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Abst r act . Gap j unct i onal i nt er cel l ul ar communi cat i on

( GJI C) of cul t ur ed mouse epi der mal cel l s i s medi at ed

by a gap j unct i on pr ot ei n, connexi n 43, and i s depen-

dent on t he cal ci um concent r at i on i n t he medi um, wi t h

hi gher GJI C i n a hi gh- cal ci um ( 1 . 2 mM) medi um. I n

sever al mouse epi der mal cel l l i nes, we f ound a good

cor r el at i on bet ween t he l evel of GJI C and t hat of i m-

munohi st ochemi cal st ai ni ng of E- cadher i n, a cal ci um-

dependent cel l adhesi on mol ecul e, at cel l - cel l cont act

ar eas . The var i ant cel l l i ne P3/ 22 showed bot h l ow

GJI C and E- cadher i n pr ot ei n expr essi on i n l ow- and

hi gh- Cal + medi a . P3/ 22 cel l s showed ver y l ow E- cad-

her i n mRNA expr essi on . To t est di r ect l y whet her

E- cadher i n i s i nvol ved i n t he Caz+- dependent r egul at i on

G

AP j unct i ons ar e speci al i zed membr ane component s

t hat per mi t t he di r ect exchange of i ons and smal l
met abol i t es bet ween cel l s . I nt er cel l ul ar communi ca

t i on t hr ough gap j unct i ons i s bel i eved t o be i nt i mat el y i n-

vol ved i n t he pr ocesses of t i ssue di f f er ent i at i on and homeo-

st asi s ( Loewenst ei n, 1979 ; Pi t t s and Fi nbow, 1986) . Bl ock

of gap j unct i onal i nt er cel l ul ar communi cat i on ( GJI C) ' dur -

i ng l i ver r egener at i on af t er par t i al hepat ect omy ( Fi nbow et

al . , 1980; Meyer et al . , 1981 ; Tr aub et al . , 1989) and aber -

r ant GJI C capaci t y obser ved dur i ng car ci nogenesi s and i n

var i ous t r ansf or med or cancer ous cel l s ( Loewenst ei n, 1987;

Yamasaki , 1990a) suppor t t he i dea t hat GJI Cpl ays an i mpor -

t ant r ol e i n t he cont r ol of cel l pr ol i f er at i on and di f f er ent i a-

t i on .

The gap j unct i on channel s ar e made up of ol i gomer i c pr o-
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of GJI C, we t r ansf ect ed t he E- cadher i n expr essi on vec-

t or i nt o P3/ 22 cel l s and obt ai ned sever al st abl e cl ones

whi ch expr essed hi gh l evel s of E- cadher i n mRNA. Al l

t r ansf ect ant s expr essed E- cadher i n mol ecul es at cel l -

cel l cont act ar eas i n a cal ci um- dependent manner . GJI C

was al so obser ved i n t hese t r ansf ect ant s and was cal ci -

umdependent . These r esul t s suggest t hat Cat +- depen-

dent r egul at i on of GJI C i n mouse epi der mal cel l s i s

di r ect l y cont r ol l ed by a cal ci um- dependent cel l adhesi on

mol ecul e, E- cadher i n . Fur t her mor e, sever al l i nes of

evi dence suggest t hat GJI C cont r ol by E- cadher i n i n-

vol ves post t r ansl at i onal r egul at i on ( assembl y and/ or

f unct i on) of t he gap j unct i on pr ot ei n connexi n 43 .

t ei ns consi st i ng of si x subuni t s cal l ed connexi ns ( Unwi n and

Zamphi gi , 1980 ; Beyer et al . , 1988) . The cDNAs encodi ng
sever al connexi ns have been sequenced ( Kumar and Gi l ul a,

1986 ; Paul , 1986 ; Beyer et al . , 1987 ; Zhang and Ni chol son,
1989) . Ther e ar e st r ong over al l sequence homol ogi es and

si mi l ar membr ane t opol ogy f or at l east t hr ee connexi ns ( con-

nexi ns 32, 43, and 26) has been pr oposed ( Goodenough et

al . , 1988 ; Mi l ks et al . , 1988 ; Beyer et al . , 1989 ; Yancey et
al . , 1989 ; Zhang and Ni chol son, 1989) . Despi t e t hese si mi -
l ar i t i es, expr essi on and f unct i on of gap j unct i ons appear t o
be di f f er ent i n var i ous t i ssues, suggest i ng compl i cat ed f unc-
t i onal r egul at i on of connexi ns . Di f f er ences of phosphor yl at i on

si t es among connexi ns may r epr esent one such r egul at or y

mechani sm of GJI C t hr ough changi ng connexi n f unct i ons

per se ( Zhang and Ni chol son, 1989) .
Anot her l evel of r egul at i on pr oposed f or GJI C i s cel l - cel l

r ecogni t i on . Candi dat e mol ecul es i ncl ude ext r acel l ul ar ma-
t r i x and speci f i c cel l adhesi on mol ecul es ( Edel man, 1986 ;
Spr ay et al . , 1987 ; Mege et al . , 1988) . GJI C of t en occur s se-
l ect i vel y . For exampl e, sel ect i ve GJI Cpat t er ns ar e consi der ed
t o be essent i al f or ear l y devel opment ( Lo and Gi l ul a, 1979a,
b) . Recent l y, we r epor t ed t hat BALB/ c 3T3 cel l s t r ansf or med

by a var i et y of car ci nogens show a nor mal l evel of GJI C

among t hemsel ves, but do not communi cat e wi t h sur r ound-
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i ng nont r ansf or med cel l s ( Enomot o and Yamasaki , 1984 ;

Yamasaki et al . , 1987) . These r esul t s suggest t he i mpor t ance

of sel ect i ve cel l - cel l r ecogni t i on mechani sms i n t he r egul a-

t i on of GJI C. I ndeed, cel l adhesi on mol ecul es ar e known t o

pl ay an i mpor t ant r ol e i n sel ect i ve cel l r ecogni t i on and adhe-

si on ( Edel man, 1986 ; Takei chi , 1987) .

We have r ecent l y char act er i zed t he GJI C capaci t y of a

panel of mouse epi der mal cel l l i nes der i ved f r om di f f er ent

st ages of mouse ski n car ci nogenesi s . These cel l l i nes di s-

pl ayed a pr ogr essi ve l oss i n GJI C wi t h i ncr easi ng t umor i -

geni ci t y ( Kl ann et al . , 1989) . Cel l di f f er ent i at i on and pr ol i f -

er at i on of mouse epi der mal cel l s ar e cal ci umdependent , and

we have f ound t hat GJI C i s si mi l ar l y cal ci umdependent . We

have al so st udi ed t he r el at i onshi p bet ween t he cal ci um- de-

pendent cel l adhesi on mol ecul e, E- cadher i n, and GJI C. We

r epor t her e t hat gap j unct i on pr ot ei n ( connexi n 43) f unct i on

i s r egul at ed by cal ci umi n mouse epi der mal cel l s and t hat t he

cal ci um- dependent cel l adhesi on mol ecul e, E- cadher i n, i s

i nvol ved i n t hi s r egul at i on of connexi n f unct i on .

A possi bl e r ol e of cel l adhesi on mol ecul es i n t he r egul at i on

of GJI Chas been st udi ed by Mege et al . ( 1988) . They t r ans-

f ect ed l i ver cel l adhesi on mol ecul e ( L- CAM) cDNA i nt o

ot her wi se L- CAM- def i ci ent and GJI C- i ncompet ent mouse

sar coma S180 cel l s, and obser ved t he appear ance of f unc-

t i onal GJs . However , si nce t he st udy was car r i ed out i n f i br o-

bl ast s whi ch usual l y do not expr ess L- CAM, whet her and

how such a r egul at or y r el at i onshi p bet ween cel l adhesi on

mol ecul es and GJI C exi st s under nor mal physi ol ogi cal con-

di t i ons ar e not known . The pr esent st udy was under t aken

f i r st t o i dent i f y t he mol ecul ar speci es i nvol ved i n cel l - cel l

adhesi on and GJI C of mouse epi der mal cel l s and t hen t o

st udy t hei r r egul at or y r el at i onshi p.

