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Abst r act . The abi l i t y of t he myogeni c det er mi nat i on

gene ( MyoDl ) t o conver t di f f er ent i at i ng human ker at i -

nocyt es ( HaCaT cel l - l i ne) t o t he myogeni c pat hway

and t he ef f ect of MyoD1 on t he epi der mal phenot ype

was st udi ed i n cul t ur e and i n sur f ace t r anspl ant s on

nude mi ce . MyoD1 t r ansf ect i on i nduced t he synt hesi s

of myosi n, desmi n, and vi ment i n wi t hout subst ant i al l y

al t er i ng t he epi der mal di f f er ent i at i on pr oper t i es ( mor -

phol ogy, ker at i n pr of i l e) i n vi t r o nor epi der mal mor -

phogenesi s ( f or mat i on of a compl ex st r at i f i ed squamous

epi t hel i um) i n sur f ace t r anspl ant s, demonst r at i ng t he

st abi l i t y of t he ker at i nocyt e phenot ype . 5Aza- CdR

t r eat ment of t hese MyoDl - t r ansf ect ed cel l s had l i t t l e

ef f ect on t he cul t ur ed cel l s but a mor phol ogi cal l y un-

st r uct ur ed epi t hel i um was f or med wi t h no i ndi cat i ons

of t ypi cal cel l l ayer s i ncl udi ng cor ni f i cat i on . Si nce

pr event i on of epi der mal st r at a i n t r anspl ant s was not

accompani ed by bl ocked epi der mal di f f er ent i at i on mar k-

D

URI NG embr yogenesi s t he epi der mi s devel ops f r oma

t wo- l ayer ed t o a compl ex- st r at i f i ed squamous epi -

t hel i um. As t he cel l s mi gr at e f r omt he basal pr ol i f

er at i ve zone t hey pass t hr ough an or der ed sequence of de-
f i ned mor phol ogi cal changes ( hi st odi f f er ent i at i on) , l eadi ng

t o t he f or mat i on of di st i nct st r at a . Concomi t ant l y, speci f i c

di f f er ent i at i on pr oduct s ar e sequent i al l y expr essed and t hese

ser ve as excel l ent mar ker s t o det er mi ne t he r espect i ve st at e

of di f f er ent i at i on i n exper i ment al model s . As par t of t hi s di f -

f er ent i at i on pr ogr am, t he synt hesi s of a number of pr ot ei ns

i s i nduced i ncl udi ng ker at i ns, i nvol ucr i n, and f i l aggr i n . The

ker at i ns ar e t he most abundant pr ot ei ns i n t he ker at i nocyt es

and t he posi t i on of a cel l i n t he di f f er ent i at i on sequence i s

r ef l ect ed by t he composi t i on of t hese i nt er medi at e f i l ament s

( Fuchs and Gr een, 1980 ; Mol l et al . , 1982a ; Sker r ow and

Sker r ow, 1983 ; Sun et al . , 1983 ; Bowden et al . , 1987) .

Pol y- and monocl onal ant i bodi es ar e avai l abl e t hat ar e hi ghl y
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er s ( ker at i ns Kl and K10, i nvol ucr i n, and f i l aggr i n) ,

t he di ssoci at i on of mor phogenesi s and expr essi on of

t hese mar ker s ar gues f or i ndependent l y cont r ol l ed

pr ocesses . A subpopul at i on of l ess adhesi ve cel l s, i so-

l at ed f r om t he 5- aza- CdR t r eat ed MyoDI - t r ansf ect ant s,

had l ost most epi t hel i al char act er i st i cs i n cul t ur e ( epi -

der mal ker at i ns, desmosomal pr ot ei ns, and sur f ace-

gl ycopr ot ei n Gp90) and had shi f t ed t o a mesenchymal /

myogeni c phenot ype ( f i br obl ast i c mor phol ogy, t r ans-

act i vat i on of Myf 3 and myogeni n, expr essi on of myo-

si n, desmi n, vi ment i n, and Gp130) . Mor eover , t he

cel l s had l ost t he abi l i t y t o st r at i f y and r emai ned as a

monol ayer of f l at el ongat ed cel l s i n t r anspl ant s . These

subsequent changes f r om a f ul l y di f f er ent i at ed ker at i no-

cyt e t o a mesenchymal / myogeni c phenot ype st r ongl y

ar gue f or a compl ex " t r ansdi f f er ent i at i on" pr ocess

whi ch occur r ed i n t he or i gi nal monocl onal human

epi der mal HaCaT cel l s .

speci f i c f or t he r espect i ve ker at i ns and t hus l abel di scr et e

compar t ment s, al l owi ng f or t he eval uat i on of t he st at us of

di f f er ent i at i on . I nvol ucr i n, a pr ecur sor of t he cor ni f i ed enve-

l opes i n t he out er most epi der mal l ayer s, mar ks a l at er st age
i n epi der mal di f f er ent i at i on ( Ri ce and Gr een, 1979 ; Wat t and

Gr een, 1981) . Si mi l ar l y, f i l aggr i n, t he maj or mat r i x compo-

nent of t he ker at ohyal i n gr anul es appear s i n t he st r at um

gr anul osum, t he zone bef or e t he ker at i nocyt es l ose cel l or -

ganel l es and become dead hor n- squames ( Dal e et al . , 1978 ;

Scot t and Har di ng, 1981) .

Many det ai l s ar e known f or t he i dent i f i cat i on of t he epi der -

mal di f f er ent i at i on pr ocess and t he di f f er ent component s ar e
wel l char act er i zed . Li t t l e, however , i s known about t he genes
r esponsi bl e f or t he or der ed sequence of expr essi on of t he

di f f er ent mar ker s and t hus t he r egul at i on of di f f er ent i at i on .

I n myogenesi s, on t he ot her hand, f our such genes have been

descr i bed . These ar e MyoDI ( Davi s et al . , 1987) , myogeni n
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( Wr i ght et al . , 1989) , Myf 5 ( Br aun et al . , 1989) , and Mr f 4

( Rhodes and Koni eczny, 1989) , al so known as her cul i n

( Mi ner and Wol d, 1990) , and Myf 6 ( Br aun et al . , 1990) .

These genes, when t r ansf ect ed i nt o a number of nonmyo-

geni c cel l t ypes, can conver t t hem i nt o st abl e myogeni c

cl ones whi ch t hen expr ess r epor t er genes nor mal l y i nact i ve

i n t hese cel l s ( f or r evi ew see Ol son, 1990) . Cer t ai n cel l s of

epi t hel i al or i gi n, such as HeLa or HepG2, appear t o be

r ef r act or y t o myogeni c conver si on ( Wei nt r aub et al . , 1989 ;

Schäf er et al . , 1990) and i t has been hypot hesi zed t hat t he

f ai l ur e of MyoD1 t o act i vat e myogenesi s i n t hese cases i s due

t o negat i ve f act or s pr esent i n some cel l t ypes or t hat f act or s

wi t h whi ch MyoD1 cooper at es ar e not ubi qui t ous ( Ol son,

1990) . Al t er nat i vel y, myogeni c conver si on of nonmesen-

chymal cel l s mi ght be dependent on t hei r cont i nued capaci t y

t o di f f er ent i at e, i . e . , onl y t hose cel l s woul d be abl e t o r e-

spond i n whi ch genes r equi r ed t o r egul at e and expr ess

di f f er ent i at i on ( i ncl udi ng t he expr essi on of " ubi qui t ous" f ac-

t or s) ar e act i ve . The l at t er hypot hesi s i s l ar gel y subst ant i at ed

by f usi on exper i ment s of a mouse muscl e cel l l i ne wi t h a

number of human nonmuscl e cel l s i ncl udi ng nor mal ker -

at i nocyt es and Hel a cel l s ( Bl au et al . , 1985) . Whi l e i n al l het -

er okar yons wi t h nor mal cel l s human muscl e genes wer e act i -

vat ed het er okar yons wi t h HeLa cel l s f ai l ed t o expr ess t he

human muscl e mar ker s anal yzed . Accor di ngl y, HeLa cel l s

t hat ar e unabl e t o di f f er ent i at e i n vi t r o or i n vi vo ( our own

unpubl i shed obser vat i ons) coul d al so not be i nduced t o ex-

pr ess myogeni c di f f er ent i at i on pr oduct s af t er t r ansf ect i on

wi t h t he MyoD1 gene ( Wei nt r aub et al . , 1989) . Thus, di f f er -

ent i at i on- r el at ed genes ar e possi bl y i nact i ve i n t hese cel l s

and t her ef or e not accessi bl e f or cooper at i on wi t h t he MyoD1

gene . However , t hese genes coul d obvi ousl y be r eact i vat ed

af t er t r eat ment wi t h 5- azacyt i di ne, a dr ug t hought t o r educe

gene met hyl at i on ( Bl au et al . , 1985) .

Our i nt er est i s f ocused on human ski n ker at i nocyt es and

r espect i ve cel l l i nes t hat have mai nt ai ned a hi gh pot ent i al f or

epi der mal di f f er ent i at i on . These cel l s pr ovi de excel l ent

model s t o st udy t he degr ee t o whi ch t he aut hent i c phenot ype

i s mai nt ai ned si nce, as st at ed above, epi der mal di f f er ent i a-

t i on i s wel l char act er i zed and a number of mar ker s ar e avai l -

abl e . We r ecent l y descr i bed t he est abl i shment of a spont ane-

ousl y i mmor t al i zed cel l l i ne ( HaCaT) f r om human ski n

ker at i nocyt es t hat i s nont umor i geni c and has l ar gel y r et ai ned

t he nor mal epi der mal phenot ype ( Boukamp et al . , 1988 ;

Ryl e et al . , 1989) . Mani pul at i ons, pot ent i al l y abl e t o al t er

epi der mal di f f er ent i at i on, such as t r ansf ect i on and expr es-

si on of t he c- Ha- r as oncogene or mal i gnant conver si on, di d

not i nt er f er e subst ant i al l y wi t h i t s di f f er ent i at i on capaci t y

( Boukamp et al . , 1990b ; Br ei t kr eut z et al . , 1991) . Thi s sug-

gest s t hat epi der mal di f f er ent i at i on i s a st abl e t r ai t of t hese

cel l s .

