
Rol e of Col l agenous Mat r i ces

i n t he Adhesi on and Gr owt h of Cel l s

I t has l ong been appr eci at ed t hat , f or many t ypes of cel l s,

at t achment t o a subst r at e i s r equi r ed f or t hei r r epl i cat i on.

Col l agen subst r at es enhance t he gr owt h ( 64, 70, 109, 238) as

wel l as t he di f f er ent i at i on ( 40, 69, 85, 86, 146, 161, 184) , of

many cel l s i n cul t ur e above t hat obser ved wi t h ot her subst r at es

such as pl ast i c and gl ass. As di scussed i n t hi s r epor t , many

cul t ur ed cel l s i ncl udi ng f i br obl ast s, myobl ast s, hepat ocyt es,

chondr ocyt es, and cer t ai n epi t hel i al cel l s ar e t hought not t o

bi nd di r ect l y t o t he col l agen subst r at e or t o t he pl ast i c sur f ace

of cul t ur e di shes ( 31, 73, 74, 76, 77, 89, 93, 113, 164, 220) .

I nst ead, ext r acel l ul ar gl ycopr ot ei ns bi nd t he cel l s t o t he sub-

st r at e. One of t hese at t achment pr ot ei ns, f i br onect i n, has been

ext ensi vel y st udi ed ( 99, 151, 166, 227, 228, 244) . Fi br onect i n i s

pr oduced by f i br obl ast s ( 13, 197, 246) and endot hel i al cel l s

( 102, 140) as wel l as some ot her cel l t ypes . I t i s al so pr esent i n

hi gh concent r at i ons i n bl ood and ser um ( 152) . I n cul t ur e,

ser um f i br onect i n, as wel l as t hat pr oduced by t he cel l s, can

bi nd t o bot h t he col l agen subst r at es and t he t i ssue cul t ur e

pl ast i c sur f ace and medi at e t he at t achment of cel l s ( 73, 113,

164, 242) . Ci r cul at i ng f i br onect i n par t i ci pat es i n a var i et y of

r eact i ons i mpor t ant t o wound heal i ng, i ncl udi ng t he adhesi on

and spr eadi ng of pl at el et s on col l agen ( 10, 14, 75, 100, 204) ,

bi ndi ng t o t he f i br i n cl ot ( 74, 150, 198) and t o col l agen ( 37, 46,

94, 103, 119) , pr omot i ng opsoni zat i on r eact i ons by phagocyt i c

cel l s ( 18, 94, 201) , and pr omot i ng f i br obl ast mi gr at i on ( 6, 61) .

Thus, f i br onect i n not onl y f unct i ons as an at t achment pr ot ei n,

but al so may pl ay an i mpor t ant r ol e i n r epai r r eact i ons .

I n t he case of cer t ai n di f f er ent i at ed cel l s, such as chondr o-

cyt es ( 89) and epi t hel i al cel l s ( 159, 220) , gl ycopr ot ei ns di f f er ent

f r om f i br onect i n ar e act i ve i n at t achment . The component s of

t hese ext r acel l ul ar mat r i ces of f i br obl ast s, chondr ocyt es, and

epi t hel i al cel l s di f f er wi t h t he cel l t ype, and t hey r equi r e

separ at e at t achment pr ot ei ns t o pr ovi de addi t i onal speci f i ci t y

t o t he i nt er act i on of t he cel l wi t h i t s mat r i x . Al t er at i ons i n cel l -

subst r at um i nt er act i ons ar e obser ved i n di f f er ent i at i ng cel l s

and af t er spont aneous t r ansf or mat i on of cel l s or exposur e t o

oncogeni c agent s ( 99, 228) . Thi s r evi ew wi l l br i ef l y out l i ne our

cur r ent knowl edge of t he t ypes of col l agen and t hei r di st r i bu-

t i on and bi osynt hesi s . Then, t he i nt er act i on of cel l s wi t h col -
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l agen and ot her mat r i x component s wi l l be descr i bed, wi t h

emphasi s on cel l adhesi on, di f f er ent i at i on, and gr owt h.

COLLAGEN

St r uct ur e, Bi osynt hesi s, and Degr adat i on

Numer ous cr i t er i a def i ne a col l agen and di st i ngui sh i t f r om

ot her pr ot ei ns ( 22, 49, 50, 58, 141, 148, 184) . Col l agens cont ai n

a t r i pl e- hel i cal segment composed of t hr ee chai ns t hat have a

char act er i st i c composi t i on i ncl udi ng 33% gl yci ne, ^ - 10% pr o-

l i ne, 10% hydr oxypr ol i ne, and var i abl e amount s of hydr oxy-

l ysi ne . Col l agens, but not ot her pr ot ei ns, ar e degr aded by

bact er i al col l agenases, whi ch r ecogni ze and cl eave t he sequence
1

gl y- X- pr o- gl y . These, as wel l as ot her f eat ur es such as t hei r x-

r ay pat t er n, est abl i sh cer t ai n st r uct ur al pr ot ei ns as col l agens

and ot her pr ot ei ns as cont ai ni ng col l agenous domai ns . At

pr esent , t wo nonst r uct ur al pr ot ei ns havi ng col l agenous seg-

ment s have been i dent i f i ed: Cl q, a component of t he compl e-

ment cascade ( 188) , and acet yl chol i nest er ase ( 192) . Det ai l ed

mol ecul ar model s f or t hese mol ecul es have been pr oposed.

At l east f i ve i sot ypes of col l agen mol ecul es have been char -

act er i zed, and ot her s pr obabl y exi st ( Tabl e I ) ( 22) . Al t hough

t he i nt er st i t i al col l agens, t ypes I , I I , and I I I , ar e t he pr oduct s of

separ at e genes and have uni que ami no- aci d sequences, i n ot her

r espect s t hey ar e qui t e si mi l ar . Each mol ecul e cont ai ns a t r i pl e-

hel i cal domai n, r oughl y 300 x 1 . 5 nm, composed of t hr ee

chai ns, each 94, 500 dal t ons. Type I col l agen, f ound i n ski n,

bone, and t endon, has t wo al ( l ) - chai ns and one a2( l ) - chai n .