Mat er i al s and Met hods

Cel l Cul t ur e

The base medi um used f or pr i mar y and est abl i shed cel l l i ne cul t ur es was

Eagl e' s mi ni mal essent i al medi um wi t hout CaC12. To t hi s medi um wer e

added : ( Si gma Chemi cal Co . , St . Loui s, MO) i nsul i n, 5 Wg/ ml ; epi der mal

gr owt h f act or , 5 ng/ ml ; t r ansf er r i n, 10 Wg/ ml ; O- phosphor yl et hanol ami ne,

10 AM; 2- ami noet hanol , 10 AM; hydr ocor t i sone, 1 PM; gent amyci n sul f at e,

50 f cgl ml and gl ut ami ne ( Gi bco Labor at or i es, Gr and I sl and, NY) , 2 mM.

Thi s medi umwas t hen suppl ement ed wi t h 10%FBS t r eat ed wi t h Chel ex

( Chel ex 100 r esi n ; Bi oRad Labor at or i es, Ri chmond, CA) t o r emove cal ci um

( Br ennan et al . , 1975) . As measur ed by at omi c absor pt i on anal ysi s, t he

Cat ' concent r at i on i n t hi s medi um was - 0. 03 mM and CaC12 was t hen

added t o gi ve a f i nal concent r at i on of 0. 05 mM. When hi gh- cal ci ummedi um

was r equi r ed, CaC12 was added .

Pr i mar y Cul t ur es

Cul t ur es of pr i mar y ker at i nocyt es wer e obt ai ned f r om6- t o 9- wk- ol d SEN-

CARmi ce f ol l owi ng t he pr ocedur e descr i bed by Mi l l er et al . ( 1987) . Typi -

cal cel l yi el d and vi abi l i t y, det er mi ned by t r ypan bl ue excl usi on, wer e 15- 30

x 106 cel l s/ dor sal ski n wi t h 60- 80% vi abi l i t y .

Di shes ( Fal con Pl ast i cs, Cockeysvi l l e, MD) wer e pr ecoat ed wi t h f i br onec-

t i n pl us al bumi n pl us vi t r ogen ( FAV) sol ut i on accor di ng t o Kawamur a et al .

( 1985) . To each 60- mmdi sh wer e added 2 . 0 ml of a sol ut i on of bovi ne f i br o-

nect i n ( 10 pg/ ml ; Si gma Chemi cal Co . ) , BSA ( 0. 1 mg/ ml ; Si gma Chemi cal

Co. ) , col l agen ( 30 Ag/ ml ; Col l agen Cor p. , Pal o Al t o, CA) , and 20 mM

4- ( 2- hydr oxyet hyl ) - 1- pi per azi neet hanesul f oni c aci d i n Cat +, Mgt + - f r ee

PBS. Af t er aspi r at i on, t he di shes wer e ai r dr i ed f or 15 mi n and 20 x 106

vi abl e cel l s wer e seeded i n 4 ml of medi um. Af t er 24 h, medi umwas r e-

pl aced and 2 or 3 d l at er cul t ur es wer e used f or exper i ment s .
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Mouse Epi der mal Cel l Li nes

The cel l l i nes used i n t hi s st udy r epr esent ear l y, i nt er medi at e and l at e st ages

of mouse ski n car ci nogenesi s ( Kl ann et al . , 1989) . The 3PC cel l l i ne was

obt ai ned af t er exposur e of adul t pr i mar y ker at i nocyt es i n vi t r o t o 7, 12- di -

met hyl benz[ a] ant hr acene ( DMBA; 0. 1 ug/ ml f or 24 h) and a shi f t t o hi gh-

Ca21 medi um t o sel ect f or Ca2+ - r esi st ant cel l s . Such cel l s ar e t hought t o

be " i ni t i at ed" cel l s whi ch ar e pr omot ed t o f or mt umor s by t umor pr omot er s

( Yuspa et al . , 1989) .

Papi l l oma- der i ved cel l l i nes wer e obt ai ned f r om t umor s appear i ng af t er

DMBA i ni t i at i on of dor sal ski n of 7- wk- ol d f emal e SENCARmi ce f ol l owed

by br i ef ( PI / 17) or ext ended ( P2/ 15 ; P3/ 22) pr omot i on wi t h TPA. The CA

3/ 7 cel l l i ne was obt ai ned f r oma car ci noma 16 wk af t er compl et i on of t he

DMBA/ TPA r egi men . The char act er i st i cs of t hese cel l l i nes have been de-

scr i bed i n det ai l el sewher e ( Kl ann et al . , 1989) . These cel l l i nes wer e mai n-

t ai ned i n t he l ow- Ca2+ medi um.

I mmunost ai ni ng

Cel l s wer e gr own on mi cr oscope sl i des . At conf l uence, cul t ur es wer e washed

t wi ce wi t h PBS cont ai ni ng 1 mMCaC12, pH 7. 5, f or 5 mi n and t hen f i xed

i n i ce- col d pur e et hanol f or 30 mi n. Af t er ai r dr yi ng at r oomt emper at ur e,

sl i des wer e kept at - 20° C. Al l subsequent t r eat ment s wer e done at r oom

t emper at ur e. Sl i des wer e washed t hr ee t i mes f or 5 mi n wi t h PBS cont ai ni ng

5 %( wt / vol ) ski m mi l k and t hen i ncubat ed f or 60 mi n at r oom t emper at ur e

wi t h r at E- cadher i n ant i body ECCD- 2 ( Shi r ayoshi et al . , 1986) di l ut ed 1 : 100

wi t h PBS cont ai ni ng 5% ski m mi l k . Af t er washi ng t hr ee t i mes wi t h PBS

f or 5 mi n, sl i des wer e i ncubat ed f or 30 mi n i n FI TC ant i - r at I gG ( Si gma

Chemi cal Co . ) di l ut ed 1 : 16 i n PBS. Then t he sl i des wer e washed t hr ee t i mes

wi t h PBS f or 5 mi n and mount ed i n 90%gl ycer ol - 10% PBS ( pH 8. 0) con-

t ai ni ng 0. 1% par aphenyl enedi ami ne t o pr event bl eachi ng ( Johnson and

Noguei r a- Ar anj o, 1981) . Phot ogr aphs wer e t aken on Tr i - X f i l ms ( East man

Kodak Co. , Rochest er NY) wi t h a mi cr oscope ( VANOX T ; Ol ympus Cor -

por at i on of Amer i ca, New Hyde Par k, NY) .

Connexi n 43 I mmunof l uor escence

The ser i es of cel l l i nes wer e cul t ur ed i n chamber sl i de ( LabTek, Nunc,

Roski l de, Denmar k) and t hen f i xed wi t h acet one at - 20° C f or 5 mi n . The

cel l s wer e i ncubat ed wi t h t he af f i ni t y- pur i f i ed ant i body r ai sed agai nst con-

nexi n 43 pept i de ( El Aoumar i et al . , 1990) f or 1 h ( 1 : 20) , and f or 1 h wi t h

bi ot i nyl at ed ant i - r abbi t ant i bodi es ( Vect or Labor at or i es I nc . , Bur l i ngame,

CA; 1 : 200) , and t hen wi t h FI TC- l abel ed st r ept avi di n f or 1 h ( Vect or Labor a-

t or i es I nc . , 1 : 50) . Pr epar at i ons wer e exami ned wi t h a f l uor escent mi cr o-

scope ( Ol ympus Cor por at i on of Amer i ca) .