The HaCaT cel l s wer e used as a model of di f f er ent i at i ng

human ker at i nocyt es t o ask whet her t r ansf ect i on of a si ngl e

myogeni c det er mi nat i on gene, t he MyoDl gene, can si mi -

l ar l y i nduce myogeni c di f f er ent i at i on i n a cel l of ect oder mal

l i nage as seen i n het er okar yons . Her eby our i nt ent i on was f o-

cused on anal yzi ng a br oad spect r umof epi der mal di f f er ent i -

at i on mar ker s si nce, t o our knowl edge, t he i nt er f er ence of

such f or ei gn r egul at or y genes wi t h t he i nher ent epi der mal

di f f er ent i at i on pr ogr am has not been st udi ed ext ensi vel y .

Mor eover , si nce epi der mal di f f er ent i at i on, i ncl udi ng mor -

phogenesi s ( f or mat i on of a st r uct ur ed epi der mi s) , r emai ns
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i ncompl et e under convent i onal cul t ur e condi t i ons i n vi t r o

( Hol br ook and Henni ngs, 1983 ; Br ei t kr eut z et al . , 1984) , we

addi t i onal l y anal yzed t he t r ansf ect ant s under mor e physi o-

l ogi cal condi t i ons i n vi vo ( i n sur f ace t r anspl ant s : Fuseni g et

al . , 1983 ; Boukamp et al . , 1985, 1990a) wher e nor mal ker -

at i nocyt es and al so t he i mmor t al HaCaT cel l s f or m a wel l

st r uct ur ed and nor mal l y di f f er ent i at ed epi der mi s- l i ke sur -

f ace epi t hel i um wi t hi n one t o t wo weeks ( Boukamp et al . ,

1988, 1990a) . Thus, t he i n vi vo assay was par t i cul ar l y usef ul

i n al l owi ng us t o det er mi ne t he i nf l uence of MyoDl on t i ssue

or gani zat i on i n addi t i on t o t he expr essi on of di f f er ent i at i on

mar ker s .

Mat er i al s and Met hods

Scheme of evol ut i on of cel l var i ant s and associ at ed phenot ypi c changes :

Cel l Cul t ur es

The HaCaT cel l s wer e r out i nel y gr own i n modi f i ed MEM ( Fuseni g and

Wor st , 1975) suppl ement ed wi t h 10% FCS and ant i bi ot i cs at 37° C, 5%

CO2, and 95%ai r i n a humi di f i ed i ncubat or as descr i bed pr evi ousl y ( Bou-

kamp et al . , 1988) . The cel l s wer e passaged once a week at a spl i t r at i o

of 1 : 10 and t he medi um was changed t wi ce a week . For i mmunof l uor es-

cence, t he cel l s wer e seeded on gl ass cover sl i ps and ei t her f i xed when st i l l

subconf l uent or af t er an addi t i onal 2- 8 wk af t er conf l uency .

Tl r ansf ect i on of Cel l s

HaCaT cel l s wer e t r ansf ect ed as descr i bed pr evi ousl y ( Chen and Jones,

1990) usi ng a cal ci umphosphat e pr eci pi t at e of 20 Ecg pEMSV scr i be DNA

or 20 kg pEMSVMyoD1 DNA t oget her wi t h 2 ug pNeo3, a pl asmi d conf er -

r i ng r esi st ance t o t he neomyci n der i vat i ve G418. Sel ect i on i n medi umcon-

t ai ni ng 400 I cg G418/ ml was st ar t ed 48 h l at er . G418 r esi st ant st abl e t r ans-

f ect ant s wer e r i ng i sol at ed and mai nt ai ned under cont i nued sel ect i on .

5- aza- CdR Tl r eat ment

Cel l s ( 104/ 60- mmdi sh, Fal con Labwar e, Oxnar d, CA) wer e t r eat ed wi t h 5

AM5- aza- 2' - deoxycyt i di ne ( 5- aza- CdR; Si gma Chemi cal Co. , St . Loui s,

MOand München, Ger many) 24 h af t er seedi ng . The dr ug was r emoved

24 h l at er by r epl aci ng i t wi t h f r esh dr ug- f r ee medi um. Mor phol ogi cal

changes wer e f i r st appar ent N5 wk af t er t r eat ment .

Sout her n Bl ot Anal ysi s

DNA was ext r act ed as descr i bed pr evi ousl y ( Chen and Jones, 1990) ,

di gest ed wi t h EcoRI ( Boehr i nger Mannhei m GmbH, Mannhei m, Ger -
many) , r un on a 1% agar ose gel and t r ansf er r ed t o Zet apr obe membr ane

( Cuno I nc. , Mer i den, CT) f ol l owi ng t he manuf act ur er ' s pr ot ocol s . The

mouse MyoDI 1 . 8- kb f r agment was 31P l abel ed usi ng t he pr ocedur e de-

scr i bed by Fei nber g and Vogel st ei n ( 1984) . Hybr i di zat i on was done usi ng
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t he pr ot ocol of Chur ch and Gi l ber t ( 1984) . The bl ot s wer e exposed t o f i l m

( XAR; East man Kodak Co . , Rochest er , NY) f or 1- 7 d at - 70" C.

Nor t her n Bl ot Anal ysi s

Tot al mRNA was i sol at ed f r omcel l s l ysed i n 7. 6 Mguani di ne hydr ochl or i de

( Chel ey and Ander son, 1984) , 20 i ~g of RNA sampl es wer e el ect r ophor esed

on 1% agar ose, MOPS- 2 . 2 M f or mal dehyde gel s ( Lehr ach et al . , 1977) ,

t r ansf er r ed ont o Zet apr obe membr anes i n 10x SSC ( 1 . 5 M sodi um chl o-

r i de, 0. 15 Msodi umci t r at e) , UV cr oss- l i nked t o t he membr ane, and hybr i d-

i zed as above .

Tr anspl ant at i on

Or ganot ypi c cul t ur es wer e pr epar ed as descr i bed pr evi ousl y ( Boukamp et

al . , 1990x) . Br i ef l y, col l agen gel s ( 4 mg/ ml ) of r at t ai l col l agen ( t ype I ) wer e

mount ed i n Combi - r i ng di shes ( Renner KG, Dannst adt , Ger many) ( Nosey

and Li mat , 1987) and 2 x 105 cel l s wer e seeded ont o t he col l agen sur f ace .

Af t er x+17 h t he medi um cover i ng t he cel l s was dr ai ned and t he col l agen

chamber was cover ed wi t h a hat - l i ke t r anspl ant at i on chamber ( Renner KG) .

The whol e uni t was t hen t r anspl ant ed ont o t he muscl e f asci a of t he back

of nude mi ce, as descr i bed ( Boukamp et al . , 1985, 1990x) . Tr anspl ant s

wer e exci sed " en bl oc" at days 4, 8, 12, 17, and 27 and ei t her f i xed i n buf f er ed

f or mal i n f or hi st ol ogy or embedded i n Ti ssue Tec ( Lab- Tec . Di v. , Mi l es

Labor at or i es I nc. , Naper vi l l e, I L) and snap f r ozen i n l i qui d ni t r ogen pr e-

cool ed i sopent ane and st or ed i n l i qui d ni t r ogen f or cr yost at sect i ons .

I ndi r ect I mmunof uor escence

Cel l s gr own on gl ass cover sl i ps wer e washed i n PBS ( 3 x 5 mi n) bef or e

bei ng f i xed by ser i al i mmer si on ( 5 mi n each) i n 50, 100, and 50%acet one .

Af t er ai r dr yi ng t he cel l s wer e r ehydr at ed ( 10 mi n i n PBS) and i ncubat ed

wi t h ant i body sol ut i ons f or 45 mi n i n a moi st chamber at r oomt emper at ur e .

Ant i bodi es used wer e : mouse mAbs agai nst t he di f f er ent i at i on- speci f i c ker -

at i ns Kl and K10 ( Renner KG) , t he basal ker at i n 14 ( ki ndl y pr ovi ded by Dr .

E. Lei gh) ; " si mpl e epi t hel i a" ker at i ns K7, K8, K18, and K19 ( Amer sham

Cor p. , Br aunschwei g, Ger many) ; myosi n ( MF- 20, Bader et al . , 1982 ; a gi f t

f r om Dr . D. Fi shman) ; desmi n ( Di anova, Hambur g, Ger many) ; t he des-

mosomal pr ot ei ns desmopl aki n, pl akogl obi n, and desmogl ei n ( Pr ogen,

Hei del ber g, Ger many) ; and cel l sur f ace gl ycopr ot ei ns GP90 and GP130

( ki ndl y pr ovi ded by Dr . E. Kl ei n) . A po1ycl oua1 r abbi t ant i body agai nst

MyoDl was gener ousl y suppl i ed by Dr . A. Lassar . For st ai ni ng of t he l at t er

t hr ee t he cel l s wer e f i xed wi t h 3. 7% f or mal dehyde ( i n PBS) f or 20 mi n f ol -

l owed by 10 mi n i n - 20" C met hanol . The cover sl i ps wer e washed i n PBS

( 3 x 5 mi n) and i ncubat ed f or an addi t i onal 45 mi n wi t h an ant i - mouse,

ant i - r abbi t , or ant i - gui nea pi g gamma gl obul i n coupl ed t o f l uor escei n-

i sot hi ocyanat e ( FI TC) ( Di anova, Hambur g, Ger many) , r espect i vel y . Af t er

anot her wash of 3 x 5 mi n, and a f i nal r i nse i n 10 mMTr i s- HCI buf f er

( pH 8. 5) , t he cover sl i ps wer e mount ed ont o sl i des wi t h Aqua mount ( Ler ner

Labor at or i es, New Haven, CT) and vi ewed under an i nver t ed mi cr oscope

( model I M35 ; Car l Zei ss, I nc . , Thor nwood, NY) equi pped wi t h epi f l uor es-

cence opt i cs .

For doubl e i nununof l uor escence, a gui nea pi g ant i - panker at i n ( ki ndl y

pr ovi ded by Dr . G. Br uder , Pr ogen, Hei del ber g, Ger many) and a mouse

mAb agai nst vi ment i n ( Pr ogen) wer e used . The f i r st ant i bodi es wer e i ncu-

bat ed over ni ght at r oom t emper at ur e, f ol l owed by a 1- h i ncubat i on wi t h

gui nea pi g ant i - bi ot i n and a 1- h i ncubat i on wi t h a mi xt ur e of Texas r ed cou-

pl ed t o st r ept avi di ne and ant i - mouse FI TC. Si mi l ar l y, 57- Amai r - dr i ed sec-

t i ons wer e r ehydr at ed and t he unf i xed sect i ons wer e t r eat ed as descr i bed

above usi ng a sequence speci f i c ant i body agai nst Kl , r ai sed i n gui nea pi g

( Roop et al . , 1984 ; ki ndl y pr ovi ded by Dr . D. Roop, Bayl or Col l ege of Medi -

ci ne, Houst on, TX) , a r abbi t ant i ser a agai nst human i nvol ucr i n ( Wat t , 1984 ;

a gi f t f r om Dr . F. Wat t ) , and a mAb agai nst f i l aggr i n ( Paesel , Fr ankf ur t ,

Ger many) .