I n addi t i on, col l agen mol ecul es cont ai ni ng onl y al ( l ) - chai ns

wi t h t he composi t i on [ al ( 1) 13 have been i dent i f i ed and ar e

usual l y r ef er r ed t o as t ype I t r i mer ( 142, 157) . Type I t r i mer i s

f ound i n t i ssues ( 105) , as pr oduct s of cer t ai n cul t ur ed cel l s ( 16,

33, 142, 144) , and i n t umor s ( 149) . Type I I col l agen i s f ound

mai nl y i n car t i l age and cont ai ns t hr ee a l ( I I ) - chai ns ( 148) . Type

I I I col l agen, at one t i me t hought t o be " f et al " col l agen, i s

composed of t hr ee al ( I I I ) - chai ns and i s most pr omi nent i n

bl ood vessel s, ski n, and t he par enchyma of i nt er nal or gans

( 63) . Many i nvest i gat or s consi der i t t o be t he r et i cul i n descr i bed

by hi st ochemi cal met hods, al t hough t hi s has not been pr oved.
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TABLE I

The Col l agen I sot ypes

Types I V and V col l agens have been descr i bed and par t i al l y

char act er i zed. Type I V col l agen i s f ound i n basement mem-

br anes ( 22, 110) and pr obabl y cont ai ns t wo di st i nct chai ns t hat

ar e l ar ger t han t he chai ns of ot her col l agens ( 222) . I n addi t i on,

t ype I V col l agen has mor e car bohydr at e, 3- hydr oxypr ol i ne,

and hydr oxyl ysi ne t han t he ot her col l agens . Type V col l agen,

whi ch i s pr esent i n ski n, smoot h muscl e, pl acent a, and bone

( 24, 32, 143, 190) , cont ai ns t wo t ypes of chai ns desi gnat ed aA

and aB, or i n t he new t er mi nol ogy a2( V) and al ( V) , r espec-

t i vel y . Recent st udi es i ndi cat e t hat t he t wo chai ns occur i n t he

same mol ecul e i n t ype V col l agen f r om pl acent a ( 15) , and

mol ecul es cont ai ni ng onl y aB chai ns have been i sol at ed f r om

car t i l age ( 190) .

The ami no- aci d sequences of t he al ( l ) - and al ( I l ) - chai ns

have been det er mi ned, and par t i al sequences of t he al ( I I I ) -

and a2( I ) - chai ns ar e known ( 51) . For each chai n t her e i s

consi der abl e i nt er speci es sequence homol ogy ( 23) .

The st eps i n t he bi osynt hesi s of col l agen t ypes I , I I , and I I I

have been descr i bed ( f or r evi ews, see r ef er ences 50, 141, 183) .

These col l agens ar e f or med f r om pr ocol l agen, a l ar ger , mor e

sol ubl e pr ecur sor cont ai ni ng pr o- a- chai ns ( Fi g . 1) . The pr o-

a 1( I ) - chai n of t ype I col l agen cont ai ns a cent r al col l agenous

r egi on pl us addi t i onal pept i de sequences of - 13, 000 dal t ons at

i t s ami no- t er mi nus and of 36, 000 dal t ons at i t s car boxy- t er mi -

nus . Pr o- a2( l ) - , pr o- a 1( I I ) - , and pr o- a l ( I I I ) - chai ns cont ai n

anal ogous pept i des, whi ch ar e chemi cal l y di st i nct .

The chai ns ar e modi f i ed enzymat i cal l y af t er synt hesi s ( Fi g.

1) ( 183) . These modi f i cat i ons i ncl ude t he i nt r oduct i on of hy-

dr oxyl gr oups i nt o cer t ai n pr ol yl r esi dues t o f or m 3- and 4-

hydr oxypr ol i ne and t he hydr oxyl at i on and gl ycosyl at i on of

some l ysyl r esi dues . Most pr ol yl r esi dues t hat pr ecede gl ycyl

r esi dues i n t he mol ecul e ar e hydr oxyl at ed i n t he 4- posi t i on of

t he r i ng by an i nt r acel l ul ar , pr obabl y membr ane- bound en-

zyme, pr ol yl hydr oxyl ase, whi ch r equi r es f or act i vi t y f er r ous

i on, ascor bi c aci d, a- ket ogl ut ar at e, and oxygen ( 223) . Pr ol yl

r esi dues hydr oxyl at ed i n t he 3- posi t i on have been f ound t o

occur i n t he sequence 3- hydr oxypr ol i ne- 4- hydr oxypr ol i ne- gl y-

ci ne ( 1) . Bot h pr ol i ne and 4- hydr oxypr ol i ne st abi l i ze t he col -

l agen hel i x ( 23, 184) , wher eas t he r ol e of 3- hydr oxypr ol i ne

r esi dues i s unknown . Hydr oxyl at i on of l ysyl r esi dues i s car r i ed

out by a separ at e enzyme t hat has t he same cof act or r equi r e-

ment s as pr ol yl hydr oxyl ase ( 147) . I n addi t i on, some hydr ox-

yl ysyl r esi dues ar e gl ycosyl at ed by uni que sugar t r ansf er ases t o

f or mgal act osyl - hydr oxyl ysi ne and gl ucosyl - gal act osyl - hydr ox-
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Synt hesi s and mat ur at i on of col l agen . Cer t ai n pr ol yl and

l ysyl r esi dues on t he nascent chai ns ar e hydr oxyl at ed by speci f i c

enzymes . Al t hough t he hydr oxyl at i on begi ns on t he nascent chai ns,

i t can cont i nue af t er compl et i on and r el ease of t he chai ns, unt i l t he

t r i pl e hel i x f or ms . Hel i x f or mat i on al so t er mi nat es gl ycosyl at i on of

hydr oxyl ysyl r esi dues . The pr ocol l agen mol ecul e i s t hen secr et ed

f r om t he cel l wher e ext r acel l ul ar or membr ane- bound enzymes

r emove t he noncol l agenous ext ensi on pept i des . The col l agen mol -

ecul es ar e enzymat i cal l y cr oss- l i nked t o f or m st abl e f i ber s .

yl ysi ne ( 58, 183) . The f unct i on of t he sugar r esi dues i s not

known .

Gl ycosyl at i on and hydr oxyl at i on r eact i ons occur i n t he pr o-

a- chai ns and t er mi nat e when t he chai ns assume a hel i cal

conf i gur at i on ( 183) . To f or mt ype I pr ocol l agen, t wo pr o- al ( I ) -

chai ns and one pr o- a2( I ) - chai n associ at e, f or mdi sul f i de bonds

at t he car boxy- t er mi nus, and coi l i nt o a t r i pl e hel i cal pr ot ei n

( 50) . Separ at e enzymes, pr ocol l agen N- pr ot ease and pr ocol l a-

gen C- pr ot ease, r emove t he ami no- t er mi nal and car boxy- t er -

mi nal pept i des, r espect i vel y ( 50, 128, 183) . Ki net i c st udi es

i ndi cat e t hat t he ami no- t er mi nal pept i des ar e r emoved en bl oc

ei t her i nsi de t he cel l or at t he cel l sur f ace, wher eas t he car boxy-

t er mi nal pept i des ar e r emoved l at er ( 50) . The l i ber at ed ami no-

t er mi nal pept i des may r egul at e col l agen synt hesi s by f eedback

i nhi bi t i on of t r ansl at i on ( 163, 239) . Because col l agen mol ecul es

spont aneousl y aggr egat e i nt o f i ber s, i t i s l i kel y t hat t he car boxy-

t er mi nal pept i des conf er sol ubi l i t y on pr ocol l agen and t hat

pr ocol l agen C- pr ot ease may r egul at e f i ber f or mat i on ( 21, 50) .