I nhi bi t i on of Pr ot ei n Synt hesi s

I nhi bi t i on of pr ot ei n synt hesi s was measur ed usi ng t he [ 3 H] Leuci ne i ncor -

por at i on assay. Conf l uent monol ayer s ( 6- cmdi shes) wer e t r eat ed wi t h di f -

f er ent concent r at i ons of cycl ohexi mi de f or 30 mi n at 37° C. I mmedi at el y af -

t er st ar t of t he t r eat ment , [ 3 H] Leuci ne was added t o each di sh ( 1 ACi / ml ) .

Af t er 30 mi n, cel l s wer e washed t hr ee t i mes wi t h PBS and l ysed wi t h 2 ml

NaOH sol ut i on ( 0. 5 M) . Pr ot ei n was pr eci pi t at ed wi t h TCA ( f i nal concen-

t r at i on 10%) and t he amount of aci d- pr eci pi t at ee r adi oact i ve mat er i al was

det er mi ned by f i l t r at i on ( Mi l l i por e Cont i nent al Wat er Syst ems, Bedf or d,

MA) ( Yamasaki et al . , 1975) . To det er mi ne nonspeci f i c bi ndi ng of r adi oac-

t i vi t y, [ 3 H] Leuci ne was added t o cel l s kept at 0° C f or 30 mi n . Exper i men-

t al poi nt s wer e car r i ed out i n t r i pl i cat e and i nhi bi t i on of pr ot ei n synt hesi s

was cal cul at ed af t er subt r act i on of nonspeci f i c bi ndi ng .

Gap Junct i onal I nt er cel l ul ar Communi cat i on

GJI C was measur ed by means of dye coupl i ng . I n br i ef , gl ass capi l l ar i es

pr epar ed wi t h a dual - st ep pul l er ( Nar i shi ge Sci ent i f i c Labor at or y, Tokyo,

Japan) wer e f i l l ed wi t h a 10% sol ut i on ( wt / vol ) of Luci f er yel l ow CHdi s-

sol ved i n 0. 33 Ml i t hi um chl or i de and f i xed j ust beneat h t he condenser of

an i nver t ed mi cr oscope ( I nj ect oscope I MT2SYF ; Ol ympus Cor por at i on of

Amer i ca) . I ndi vi dual cel l s i n monol ayer cul t ur es wer e i nj ect ed wi t h t he ai d

of an Eppendor f aut omat i c mi cr oi nj ect or ( model 5242 ; Br i nkman I nst r u-

ment s I nc. , West bur y, NY) . The ext ent of i nt er cel l ul ar communi cat i on was

det er mi ned by t he number of f l uor escent nei ghbor i ng cel l s scor ed 20 mi n

af t er i nj ect i on. Exper i ment s wer e car r i ed out i n dupl i cat e and i n each di sh,

at l east 20 i ndi vi dual i nj ect i ons wer e done .
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Tr ansf ect i on

Nor t her n Bl ot Anal ysi s

l ongen et al . E- cadher i n Regul at es Gap Junct i ons

Fi gur e 1 . Cal l - dependent GJI C i n mouse pr i mar y ker at i nocyt es
and epi der mal cel l l i nes . Cel l s wer e cul t ur ed i n l ow- Caz+ medi um
( 0. 05 mM) as descr i bed i n Mat er i al s and Met hods . When di shes
wer e conf l uent , di f f er ent concent r at i ons of Cal l wer e added and
6 h l at er GJI Cwas det er mi ned wi t h t he dye- t r ansf er met hod . Dat a
r epr esent aver age val ues of t wo di shes and i n each di sh at l east 20
i nj ect i ons wer e done . When t he mean number of dye- coupl ed cel l s
per i nj ect i on was <10, SD wer e 10- 20% and when t he mean num-
ber was >10, SD wer e 5- 8%. For r easons of cl ar i t y SDs ar e not
i ndi cat ed i n t he f i gur e .

Conf l uent P3/ 22 cel l s wer e t r ypsi ni zed, cent r i f uged ( 300 g f or 5 mi n) , and

suspended i n PBS ( pH 7. 5) at a densi t y of 2 x 106- 107 cel l s/ ml . The pl as-
mi ds PSV2 neo t o gi ve G418 r esi st ance ( Sout her n and Ber g, 1982) and

p- BATEM2 cont ai ni ng t he E- cadher i n cDNA ( Nose et al . , 1988) at a r at i o
of 1 : 10 wer e co- t r ansf ect ed i nt o P3/ 22 cel l s by el ect r opor at i on . An al i quot

( 0. 8 ml ) of t he cel l suspensi on was added t o t he cuvet t e t oget her wi t h 10

l ug pBATEM2, 1 j ug PSV2 neo, and 10 ug her r i ng sper mDNAwhi ch ser ved

as car r i er . The suspensi on was mi xed and l ef t on i ce f or 15 mi n, mi xed

agai n, and el ect r opor at ed at 1, 200- 1, 600 V ( Genepul ser ; Bi oRad Labor at o-

r i es) . Af t er el ect r opor at i on, cuvet t es wer e pl aced on i ce f or 15 mi n, t hen
cel l s f r omone cuvet t e wer e pl aced i n t wo separ at e di shes ( 6 cm) t o whi ch

4 ml of cul t ur e medi umwer e added . Af t er 48 h, medi um was r epl aced and

G418 ( Si gma Chemi cal Co. ; 50 ug/ ml ) was added t o sel ect r esi st ant cl ones .

Cl ones wer e sel ect ed by t he mor phol ogi cal appear ance of t i ght l y connect ed

cel l cl ust er s and wer e mai nt ai ned i n l ow Ca2+ medi um.

Cel l cul t ur es wer e washed wi t h PBS ( pH 7. 5) and RNA was ext r act ed usi ng
a si ngl e- st ep t hi ocyanat e- phenol - chl or of or m ext r act i on met hod ( Chomc-
zynski and Sacchi , 1987) . RNA concent r at i on i n sampl es was det er mi ned

spect r ophot omet r i cal l y at 260 r un and by t he i nt ensi t y of RNA- et hi di um
br omi de st ai ni ng on t he gel s . RNA sampl es ( 10- 40 ug) wer e subj ect ed t o
el ect r ophor esi s on 1% agar ose/ f or mal dehyde gel s, and subsequent et hi di um
br omi de st ai ni ng conf i r med t he l oadi ng of si mi l ar RNA amount f or each
sampl e . Gel s wer e capi l l ar y- bl ot t ed i n 10 x SSC ont o nyl on membr anes
( Gene Scr een Pl us ; NewEngl and Nucl ear , Bost on, MA) and baked . Radi o-
l abel ed cDNA pr obes of connexi n 32 ( Paul , 1986) , connexi n 43 ( Beyer et
al . , 1987) , connexi n 26 ( Zhang and Ni chol son, 1989) , E- cadher i n ( Yoshi da-
Nor o et al . , 1984) , and P- cadher i n ( Nose et al . , 1987) wer e pr epar ed usi ng
mul t i pr i me DNA- l abel i ng syst ems ( Amer sham Cor p. , Ar l i ngt on Hei ght s,
I L) . Bl ot s wer e pr ehybr i di zed i n 50%f or mami de, 0. 1 MNa2HP04 ( pH 7. 4) ,
1 %SDS, 10 r ug her r i ng sper mDNA, 5 x Denhar t ' s sol ut i on f or 3 h at 42° C,
and t hen hybr i di zed over ni ght i n t he same buf f er wi t h t he l abel ed pr obes
and 10%dext r an sul f at e at 42° C. Bl ot s wer e washed t wi ce i n 2x SSC, 7%
SDS at 65° Cf or 30 mi n, and t wi ce i n 0. 1x SSC f or 30 mi n at r oomt emper a-
t ur e bef or e exposur e at - 70° C t o hyper f i l m MP ( Amer sham Cor p. ) wi t h
an i nt ensi f yi ng scr een . Nor t her n bl ot r esul t s pr esent ed her e wer e r epr oduced

at l east t wi ce wi t h i ndependent exper i ment al sampl es .