Resul t s

St abl e Tr ansf ect i on of HaCaTCel l s wi t h
Mouse MyoD1

The human epi der mal HaCaT cel l s wer e t r ansf ect ed wi t h a
pl asmi d cont ai ni ng t he mouse MyoD1 gene, dr i ven by t he
Mol oney sar coma vi r us pr omot er , and t he neomyci n r esi s-

Boukamp et al . St ages of ' r ansdi f f er ent i at i on° i n Human Ker at i nocyt es

t ance gene t o det er mi ne t he i nf l uence of MyoD1 on t he

epi der mal phenot ype. Cul t ur es t r ansf ect ed wi t h t he pl asmi d

wi t hout t he MyoDI i nser t wer e used as cont r ol s. Her ei n, t he

di f f er ent i at i on behavi or of a cl one t r ansf ect ed wi t h t he pl as-

mi d cont ai ni ng t he MyoDI gene i nser t ( cl one- 13) and a con-

t r ol cl one ( Vec- 2 ; mi ssi ng t he MyoDI i nser t ) ar e most l y de-

scr i bed i n det ai l but al l dat a wer e conf i r med wi t h a second

i ndependent set of cl ones ( cl one- 6 and Vec- 1) .

Sout her n anal yses wer e per f or med t o conf i r m st abl e i n-

t egr at i on of t he MyoD1 gene ( Fi g . 1 A) . DNA ext r act ed f r om

HaCaT, Vec- 2- , and MyoDI - t r ansf ect ed cl one- 6 and cl one-

13 cel l s was di gest ed wi t h EcoRI t o r el ease t he 1 . 8- kb

MyoD1 cDNAi nser t . The 1 . 8- kb si gnal was absent i n t he pa-

r ent al HaCaT and Vec- 2 cel l s but was pr esent i n cl one- 6 and

cl one- 13 cel l s . Sever al hi gh mol ecul ar wei ght bands wer e ad-

di t i onal l y vi si bl e f or cl one- 13. These ar e most l i kel y because

of r ear r angement s t hat occur r ed dur i ng i nt egr at i on of t he

DNA i nt o t he host genome . I n addi t i on, a 6. 8- kb f r agment

was pr esent i n al l cel l s, r epr esent i ng t he human homol og

( Myf 3 ; Br aun et al . , 1990) of t he mouse MyoD1 gene t hat

cohybr i di zed under t he hybr i di zat i on st r i ngenci es used .

Expr essi on of t he MyoD1 Gene i n t he Cl one13 Cel l s

The cel l s wer e gr own t o conf l uence and mai nt ai ned f or up

t o 8 wk af t er conf l uence t o pr ovi de opt i mal condi t i ons f or

myot ube f or mat i on . RNA was i sol at ed f r omt hese cel l s and

anal yzed by Nor t her n bl ot t i ng, whi ch showed t hat t he exoge-

nous 2 . 4- kb MyoD1 mRNA was not expr essed i n HaCaT or

Vec- 2 but was st r ongl y expr essed i n cl one- 6 and cl one- 13

cel l s ( Fi g. 1 B) . The number of MyoD1 expr essi ng cel l s was

det er mi ned by i mmunof l uor escence wi t h an ant i body agai nst

MyoDl . 50- 70% of t he cl one- 13 cel l s expr essed t he gene at
t he pr ot ei n l evel ( Fi g . 1 C) whi l e Vec- 2 cel l s wer e com-

pl et el y negat i ve ( Fi g . 1 D) .

I nf l uence of t he MyoD1 Gene on Cel l Phenot ype
I n Vi t r o

Al l t r ansf ect ed cl ones l ar gel y r esembl ed t he pol ygonal ,

t i ght l y packed par ent al HaCaT cel l s i n conf l uent cul t ur es

( Fi g. 2 A) . I sl ands of cel l s wi t h mor e el ongat ed mesen-

chymal mor phol ogy devel oped i n post conf l uent cul t ur es of

cl one- 13 ( Fi g . 2 B) and l ar ge mul t i nucl eat ed cel l s whi ch

st r ongl y r esembl ed myot ubes coul d be det ect ed i n dense cul -

t ur es kept f or mor e t han 3 wk af t er conf l uence. No such cel l s

wer e seen i n cul t ur es of HaCaT or Vec- 2 cel l s .

Cul t ur es wer e i ncubat ed wi t h ant i bodi es agai nst t he mus-
cl e cont r act i l e pr ot ei n myosi n, and t wo i nt er medi at e f i l ament
pr ot ei ns, desmi n and vi ment i n, f ound i n muscl e or mesen-
chymal cel l s, t o det er mi ne whet her MyoD1 was abl e t o i n-

duce t he expr essi on of t hese pr ot ei ns . Nei t her HaCaT nor

Vec- 2 cel l s expr essed any of t hese mar ker s . Cl one- 13 cel l s,

on t he ot her hand, expr essed myosi n ( Fi g . 2 C) and desmi n

( Fi g . 2, D and E) i n 1- 10% of t he cel l s . Expr essi on was

hi ghest af t er 2- 4 mo post conf l uence and her e i t was f ound

t o be pr esent i n myot ube- l i ke ( Fi g . 2 D) as wel l as smal l
epi t hel i al - l i ke cel l s ( Fi g . 2 E) . Thi s l ong i nt er val f or maxi -
mal myogeni c di f f er ent i at i on cl ear l y di f f er ed f r omt hat ob-
ser ved wi t h ot her cel l t ypes . Vi ment i n, on t he ot her hand,

was r egul at ed di f f er ent l y si nce t hi s pr ot ei n was expr essed i n

- 40%of cl one- 13 cel l s i mmedi at el y af t er pl at i ng ( Fi g . 2 E)
and t he expr essi on l evel di d not i ncr ease f ur t her i n post -
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Fi gur e 1 . ( A) Ver i f i cat i on of i nt egr at i on of t he mouse MyoDl gene i nt o t he HaCaT genome. HaCaT, Vec- 2 ( cont r ol ) , and cl one- 6 and cl one-

13 ( bot h MyoDl cont ai ni ng) cel l DNAs ( 10 Fi g) wer e di gest ed t o compl et i on wi t h EcoRl , el ect r ophor esed on agar ose gel s, and t r ansf er r ed

t o nyl on membr ane. The Sout her n bl ot was hybr i di zed wi t h 32P- l abel ed MyoDl cDNA pr obe . The 1 . 8- kb band r epr esent s t he MyoDl i n-

ser t whi l e t he 6. 8- kb band r epr esent s t he r esi dent human homol ogue . ( B- D) Expr essi on of myogeni c det er mi nat i on genes . ( B) Nor t her n

bl ot anal ysi s ( 20 pg) of t ot al RNA i sol at ed f r om post conf l uent cul t ur es ( >6 wk, maxi mal myot ube f or mat i on) of HaCaT, Vec- 2, cl one- 6,

and cl one- 13 cel l s af t er hybr i di zat i on wi t h 32p- l abel ed MyoDl pr obe. MyoDl was not pr esent i n HaCaT and Vec- 2 cel l s but expr essed i n

cl one- 6 and cl one- 13 cel l s . ( Bot t ompanel ) Same bl ot hybr i di zed wi t h gl ycer al dehyde- 3 phosphat e- dehydr ogenase ( GADPH) i ndi cat i ng t he

concent r at i ons of l oaded RNA. ( C and D) I mmunof l uor escence mi cr ogr aphs af t er l abel i ng wi t h an ant i ser um agai nst MyoD1 of cul t ur es

f r om cl one- 13 ( C) and Vec- 2 cel l s ( D) . Bar , 25 Am.

conf l uent cul t ur es. The epi t hel i al nat ur e of t he vi ment i n-

posi t i ve cl one- 13 cel l s was demonst r at ed by doubl e l abel i ng

usi ng a mouse monocl onal vi ment i n and a gui nea pi g pol y-

cl onal panker at i n ant i ser um. Al l vi ment i n- posi t i ve cel l s

wer e al so posi t i ve f or ker at i n, but as expect ed, not al l cel l s

posi t i ve f or ker at i n expr essed vi ment i n ( Fi g . 2, E and F) .

Epi der mal Char act er i st i cs

Ker at i n pr of i l es wer e anal yzed usi ng ant i bodi es speci f i c f or

t he di f f er ent ker at i ns t o det er mi ne whet her t he expr essi on of

mesenchymal / myogeni c mar ker s abr ogat ed t he pr oduct i on

The Joumal of Cel l Bi ol ogy, Vol ume 116, 1992

of pr ot ei ns char act er i st i cal l y pr esent i n t he epi der mal

HaCaT cel l s . Ker at i n 14, gener al l y expr essed i n t he basal

l ayer of t he epi der mi s and char act er i st i c f or squamous

epi t hel i a, was pr esent i n al l HaCaT, Vec- 2, and al so cl one- 13

cel l s whi l e Kl and K10, t he di f f er ent i at i on- speci f i c supr a-

basal ker at i ns, wer e onl y seen i n a f ew scat t er ed cel l s i n con-

f l uent cul t ur es ( Tabl e I ) . I n addi t i on t o t he epi der mal ker a-

t i ns, t he HaCaT cel l s al so expr ess " si mpl e epi t hel i a" ker at i ns

( K7, K8, K18, and K19) ( see al so Boukamp et al . , 1988 ; Ryl e

et al . , 1989 ; Br ei t kr eut z et al . , 1991) char act er i st i c f or non-

ker at i ni zi ng epi t hel i a ( Mol l et al . , 1982a) . Thi s pat t er n r e-

mai ned unchanged f or Vec- 2 cel l s whi l e a sl i ght shi f t was
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Fi gur e 2 . Phenot ypi c het er ogenei t y of t he MyoDI t r ansf ect ed cl one- 13 cel l s i n cul t ur e. ( A and B) Phase cont r ast mi cr ogr aphs of conf l uent

cul t ur es of cl one- 13 cel l s showi ng HaCaTl i ke mor phol ogy ( A) and an i sl and of el ongat ed mesenchymal - l i ke cel l s i ncl udi ng mul t i nucl eat ed

cel l s r emi ni scent of myot ubes ( B) . ( C- F) I mmunof l uor escence of myogeni c di f f er ent i at i on pr oduct s : Myosi n ( C) ; desmi n ( D and E) ,

demonst r at i ng t hat myot ube- ( D) as wel l as epi t hel i al - l i ke ( E) cel l s expr ess t he myogeni c mar ker . ( F and G) Doubl e f l uor escence showi ng

t hat vi ment i n ( F) i s expr essed i n - 40%of t he cel l s t hat ar e al l posi t i ve when a panker at i n ant i ser um( G) i s used . The i mmunof l uor escence

was per f or med on f i xed and per meabi l i zed cel l s . Bar s : ( A and B) 100 Am; ( C- F) 25 j m.