Col l agen mol ecul es i n f i br i l s ar e cr oss- l i nked vi a t he conden-

sat i on of al dehydes f or med f r omcer t ai n l ysyl and hydr oxyl ysyl

r esi dues i n t he mol ecul e by t he enzyme l ysyl oxi dase ( 49, 174,

175) . Fi br i l l ar t ype I col l agen i s r eadi l y i dent i f i ed i n vi vo at t he

el ect r on mi cr oscope l evel by i t s char act er i st i c bandi ng pat t er n

( 80) , wher eas t he appear ance of t he ot her col l agens i s ei t her

Col l a-

gen

t ype Composi t i on Some di st i ngui shi ng char act er i st i cs Ti ssue l ocat i on

Cel l t ypes t hat synt hesi ze var i ous

col l agen t ypes

I [ al ( I ) ] 2a2( I ) Low car bohydr at e, l ow hydr oxyl at i on of l ysi ne Ski n, bone, t endon, Fi br obl ast s, ost eobl ast s, smoot h

cor nea muscl e cel l s, epi t hel i um

I I [ a1( I I ) 13 >10 hydr oxyl ysi nes per chai n Car t i l age, cor nea, vi t - Chondr ocyt es, neur al r et i nal cel l s,

r eous body not ochor d cel l s

I I I [ a1 ( I I I ) ] 3 Cont ai ns cyst ei ne, l ow hydr oxyl at i on of l ysi ne Fet al ski n, bl ood ves- Fi br obl ast s, myobl ast s

sel s, or gans

I V [ al ( I V) 13 Many l ysi nes hydr oxyl at ed and gl ycosyl at ed, Basement membr ane Endot hel i al and epi t hel i al cel l s

[ a2( I V) ] 3 sugar s ot her t han gl ucose and gal act ose, l ow

al ani ne, hi gh 3- hydr oxypr ol i ne

V [ al ( V) ] 2a2( V) El evat ed hydr oxyl ysi ne, l ow al ani ne, cont ai ns Bl ood vessel s, Smoot h muscl e cel l s, chondr o-

( f or mer l y 3- hydr oxypr ol i ne smoot h muscl e cyt es under cer t ai n condi t i ons

aA- and aB-

chai ns)



l ess di st i nct ( t ype I I ) , nonf i br i l l ar ( t ype I V) , or unknown ( t ypes

I I I and V) ( 63) .

Nat i ve col l agen mol ecul es and f i br ous col l agen ar e r esi st ant

t o most pr ot eases and t he i ni t i al st ep i n t hei r br eakdown i n

ani mal s i s car r i ed out by a speci f i c col l agenase ( 80) . Mamma-

l i an col l agenase cl eaves at a si ngl e si t e appr oxi mat el y one-

f our t h of t he way f r om t he car boxy- t er mi nal end of t he mol e-

cul e ( 82) . The r esul t i ng f r agment s ar e much l ess st abl e t han

t he i nt act mol ecul e and ar e pr esumed t o denat ur e and t hen be

degr aded by ot her pr ot eases . Ther e i s evi dence t o suggest t hat

t her e ar e col l aggnasass speci f i c f or di f f er ent col l agen t ypes . The

f i br obl ast col l agenase cl eaves col l agen t ypes I , I I , and I I I ,

wher eas t he neut r ophi l enzyme cl eaves t ype I but not t ype I I I

col l agen ( 95) . I n addi t i on, cer t ai n t umor cel l s pr oduce an

enzyme t hat cl eaves t ype I V col l agen ( 138) but not t he ot her s .

Synt hesi s of Col l agen by Cul t ur ed Cel l s

Wi t h t he except i on of l ymphocyt es, r et i cul ocyt es, and ot her

bl ood- bome cel l s, most cel l s i n cul t ur e synt hesi ze col l agen ( 68,

72, 127) . Fur t her , i t has been shown t hat cul t ur ed cel l s can

accompl i sh al l t he r eact i ons necessar y t o f or mand t o cr oss- l i nk

col l agen f i ber s ( 134, 219) . However , t hi s i s not an ef f i ci ent

pr ocess and i n cul t ur e up t o 90% of t he pr ocol l agen f or med

accumul at es i n t he medi um( 131) . Much of t he pr ocol l agen i n

t he medi um l acks t he ami no- t er mi nal pept i des but mai nt ai ns

t he car boxy- t er mi nal ext ensi ons ( 50) . Pr esumabl y, t he pr ot ease

t hat cl eaves t he car boxy- t er mi nal por t i ons i s not suf f i ci ent l y

act i ve i n most cel l s under cul t ur e condi t i ons t o achi eve com-

pl et e conver si on t o col l agen . Al most compl et e conver si on,

however , has been not ed wi t h cer t ai n mouse f i br obl ast l i nes

( 219) .
The amount of col l agen pr oduced var i es wi t h t he cel l t ype .

Most f i br obl ast st r ai ns pr oduce col l agen as 5- 10%of t hei r t ot al

pr ot ei n, wher eas ot her cel l t ypes synt hesi ze f r om0. 001 t o 10%

of t hei r t ot al pr ot ei n as col l agen ( 68) . Al t hough cel l s f r eshl y

r emoved f r om embr yoni c t endon synt hesi ze col l agen as 20-

50%of t he t ot al pr ot ei n ( 36) , once i n cul t ur e, t her e i s a decr ease

t o - 3- 5%of t he t ot al pr ot ei n . Rel at i vel y mi nor modi f i cat i ons

of t he cul t ur e medi um ( Tabl e I I ) , such as t he addi t i on of

sodi um l act at e and of ascor bi c aci d wi t h l ower ser um l evel s,

al l ow t he cel l s t o mai nt ai n a hi gh r at e of col l agen synt hesi s

( 209) . Ascor bi c aci d has l ong been r ecogni zed as essent i al f or

t he f or mat i on of nor mal connect i ve t i ssue ( 26) . Al t hough t he

t r ansl at i on of col l agenous pol ypept i des i s not af f ect ed i n

ascor bi c aci d def i ci ency, hydr oxypr ol i ne f or mat i on i s r educed

( 173) , and t he chai ns do not assume a hel i cal conf i gur at i on

Compounds

I nhi bi t or s
ci s- Hydr oxypr ol i ne ( 50- 200 t Lg/ ml ) *

ci s- 4- Fl uor o- L- pr ol i ne

L- Azet i di ne- 2- car boxyl i c aci d

3, 4- Dehydr opr ol i ne

ß- Ami nopr opr i oni t r i l e ( 50 hg/ ml )

a, a' - Di pyr i dyl ( 0 . 3 mM)

D- Peni ci l l ami ne ( 1 . 0 mM)

St i mul at or s

Ascor bi c aci d ( 50I Lg/ ml )

Sodi um l act at e ( 40 mM)

Pr ol i ne anal ogue

Enzyme cof act or

r

TABLE I I

Compounds Speci f i cal l y Af f ect i ng Col l agen Synt hesi s and Mat ur at i on

Mechani sm

I nhi bi t s l ysyl oxi dase

I nhi bi t s hydr oxyl ases ( i r on chel at or )

Bi nds t o al dehydes

* Amount i n par ent heses denot es ef f ect i ve concent r at i on f or t i ssue cul t ur e st udi es.
$ Number s i n par ent heses ar e r ef er ences .

( 185) . Addi t i on of ascor bi c aci d has been r epor t ed t o st i mul at e

pr ol i f er at i on of cel l s i n cul t ur e ( 193) , per haps as a consequence

of t he enhanced deposi t i on of a col l agenous mat r i x . I t shoul d

be not ed t hat l evel s i n most medi a ar e l ow and t hat ascor bi c

aci d has a shor t hal f - l i f e ( <12 h) i n t i ssue cul t ur e ( 173) .