Resul t s

Cal ' Dependence of Gap Junct i onal I nt er cel l ul ar
Communi cat i on of Mouse Epi der mal Cel l s

Cal ci um dependence of mouse epi der mal cel l mor phol ogy
and f unct i on i s wel l document ed ( Henni ngs et al . , 1980) . I n
t he pr esent st udy, we f i r st exami ned t he ef f ect of Cal ' on
GJI C i n pr i mar y mouse ker at i nocyt es and t he panel of cel l
l i nes der i ved f r om di f f er ent st ages of mouse ski n mul t i st age

car ci nogenesi s . The or i gi n of t he l i nes and t hei r char act er i -

zat i on have been descr i bed i n det ai l ( Kl ann et al . , 1989) . I n

l ow- Ca2+ medi um ( 0. 05 mM) , GJI C capaci t y was i nver sel y
pr opor t i onal t o t he st age of t umor i genesi s ( Fi g . 1) . Pr i mar y
ker at i nocyt es and t he " i ni t i at ed" cel l s ( 3PC) showed hi ghest
GJI C; t wo of t he papi l l oma- der i ved cel l l i nes had i nt er me-

di at e GJI C ( PI / 17 and P2/ 15) , wher eas a t hi r d papi l l oma- de-

r i ved cel l l i ne ( P3/ 22) and t he car ci noma- der i ved cel l l i ne
( CA 3/ 7) wer e poor communi cat or s under t hese condi t i ons .
Thi s i s gener al l y i n agr eement wi t h r esul t s pr evi ousl y ob-

t ai ned wi t h t hese cel l l i nes ( Kl ann et al . , 1989) , al t hough

some di f f er ences i n absol ut e GJI C val ues wer e appar ent .

Fi g. 1 al so i l l ust r at es how GJI C changed as a f unct i on of
Cal l concent r at i on i n t he medi um. I n t hi s exper i ment , GJI C

was measur ed 6 h af t er addi t i on of Cal l . Thi s t i me poi nt

was chosen si nce a pr el i mi nar y exper i ment had shown t hat
ext ended i ncubat i on of pr i mar y ker at i nocyt es ( 24 h) i n hi gh-

Caz+ medi um r esul t ed i n r educed GJI C, pr obabl y because
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Fi gur e 2 . Nor t her n anal ysi s of connexi n 43
mRNA i n mouse epi der mal cel l s. Cel l l i nes
wer e cul t ur ed i n l ow- Caz+ medi um ( 0. 05 mM)
and, at conf l uence, hal f of t he cul t ur es wer e
swi t ched t o hi gh Cal l f or 3 h . Cel l s wer e l ysed,
mRNA was ext r act ed and anal yzed on Nor t h-
er n bl ot s f or t he pr esence of connexi n 43. Each
l ane cont ai ned 20 pg t ot al RNA. H, hi gh Cal l ;

L, l ow Ca l l .



Fi gur e 3. Nor t her n anal ysi s of Rcadher i n mRNAi n mouse epi der -
mal cel l l i nes . Mouse epi der mal cel l s wer e cul t ur ed i n l ow- Cal l
medi umand at conf l uence cel l s wer e l ysed, mRNAwas ext r act ed
and anal yzed on a Nor t her n bl ot f or t he pr esence of P- cadher i n .
Each l ane cont ai ned 20 wg t ot al RNA.

of t er mi nal di f f er ent i at i on . I n t he pr i mar y ker at i nocyt es, 0. 3

mMCa2+ caused a consi der abl e i ncr ease i n GJI C but hi gher

concent r at i ons di d not cause si gni f i cant changes . No maj or

change i n GJI C was obser ved f or t he cel l l i ne 3PC. I n con-

t r ast , t wo of t he papi l l oma- der i ved cel l l i nes ( PI / 17 and P2/

15) and t he car ci noma- der i ved cel l l i ne CA 3/ 7 showed con-

si der abl e i ncr eases i n GJI C, and, i n 1 . 2 mMCal l , r eached

t he same l evel s as t he pr i mar y and 3PC cel l s . However , t he

GJI C of P3/ 22 cel l s i n 1 . 2 mM Cal + showed a r el at i vel y

smal l i ncr ease, achi evi ng onl y - 15% of t he GJI C of t he

ot her l i nes .

Evi dence t hat Connexi n 43 I s Responsi bl e
f or Mouse Epi der mal GJI C

When gene expr essi on of var i ous connexi ns ( gapj unct i on

pr ot ei ns) was det er mi ned by Nor t her n bl ot anal ysi s, hybr i d-

i zat i on wi t h r adi ol abel ed connexi n 32, and connexi n 26

pr obes gave consi st ent l y negat i ve r esul t s wi t h pr i mar y

mouse ker at i nocyt es and t he mouse epi der mal cel l s l i nes

( dat a not shown) . On t he ot her hand, connexi n 43 was

cl ear l y expr essed i n al l cel l l i nes t est ed ( Fi g . 2) . The l evel s

of mRNA var i ed consi der abl y among t he cel l l i nes, wi t h

P2/ 15 havi ng t he hi ghest l evel and Pl / 17 t he l owest . When

t hese r nRNA l evel s wer e compar ed wi t h GJI C f or cel l s i n

l ow- or hi gh- Cal + condi t i on, no r el at i onshi p coul d be ob-

ser ved ( Fi g . 2) ; t hus, t he l ow l evel of r nRNA f ound i n l i ne

Pl / 17 was appar ent l y suf f i ci ent t o est abl i sh good GJI C under

hi gh- Cal + condi t i ons .

I mmunohi st ol ogi cal st ai ni ng of connexi n 43 pr ot ei ns i n

t hese cel l l i nes r eveal s a good cor r el at i on bet ween t he ap-

pear ance of i mmunospot s on cel l cont act ar eas and t hei r GJI C

l evel measur ed by dye t r ansf er assay. When GJI C was i n-

cr eased i n cel l l i nes Pl / 17, P2/ 15, and CA 3/ 7 by t r ansf er r i ng

t hemt o hi gh- cal ci um medi um, t her e was a par al l el i ncr ease

i n t he appear ance of connexi n 43 pr ot ei n . Fur t her mor e, when

GJI C of Pl / 17 and P3E1 ( E- cadher i n t r ansf ect ed cl one, see

bel ow) was i nhi bi t ed by a t umor - pr omot i ng phor bol est er ,
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12- O- t et r adecanoyl phor bol 13- acet at e, connexi n 43 pr ot ei n

expr essi on was al so decr eased . On t he ot her hand, connexi n

43 pr ot ei n expr essi on of P3/ 22 cel l s was not af f ect ed by t he

cal ci um concent r at i on of t he cul t ur e medi um, whi ch i s i n

l i ne wi t h t hei r GJI C abi l i t y ( see bel ow) .

These r esul t s suggest t hat connexi n 43 i s r esponsi bl e f or

mouse epi der mal cel l GJI C. I t i s, however , possi bl e t hat con-

nexi ns ot her t han connexi n 32 and connexi n 26 ar e al so ex-

pr essed i n t hese cel l s and cont r i but e t o t he l evel of GJI C ob-

ser ved .