Boukamp et al . St ages of " Tr ansdi f f er ent i at i on" i n Human Ker at i nocyt es

	

126 1



Tabl e I . Expr essi on of Ker at i ns i n HaCaTand

Tr ansf ect ed Cel l s I n Vi t r o

* Onl y si ngl e cel l s posi t i ve .

seen i n cul t ur es of cl one- 13 cel l s wher e K8 was no l onger de-

t ect ed, suggest i ng a r at her moder at e i nf l uence on ker at i n ex-

pr essi on by t he t r ansf ect ed MyoD1 gene .

Di ff er ent i at i on Char act er i st i cs I n Vi vo

Compl et e epi der mal di f f er ent i at i on i s mani f est ed by t he f or -

mat i on of a mul t i l ayer ed wel l - or gani zed t i ssue ( st r at i f i ed

squamous epi t hel i um) as wel l as t he expr essi on and cor r ect

spat i al di st r i but i on of t he di f f er ent ker at i ni zat i on associ at ed

pr ot ei ns . I n gener al , t hi s pr ocess r emai ns i ncompl et e under

convent i onal cul t ur e condi t i ons ( Hol br ook and Henni ngs,

1983 ; Br ei t kr eut z et al . , 1984) and t hus, changes i n mor pho-

genesi s ar e par t i cul ar l y di f f i cul t t o assess i n vi t r o . We t her e-

f or e used a sur f ace t r anspl ant at i on assay ( Fuseni g et al . ,

1983 ; Boukamp et al . , 1990x) t o anal yze whet her t he capac-

i t y f or t i ssue r econst i t ut i on of HaCaT cel l s under i n vi vo con-

di t i ons was af f ect ed by expr essi on of t he MyoD1 gene .

When HaCaT cel l s wer e t r anspl ant ed ont o nude mi ce, t hey

showed epi der mal t i ssue ar chi t ect ur e and t he expr essi on and

cor r ect spat i al di st r i but i on of t ypi cal di f f er ent i at i on mar ker s,

t hus l ar gel y r esembl i ng t r anspl ant s of nor mal human ker -

at i nocyt es ( Boukamp et al . , 1988, 1990x ; Br ei t kr eut z et al . ,

1991) . The cont r ol cel l s ( Vec- 2) wer e not al t er ed i n t hei r

di f f er ent i at i on capaci t y ( not shown) and cl one- 13 cel l s al so

f or med a si mi l ar l y wel l - st r uct ur ed epi der mi s- l i ke sur f ace

epi t hel i umwi t h a di st i nct st r at umgr anul osumand a par aker -

at ot i c, of t en massi ve st r at um cor neumwi t hi n 3- 4 wk af t er

t r anspl ant at i on ( Fi g. 3 A) . Typi cal epi der mal di f f er ent i at i on

mar ker s wer e expr essed and or der l y di st r i but ed . Ker at i ns Kl

and K10 wer e pr esent i n al l supr abasal l ayer s ( Fi g. 3 B) ,

f i l aggr i n was expr essed i n t he upper most l i vi ng cel l l ayer s

j ust under neat h t he st r at um cor neum( Fi g . 3 C) , and an ant i -

body t o i nvol ucr i n st r ongl y st ai ned t he upper f l at t ened l i vi ng

cel l l ayer s ( Fi g . 3 D) .

Sect i ons of t he t r anspl ant s wer e al so l abel ed wi t h ant i bod-
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i es agai nst t he myogeni c di f f er ent i at i on pr oduct s but wer e

negat i ve f or desmi n and myosi n ( not shown) . Vi ment i n, on

t he ot her hand, was expr essed i n t r anspl ant s of cl one- 13 cel l s

( Fi g . 3 E) whi l e i t was never seen i n t r anspl ant s of HaCaT

or Vec- 2 cel l s . I nt er est i ngl y, t he vi ment i n- posi t i ve cel l s wer e

l ocat ed i n t he basal l ayer of t he epi t hel i um. Thi s r est r i ct i on

t o t he basal l ayer mi ght i ndi cat e a cont r ol l ed expr essi on of

vi ment i n i n vi vo . Thus, MyoD1 di d not i nt er f er e wi t h epi der -

mal mor phogenesi s or t he expr essi on and cor r ect spat i al di s-

t r i but i on of t he di f f er ent i at i on mar ker s despi t e t he i nduced

expr essi on of vi ment i n i n vi vo .

Der i vat i on of Subcl ones f r omCl one13 by

5- aza- 2' - deoxycyt i di ne Tr eat ment

The myogeni c conver si on of MyoDI - t r ansf ect ed ost eosar -

coma cel l s can be pot ent i at ed by 5- aza- 2' - deoxycyt i di ne ( 5-

aza- CdR) t r eat ment ( Chen and Jones, 1990) . To det er mi ne

t he ef f ect of addi t i onal 5- aza- CdR on t he human epi der mal

cel l s we t r eat ed HaCaT, Vec- 2, and t he MyoD1 t r ansf ect ed

cl one- 13 cel l s wi t h t he hypomet hyl at i ng dr ug .

Tr eat ment of cont r ol cel l s wi t h 5- aza- CdR ( HaCaTaza and

Vec- 2- aza) di d not l ead t o obvi ous phenot ypi c changes . The

cel l s mai nt ai ned t hei r epi t hel i al mor phol ogy i n spar se and

dense cul t ur es . Fur t her mor e, t hey nei t her expr essed myo-

geni c mar ker s nor di d t hey l ose epi der mal mar ker s ( not

shown) . I n t he 5- aza- CdR t r eat ed cl one- 13 cul t ur es ( cl one-

13aza) t he number of MyoDI expr essi ng cel l s r emai ned vi r -

t ual l y unchanged, but t he number of mul t i nucl eat ed cel l s

r esembl i ng myot ubes and mononucl eat ed cel l s r esembl i ng

spi ndl e- shaped r ef r act i l e myobl ast s became mor e f r equent i n

post conf l uent cul t ur es . Al so, t he number of myosi n and des-

mi n posi t i ve cel l s i ncr eased f r om t i 5 t o 15 %. The ker a-

t i n pat t er n, on t he ot her hand, was not af f ect ed ( dat a not

shown) .

Si gni f i cant changes wer e, however , seen when t he cel l s

wer e t r anspl ant ed ont o nude mi ce . The cont r ol cel l s ( HaCaT

aza and Vec- 2aza) f or med l ar gel y nor mal epi der mi s- l i ke sur -

f ace epi t hel i a ( not shown) , wher eas t he cl one- 13aza cel l s

f or med a mul t i l ayer ed but mor phol ogi cal l y di sor gani zed and

noncor ni f i ed epi t hel i um ( Fi g . 3 F) . Sur pr i si ngl y, when t hi s

epi t hel i um was exami ned i mmunohi st ochemi cal l y, even

mar ker s of l at e st ages i n epi der mal di f f er ent i at i on wer e ex-

pr essed . Ker at i ns Kl and K10 wer e pr esent i n near l y al l

supr abasal l ayer s ( Fi g. 3 G) and f i l aggr i n was l ocal i zed pr e-

domi nant l y i n t he upper most cel l s ( Fi g . 3 H) . Onl y i nvol u-

cr i n occasi onal l y showed an abnor mal pat chy di st r i but i on

( Fi g. 3 I ) . MyoDl posi t i ve nucl ei wer e i r r egul ar l y di s-

t r i but ed over t he epi t hel i um si mi l ar l y as i n t r anspl ant s of

cl one- 13 cel l s ( dat a not shown) . Thus, by 5- aza- CdR t r eat -

Fi gur e 3. I n vi vo gr owt h and di f f er ent i at i on behavi or af t er t r anspl ant at i on as or ganot ypi c cul t ur es ( on a col l agen gel ) ont o t he muscl e f asci a

of nude mi ce . The t r anspl ant s wer e r emoved af t er 27 d, snap f r ozen, and cr yost at sect i oned . Tr anspl ant s of ( A- E) cl one- 13 cel l s and ( F- J)

cl one- 13aza cel l s . ( A) Cl one- 13 cel l s f or med a wel l - di f f er ent i at ed epi der mi s- l i ke epi t hel i umwi t h di st i nct st r at umgr anul osum( ar r ows) and

massi ve st r at umcor neum. Compar abl e sect i ons wer e l abel ed wi t h ant i bodi es agai nst t he di f f er ent i at i on- speci f i c epi der mal ker at i n Kl , ex-

pr essed i n al l subr abasal l ayer s ( B) ; f i l aggr i n, t he mat r i x component of t he ker at ohyal i n gr anul es, l abel i ng t he st r at um gr anul osum ( C,

see ar r ows) and i nvol ucr i n, one of t he pr ecur sor pr ot ei ns of t he comi f i ed envel opes, gi vi ng r i se t o a membr ane bound st ai ni ng of t he upper -

most l ayer s of t he epi t hel i um ( D) . Vi ment i n, t he onl y mesenchymal / myogeni c di f f er ent i at i on pr oduct pr esent i n vi vo was r est r i ct ed t o t he

basal l ayer of t he epi t hel i umof cl one- 13 cel l s ( E, see ar r owheads) . ( F- J) Tr anspl ant s of cl one- 13aza cel l s : hi st ol ogi cal sect i on of t he mor -

phol ogi cal l y r at her uni f or m epi t hel i um wi t h no i ndi cat i ons of t ypi cal epi der mal st r at a or cor ni f i cat i on ( F) ; si mi l ar sect i on l abel ed wi t h

ant i ser a agai nst Kl . As wi t h cl one- 13 cel l al l supr abasal l ayer s wer e posi t i ve ( G) ; and t he upper most cel l s st ai ned posi t i ve f or f i l aggr i n

( ar r ows) ( H) . I nvol ucr i n occasi onal l y showed an i r r egul ar di st r i but i on ( 1) . Her e t oo vi ment i n r emai ned r est r i ct ed t o t he basal l ayer of

t he epi t hel i um ( J, see ar r owheads) . Bar , 25 um.