Synt hesi s of Col l agen by Di f f er ent i at ed Cel l s

Most f i br obl ast s pr oduce bot h t ypes I and I I I col l agen

si mul t aneousl y ( 62) . An even gr eat er var i et y i s obser ved wi t h

smoot h muscl e cel l s t hat synt hesi ze t ypes I , I I I , I V, and V

col l agens ( 143) . Epi t hel i al and endot hel i al cel l s synt hesi ze t ype

I V col l agen, whi ch i s consi st ent wi t h t he r ol e of t hese cel l s i n

t he f or mat i on of t he basement membr ane ( f or exampl es, see

r ef er ences 8, 33, 96, 101, 202) .

Fr eshl y i sol at ed chondr ocyt es synt hesi ze t ype I I col l agen, a

car t i l age- speci f i c pr ot ei n ( 224) . Wi t h t i me i n cul t ur e, t he cel l s

become mor e f i br obl ast i c and ar e f ound t o synt hesi ze t ype I

col l agen or bot h t ypes I and I I ( 16, 231) . Lat e cul t ur es of such

cel l s synt hesi ze t ypes I , I I , I I I , and V, and t ype I t r i mer ( 16,

142) . Fact or s i nvol ved i n t he l oss of char act er i st i c chondr ocyt e

act i vi t i es dur i ng cul t ur e wi l l be cover ed i n t he sect i on Mat r i x

Pr ot ei ns and Cel l Di f f er ent i at i on.
Ti ssue l evel s of one or mor e of t he col l agens ar e al t er ed i n

a var i et y of di seases ( 21) . I n some cases, ski n f i br obl ast s

cul t ur ed f r om such pat i ent s r et ai n t he col l agen def ect . For

exampl e, t i ssue l evel s of t ype I I I col l agen ar e r educed or absent

i n pat i ent s wi t h t he Ehl er s- Danl os t ype I V syndr ome ( 179) ,

and t he pr oduct i on of t ype I I I col l agen by f i br obl ast s f r omt he

ski n of t hese pat i ent s i s mar kedl y r educed . Fi br obl ast s f r om

pat i ent s wi t h some f or ms of ost eogenesi s i mper f ect a synt hesi ze

an unusual l y hi gh r at i o of t ype I I I t o t ype I col l agen ( 171) . I n

addi t i on, t umor s of t en synt hesi ze t he col l agen t ype char act er -

i st i c of t hei r t i ssue of or i gi n. For exampl e, ost eosar comas

cont ai n t ype I col l agen ( 149) , wher eas chondr osar comas con-

t ai n t ype I I col l agen ( 212) . I n gener al , t he t ype and amount of

col l agen synt hesi zed by cel l s i n cul t ur e r ef l ect t hei r or i gi ns .

RECONSTI TUTED COLLAGEN MATRI CES

Pr epar at i on of Col l agen Mat r i ces

Col l agen i s of t en empl oyed as a subst r at e f or cul t ur ed cel l s
( 40, 43- 45, 64, 69, 85, 86, 109, 124, 125, 139, 146, 159, 205,

238) . Such mat r i ces can be pr epar ed i n a var i et y of f or ms

di f f er i ng i n t hei r pr oper t i es and component s . I n many cases,

an aci d ext r act of r at t ai l t endon i s dr i ed on a cul t ur e di sh .

Ef f ect

I nhi bi t s hel i x f or mat i on ( 4, 183, 194, 225) $

I nhi bi t s col l agen cr oss- l i nki ng ( 175)

I nhi bi t s pr ol yl and l ysyl hydr oxyl at i on ( 183)

I nhi bi t s cr oss- l i nki ng ( 183)

St i mul at es pr ol yl and l ysyl hydr oxyl ase ( 173)

Act i vat es pr ol yl hydr oxyl ase ( 223)
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Such an ext r act woul d consi st i n l ar ge par t of t ype I col l agen,

but woul d al so have ot her const i t uent s . Commer ci al pr epar a-

t i ons of t ype I col l agen have been used t hat may cont ai n

subst ant i al quant i t i es of i mpur i t i es i ncl udi ng ot her pr ot ei ns

and even gl ycogen. Some of t he commer ci al pr epar at i ons ar e

l abel ed t ypes 1, 11, 111, I V, and V ( Si gma Chemi cal Co . , St .

Loui s, Mo . ) . These desi gnat i ons r ef er t o di f f er ent pur i f i cat i on

pr ocedur es, not t o t he genet i cal l y di st i nct col l agens .

Wi t h pur i f i ed col l agens, wei ghed amount s ar e di ssol ved i n

di l ut e acet i c aci d and t hi s sol ut i on i s pl aced on t he sur f ace of

pl ast i c or gl ass cul t ur e di shes . The sol vent i s evapor at ed ei t her

at r oom t emper at ur e or i n a 37° C i ncubat or . 10- 50 t Lg of

col l agen ar e suf f i ci ent t o cover t he sur f ace of a 35- mm- di amet er

di sh ( 121) . Thi s subst r at e i s pr obabl y not ar r anged as nat i ve-

t ype f i ber s and may even be denat ur ed ( 78) . A f i r m and

adher ent gel can be gener at ed f r om t he acet i c aci d sol ut i on of

col l agen by exposur e t o NH3 vapor s ( 48) . Agai n, t he col l agen

may not be pr esent as nat i ve- t ype f i ber s .

Heat - r econst i t ut ed col l agen gel s ar e al so used as subst r at es .

I n t hi s case, t he col l agen i s di ssol ved i n acet i c aci d and di al yzed

i n t he col d agai nst 0. 15 M NaCl buf f er ed t o pH 7 . 4 wi t h

phosphat e or Tr i s . The col l agen r emai ns i n sol ut i on i n t he col d

over ni ght but f or ms a f i r m gel of nat i ve f i br i l s when war med

( 44, 81, 121) . These gel s can be used di r ect l y or can be l i ber at ed

f r om t he sur f ace of t he di sh t o ser ve as a f l oat i ng suppor t ( 45,

205) . Hi gher concent r at i ons of col l agen ar e used t o pr epar e

heat - r econst i t ut ed subst r at es ( 1- 4 mg/ pl at e) t han f or t he ot her

coat i ngs and, f or t hi s r eason, heat - r econst i t ut ed gel s r equi r e

hi gher concent r at i ons of at t achment pr ot ei ns or ser um t o sup-

por t cel l at t achment ( 121) . When nonphysi ol ogi cal l evel s of

phosphat e buf f er ( >0 . 01 M) ar e used, cal ci um and ot her di -

val ent cat i ons ar e pr eci pi t at ed f r om t he medi umused f or cel l

at t achment or cul t ur e. Cel l s at t ach t o t hi s pr eci pi t at e but of t en

do not spr ead or di vi de ( 121) .