E- cadher i n but not Rcadher i n Expr essi on Cor r el at es
wi t h GJI C i n Mouse Epi der mal Cel l s

Nor t her n anal ysi s f or t he pr esence of mRNA hybr i di zi ng

wi t h a r adi ol abel ed pr obe of P- cadher i n showed t hat al l cel l

l i nes wer e posi t i ve and had compar abl e l evel s of mRNA

( Fi g . 3) . However , no i mmunohi st ochemi cal l y posi t i ve st ai n-

i ng was obser ved i n any cel l l i ne i n hi gh- or l ow- Cal + me-

di um( r esul t s not shown) . Al so, mRNA l evel s of E- cadher i n

wer e exami ned . The cel l l i nes 3PC, PI / 17, P2/ 15, and CA 3/ 7

showed a posi t i ve r esponse wi t h a t endency t owar ds hi gher

expr essi on l evel s wi t h advanci ng t umor i genesi s ( Fi g . 4) .

However , t he l i ne P3/ 22 had a ver y weak band when com-

par ed wi t h t he ot her cel l l i nes ( Fi g . 4) . Si nce t he l evel s of

E- cadher i n mRNA, obt ai ned f r om cel l s cul t ur ed i n l ow-

Ca2 + medi um, wer e consi st ent wi t h GJI C l evel s under t he

same condi t i ons, we deci ded t o f ol l ow t hi s f ur t her . E- cadhe-

r i n i s known t o be Cal + dependent and GJI C i n t he papi l -

l oma- der i ved cel l l i nes and t he car ci noma- der i ved cel l l i ne

was al so Cal l dependent . Ther ef or e, cel l s wer e cul t ur ed i n

Tabl e L I mmunocyt ochemi cal St ai ni ng of Mouse
Epi der mal Cel l s wi t h E- cadher i n Ant i body

Pr i mar y cel l s cul t ur ed i n FAV- coat ed di shes and cel l l i nes cul t ur ed on mi cr o-
scope sl i des wer e mai nt ai ned i n l ow- Cal + ( 0. 05 mM) medi um. At t i me zer o,
hal f of t he cul t ur es wer e swi t ched t o hi gh- Cal + ( 1 . 2 mM) medi um and 6 h
l at er al l cul t ur es wer e f i xed and st ai ned as descr i bed i n Mat er i al s and Met hods .
Semi quant i t at i on of r esul t s was conduct ed usi ng t he l evel of st ai ni ng i n 3PC
cel l s as t he basel i ne . Fi ve gr ades wer e used f or t hi s pur pose f r omnondet ect abl e
t o hi gh expr essi on ; - , +/ - , +, ++, and +++ . Low Cal + = 0. 05 mM;
hi gh Ca' + = 1 . 2 mM.
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Fi gur e 4. Nor t her n anal ysi s of

E- cadher i n mRNA i n mouse

epi der mal cel l l i nes . Mouse

epi der mal cel l s wer e cul t ur ed

i n l ow- Ca21 medi umunt i l con-

f l uence . Cel l s wer e l ysed,

mRNAwas ext r act edand ana-
l yzed on a Nor t her n bl ot f or

t he pr esence of E- cadher i n .

Each l ane cont ai ned 20 Pg t o-

t al RNA.

Cel l s Low Cal ' Hi gh Cal *

Pr i mar y ker at i nocyt es + + +
3PC + +
P1/ 17 +/ - +++
P2/ 15 +/ - + +
P3/ 22 - -

CA3/ 7 - + + +

P3E1 - +++

P3E2 - +++



Fi gur e S. Mor phol ogy, GJI C abi l i t y and i mmunost ai ni ng of E- cadher i n and connexi n 43 i n P3/ 22 cel l s gr own i n l ow- ( l ef t ) andhi gh- ( r i ght )

Cat + medi um. A and B, phase- cont r ast mi cr ogr aph ; Cand D, GJI C measur ed by dye t r ansf er . Cel l s wer e mi cr oi nj ecf ed wi t h Luci f er yel -

l owCH sol ut i on and t he dye t r ansf er was moni t or ed by f l uor escence mi cr oscopy . ( * ) Mi cr oi nj ect ed cel l s : Eand F, i mmunocyt ochemi cal
st ai ni ng of E- cadher i n ; Gand H, i mmunocyt ochemi cal st ai ni ng of connexi n 43. Bar , 50 j m.
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Fi gur e 6. Mor phol ogy, GJI C abi l i t y and i mmunost ai ni ng of E- cadher i n and connexi n 43 i n an E- cadher i n t r ansf ect ant , P3E1, gr own i n

l ow- ( l ef t ) and hi gh- ( r i ght ) Caz+ medi um. A- H, t he same as i n Fi g . 5. Bar , 50 pm.
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Fi gur e 7. E- cadher i n mRNAexpr essi on i n P3/ 22 t r ansf ect ant s . Cel l s
wer e cul t ur ed i n l ow- Ca2+ medi um. At conf l uence, hal f of t he cul -
t ur es wer e swi t ched t o hi gh Cal ' f or 3 h . Cel l s wer e l ysed, mRNA
ext r act ed and anal yzed on a Nor t her n bl ot . Each l ane cont ai ned 10
jug t ot al RNA. H, hi gh Ca2l ; L, l ow Ca

l l
.

bot h l ow- and hi gh- Cal + medi a and st ai ned wi t h ECCD- 2,
an ant i body agai nst E- cadher i n ( Shi r ayoshi et al . , 1986) .

The dat a on i mmunocyt ochemi cal st ai ni ng r epr esent r el a-
t i ve l evel s of t he E- cadher i n ant i body ( ECCD- 2) bi ndi ng
usi ng t he cel l l i ne 3PC as t he st andar d ( Tabl e I ) . Cel l l i ne
P3/ 22 was t he onl y cel l l i ne whi ch was negat i ve f or E- cadhe-
r i n ant i body st ai ni ng i n hi gh- Cal + as wel l as i n l ow- Ca2+ cul -

t ur e medi a . The pat t er n of E- cadher i n i mmunocyt ochemi cal
st ai ni ng was consi st ent wi t h pat t er ns of GJI C under di f f er ent

Ca2+ condi t i ons ( compar e Tabl e I and Fi g . 1) .

St abl e Tl r ansf ect i on of E- cadher i n cDNA

The f or egoi ng r esul t s suggest ed a r ol e f or E- cadher i n i n con-

t r ol l i ng GJI C. To f ur t her exami ne t hi s, P3/ 22 cel l s wer e t r ans-

f ect ed wi t h t he pBATEM2 pl asmi d car r yi ng t he E- cadher i n

cDNAt oget her wi t h t he pSV2- neo pl asmi d car r yi ng t he neo-

myci n- r esi st ance gene .

Tr ansf ect ed cel l s wer e cul t ur ed f or 3 wk i n t he pr esence

of G418 ( 50 hg/ ml ) and t r ansf ect ant s wer e sel ect ed on t he

appear ance of epi t hel i oi d st r uct ur es . Par ent al P3/ 22 cel l s i n

cul t ur e ar e l oosel y ar r anged wi t h many r ounded cel l s easi l y
det achi ng f r om t he cul t ur e di sh ( Fi g . 5, A and B) . I n st ar k

cont r ast , t r ansf ect ant s had a ver y di f f er ent mor phol ogy . At
subconf l uence, t he cel l s f or med cl osel y packed col oni es, and

Tabl e 11. Cal ci um- dependent Gap Junct i onal I nt er cel l ul ar Communi cat i on i n Cl oned Cel l Li nes Sel ect ed f r om
E- cadher i n Tr ansf ect ed P3122 Mouse Epi der mal Cel l s
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i n t he conf l uent st at e, epi t hel i oi d sheet s wer e f or med ( Fi g .