Ker at i n N* HaCaT Vec- 2 Cl one- 13

14 Epi der mal + + +

1+10( 11) , Ker at i ns ( +) * ( +) * ( +) *

7 + + +
8 Si mpl e Epi t hel i a + + -

18 Ker at i ns + + +

19 + + +





Fi gur e 4. I n vi t r o char act er i st i cs of t he mesenchymal - l i ke DTHMZ cel l s . ( A) Phase cont r ast mi cr ogr aph of t he DTHMZ cel l s showi ng
al t er ed mor phol ogy . ( B and C) I mmunof l uor escence mi cr ogr aphs of cul t ur ed DTHMZ cel l s l abel ed wi t h ant i ser a agai nst MyoDI ( B) and
vi ment i n ( C) . I n bot h cases 100% of cel l s ar e posi t i ve . Bar s : ( A) 100 / Am; ( B and C) 25 pm.

ment of t he MyoD1 t r ansf ect ed cl one- 13 cel l s, mor phogene-

si s was di st ur bed whi l e t he expr essi on of t ypi cal epi der mal

di f f er ent i at i on pr oduct s r emai ned unaf f ect ed . Thi s showed

t hat t he pr ocesses of hi st o- and cyt odi f f er ent i at i on can be un-
coupl ed and mi ght t her ef or e be r egul at ed i ndependent l y .

To det er mi ne whet her t he al t er ed hi st ogenesi s was as-
soci at ed wi t h t he expr essi on of myogeni c di f f er ent i at i on

pr oduct s, sect i ons wer e l abel ed wi t h ant i bodi es agai nst myo-
si n, desmi n, and vi ment i n . Si mi l ar t o t he t r anspl ant s of t he

unt r eat ed cl one- 13 cel l s myosi n and desmi n wer e not ex-

pr essed i n t r anspl ant s of cl one- 13aza cel l s ( not shown) and
vi ment i n st i l l r emai ned r est r i ct ed t o cel l s of t he basal cel l

l ayer ( Fi g . 3 J) .

Tabl e H. Compar i son of Epi der mal and
Nonepi der mal Di f f er ent i at i on Mar ker s Bet ween
Cl one- 13aza and DTHMZ Cel l s

* Onl y si ngl e cel l s posi t i ve.
Densi t y dependent .
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Mesenchymal Cel l - l i ke Subpopul at i on Di f f er ent i al l y
T} psi ni zed HaCaT- MyoDl 5- aza- CdR Reat ed Cel l s

Dur i ng t r ypsi ni zat i on i t was obser ved t hat a f r act i on of cel l s

det ached f r omt he pl ast i c much mor e r api dl y t han t he gener -

al l y st r ongl y adhesi ve HaCaTl i ke cel l s i n cl one- 13aza cul -

t ur es . We cannot excl ude t hat a smal l number of t hese cel l s

was al r eady pr esent i n cl one- 13 cul t ur es but t hey obvi ousl y

coul d not be det ect ed . Accor di ngl y, cel l s wi t h a compar abl e

t r ypsi ni zat i on behavi or wer e never obser ved i n cul t ur es of

HaCaTaza or Vec- 2aza cel l s nor dur i ng t he numer ous cl on-

i ng exper i ment s usi ng HaCaT cel l s of di f f er ent passage

l evel s . Thus, by shor t t er mt r ypsi n t r eat ment of cl one- 13aza
cul t ur es a cel l f r act i on was obt ai ned wi t h cl ear l y al t er ed
adhesi on pr oper t i es .

Di f f er ent i at i on Pr oper t i es I n Vi t r o

These di f f er ent i al l y t r ypsi ni zed HaCaTMyoDl 5- aza- CdR

t r eat ed cel l s ( DTHMZ) 1 cyt ol ogi cal l y no l onger r esembl ed

HaCaT cel l s ( Fi g . 4 A) . Mor eover , 100% of t he cel l s wer e

now posi t i ve f or MyoDI ( Fi g . 4 B) and vi ment i n ( Fi g . 4 C

and Tabl e I I ) . Al so MyoDI expr essi on at t he RNA l evel was
i ncr eased i n t he DTHMZ compar ed t o t he cl one- 13 and
cl one- 13aza cel l s ( Fi g. 5 A) , t hus cor r el at i ng wel l wi t h t he

i mmunof l uor escence dat a . A human r habdomyosar coma

cel l l i ne ( RD) was used as a posi t i ve cont r ol .

The ef f ect of MyoD1 expr essi on of i nduct i on on ot her myo-

geni c det er mi nat i on genes was measur ed next . A pr obe f or

Myf 3, t he human homol og of t he mouse MyoD1 gene ( Br aun

et al . , 1990) , was used t o det er mi ne whet her expr essi on of

t he endogenous human gene was i nduced by t he t r ansf ect ed

mouse gene . Myf 3 does not cr oss hybr i di ze wi t h MyoDl un-
der st r i ngent hybr i di zat i on condi t i ons and t hi s pr obe can

1 . Abbr evi at i ons used i n t hi s paper : DTHMZ, di f f er ent i al l y t r ypsi ni zed
HaCaTMyoDl 5- aza- CdR t r eat ed cel l s ; RD, human r habdomyosar coma
cel l l i ne .
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Di f f er ent i at i on mar ker s Cl one- 13aza DTHMZ

Vi ment i n myogeni c =40% 100%

Myosi n di f f er ent i at i on =15% =30%
Desmi n mar ker s =15% =30%

K14 epi der mal +

K1/ 10 ker at i ns ( +) *

K8

K7 si mpl e epi t hel i a + +

K19 ker at i ns + +

K18 + ( +) t

Desmopl aki n desmosomal +

Pl akogl obi n pr ot ei ns +

Desmogl ei n +

GP90 sur f ace + -

GP130 1 gl ycopr ot ei ns - +



Fi gur e 5. Myogeni c pr oper t i es of t he DTHMZ cel l s . ( A) Nor t her n bl ot anal ysi s of t ot al RNA i sol at ed f r ompost conf l uent cul t ur es of cl one-

13, cl one- 1 3aza, DTHMZ, and a human r habdomyosar coma cel l l i ne ( RD) , used as a posi t i ve cont r ol f or al l pr obes . The bl ot s wer e hybr i d-

i zed wi t h 31 P- l abel ed MyoDl , Myf 3 ( t he human homol og of MyoDl ) , myogeni n, and GADPHpr obes ; t he l at t er as cont r ol f or t he concen-

t r at i ons of l oaded RNA. MyoD1 was expr essed i n cl one- 13 and cl one- 13aza cel l s and st r ongl y i ncr eased i n DTHMZ cel l s . Myf 3 coul d

onl y be det ect ed i n DTHMZ cel l whi l e myogeni n, cl ear l y expr essed i n DTHMZ cel l s al so showed a f ai nt expr essi on i n cl one- 13aza cel l s .

( B) I mmunof l uor escence mi cr ogr aphs of DTHMZ cul t ur es wher e - 30%of t he cel l s ar e l abel ed wi t h an ant i body agai nst desmi n ; upper

par t shows a si ngl e l ar ge cel l and l ower par t smal l myobl ast - l i ke cel l s t hat al l st ai n posi t i ve f or desmi n . Bar , 25 Am.

t her ef or e be used t o assay f or t he expr essi on of t he endoge-

nous human MyoD gene. The RD cel l s, used as a cont r ol ,

wer e posi t i ve f or Myf 3 expr essi on as r epor t ed pr evi ousl y

( Hi t i et al . , 1989) ( Fi g . 5 A) . The Myf 3 si gnal was absent

i n cl one- 13 and cl one- 1 3aza cel l s but was pr esent i n DTHMZ

cel l s, demonst r at i ng posi t i ve aut or egul at i on by MyoD1 .

We f ur t her assayed f or t he expr essi on of myogeni n, si nce

pr evi ous st udi es have shown t hat t hi s gene i s associ at ed wi t h

muscl e cel l s and a posi t i ve r egul at or y l oop has been de-

scr i bed bet ween MyoDI and myogeni n ( Thayer et al . , 1989 ;

Chen and Jones, 1990) . The cont r ol RD cel l s and t he

DTHMZ cel l s wer e cl ear l y posi t i ve f or myogeni n expr essi on

and a f ai nt si gnal was somet i mes seen f or t he cl one- 13aza

cel l s whi l e t he cl one- 13 cel l s wer e al ways negat i ve ( Fi g . 5 A) .

Expr essi on of t wo ot her myogeni c det er mi nat i on genes,

Myf 5 ( Br aun et al . , 1989) and her cul i n ( Mi ner and Wol d,

1990) was not det ect abl e upon Nor t her n bl ot anal ysi s ( dat a

not shown) .

To det er mi ne whet her t he i ncr ease i n MyoD1 as wel l as ex-

pr essi on of t he ot her myogeni c det er mi nat i on genes cor -

r el at ed wi t h i ncr eased myogeni c di f f er ent i at i on, cul t ur es of

DTHMZ cel l s wer e st ai ned wi t h myosi n and desmi n ant i bod-

i es ( Fi g . 5 B) . I n bot h cases t he number of posi t i ve myot ube-

and smal l epi t hel i al - l i ke cel l s had i ncr eased f r om- 15 %f or

cl one- 13aza t o - 30%f or DTHMZ cel l s ( see Tabl e I I ) cor -

r el at i ng wi t h a compar abl e i ncr ease i n MyoD1 posi t i ve cel l s .

On t he ot her hand, t he DTHMZ cel l s, unl i ke t hei r pr ogen-

i t or cl one- 13aza cel l s, no l onger expr essed any of t he epi der -

mal ker at i ns ( basal K14 and supr abasal Kl and K10 ; Tabl e

Boukamp et al . St ages of " Tr ansdi f f er ent i at i on" i n Human Ker at i nocyt es

I I ) . Among t he " si mpl e epi t hel i a ker at i ns K8 was absent , as

al r eady seen i n cul t ur es of cl one- 13aza cel l s, whi l e K7 and

K19 wer e mai nt ai ned and gave r i se t o a f i l ament ous pat t er n

i n most cel l s ( not shown) . K18, on t he ot her hand, was ex-

pr essed i n a densi t y dependent way . I n subconf l uent cul t ur es

10- 30%of t he cel l s wer e posi t i ve, wher eas at conf l uency al l

cel l s wer e negat i ve, i ndi cat i ng a mode of r egul at i on i ndepen-

dent f r om t hat of K7 and K19.