Bi ol ogi cal Ef f ect s

Er hmann and Gey i n 1956 ( 48) wer e t he f i r st t o syst emat i -

cal l y compar e gr owt h of many cel l st r ai ns and t i ssue expl ant s

on col l agen subst r at es wi t h gr owt h on gl ass . They r epor t ed t hat

col l agen gel s i n many cases i mpr oved cel l gr owt h. Subse-

quent l y, i t has been obser ved t hat col l agen subst r at es al t er t he

mor phol ogy ( 43, 235) , mi gr at i on ( 181) , and adhesi on ( 97, 113,

159) of cel l s and, i n some cases, di f f er ent i at i on ( 124, 184) . I n

f act , i t appear s t hat , f or cer t ai n cel l s, gr owt h f act or s may not

be r equi r ed i f t he cel l s ar e mai nt ai ned on spec col l agens

( 203) or on t he ext r acel l ul ar mat r i x l ai d down by t he cel l s ( 70) .

Fi br obl ast s r equi r e a col l agen subst r at e f or mi gr at i on ( 181)

on t he pl ast i c f i l t er s used i n t he Boyden- chamber assay . Pr e-

sumabl y, t he f i br obl ast s must adher e t o t he f i l t er i n or der t o

move. I n addi t i on, col l agen a- chai ns and smal l col l agenous

pept i des ar e r epor t ed t o be chemot act i c ( 180) . Thus, col l agen

and degr adat i on pr oduct s of col l agen may be at t r act ant s f or

f i br obl ast s i n vi vo dur i ng wound r epai r , f r act ur e heal i ng, and

embr yogenesi s .

COLLAGEN AND CELL ADHESI ON

Recent st udi es suggest t hat speci f i c gl ycopr ot ei ns bi nd cel l s t o

t he subst r at um or t o t hei r col l agenous mat r i x . Ther e ar e a

var i et y of col l agen i sot ypes, and speci f i c bi ndi ng pr ot ei ns have

been descr i bed, whi l e ot her s pr obabl y exi st . These pr ot ei ns, of

whi ch f i br onect i n i s t he best descr i bed, ar e mat r i x and cel l

sur f ace const i t uent s . I t has been demonst r at ed t hat cer t ai n cel l s

ut i l i zi ng t hese gl ycopr ot ei ns can adher e t o speci f i c col l agens
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( Tabl e 11I ) . For exampl e, wher eas f i br obl ast s adher e wel l t o al l

col l agens, chondr ocyt es bi nd pr ef er ent i al l y t o t ype 11 col l agen

and epi t hel i al and endot hel i al cel l s t o t ype I V col l agen . The

f i br onect i n- medi at ed at t achment of f i br obl ast s t o col l agen sub-

st r at es i s t he most st udi ed . Thi s adhesi on i s r api d ( 113) , r equi r es

di val ent cat i ons ( 113, 115) , i s t emper at ur e dependent ( 114) ,

and i s i nhi bi t ed by cyt ochal asi n B ( 168) . Fi br onect i n f r omone

speci es f unct i ons i n vi t r o wi t h cel l s f r om ot her speci es .

Fi br onect i n

The " col d- i nsol ubl e gl obul i n" ( CI g) of bl ood, l at er i dent i f i ed

as a f or m of f i br onect i n ( 198) ( Tabl e I V) , was or i gi nal l y

obser ved i n 1948 i n t he pr eci pi t at e t hat f or med when bl ood

was al l owed t o cl ot i n t he col d ( 150, 228) . Al t hough t hey wer e

f i r st t hought t o be par t of t he f i br i nogen mol ecul e ( 41) , exam-

i nat i on of t he ami no- aci d sequences at t he ami no- t er mi ni of

t hese pr ot ei ns showed t hemt o be di st i nct ( 178) . Col d- i nsol ubl e

gl obul i n i s a l ar ge mol ecul e ( 440, 000 dal t ons) wi t h t wo si mi l ar

or i dent i cal chai ns l i nked by di sul f i de bonds ( 152) . However ,

t he chai ns separ at e sl i ght l y on el ect r ophor esi s ( 27) and coul d

be modi f i ed f or ms of t he same chai n or di f f er ent gene pr oduct s .

The pr ot ei n cont ai ns about 6% car bohydr at e l i nked t hr ough

aspar agi ne r esi dues ( 25) .

The pr esence of a pr ot ei n cl osel y r el at ed t o CI g i n connect i ve

t i ssues and on t he sur f ace of cel l s was not di scover ed unt i l

l at er . I n 1973 and 1974, var i ous st udi es i ndi cat ed t hat one of

t he most abundant gl ycopr ot ei ns on t he sur f ace of cel l s wi t h

chai ns of 200, 000 dal t ons di sappear ed af t er t r ansf or mat i on

( 59, 92, 98, 167, 191, 199, 229, 246) . Thi s gl ycopr ot ei n has been

known by a var i et y of synonyms i ncl udi ng cel l sur f ace pr ot ei n

( CSP) ( 246) and " l ar ge, ext er nal , t r ansf or mat i on- sensi t i ve pr o-

t ei n" ( LETS) ( 99) , but now i s r ef er r ed t o as f i br onect i n ( 227) .

The key r ol e t hat a ser um pr ot ei n pl ayed i n medi at i ng t he

adhesi on of t r ypsi ni zed cel l s t o col l agen subst r at es was r epor t ed

i ndependent l y by Hauschka and Whi t e ( 86) and al so by Kl ebe

( 113) . Hauschka and Whi t e br i ef l y r epor t ed t hat myobl ast s

r equi r e a ser umpr ot ei n t o bi nd t o col l agen subst r at es, but t hose

aut hor s made no f ur t her st udi es . Kl ebe, whi l e st udyi ng t he

at t achment char act er i st i cs of est abl i shed cel l s, f ound a ser um

r equi r ement f or f i br obl ast at t achment t o col l agen subst r at es

( 113) . Fur t her mor e, he i sol at ed t he pr ot ei n f r om ser um, whi ch

he named " col l agen- dependent cel l at t achment pr ot ei n" ( c-

CAP) . Subsequent l y, Pear l st ei n ( 164) demonst r at ed t hat CSP

had t he abi l i t y t o pr omot e cel l at t achment t o col l agen .

Opsoni c pr ot ei ns t hat f aci l i t at e t he phagocyt i c act i vi t i es of

macr ophages ar e known t o be pr esent i n ser um ( 3, 18, 94, 200,

241) . These pr ot ei ns, cal l ed ant i - gel at i n f act or ( 241) and a2-

SB- gl ycopr ot ei n ( 18) , wer e i sol at ed f r om ser um and subse-

quent l y shown by i ndependent st udi es t o be i dent i cal t o ser um

f i br onect i n ( 38, 200) . Fi br onect i n st i mul at es macr ophages t o

engul f par t i cl es coat ed wi t h gel at i n. I t al so bi nds DNA ( 248)

and act i n ( 111) , pr esumabl y al so f or opsoni zat i on.

The f i br onect i n i n bl ood i s not i dent i cal i n al l r espect s t o

t hat i n ext r acel l ul ar mat r i ces and on cel l sur f aces . The bl ood

f or m i s sl i ght l y smal l er t han t he cel l f or m ( 242) . Fur t her mor e,

af t er r educt i on t wo bands ar e obser ved when ser umf i br onect i n

i s el ect r ophor esed i n SDS, wher eas a si ngl e di f f use band i s

obser ved under si mi l ar condi t i ons wi t h t he cel l - associ at ed f i -

br onect i n . The ser um f or m i s f ul l y sol ubl e at neut r al pH,

wher eas t he mat er i al ext r act ed f r om t he cel l s r emai ns i n sol u-

t i on best at pH 11 . The bl ood and cel l ul ar f or ms ar e equal l y

act i ve i n medi at i ng cel l at t achment at l evel s of 1- 5 Fi g/ ml .