6, A and B) . Af t er sel ect i on of t he cl ones, t hey wer e f ur t her

subcul t ur ed wi t hout addi t i on of G418 and wer e st abl e f or at

l east 20 passages .

Char act er i zat i on of Tr ansf ect ant s

The pr esence of E- cadher i n i n t r ansf ect ant s was conf i r med
by Nor t her n bl ot anal ysi s of mRNAobt ai ned f r omt wo cl ones
i n l ow- and hi gh- Cal + medi a . Two cel l l i nes t est ed, desi g-
nat ed P3E1 and P3E2, expr essed E- cadher i n mRNA and no
di f f er ence i n mRNA l evel s was seen bet ween l ow- and hi gh-
Cal + condi t i ons ( Fi g . 7) .

Expr essi on of connexi n 43 and E- cadher i n pr ot ei ns i n t he

par ent cel l l i ne, P3/ 22, and i t s t r ansf ect ant , NO, i n l ow- and

hi gh- Ca2+ medi a wer e compar ed by i mmunocyt ochemi cal

st ai ni ng wi t h t he cor r espondi ng ant i bodi es ( Fi gs . 5 and 6) .
The l evel s of GJI C, measur ed by dye t r ansf er , i n t hese cel l

l i nes ar e al so pr esent ed i n Fi gs . 5 and 6. I n l ow- Ca2+ me-
di um, GJI C l evel s as wel l as t he expr essi on of E- cadher i n

and connexi n 43 wer e l ow. I n hi gh- Cal + medi um, t he t r ans-

f ect ant P3E1, but not t he par ent P3/ 22, showed hi gher GJI C
and expr essi on of E- cadher i n and connexi n 43 . Thus, t he l ev-
el s of expr essi on of connexi n 43 and E- cadher i n and t he
l evel of GJI C appear t o be cont r ol l ed by Cal * i n a concer t ed
f ashi on .

GJI C was det er mi ned i n f i ve di f f er ent t r ansf ect ant cl ones
( Tabl e I I ) . Among t hese cl ones, P3E1 and P3E4 showed
sl i ght l y el evat ed GJI C i n l ow- Ca2 + medi umcompar ed t o t he
par ent al cel l l i ne P3/ 22 . When cul t ur ed i n hi gh- Ca2+ me-
di um, al l t r ansf ect ant s showed mar ked i ncr eases i n GJI C, al -
t hough t he ki net i cs wer e di f f er ent . As shown i n Tabl e I I , t he
i ncr ease of GJI C not ed 3 h af t er t he Ca2 + swi t ch r anged f r om
2 . 7- ( P3E4) t o 65. 7- f ol d ( P3E3) . The i ncr ease cont i nued at
24 h f or P3E1, P3E2, and P3E5, but GJI C was mar kedl y r e-

duced f or P3E3 i n hi gh- Cal + medi um at t hi s t i me. I n t hi s

l at t er l i ne, t he decr eased GJI C and al so t he mor phol ogi cal

changes obser ved r esembl ed t hose of pr i mar y ker at i nocyt es
i n hi gh- Cal + medi um. Cel l l i ne P3E1 was sel ect ed f or f ur -

t her char act er i zat i on of t he Ca2+- dependence of GJI C ( Fi g .

8) . Addi t i on of Ca2 + t o conf l uent cul t ur es caused a concen-
t r at i on- dependent i ncr ease i n GJI C ( Fi g . 8, t op) . Thi s i n-
cr ease appear ed t o be f ast . As l i t t l e as 30 mi n af t er a swi t ch
t o hi gh Ca2+ ( 1 . 2 mM) , a t hr eef ol d i ncr ease i n GJI C was ob-
ser ved ( Fi g . 8, bot t om) . Upon r et ur n t o l ow- Ca2+ medi um,
cel l s r api dl y r esumed l ow GJI C ( Fi g . 8, bot t om) .

* Ti me af t er swi t ch t o hi gh Cal * ,
Cel l s wer e cul t ur ed i n l ow- Ca2+ medi um unt i l conf l uence . At t i me zer o, hal f of t he di shes wer e swi t ched t o hi gh- Cal + ( 1 . 2 mM) medi um and 3 h l at er or t he
next day GJI C was det er mi ned by t he dye t r ansf er met hod as descr i bed i n Mat er i al s and Met hods . Dat a r epr esent aver age val ue of t wo di shes and i n each di sh
at l east 20 i nj ect i ons wer e per f or med . Low Ca2+ = 0 . 05 mM; hi gh Ca` = 1 . 2 mM. nt , not t est ed .

Cl one

3 h*

Low Cal * Hi gh Cal *

24 h*

Low Ca2 * Hi gh Ca2+

P3E1 6 1 2913 6t 1 45 f 5
P3E2 4 0 . 3 3714 2 f 0 . 5 30 1 2
P3E3 0 . 7 t 0 . 2 4615 0 . 8 t 0 . 3 4 t 0 . 7
P3E4 9 t 2 2412 nt nt
P3E5 3 f 2 13 f 2 2 f 0 . 7 19 t 2



Hour s

Fi gur e 8 . Cal - dependent GJI C i n P3E1 cel l s . ( Top) Conf l uent
cul t ur es of P3E1 cel l s wer e t r eat ed wi t h di f f er ent Caz+ concent r a-
t i ons and af t er 3 h, GJI C was det er mi ned wi t h t he dye- t r ansf er
met hod ( see Mat er i al s and Met hods) . ( Bouom) Conf l uent cul t ur es
of P3E1 cel l s wer e t r eat ed wi t h 1 . 2 mMCal l and GJI C was f ol -

l owed i n t i me ( o) . Af t er 3 h i n hi gh Caz+ some cul t ur es wer e

swi t ched t o 0. 05 mMCal l ( X) . Cont r ol di shes wer e kept i n 0. 05

mMCaz+ ( n) . Dat a ar e aver age val ues of t wo di shes and i n each

di sh 20 cel l s wer e i nj ect ed . Bar s r epr esent SD.

Evi dence t hat E- cadher i n Cont r ol s t he Funct i on, but

not Synt hesi s, of Connexi n 43

Si nce t he f or egoi ng r esul t s st r ongl y i ndi cat e . t hat E- cadher i n

r egul at es GJI C, and si nce connexi n 43 appear s t o be t he chan-

nel pr ot ei n r esponsi bl e f or GJI C of mouse epi der mal cel l s,

we t est ed whet her E- cadher i n cont r ol s t he synt hesi s of con-

nexi n 43 mol ecul es or t hei r f unct i on. The r esul t s pr esent ed

above suggest ed t hat connexi n 43 mRNA l evel s among var i -

ous cel l l i nes ar e r el at i vel y st abl e, r egar dl ess of var i ance i n

GJI C l evel s ( Fi g . 2) , and ar e not dependent on cal ci um con-

Tabl e I I I . Cal ci um- dependent Gap Junct i onal I nt er cel l ul ar Communi cat i on i n E- cadher i n Tr ansf ect ant Cl ones dur i ng
Tr eat ment wi t h Cyel ohexi mi de
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cent r at i on, suggest i ng t hat cal ci um- dependent cont r ol of
connexi n 43 i s post t r anscr i pt i onal .