Fur t her si gni f i cant changes wer e seen i n t he expr essi on

of cel l sur f ace mar ker s i ncl udi ng desmosomal pr ot ei ns

( pl akogl obi n, desmogl ei n, and desmopl aki n) whi ch ar e com-

ponent s of t he t ypi cal epi der mal j unct i ons ( desmosomes) ,

bei ng expr essed i n cl one- 13aza cel l s but not i n t he DTHMZ

cel l s ( Tabl e I I ) . The di st r i but i on of t wo cel l sur f ace pr ot ei ns,

GP90 and GP130, was al so anal yzed . Gener al l y, t he expr es-

si on of t he 90- kd gl ycopr ot ei n i s si gni f i cant l y i ncr eased i n

t r ansf or med human epi t hel i al cel l l i nes ( Kl ei n, C. E. , B.

Har t mann, L . Weber , and L . J . Ol d . 1989 . I mmunobi ol ogy.

17 8 : 36[ Abst r . ] ) whi l e t he 130- kd gl ycopr ot ei n i s not ex-

pr essed i n nor mal epi der mi s but at hi gh l evel s i n capi l l ar y

endot hel i al , smoot h muscl e and myoepi t hel i al cel l s ( Kl ei n et

al . , 1988) . Whi l e cl one- 13aza cel l s wer e st r ongl y posi t i ve

f or GP90 and negat i ve f or GP130 as f ound f or HaCaT cel l s

( not shown) t he r ever se was seen f or t he DTHMZ cel l s,

GP90 bei ng negat i ve and GP130 expr essed i n al l cel l s ( see

Tabl e I I ) . Thus, t he compl et e l oss of epi der mal mar ker s i n-

cl udi ng mor phol ogy, epi der mal ker at i ns, and desmosomal

pr ot ei ns) , change i n cel l sur f ace gl ycopr ot ei n expr essi on, ex-

pr essi on of mesenchymal cyt oskel et al pr ot ei ns ( vi ment i n
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Fi gur e 6. I n vi vo char act er i st i cs of t he

DTHMZcel l s . ( A) Hi st ol ogy of a 6- d- ol d
t r anspl ant . Not e t he i nabi l i t y t o st r at i f y .

( B- E) I mmunof l uor escence of t he si ngl e-

l ayer ed epi t hel i um l abel ed wi t h ant i ser a

agai nst vi ment i n ( B) and panker at i n ( C)

anal yzed by doubl e l abel i ng show t hat al l

cel l s expr essed bot h pr ot ei ns ; most cel l s

ar e al so posi t i ve f or desmi n ( D) but nega-
t i ve f or myosi n ( E) . Bar , 25 l m.



Fi gur e 7. DNA f i nger pr i nt . Sout her n bl ot anal ysi s of DNA f r om
DTHMZ and HaCaT cel l s hybr i di zed wi t h t he 32P- l abel ed hyper -
var i abl e mi ni sat el l i t e pr obe 33 . 15. The qual i t at i vel y i dent i cal pat -
t er n unequi vocal l y demonst r at es t he HaCaT or i gi n .

and desmi n) , t he muscl e pr ot ei n myosi n and addi t i onal myo-

geni c det er mi nat i on genes ( myf 3 and myogeni n) st r ongl y ar -

gue f or a shi f t f r oma cl ear l y epi der mal t o a mesenchymal /

myogeni c phenot ype r at her t han mer e abr ogat i on of epi der -

mal di f f er ent i at i on .

Di f f er ent i at i on Char act er i st i cs of t he DTHMZCel l s
I n l r vo

The DTHMZ cel l s di d not st r at i f y when t r anspl ant ed ont o

nude mi ce but r emai ned as a monol ayer of f l at el ongat ed

Boukamp et al . St ages of " Tr ansdi f f er ent i at i on" i n Human Ker at i nocyt es

cel l s even af t er 27 d i n vi vo ( Fi g . 6 A) . These cel l s r eact ed

wi t h ant i bodi es agai nst panker at i n and vi ment i n by doubl e

i ni munof l uor escence ( Fi g. 6, Band C) . Addi t i onal l y, desmi n

was expr essed ( Fi g. 6 D) whi l e myosi n coul d not be det ect ed

i n t hese t r anspl ant s ( Fi g . 6 E) . Thus, al so t he i n vi vo gr owt h

behavi or and expr essi on pat t er n i n t he t r anspl ant s suppor t

t he hypot hesi s t hat compl ex changes wer e i nduced by t he

di f f er ent t r eat ment s gi vi ng r i se t o " t r ansdi f f er ent i at i on» f r om

t he epi der mal HaCaT cel l s t o t he mesenchymal / myogeni c

DTHMZ cel l s .

Pr oof f or Descent of DTHMZf r omHaCaTCel l s

The DTHMZ cel l s wer e anal yzed cyt ogenet i cal l y and by

DNA f i nger pr i nt i ng t o ensur e t hat t hey wer e der i ved f r om

t he HaCaT cel l l i ne and t o excl ude cr oss- cont ami nat i on wi t h

ot her mesenchymal cel l l i nes . Fi r st l y, t he mar ker chr omo-

somes def i ni ng t he monocl onal or i gi n of t he epi der mal

HaCaT cel l s wer e st i l l pr esent i n 100% of t he DTHMZ cel l s

( Pascheber g, U. , per sonal communi cat i on ; see Boukamp et

al . , 1988) . Secondl y, al so t he quant i t at i vel y i dent i cal DNA

f i nger pr i nt pat t er n ( Fi g . 7) unequi vocal l y demonst r at ed t he

common or i gi n of t he HaCaT and DTHMZ cel l s . Thus, by

t r ansf ect i on of t he MyoDI gene i nt o human ker at i nocyt es

f ol l owed by 5- aza- CdR t r eat ment and f ur t her sel ect i on f or

decr eased at t achment t o t he subst r at um, a phenot ypi cal l y

hi ghl y di ver gent cel l popul at i on had devel oped whi ch coul d,

however , cl ear l y be i dent i f i ed as a HaCaT descendant .

Di scussi on

" Myogeni c Conver si on" by MyoDI Tr ansf ect i on

Our st udi es demonst r at e t hat t he MyoDI gene can i nduce t he

expr essi on of myogeni c di f f er ent i at i on pr oduct s i n t he human

epi der mal HaCaT cel l s. The dat a ar e i n l i ne wi t h f i ndi ngs by

Bl au et al . ( 1985) demonst r at i ng t hat f usi on of a mouse mus-

cl e cel l l i ne wi t h a number of nor mal human cel l s, i ncl udi ng

ker at i nocyt es, l eads t o t he expr essi on of human muscl e

mar ker s . Si mi l ar l y, Choi et al . ( 1990) coul d show t hat a

number of di f f er ent nont r ansf or med cel l s, i ncl udi ng r et i nal

pi gment ed epi t hel i al cel l s, can conver t i nt o st r i at ed mono-

nucl eat ed myobl ast s and mul t i nucl eat ed myot ubes af t er

MyoDI i nf ect i on . Ot her epi t hel i al cel l s such as HeLa, whi ch

have l ost t hei r di f f er ent i at i on capaci t y, appear t o be r ef r ac-

t or y t o myogeni c conver si on ( Bl au et al . , 1985 ; Wei nt r aub

et al . , 1989) . These and our dat a st r ongl y f avor t he hypot h-

esi s t hat cel l s whi ch have mai nt ai ned t hei r pot ent i al t o di f -

f er ent i at e can be f or ced t o myogeni c di f f er ent i at i on by t he

MyoDI gene . Thi s mi ght i ndi cat e t hat endogeneous di f f er en-

t i at i on r el at ed genes ( gene pr oduct s) ar e i nvol ved or ar e

r equi r ed t o cooper at e wi t h MyoDI t o act i vat e myogeni c di f -

f er ent i at i on i n nonmuscl e cel l s . The l evel of myogeni c con-

ver si on was l ow i n t he HaCaT cel l s compar ed wi t h 1 Tl / 2
and ot her cel l l i nes . Thi s mi ght wel l be because of t he f act
t hat t he epi der mal cel l s ar e l ess pr edi sposed t owar ds myo-

genesi s as di scussed ear l i er f or human ost eobl ast i c TE85

cel l s ( Chen and Jones, 1990) . Si mi l ar l y, f or t he human/ mouse

het er okar yons i t was f ound t hat t i ssue der i vat i on and possi bl y

embr yoni c or i gi n had mar ked ef f ect s on t he ki net i cs and ul t i -

mat e f r equency of expr essi on of muscl e mar ker s ( Bl au et al . ,

1985) .

Two mechani sms have been pr oposed f or t he i nduct i on of
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myogeni c di f f er ent i at i on pr oduct s, ( a) di r ect act i vat i on by

bi ndi ng of MyoDI t o a consensus sequence ( CANNTO) r e-

f er r ed t o as an E box ( f or r evi ew see Emer son, 1990) , and

( b) i ndi r ect act i vat i on f or t hose genes l acki ng t he consensus

sequence. Dependi ng on t he r espect i ve act i vat i ng mecha-

ni smone mi ght expect a hi gher or l ower l evel of expr essi on

of myogeni c di f f er ent i at i on mar ker s i n nonmuscl e cel l s . My-

osi n heavy chai ns, f or exampl e, have t o be act i vat ed i n-

di r ect l y si nce t hey do not cont ai n E boxes wi t hi n t hei r ci s-

r egul at or y r egi ons ( Bouvagnet et al . , 1987) . Expr essi on of

t hi s gene was l ow ( 1- 10 %) i n t he cl one- 13 cel l s and t hi s mi ght

i ndi cat e an i nef f i ci ent t r ansact i vat i ng mechani smi n t he non-

muscl e cel l s . Vi ment i n, on t he ot her hand, a cyt oskel et al

pr ot ei n, not excl usi vel y expr essed i n myogeni c cel l s but as-

soci at ed wi t h mesenchyme- der i ved cel l s, was expr essed i n

- 40 %of t he MyoD1 t r ansf ect ed cel l s . Thi s hi gh per cent age

may be due t o a di r ect r egul at i on of vi ment i n by MyoDI es-

peci al l y si nce vi ment i n obvi ousl y cont ai ns a CANNTG- l i ke

sequence i n i t s 5' r egul at or y r egi on .

