgief?éalr%@tcbi%i al
cell is esdepblished, the reconbinant cell has simlar conductive
characteristics as the myocardial cell. 13. A nethod of establishing an

el ectrical connection between a reconbi nant skeletal nuscle cell and a
myocardi al cell , t Hﬁf I.SlNg: I L al, cell
with a reconbi nlazhtﬁlgeke e?cg ériré)}gg?’a@qug Fﬁ@rgt@%@{e?@%%{‘%nﬁ%ﬁa %égée?‘ (Sdlééxpr ess
a recasbi nrasymisinanesil and hephpicardial cekhligescabliklad] thegedodibigant beldhassimilar

conductive characteristics as the myocardial cell.

13. A method of establishing an electrical connection between a recombinant
skeletal muscle cell and a myocardial cell, the method comprising:

20 contacting a myocardial cell with a recombinant skeletal myoblast cell genetically
modified to express a recombinant connexin 43 protein, said contacting being in a manner
sufficient to provide for production of an electrical connection between the myocardial cell
and the recombinant skeletal myoblast cell;

wherein an electrical connection between the recombinant skeletal myoblast cell and
25  the myocardial cell is established so that the recombinant skeletal myoblast cell has similar

conductive characteristics as the myocardial cell.

14. A method for treating a cardiac conduction disturbance in a host, the method
comprising:

30 introducing into cardiac tissue of a host a therapeutically effective amount of a
recombinant mammalian cell, which recombinant cell is genetically modified to express a
connexin protein, said introducing being effective to establish an electrical connection
between the recombinant cell and a myocardial cell of the host cardiac tissue;

wherein the cardiac conduction disturbance in the host is treated.
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sufficient to provide for production of an electrical connection between
the nmyocardial cell and the reconbi nant skel etal nyoblast cell; wherein an
el ectri cawoas/smsas i on bet ween the reconbi nant skel etal ny®oiraso2/s®st and

25 the nyocardial cell is established so that the reconbi nant skel etal

myobl ast cel | hHs Bhabtand of daitu ¢4 wieereih et ehbmbhtc®11as sdlbged A ahlk@up
cell. 14. A nethod fﬁ{jltreati g cardi ac cagnduction_disturbance in a host,

the met hod®OnEistRs Pk3 et@@“i‘%‘i{ér"@ v iR Gels dilbblashand p sardiacsella host a
therapeutically effective amount of a reconbinant mammalian cell, which
reconbi nant cell is genetically nodified to express a connexin protein,
sai d i ntroduci nkp. bBiemethbd ef¢lnine 14,ovleestinlthd :wbombinehteellis ¢ stel@ainneeld il

bet ween the reconbi nant cell and a myocardial cell of the host cardi ac

ti ssue;” wherein the cardi ac conduction disturbance in the host is treated.
39 VO 03/ 0393441 RO 5RO S50 AZind 56, RGBSR rflsBlo Bl & o RETSIDleta®
reconbi nant cell is selected fromthe group consisting of a skeleta

nuscl e celtpuscie ellem cel |, a fibroblast, and a cardiac cell. 16. The nethod
of claim 14, wherein the reconbinant cell is a skeletal nuscle cell. 5 17.
The nethod of claim 16, wherein the skeletal nuscle cell is an adult

skel etal nusclis. cBld meth&d off¢l@inires, hatkrah (e deltal GustiBRER W bSbiakekLet al
nmuscle cell is a myoblast cell. 10 19. The nethod of claim 14, wherein the
connexXion protein is a connexin 43 protein. 20. The nethod of claim 14,

connextfn prot _ 43 protein. nod of ol aim 14,
"niarct rogion of (harearfPrRiR £ RN AR prd SR LR B oleibr o1

t he reconbinant cell is autologus to the host. 22. A nethod for treating a
cardi ac conductjon_di sturbapnce in a manmalian host, the  nmethod conprising:
20 i ntroduci ng 40nt edﬁ?tﬁ?‘gﬁp‘ﬁ?% b vgrerqth gaifl datrodgicing cpmpeises ipwlanyinalicect i ve
amount of ricorMifdiilcatl ifbafhaeeldeidiRfIthd GRliay gl fied to express a

connexin 43 protein, said Introducing el ng effective to establish an
el ectlPcal connection between the introduced reconbi nant skeletal nuscle

ggln::lug??oﬁ (rtl?lgt Ir, gg%iglg %lélquig[gg:t{lgg, \Qlﬁgrteinctﬁg géc%ﬁlbgrlla?f (l:Je?f' is\gﬂ’% o%ug tg tf}ll% h%gtr. diac
22. A method for treating a cardiac conduction disturbance in a mammalian host, the
method comprising:
20 introducing into cardiac tissue of the host a therapeutically effective amount of a
skeletal muscle cell genetically modified to express a connexin 43 protein, said introducing
being effective to establish an electrical connection between the introduced recombinant
skeletal muscle cell and a myocardial cell of the host cardiac tissue;

wherein the cardiac conduction disturbance is treated.

25
23. The method of claim 22, wherein the skeletal muscle cell is an adult skeletal
muscle cell.
24. A method of claim 22, wherein the skeletal muscle cell is a myoblast cell.
30

25. The method of claim 22, wherein said introducing comprises implanting the

recombinant cell into an infarct region of the cardiac tissue.
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25 23. The nmethod of claim 22, wherein the skeletal nuscle cell is an adult
skel et al muscle cell. 24. A method of claim 22, wherein the skel etal

nmuscl e ceWbD o3®3m44ryobl ast cell. 30 25. The net hod of cl aiPETABN2/34982 ei n

sai d introducing conprises inmplanting the reconbinant cell into an infarct

regi on of the czg dilacméthsd veclaidd 2WOVELBAN A3 dobihAMSRAERDPhddcle 241 isThe
met hod of claim 22, wherein the reconbi nant skeletal nuscle cell is

aut ol ogus aWelegks tadhag hosk1
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