Tb det er mi ne whet her t he Caz+- i nduced i ncr ease of GJI C

i n t he E- cadher i n t r ansf ect ant s r equi r es pr ot ei n synt hesi s,

P3E1 and P3E2 cel l s wer e cul t ur ed i n l ow- Cal + medi umun-

t i l conf l uence and t hen swi t ched t o hi gh Caz+ i n t he pr es-

ence of cycl ohexi mi de. As shown i n Tabl e I I I , t her e was a

cl ear enhancement of GJI C i n t he hi gh- Caz+ medi umeven

i n t he pr esence of cycl ohexi mi de, i ndi cat i ng t hat pr ot ei n syn-

t hesi s i s not r equi r ed f or est abl i shi ng GJI Ci n t hese t r ansf ec-

t ant s. Si mi l ar l y, when P3E cel l s wer e t r ansf er r ed f r omhi gh-

t o l ow- Cal " medi um, E- cadher i n expr essi on at cel l cont act

ar eas st ar t ed t o di sappear even i n t he pr esence of cycl ohexi -
mi de, whi ch i nhi bi t ed pr ot ei n synt hesi s by >90%( Tabl e I I I ) .
Mor eover , i mmunohi st ochemi cal appear ance of connexi n 43
i n hi gh- Caz+ medi umwas al so not af f ect ed by t he pr esence

of cycl ohexj mi de . These r esul t s agai n suggest t hat cal ci um-

dependent r egul at i on of GJI C by E- cadher i n i s because of

post t r ansl at i onal cont r ol of connexi n 43.

Di scussi on

Our dat a i ndi cat e t hat cal ci um- dependent r egul at i on of GJI C

i n mouse epi der mal cel l s i nvol ves t he f unct i on of a cal ci um-

dependent cel l adhesi on mol ecul e, E- cadher i n . Two mai n

l i nes of evi dence suppor t t hi s concl usi on : ( a) E- cadher i n ex-

pr essi on and GJI Ci n t he mouse epi der mal cel l l i nes exami ned

wer e Caz+- dependent and t he - i nduced i ncr eases i n GJI C

wer e accompani ed by enhanced l evel s of E- cadher i n mol e-

cul e expr essi on ; and ( b) t r ansf ect i on of E- cadher i n cDNA

i nt o P3/ 22 cel l s, whi ch ot her wi se had ver y l ow E- cadher i n

expr essi on and GJI C i n l ow- and hi gh- Caz+ medi a, r esul t ed

i n a st abl e Caz+- dependent expr essi on of E- cadher i n accom-

pani ed by Caz+- dependent r egul at i on of GJI C. I nvol vement

of ot her cel l adhesi on mol ecul es i n t he r egul at i on of mouse

epi der mal cel l GJI C cannot be excl uded; never t hel ess, our

r esul t s st r ongl y suggest an i mpor t ant r ol e of E- cadher i n .

Thi s i s t he f i r st r epor t t o di r ect l y demonst r at e t hat Caz+-

dependent r egul at i on of GJI C i nvol ves Ca2+- dependent cel l

adhesi on mol ecul es . Sever al pr evi ous obser vat i ons have,

however , suggest ed an i mpor t ant r ol e of cel l adhesi on mol e-

cul es i n t he r egul at i on of GJI C. For exampl e, Keane et al .

( 1988) have shown t hat i n devel opi ng chi ck neur oect oder m,

expr essi on of neur al cel l adhesi on mol ecul e ( N- CAM) co-

Cel l s wer e cul t ur ed i n l ow- Cal medi um ( 0 . 05 mM) unt i l conf l uence . At t i me zer o, GJI C was det er mi ned i n cont r ol di shes and t hen cycl ohexi mi de was added

j ust bef or e cul t ur es wer e swi t ched t o hi gh- Ca?' medi um ( 1 . 2 mM) . GJI C was agai n det er mi ned 3- 4 h l at er . I n par al l el di shes, pr ot ei n synt hesi s was measur ed

by t he [ 3H] Leuci ne i ncor por at i on met hod as descr i bed i n Mat er i al s and Met hods.

P3E1 P3E2

Number of dye- coupl ed Number of dye- coupl ed

PH] Leuci ne cel l s/ i nj ect i on [ ' H] Leuci ne cel l s/ i nj ect i on

i ncor por at i on i ncor por at i on

Cycl ohexi mi de i nhi bi t i on l ow Cal hi gh Cal i nhi bi t i on l ow Cat * hi gh Cal

( Ug/ ml ) %

Cont r ol 2 f 1 40 t 4 312 3314

0 . 5 88 4314 82 nt

1 . 0 96 5115 91 31 t 4



i nci des wi t h communi cat i on f i el ds ; bl ockage of N- CAM

f unct i on by ant i bodi es i nhi bi t ed GJI C. E- cadher i n ant i body

was al so r epor t ed t o bl ock GJI C of cul t ur ed t er at ocar ci noma

PCC3 cel l s ( Kanno et al . , 1984) . Mor e r ecent l y, Mege et
al . ( 1988) have t r ansf ect ed L- CAM cDNA i nt o ot her wi se

L- CAM- def i ci ent and GJI C- i ncompet ent mouse sar coma

S180 cel l s and obser ved t he mor phol ogi cal appear ance of

f unct i onal gap j unct i ons . These r esul t s suppor t t he i dea t hat ,

when cel l s ar e i n cont act , t hey need t o r ecogni ze each ot her

as homol ogous par t ner s t hr ough cel l adhesi on ( r ecogni t i on)
mol ecul es, bef or e t hey can f or m f unct i onal gap j unct i ons .

I n addi t i on t o r egul at i on of GJI C, i t i s evi dent t hat E- cadhe-

r i n has anot her f unct i on i n t he epi der mal cel l s . The E- cad-

her i n t r ansf ect ant s had a mar kedl y al t er ed mor phol ogy as

compar ed t o P3/ 22 cel l s and appear ed as cl osel y l i nked epi -

t hel i oi d sheet s, even i n l ow- Cal + medi um i n whi ch E- cad-
her i n mol ecul es wer e not expr essed at cel l - cel l cont act ar eas.

Thi s appar ent Caz+ i ndependence of mor phol ogi cal change

i n E- cadher i n t r ansf ect ant s i s i n cont r ast t o t he st r i ct Cal +

dependence of GJI C of t hese cel l s and t her ef or e i t i s l i kel y

t hat t hese pr ocesses ar e r egul at ed by E- cadher i n by di f f er ent

mechani sms . I n al l ot her par ent cel l l i nes whi ch expr essed
E- cadher i n mRNA, mor phol ogy was epi t hel i oi d r egar dl ess

of t he Caz+ concent r at i on i n t he cul t ur e medi um, whi l e t he

GJI C was Caz+ dependent , suppor t i ng t he i dea t hat mor -

phol ogy and GJI Cabi l i t y ar e di f f er ent l y cont r ol l ed i n epi der -

mal cel l s . Concer ni ng t he mor phol ogi cal al t er at i ons of t he

t r ansf ect ant s, i t has been shown t hat bot h L- CAM ( Mege et
al . , 1988) and E- cadher i n ( Nagaf uchi and Takei chi , 1988)

i nt er act speci f i cal l y wi t h t he cyt oskel et on . I t has been pr o-

posed t hat cat eni ns medi at e E- cadher i n cl ust er i ng by maki ng

compl ex wi t h t he cyt opl asmi c domai n of E- cadher i n and

whi ch l i nk E- cadher i n wi t h act i n ( Ozawa et al . , 1990a) . Fur -

t her mor e, i t has been demonst r at ed t hat t he associ at i on of
E- cadher i n and cat eni n i s cal ci um i ndependent ( Ozawa et

al . , 1990b) . Thus, such an associ at i on may pl ay an i mpor -

t ant r ol e i n cal ci um- i ndependent mor phol ogi cal changes ob-

ser ved i n our E- cadher i n t r ansf ect ant s .