Vi ment i n i s occasi onal l y expr essed i n epi t hel i al cel l s ei -

t her i n nor mal t i ssue dur i ng embr yogeni c devel opment ( Fr anke

et al . , 1982 ; Hol t h6f er et al . , 1983 ; LeDouar i n et al . , 1984 ;

Leht onen et al . , 1985 ; Par anko and Vi r t anen, 1986) or af t er

oncogeni c t r ansf or mat i on ( Fr anke et al . , 1979 ; Fuseni g et

al . , 1982 ; Azumi and Bat t i f or a, 1987 ; Raymond and Leong,

1989 and r ef er ences t her ei n ; Domagal a et al . , 1990) . Nor -

mal human ker at i nocyt es appar ent l y expr ess vi ment i n at cer -

t ai n st ages of gr owt h i n vi t r o ( van Mui j en et al . , 1987a ;

Smol a, H. , G. Thi ek6t t er , D. Br ei t kr eut z, and N. E. Fuse-

ni g, manuscr i pt i n pr epar at i on) suggest i ng t hat t he gene can

be act i vat ed i n epi t hel i al cel l s by sever al f act or s . However ,

t he HaCaT ker at i nocyt e l i ne has not been f ound t o expr ess

vi ment i n under a var i et y of gr owt h condi t i ons i n vi t r o and

i n vi vo even af t er t umor i geni c conver si on f ol l owi ng t r ansf ec-

t i on wi t h t he Har vey- r as oncogene ( Boukamp, P. , unpub-

l i shed obser vat i on) . Thus, i n t he pr esent case, vi ment i n i n-

duct i on was pr obabl y a di r ect consequence of MyoDI

t r ansf ect i on .

St abi l i t y of t he I nher ent Epi der mal Phenot ype

The HaCaT cel l s showed onl y mi nor changes i n t he expr es-

si on of epi der mal di f f er ent i at i on af t er MyoDl t r ansf ect i on .

The ker at i ns, cl assi f i ed on t he basi s of mol ecul ar wei ght s and

char ges ( Mol l et al . , 1982a) , show a char act er i st i c pat t er n

of expr essi on f or a par t i cul ar cel l t ype and t i ssue ( Fr anke et

al . , 1984 ; Sun et al . , 1984) . The MyoDl t r ansf ect ed cl one- 13

cel l s mai nt ai ned al l t ypi cal HaCaT ker at i ns anal yzed ( epi -

der mal ker at i ns Kl , K10, K14, and " si mpl e epi t hel i a' ker a-

t i ns K7, K18, and K19) ( see al so Ryl e et al . , 1989 ; Br ei t -

kr eut z et al . , 1991) wi t h t he except i on of K8. The st abi l i t y

of t he epi der mal di f f er ent i at i on pat t er n i n cl one- 13 cel l s was
even mor e appar ent under mor e physi ol ogi cal condi t i ons i n

vi vo . Despi t e t he phenot ypi c changes seen i n vi t r o, a wel l or -

gani zed and di f f er ent i at ed epi der mi s- l i ke epi t hel i um, vi r t u-

al l y i ndi st i ngui shabl e f r omt hat of cont r ol ( HaCaT and Vec-

2) cel l s, was f or med by t he cl one- 13 cel l s . The expr essi on

and l ocal i zat i on of t he maj or di f f er ent i at i on pr oduct s such as

t he ker at i ns K1 and K10, f i l aggr i n and i nvol ucr i n wer e nor -

mal i n concer t wi t h a r egul ar t i ssue ar chi t ect ur e . The onl y

di f f er ence obser ved bet ween cl one- 13 and t he HaCaTor Vec- 2

t r anspl ant s was t he addi t i onal expr essi on of vi ment i n whi l e

myosi n or desmi n wer e not det ect ed . However , unl i ke t he

The Jour nal of Cel l Bi ol ogy, Vol ume 116, 1992

si t uat i on i n vi t r o wher e a hi gh per cent age of cel l s wer e vi -

ment i n- posi t i ve onl y a mi nor f r act i on of cel l s was posi t i ve

f or vi ment i n i n t r anspl ant s and t hese wer e gener al l y r est r i ct ed

t o t he basal l ayer of t he epi t hel i um. These f i ndi ngs may i ndi -

cat e t hat coexpr essi on of t he di f f er ent i at i on speci f i c ker at i ns

Kl , K10, and vi ment i n i s not compat i bl e . Al t er nat i vel y, vi -

ment i n coul d be masked ( as known f or K14) when cel l s move

upwar d and di f f er ent i at e, no l onger bei ng r ecogni zed by t he

ant i body.
I t al so cannot be excl uded t hat i n vi t r o t he gr owt h and

di f f er ent i at i on pat hway i s r egul at ed di f f er ent l y f r om t hat i n

vi vo si nce one i mpor t ant aspect i s t hat t he cel l s i n vi t r o ar e

not subj ect t o t he cont r ol of syst emi c f act or s or f act or s de-

r i ved f r om t he under l yi ng mesenchyme . Our pr evi ous

st udi es have cl ear l y shown t hat compl et e epi der mal di f f er en-

t i at i on i ncl udi ng t he st at us of t i ssue homeost asi s i s onl y

obt ai ned under mesenchmal i nf l uence ( Boukamp et al . ,

1990a ; Kl i ngel et al . , 1990 ; Fuseni g et al . , 1991 ; Smol a, H. ,

G. Thi ek6t t er , D. Br ei t kr eut z, and N. E. Fuseni g, manu-

scr i pt submi t t ed f or publ i cat i on) and t hat i n sur f ace t r ans-

pl ant s t he whol e pr ocess onl y t akes one t o t wo weeks . Thus,

i t i s ver y l i kel y t hat i n vi vo ( under t he cont r ol of t he mes-

enchyme) epi der mal di f f er ent i at i on pr edomi nat es whi l e t he

myogeni c di f f er ent i at i on pat hway i s not necessar i l y f avor ed

i n t hi s envi r onment . Accor di ngl y, t he t i me span f or a gi ven

cel l i n vi vo ( passi ng t hr ough t he di f f er ent cel l l ayer s) mi ght

be t oo shor t t o expr ess myogeni c di f f er ent i at i on mar ker s

( ot her s t han vi ment i n) because of t hei r l ong l at ency per i od

al r eady obser ved i n vi t r o . Al t er nat i vel y, myogeni c di f f er ent i -

at i on mi ght be compl et el y downr egul at ed under t he i n vi vo

condi t i ons . Thus, t he al t er at i ons af t er MyoDI t r ansf ect i on

seen under i n vi t r o condi t i ons obvi ousl y had no maj or ef f ect s

on epi der mal t i ssue mor phogenesi s and t he cor r ect spat i al

di st r i but i on of t he epi der mal di f f er ent i at i on mar ker s i n vi vo.

5Azacyt i di ne Tr eat ment Causes Loss of

Tï ssue Mor phogenesi s

I n a second st ep we t r i ed t o pot ent i at e t he MyoDl act i vi t y

i n cl one- 13 cel l s by t r eat ment wi t h t he hypomet hyl at i ng

agent 5- aza- CdR. Thi s was done because t he f r equency of

myogeni c conver si on i n t r ansf ect ed ost eosar coma cel l s coul d

be i ncr eased by such t r eat ment ( Chen and Jones, 1990) .

5- Aza- CdR t r eat ment caused a subst ant i al change i n t he

di f f er ent i at i on behavi or of cl one- 13 cel l s i n vi vo . Al t hough

t he cel l s wer e st i l l abl e t o st r at i f y, a mor phol ogi cal l y un-

st r uct ur ed epi t hel i um was f or med wi t h no i ndi cat i ons of t yp-

i cal epi der mal cel l l ayer s i ncl udi ng cor ni f i cat i on . Never t he-

l ess, t hi s epi t hel i um st i l l expr essed t he maj or di f f er ent i at i on

pr oduct s Kl and K10, f i l aggr i n, and i nvol ucr i n.

Thi s mor phol ogi cal al t er at i on was par t i cul ar l y st r i ki ng

si nce nei t her l ong- t er m passagi ng, t umor i geni c conver si on

( Boukamp et al . , 1990b) , nor 5- aza- CdR t r eat ment by i t sel f

( HaCaTaza, Vec- 2aza) i nt er f er ed wi t h t he pot ent i al of

HaCaT cel l s t o devel op a wel l - or gani zed epi der mi s af t er

t r anspl ant at i on . Thus, 5- aza- CdR t r eat ment of MyoD1

t r ansf ect ant s ( cl one- 13) r esul t ed i n a l oss of mor phogeni c
pot ent i al wi t hout bl ocki ng t he expr essi on of di f f er ent i at i on

mar ker s . Thi s demonst r at es t hat hi st o- and cyt odi f f er ent i a-

t i on can be di ssoci at ed under cer t ai n condi t i ons .

Thi s di ssoci at i on can al so be seen i n t umor s or t umor -

der i ved cel l l i nes si nce we had demonst r at ed ear l i er t hat a

cel l l i ne est abl i shed f r oma mouse ski n car ci noma f ai l ed t o
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expr ess Kl and K10 i n t r anspl ant s al t hough t hese cel l s

f or med a mor phol ogi cal l y ker at i ni zi ng sur f ace epi t hel i um

( Br ei t kr eut z et al . , 1986) . Anot her exampl e f or di ssoci at i on

of hi st o- and cyt odi f f er ent i at i on i s t he embr yoni c devel op-

ment of t he epi der mi s . Dur i ng embr yogenesi s t he human

epi der mi s devel ops f r oma t wo- l ayer ed epi t hel i um expr ess-

i ng t he " si mpl e epi t hel i a ker at i ns K8 and K18 ( Mol l et al . ,

1982b) and t he cel l s st ar t t o st r at i f y and expr ess epi der mal

ker at i ns as soon as a t hr ee- l ayer ed epi t hel i um has f or med

( week 10) . The swi t ch f r om si mpl e epi t hel i a t o epi der mal

ker at i ns t her ef or e appear s at a " t r ansi t i onal st age" wher e

epi der mal mor phogenesi s i s st i l l i ncompl et e . The epi t hel i um

obt ai ned f r omt he 5- aza- CdR t r eat ed cl one- 13 cel l s seems t o

r esembl e t he t r ansi t i onal phase dur i ng embr yogeni c devel -

opment .