However , t he cel l ul ar f or m i s some 50 t i mes mor e act i ve i n



r est or i ng nor mal mor phol ogy t o t r ansf or med cel l s ( 7, 242, 247) .

The mol ecul ar basi s f or t hese di f f er ences has not been def i ned

but coul d ar i se f r om post t r ansl at i onal modi f i cat i ons i nvol vi ng

TABLE I I I

Adhesi on of Cel l s t o Col l agen

Cel l t ype

* Number s i n par ent heses ar e r ef er ences .

$ Gr ot endor st , unpubl i shed obser vat i ons .

Pr ef er r ed col l agen

subst r at e

TABLE I V

Synonyms f or Fi br onect i n

gl ycosyl at i on r eact i ons or pr ot eol ysi s . Al t er nat i vel y, t he pr o-

t ei ns coul d be genet i cal l y di st i nct mol ecul es .

Cur r ent st udi es i ndi cat e t hat f i br onect i n i s a hi ghl y asym-

met r i c mol ecul e i n whi ch t he monomer has a St okes r adi us of

110 El ( 245) . Physi cal dat a suggest t hat f i br onect i n cont ai ns

sever al gl obul ar domai ns separ at ed by mor e f l exi bl e segment s

( 5, 233) . Di f f er ent f r agment s of t he mol ecul e have been i sol at ed

af t er pr ot ease t r eat ment and f ound t o have di st i nct bi ndi ng

si t es as shown schemat i cal l y i n Fi g . 2 . A f r agment of 40, 000

dal t ons near t he ami no- t er mi nus cont ai ns t he col l agen- bi ndi ng

si t e, wher eas anot her f r agment of - 160, 000 dal t ons bi nds t o

t he cel l sur f ace ( 11, 12, 57, 66, 83, 145, 196, 210) . The 160, 000-

dal t on f r agment does not bi nd t o col l agen but can pr omot e cel l

adhesi on t o pl ast i c, wher eas t he col l agen- bi ndi ng f r agment

( 40, 000 dal t ons) l acks cel l - at t achment act i vi t y ( 83, 84, 196) .

One r epor t descr i bes a 50, 000- dal t on pept i de f r om f i br onect i n

t hat can bot h bi nd t o col l agen and medi at e cel l adhesi on ( 66) .

Thus, al t hough t hese t wo r egi ons on t he f i br onect i n mol ecul e

ar e i n di st i nct domai ns, t hey coul d be adj acent . St i l l anot her

por t i on of t he mol ecul e i ncl udi ng t he ami no- t er mi nal r egi on

cont ai ns t he si t e cr oss- l i nked by t r ansgl ut ami nase ( 156) .

Fi br onect i n i s qui t e ant i geni c and ant i body t o Fi br onect i n

has of t en been used t o st udy i t s hi st ol ogi cal di st r i but i on ( 217,

234) . Fi br onect i n i s obser ved i n t he ext r acel l ul ar mat r i x ar ound

many cel l s ( 20, 30, 88, 136, 226, 234) bot h i n r egul ar associ at i on

wi t h col l agen ( 20, 88, 226) and al so as f i br onect i n f i l ament s

l acki ng any associ at i on wi t h col l agen ( 30) . Fi br onect i n i s ob-

ser ved on t he sur f ace of f i br obl ast s ( 197, 226, 246) , ast r ogl i al

cel l s ( 229) , endot hel i al cel l s ( 102) , cer t ai n epi t hel i al cel l s ( 29) ,

and myobl ast s ( 55) . The chondr ocyt es i n car t i l age l ack t he

pr ot ei n but begi n t o synt hesi ze i t when pl aced i n cul t ur e ( 39) .

Rol e of Ci r cul at i ng Fi br onect i n i n Wound Repai r

The mul t i pl e i nt er act i ons and bi ol ogi cal act i vi t i es of pl asma

f i br onect i n ar e consi st ent wi t h i t havi ng a r ol e i n wound r epai r .

Fi br onect i n can bi nd and be cr oss- l i nked by t r ansgl ut ami nase

( 155, 156) t o i t sel f ( 153, 232) , f i br i n ( 74, 198, 216) , and col l agen

( 11, 12, 37, 46, 47, 66, 67, 78, 83, 84, 94, 103, 104, 106, 119, 120,

145, 164, 165, 196, 210, 242) . I t i s l i kel y t hat t hese i nt er act i ons

ar e essent i al f or t he f or mat i on of t he f i br i n cl ot . As di scussed
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Fi br onect i n- medi at ed

Est abl i shed cel l s l i nes ( CHO, 3T3, et c . )

( 73, 122, 137, 168) I - I V

Pr i mar y f i br obl ast s ( 159) I - I V

Rat embr yoni c per i ost eum ( 123) I - I V

Rat hepat ocyt es ( 94) I - I V

Ost eosar coma ( 123) I - I V

Myobl ast s ( 31, 112) I - I V

PMT ( hi ghl y met ast at i c pul monar y t umor

cel l ) ( 158) 1- 111

Embr yoni c sheep aor t i c smoot h muscl e

cel l s$ ( 67) I - I I I

Chondr onect i n- medi at ed

Chi ck st er nal chondr ocyt es ( 89) I I

Lami ni n- medi at ed

Br east epi t hel i al cel l s ( 220) I V

Gui nea pi g epi der mal cel l s ( 220) I V

EHS ( basement membr ane pr oduci ng) t u-

mor cel l s ( 220) I V

TERA ( t r ansf or med epi der mal cel l s) ( 220) I V

PAM 212 ( t r ansf or med epi der mal cel l s)

( 220) I V

PMT ( hi ghl y met ast at i c pul monar y t umor

cel l ) ( 158, 220) I V

Human chor oi d epi t hel i al cel l s ( 220) I V

PYS ( par i et al yol k sac cel l s) ( 220) I V

Monkey pi gment ed epi t hel i al cel l s ( 220) I V

Sheep aor t a vascul ar endot hel i al cel l s

( 220) I V

Monkey l ens epi t hel i al cel l s ( 220) I V

Bovi ne l ens epi t hel i al cel l s ( 220) I V

Ot her adhesi on mechani sms

Pl at el et s ( 14, 204) Fi br i l l ar Col l agen

Embr yoni c sheep smoot h muscl e cel l s$ V

Name Pr oper t y

Ref er -

ences

Col d- i nsol ubl e gl obul i n ( Cl g) Copr eci pi t at es wi t h cr yof i br i nogen 150

Sur f ace f i br obl ast ant i gen ( SFA) , Pr esent on t he f i br obl ast cel l sur f ace and i n ser um and synt he- 197, 199
r enamed f i br onect i n si zed by f i br obl ast s