Regul at or y mechani sms of GJI C i nvol vi ng cel l adhesi on

mol ecul es may expl ai n pr evi ousl y obser ved phenomena such

as sel ect i ve GJI C. When BALB/ c 3T3 cel l s wer e t r ansf or med

by a var i et y of car ci nogens, we al ways obser ved sel ect i ve

GJI C bet ween t r ansf or med and nont r ansf or med cel l s ; t her e

was a si mi l ar l evel of GJI Camong homol ogous cel l s, but no

GJI C bet ween het er ol ogous cel l s ( Enomot o and Yamasaki ,

1984 ; Yamasaki et al . , 1987 ; Hamel et al . , 1988) . Subse-

quent l y, we f ound t hat bot h t r ansf or med and nont r ansf or med

cel l s expr ess si mi l ar l evel s of connexi n 43 mRNA ( Yamasaki

et al . , unpubl i shed obser vat i on) . Si mi l ar r esul t s wer e al so

obt ai ned bet ween t umor i geni c and nont umor i geni c r at l i ver

epi t hel i al cel l s ( Mesni l and Yamasaki , 1988) . Si nce t he same

connexi n genes ar e expr essed i n t r ansf or med and nont r ans-

f or med cel l s, al t er at i ons i n cel l r ecogni t i on bet ween t hese

t wo t ypes of cel l may be a mechani sm f or such sel ect i ve

GJI C. I n f act , subt l e al t er at i on i n cel l adhesi on mol ecul e ex-

pr essi on i n cer t ai n t ypes of t umor cel l has been r epor t ed

( Ei del man et al . , 1989 ; Hashi mot o et al . , 1989 ; Shi moyama

et al . , 1989) . Recent l y, Fr i xen et al . ( 1991) have r epor t ed t hat

t he sel ect i ve l oss of E- cadher i n expr essi on i s associ at ed wi t h

dedi f f er ent i at i on and i nvasi veness of human car ci noma cel l s.

Modul at i on of GJI C by ext r acel l ul ar Caz+ concent r at i on

has been obser ved not onl y i n epi der mal cel l s ( Dot t o et al . ,

Jongen et al . E- cadher i n Regul at es Gap Junct i ons

1989 ; and t hi s st udy) , but al so i n f i br obl ast s ( Davi dson et al . ,

1984) . Si nce cadher i n i s a f ami l y of cal ci um- dependent cel l

adhesi on mol ecul es, i t wi l l be i mpor t ant t o see whet her ot her

cadher i ns pl ay an i mpor t ant r ol e i n cal ci um- dependent r egu-

l at i on of GJI C i n ot her t ypes of cel l .

The pr esent r esul t s al so suggest t hat connexi n 43 i s t he gap

j unct i on pr ot ei n r esponsi bl e f or GJI C i n mouse epi der mal
cel l s . Our r esul t s f ur t her suggest t hat E- cadher i n r egul at i on
of GJI Ci n t hese cel l s i nvol ves cal ci um- dependent post t r ans-
l at i onal cont r ol of connexi n 43 ; t he i ncr ease i n GJI C and ap-
pear ance of connexi n 43 pr ot ei ns at cel l - cel l boundar i es oc-

cur r api dl y af t er shi f t i ng Cal + concent r at i on i n t he pr esence

of cycl ohexi mi de . I t i s now i mpor t ant t o det er mi ne whet her

E- cadher i n i nt er act s di r ect l y or i ndi r ect l y wi t h gap j unct i on

pr ot ei n ( pr esumabl y connexi n 43 i n t he pr esent st udy) t o es-

t abl i sh GJI C.

Pr evi ousl y, we suggest ed t hat a pr ogr essi ve decr ease i n

GJI Cobser ved i n cel l s der i ved f r om pr ogr essi vel y mal i gnant

st ages of ski n car ci nogenesi s r epr esent s a good bi ol ogi cal

mar ker of mal i gnancy ( Kl ann et al . , 1989) . Thi s suggest i on
was based on dat a on GJI C measur ed onl y i n l ow- Ca 2+ me-

di a . Our pr esent r esul t s, however , i ndi cat e t hat l evel s of

GJI C i n hi gh Caz+ ar e si mi l ar i n al l cel l l i nes except P3/ 22,

whi ch had vi r t ual l y no E- cadher i n expr essi on . The net di f -

f er ence of GJI C bet ween hi gh- and l ow- Caz+ medi a, t her e-
f or e, i ncr eased as t he mal i gnancy of t he cel l s i ncr eased . These
r esul t s suggest t hat t he pr ocess of r egul at i on of GJI C, r at her
t han t he mer e l evel of GJI C per se, i s i nvol ved i n car ci no-

genesi s . One r el evant r egul at or y mechani sm may i nvol ve

cel l adhesi on mol ecul es, such as E- cadher i n, as suggest ed i n

t he pr esent st udy. I n f act , sever al r epor t s demonst r at e t hat

dur i ng cel l t r ansf or mat i on, changes i n cel l adhesi on mol e-

cul es occur . For exampl e, CAM105, whi ch i s pr esent i n nor -

mal l i ver , i s not expr essed i n l i ver cel l car ci nomas nor af t er

par t i al hepat ect omy ( Odi n and Obr i nk, 1986) . Li kewi se,

N- CAMi s no l onger pr esent i n cer ebel l a cel l l i nes ( Gr eenber g

et al . , 1984) nor i n pr i mar y r et i na cel l s t r ansf or med by Rous
sar coma vi r us ( Br ackenbur y et al . , 1984) . Fur t her mor e, a

r ecent st udy suggest ed t hat a t umor - suppr essor gene of hu-

man col on cancer has a sequence homol ogy t o N- CAM( Fear -

son et al . , 1990) . These r esul t s ar e consi st ent wi t h t he i dea

t hat uni mpai r ed cel l - cel l i nt er act i on i s an i mpor t ant t umor -

suppr essi ve el ement ( Yamasaki , 1990b) .

Mouse epi der mal cel l di f f er ent i at i on i n cul t ur e i s r egu-
l at ed by ext r acel l ul ar Ca2+ ( Yuspa et al . , 1989) . The pr es-
ence of a Caz+ gr adi ent i n epi der mi s i n vi vo ( Menon et al . ,
1985) suggest s t hat t he Caz+ l evel may al so pl ay an i mpor -
t ant r ol e as a physi ol ogi cal r egul at or of epi der mal di f f er ent i -

at i on i n vi vo . On t he ot her hand, t he possi bl e i mpor t ance of
GJI C i n t he mai nt enance of homeost asi s bet ween mouse
epi der mal cel l s i n vi vo has been pr oposed based on t he ob-

ser vat i on t hat GJI C of epi der mal cel l s i s compar t ment al i zed

i nt o cyl i ndr i cal uni t s whi ch cor r espond t o t hei r di f f er ent i at -

i ng uni t s ( Kamet al . , 1986) . Taken t oget her wi t h our obser -

vat i ons t hat Caz+- dependent cel l adhesi on mol ecul es r egu-
l at e GJI C of epi der mal cel l s, i t i s t empt i ng t o post ul at e a

sequence of event s whi ch r egul at e mouse epi der mal cel l di f -
f er ent i at i on, i . e . , ext r acel l ul ar Ca 2+- cel l adhesi on ( r ecog-
ni t i on) - GJI C- cel l di f f er ent i at i on cont r ol . I nt er r upt i on of
such a sequence may di st ur b t he nor mal pat hway of di f f er -
ent i at i on and cont r i but e t o mal i gnant t r ansf or mat i on of epi -
der mal cel l s . Consi st ent wi t h such a post ul at e ar e t he f i ndi ngs
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t hat t he ear l y st age of ski n car ci nogenesi s i nvol ves t he al t er a-

t i on of gene( s) cont r ol l i ng t he Cal +- dependent i nduct i on of
epi der mal cel l di f f er ent i at i on ( Yuspa and Mor gan, 1981) , and
t hat t he GJI C l evel per se as wel l as t he Cal + dependence of
GJI C ar e al t er ed i n mal i gnant l y t r ansf or med epi der mal cel l s

( Kl ann et al . , 1989 ; and t hi s st udy) .
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