Pr ender gast and Zi f f ( 1991) have ver y r ecent l y shown t hat

bi ndi ng of t he basi c mot i f of c- myc t o DNA i s met hyl at i on

sensi t i ve i n t hat bi ndi ng i s speci f i c f or unmet hyl at ed si t es .

MyoDI i s known t o cont ai n a r egi on wi t h hi gh sequence ho-

mol ogy t o t he c- myc f ami l y pr ot ei n as wel l as a hi ghl y basi c

r egi on ( Lassar et al . , 1989) so t hat bi ndi ng of MyoD mi ght

be pr event ed by met hyl at i on i n an anal ogous f ashi on t o c- myc .

Thus, met hyl at i on mi ght be one possi bl e mechani sm t o

st abi l i ze t he f i nal st at e of t he wel l st r at i f i ed adul t epi der mi s .

Si nce hypomet hyl at i on by i t sel f was i nsuf f i ci ent t o dest r oy

mor phogenesi s and cont r ol cel l s ( HaCaT or Vec- 2 cel l s

t r eat ed wi t h 5- aza- CdR) st i l l f or med a wel l - st r uct ur ed and

di f f er ent i at ed epi der mi s- l i ke epi t hel i um, addi t i onal f act or s/

gene pr oduct s have t o be r equi r ed i n ear l y devel opment t hat

ar e obvi ousl y i nact i ve i n t he adul t epi der mi s . Whet her MyoD-

or gener al l y Hel i x- Loop- Hel i x- l i ke genes ar e i nvol ved wi l l

be st udi ed .

Mesenchymal - l i ke Subpopul at i on

( DTHMZ) : " Tr ansdi f er ent i at i on"

The DTHMZ subpopul at i on i sol at ed f r omcl one- 13aza cel l s,
i . e . , der i ved f r oma t ypi cal epi der mal cel l , had l ost i t s epi -

t hel i al mor phol ogy, changed t he pat t er n of i nt er medi at e f i l a-

ment pr ot ei n and cel l sur f ace gl ycopr ot ei n expr essi on, and

was no l onger abl e t o st r at i f y i n vi vo, associ at ed wi t h a l ack

of desmosomal pr ot ei ns and expr essi on of addi t i onal myo-

geni c det er mi nat i on genes . However , i t s i dent i t y wi t h t he

epi der mal HaCaT cel l s was pr oven by cyt ogenet i c anal ysi s
and DNA f i nger pr i nt i ng .

The f act t hat t hese cel l s wer e obt ai ned by sel ect i on f or r e-

duced adhesi on t o pl ast i c by shor t t r ypsi ni zat i on st r ongl y ar -

gues f or changes i n t he expr essi on of adhesi on mol ecul es .

One possi bl e candi dat e i s gp90, a gl ycopr ot ei n sel ect i vel y

expr essed i n adher ent l y gr owi ng t r ansf or med cel l s ( Kl ei n,
C. E. , B. Har t mann, L . Weber , and L . J . Ol d . 1989. I m-
munobi ol ogy. 178 : 36[ Abst r . ] ) and i nduced i n suspensi on

cul t ur es of neur obl ast oma cel l s sel ect ed f or subst r at e adher -

ence ( Ret t i g et al . , 1987) . The mar ked decr ease i n adhesi on

by t he DTHMZ cel l s was cor r el at ed wi t h t he l oss of t hi s pr o-

t ei n . DTHMZ cel l s had al so gai ned t he expr essi on of anot her

sur f ace gl ycopr ot ei n, gpl 30, whi ch i s pr esent at hi gh l evel s

i n mesenchymal cel l s of var i ous or i gi ns ( Kl ei n et al . , 1988) ,

but gener al l y absent i n nor mal epi der mi s and was not det ect -
abl e i n t he par ent al cl one- 13aza cel l s . Toget her wi t h t he ot her

f i ndi ngs, t hi s swi t ch i n sur f ace gl ycopr ot ei ns st r ongl y ar gues
f or a " t r ansdi f f er ent i at i on" pr ocess f r om an epi der mal t o a

Boukamp et al . St ages of Tr ansdi f f er ent i at i on" i n Human Ker at i nocyt es

mesenchymal / myogeni c phenot ype r at her t han mer e down-

r egul at i on of some epi der mal t r ai t s i n t he DTHMZ cel l s .

Suppor t f or t hi s hypot hesi s was al so evi dent f r om t he

Nor t her n bl ot anal ysi s . As ment i oned ear l i er , Thayer et al .

( 1989) have shown t hat MyoD1 and myogeni n appear t o

f unct i on i n posi t i ve aut or egul at or y l oops whi ch i ncl ude act i -

vat i on of t he endogenous MyoD1 by t he t r ansf ect ed MyoD1

c- DNA. Thi s t r ansact i vat i on of t he human homol ogue Myf 3

( Br aun et al . , 1989) by t he mouse MyoDI as wel l as i nduc-

t i on of myogeni n i n t he DTHMZ cel l s i s i n good agr eement

wi t h t hei r i mpr oved myogeni c pot ent i al . Expr essi on of Myf 5

and her cul i n, t wo ot her myogeni c det er mi nat i on genes

( Br aun et al . , 1989 ; Mi ner and Wol d, 1990) , was not de-

t ect ed i n t he DTHMZ cel l s. Ther e i s, however , evi dence t hat

MyoDI and Myf 5 ar e usual l y not coexpr essed and t hat her -

cul i n ( or Mr f 4) i s not expr essed i n most cul t ur ed myogeni c

cel l l i nes ( f or r evi ew see Emer son, 1990) . The expr essi on

of t hese t wo genes mi ght be r egul at ed di f f er ent l y as com-

par ed t o t he expr essi on of MyoDI ( Thayer and Wei nt r aub,
1990) and t her ef or e t he l ack of expr essi on i n t he DTHMZ

cel l s coul d be because of mor e gener al phenomena r at her

t han bei ng speci f i c f or t he epi der mal or i gi n of t he cel l s .

The mesenchymal / myogeni c nat ur e of t he DTHMZ cel l s

was f ur t her suppor t ed by t he t r anspl ant at i on st udi es . The

DTHMZ cel l s wer e no l onger abl e t o st r at i f y, but r emai ned
as a monol ayer of f l at el ongat ed cel l s t hr oughout t he whol e
obser vat i on per i od unl i ke al l ot her epi t hel i al cel l s t est ed i n
our t r anspl ant at i on syst em. Even undi f f er ent i at ed HeLa and
hybr i d cel l s der i ved f r om t he f usi on of HeLa wi t h nor mal

f i br obl ast s ( St anbr i dge et al . , 1982) mai nt ai ned t he pr open-
si t y t o f or ma mul t i l ayer ed t i ssue ( Bosch et al . , 1990) . Thus,
t he l oss of st r at i f i cat i on i n t he DTHMZ cel l s and t he expr es-
si on of vi ment i n and desmi n i n t hese t r anspl ant s st r ongl y
ar gues f or maj or phenot ypi c changes i n t hi s par t i cul ar sub-
f r act i on of cel l s . Because t hese cel l s ar e, however , t r ue de-
r i vat i ves of t he epi der mal HaCaT cel l s, t hey mi ght pr ovi de

a val uabl e t ool t o gai n a cl oser vi ewof t he r egul at or y mecha-
ni sms i nvol ved i n st r at i f i cat i on of epi der mal cel l s and r epr es-
si on of st r at i f i cat i on i n mesenchymal - t ype cel l s .

The pr eser ved expr essi on of t he " si mpl e epi t hel i a" ker at i ns
by t he DTHMZ cel l s i s mor e t han a r emnant of t he epi t hel i al
or i gi n si nce t hese ker at i ns ar e of t en f ound t o be pr esent i n

nonepi t hel i al cel l s ( Knapp et al . , 1989 ; and r ef er ences

t her ei n) . For exampl e, K8 and K18 wer e shown t o be coex-

pr essed wi t h desmi n i n devel opi ng myocar di al cel l s of some
ver t ebr at e speci es ( Kur uc and Fr anke, 1988) and ker at i n 19

was f ound t o be pr esent i n smoot h muscl e cel l s i n vi t r o and
i n vi vo ( Gown et al . , 1988) , i ndi cat i ng t hat coexpr essi on of

di f f er ent t ypes of i nt er medi at e f i l ament s ( ker at i ns, vi ment i n,

and desmi n) i s a mor e gener al phenomenon i n nonepi t hel i al

cel l s ; especi al l y mor e t han pr evi ousl y r eal i zed i n f et al t i s-

sues ( van Mui j en et al . , 1987b) . Thus, t he mai nt ai ned ex-

pr essi on of t he ker at i ns K7, K18, and K19 i s cl ear l y com-

pat i bl e wi t h a f ul l y di f f er ent i at ed mesenchymal / myogeni c

phenot ype and consequent l y al so compat i bl e wi t h t he t r ans-

di f f er ent i at i on pr ocess post ul at ed f or t he DTHMZ cel l s .
I n concl usi on, our st udi es have shown t hat MyoDI can i n-

duce t he expr essi on of muscl e- speci f i c gene pr oduct s i n t he

epi der mal HaCaT cel l s , conf i r mi ng ear l i er f i ndi ngs t hat

MyoDI can act as a mast er swi t ch gene i n di f f er ent i at i ng

nonmyogeni c cel l s . However , MyoDI by i t sel f di d not si g-

ni f i cant l y al t er t he epi der mal di f f er ent i at i on char act er i st i cs
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i n vi t r o nor di d i t i nt er f er e wi t h epi der mal mor phogenesi s i n

vi vo . By addi t i onal 5- aza- CdR t r eat ment mor phogenesi s

( hi st odi f f er ent i at i on) and t he expr essi on of speci f i c epi der -

mal di f f er ent i at i on pr oduct s ( cyt odi f f er ent i at i on) coul d be

di ssoci at ed suggest i ng at l east t wo i ndependent modes of

r egul at i on . Af t er bot h MyoD1 t r ansf ect i on and 5- aza- CdR
t r eat ment and sel ect i on f or r educed adhesi on t o t he pl ast i c

subst r at um, a subpopul at i on was der i ved whi ch had l ost t he

epi der mal char act er i st i cs and had acqui r ed a mesenchymal -

cel l phenot ype . Thus, t hese st udi es ( a) under l i ne t he st abi l i t y

of t he i nher ent epi der mal phenot ype and ( b) al so demon-
st r at e pr ocesses l eadi ng t o t r ansdi f f er ent i at i on i n somat i c

cel l s ( der i ved f r om adul t t i ssue) i n cul t ur e.
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