Gal act opr ot ei n a ( Gap a) Gl ycopr ot ei n l abel ed wi t h gal act ose oxi dase- [ 3 Hl bor ohydr i de 59

t hat i s absent f r om t r ansf or med NI L cel l s

Lar ge ext er nal t r ansf or mat i on- sensi t i ve Cel l sur f ace pr ot ei n l ost af t er i n vi t r o t r ansf or mat i on 98
pr ot ei n ( LETS)

Cel l sur f ace pr ot ei n ( CSP) Hi gh mol ecul ar wei ght cel l pr ot ei n on t he sur f ace of chi ck 246

embr yo f i br obl ast s

L1 band Absent f r om t r ansf or med cel l s 92
Zet a pr ot ei ns Absent f r om t r ansf or med chi ck embr yo f i br obl ast s 191
Band 1 Absent f r om t r ansf or med BHK cel l s 167
Col l agen- dependent cel l at t achment Ser um gl ycopr ot ei n t hat medi at ed cel l adhesi on t o col l agen 113

pr ot ei n ( c- CAP)

Ant i - gel at i n f act or ( AGF) Ser um pr ot ei n r equi r ed by macr ophages t o i ngest gel at i n- 94, 241
coat ed par t i cl es

a2- SB- opsoni c gl ycopr ot ei n Ser um pr ot ei n t hat pr omot ed phagocyt i c act i vi t y 18
Cel l spr eadi ng f act or ( SF) Ser um f r act i on t hat pr omot ed cel l spr eadi ng 77
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Schemat i c model of t he f i br onect i n mol ecul e i ncl udi ng

t he l ocat i on of speci f i c domai ns . Pept i des cont ai ni ng t he col l agen-

bi ndi ng si t e ( 40K) , t he t r ansgl ut ami nase cr oss- l i nki ng si t e ( 27K) , and

t he cel l - bi ndi ng si t e ( 760K) ar e shown i n t hei r pr obabl e l ocat i ons i n

t he mol ecul e ( 11, 57, 154, 210) . Some or al l of t he sugar s ar e i n t he

40, 000- dal t on r egi on ( 154, 210) . The posi t i on of t he S- S bonds i s

f r om Wagner and Hynes ( 233) .

bel ow, f i br onect i n appear s t o be i nvol ved i n some pl at el et

r eact i ons ( 10, 14, 204) . As al r eady ment i oned, f i br onect i n has

opsoní c act i vi t y f or macr ophages ( 3, 18, 19, 94, 241) , whi ch

coul d be i mpor t ant f or debr i di ng t he wound. Fi br onect i n may

al so be one of t he agent s at t r act i ng f i br obl ast s i nt o t he wound,

because i t i s hi ghl y chemot act i c f or f i br obl ast s ( 61) . I n addi t i on,

f i br obl ast s adher e t o f i br i n t hat has coval ent l y bound f i br onec-

t i n ( 74) . Once i n t he wound ar ea, f i br onect i n coul d hel p

mai nt ai n t he f i br obl ast s by pr omot i ng cel l - mat r i x i nt er act i ons

and st i mul at i ng mat r i x pr oduct i on ( 53) .

Rol e of Fi br onect i n i n Cel l At t achment t o

Col l agen

Fi br onect i n pr omot es t he at t achment and subsequent

spr eadi ng of many cel l s ( 31, 73, 75, 77, 84, 93, 100, 113, 123,

137, 158, 164) . I n t hese st udi es, f r eshl y di ssoci at ed cel l s ar e

i ncubat ed on a pl ast i c or col l agen subst r at e. Most cel l s wi l l

synt hesi ze t hei r own at t achment pr ot ei n wi t h t i me but , i n shor t

i ncubat i ons or when an i nhi bi t or of pr ot ei n synt hesi s i s pr esent ,

t he at t achment of many t r ypsi ni zed f i br obl ast s i s st i mul at ed by

ser um and by f i br onect i n ( 76, 228) . Under st andar d assay

condi t i ons, 50% at t achment of Chi nese hamst er ovar y cel l s i s

obt ai ned wi t h ^- 40 ng/ cm2 of f i br onect i n on a subst r at e con-

t ai ni ng 100 ng/ cm2 of col l agen . The pr ocess i s enhanced by

hi gher l evel s of f i br onect i n but i s sat ur abl e . Thr ee st eps i n t he

pr ocess of f i br onect i n- medi at ed at t achment of cel l s t o col l agen

have been descr i bed ( Fi g. 3) : ( a) f i br onect i n bi nds t o col l agen,

( b) cel l s bi nd t o Fi br onect i n- col l agen compl ex, and ( c) cel l

spr eadi ng r equi r es f i br onect i n and cel l ul ar met abol i sm.

Fi br onect i n wi l l bi nd t o a var i et y of col l agen t ypes i ncl udi ng

t ypes I - V ( 37, 46, 47, 103, 119, 123) , but not t o Ascar i s col l agen

( 123) or t o var i ous synt het i c pept i des ( 119) . The af f i ni t y of

f i br onect i n f or denat ur ed col l agen i s gr eat er t han f or t he nat i ve

pr ot ei n. For exampl e, Ji l ek and Hbr mann ( 103) f ound t hat

nat i ve t ype I col l agen bound 1/ 100 of t he amount of Fi br onect i n

bound by denat ur ed t ype I col l agen at 4° C. Type I I I col l agen

was much mor e ef f ect i ve under t hese condi t i ons, bi ndi ng one-

f our t h as wel l as denat ur ed t ype I col l agen t o Fi br onect i n. I t

shoul d be not ed t hat t he bi ndi ng of f i br onect i n t o nat i ve

col l agen occur r ed mor e sl owl y t han t o denat ur ed col l agen and

t hat equi l i br i um was not r eached at t hi s t emper at ur e. Gr eat er

bi ndi ng i s f ound at physi ol ogi cal t emper at ur es ( 106) and hep-

ar i n has been shown t o enhance t hi s bi ndi ng ( 104, 106) . The

f i br i l l ar nat ur e of t he col l agen i s al so an i mpor t ant f act or i n
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f i br onect i n bi ndi ng, because t he bi ndi ng si t es i n t he col l agen

mol ecul es i n t he i nt er nal por t i ons of f i ber s woul d be unavai l -

abl e f or r eact i on. Fi br i l l ar t ype I I I col l agen bi nds f i br onect i n

mor e ef f ect i vel y t han t ype I col l agen does ( 47, 103) , per haps

because t ype I I I f i ber s ar e t hi nner ( 129) .

The f i br onect i n bi ndi ng si t e on t ype I col l agen compr i ses an

unusual sequence of ami no aci ds i ncl udi ng t he bond cl eaved

by mammal i an col l agenase ( 37, 120) . Cl eavage of t he al ( I )

chai n by mammal i an col l agenase, bet ween r esi dues 775- 776,

i s suf f i ci ent t o dest r oy bi ndi ng act i vi t y ( 120) . A pept i de of 35

ami no- aci d r esi dues, whi ch bi nds f i br onect i n and cont ai ns t he

mammal i an col l agenase cl eavage si t e ( 120) , has been i sol at ed

f r om t he al ( I ) - chai n . A smal l er synt het i c pept i de i ncl udi ng a

par t of t hi s r egi on was al so act i ve ( Fi g . 4) . The f i br onect i n-

bi ndi ng si t e, l i ke t he r est of t he hel i cal domai n, cont ai ns gl yci ne

as ever y t hi r d r esi due, but l acks pr ol i ne and hydr oxypr ol i ne

and i s hydr ophobi c . Thi s r egi on i s l ess st abl e as a t r i pl e hel i x

t han ot her segment s of col l agen ( 91) . At physi ol ogi cal t emper -

at ur es t he hel i x may l oosen, al l owi ng f i br onect i n t o bi nd .

Homol ogous pept i des wi t h bi ndi ng act i vi t y have been i sol at ed

f r om a2, a 1( I I ) , and al ( I I I ) ( 37, 117) ( Fi g . 5) . Each sequence

cont ai ns t he col l agenase- sensi t i ve bond, suggest i ng t hat t he

bi ndi ng of f i br onect i n occur s i n t he same r egi on of each

col l agen .

Var i ous ot her component s of t he ext r acel l ul ar mat r i x may

al so par t i ci pat e i n cel l adhesi on . Fi br onect i n bi nds t o pr ot eo-

gl ycans ( 172, 243) , and hepar an sul f at e i s pr esent i n t he adhe-

si on si t es of cel l s ( 35) . Fi br onect i n bi nds t o bot h hyal ur oni c

aci d and hepar an sul f at e ( 104, 213, 215, 243) , and t he i nt er ac-

t i on of f i br onect i n wi t h col l agen appear s t o be st abi l i zed by

bot h hyal ur oni c aci d and hepar an sul f at e ( 195, 243) . I t i s

possi bl e t hat t he r el at i vel y l ow bi ndi ng of Fi br onect i n t o nat i ve

col l agen i s at t r i but abl e i n par t t o t he l ack of an addi t i onal

f act or , such as a pr ot eogl ycan t hat pr omot es t hei r i nt er act i on

( 104, 106) .

Li t t l e i s known about t he nat ur e of t he cel l sur f ace compo-

nent t hat i nt er act s wi t h f i br onect i n . Cer t ai n compl ex gangl i o-

si des wi t h t wo or t hr ee si al i c- aci d r esi dues have been shown t o

bi nd t o f i br onect i n ( 117) and i nhi bi t cel l adhesi on but not al t er

t he bi ndi ng of f i br onect i n t o col l agen ( 118) . The act i vi t y r esi des

i n t he car bohydr at e por t i on of t he gl ycol i pi d . Because gangl i o-

si des ar e cel l sur f ace mol ecul es, i t i s possi bl e t hat t hey or ot her

gl ycoconj ugat es wi t h a si mi l ar het er opol ysacchar i de ar e t he

cel l sur f ace r ecept or s f or f i br onect i n . A possi bl e model f or t he

i nt er act i on of f i br onect i n i n an at t achment si t e i s depi ct ed i n

Fi g. 6 .

The i nt er act i on bet ween t he cel l sur f ace and t he f i br onect i n-

col l agen compl ex i s bei ng i nvest i gat ed by i sol at i ng and char -

act er i zi ng cel l mut ant s t hat ar e def ect i ve i n adhesi on . Poor l y

adher ent var i ant s of Chi nese hamst er ovar y cel l s have been

COLLAGEN

FI GURE 3

	

Schemat i c model of f i br onect i n- medi at ed cel l adhesi on

t o col l agen i n vi t r o . Fi br onect i n f i r st bi nds t o a speci f i c sequence of

ami no aci ds on t he col l agen chai n ( 113, 120, 165) . Then t he cel l s i n

t he pr esence of Ca" or Mg" bi nd t o t he f i br onect i n- col l agen

compl ex ( 115) and spr ead .
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FI GURE 4 Ami no aci d sequence of t he col l agen al ( l ) - chai n known t o bi nd f i br onect i n . The secondar y st r uct ur e of t he act i ve

r egi on ( r esi dues 774- 785) i s di agr amat i cal l y depi ct ed as bei ng mor e open t han t he r emai nder of t he mol ecul e whose t i ght hel i cal

coi l i s depi ct ed wi t h r egul ar cur ves . The f i br onect i n- bi ndi ng si t e ( r esi dues 766- 786) i s shown i n heavy l et t er s .

i sol at ed on t he basi s of t hei r l ow adhesi on t o col l agen ( 116) . I n

addi t i on, t he mut ant cel l s adher ed poor l y t o gl ass and t i ssue

cul t ur e pl ast i c . Sever al adhesi on- def i ci ent cel l st r ai ns have been

i sol at ed by ot her sel ect i on pr ocedur es ( 169, 182) . One mut ant

has a def ect i n gl ycopr ot ei n synt hesi s but r ever t s t o a nor mal

phenot ype i n t he pr esence of added N- acet yl gl ucosami ne ( 182) .

A r i ci n- r esi st ant f i br obl ast var i ant shows def ect i ve at t achment

but synt hesi zes bi ol ogi cal l y act i ve f i br onect i n ( 169) . Anal ysi s

of t hese mut ant s shoul d hel p t o cl ar i f y t he i nt er act i on of t he

f i br onect i n- col l agen compl ex wi t h t he cel l sur f ace.

Cel l - Subst r at e Adhesi on Not I nvol vi ng

Fi br onect i n

The at t achment of baby hamst er ki dney ( BHK) ( 78, 207)

and BALB 3T3 ( 137) cel l s t o denat ur ed col l agen i s st i mul at ed

by added f i br onect i n, al t hough some of t hese cel l s at t ach t o

nat i ve col l agen wi t hout added f i br onect i n . Thi s has l ed t o t he

suggest i on t hat di f f er ent mechani sms ar e used t o at t ach t o t he

nat i ve and denat ur ed pr ot ei n ( 137) . I f t hi s i s so, i t has not been

def i ned and mor e l i kel y expl anat i ons have not been excl uded .

For exampl e, cel l s can ut i l i ze f or at t achment t he f i br onect i n

t hey t hemsel ves pr oduce ( 76) . I n t hi s case, i t woul d appear t hat

at t achment t o nat i ve col l agen was mor e ef f i ci ent wi t h t he newl y

synt hesi zed f i br onect i n . Mor e st udi es ar e needed i n t hi s ar ea .

Cl ear l y, f i br onect i n i s not i nvol ved i n t he at t achment of al l

cel l s ( Tabl e I I I ) . The mat r i x adj acent t o epi t hel i al cel l s and

chondr ocyt e usual l y l acks f i br onect i n ( 39, 217) . These cel l s

abut on ext r acel l ul ar mat r i ces t hat ar e qui t e di st i nct f r om

f i br ous connect i ve t i ssues . As di scussed bel ow, addi t i onal gl y-

copr ot ei ns, appar ent l y cel l speci f i c, at t ach chondr ocyt es ( 89)

and epi t hel i al cel l s ( 159, 220) t o t hei r mat r i x .

Chondr ocyt e At t achment - Chondr onect i n

Car t i l age does not cont ai n f i br onect i n ( 39, 217) , and pur i f i ed

f i br onect i n does not pr omot e t he adher ence of f r eshl y i sol at ed

chondr ocyt es, wher eas f i br onect i n- f r ee ser umdoes ( 89) . Chon-

dr onect i n, t he chondr ocyt e- at t achment f act or i n ser um, can be

separ at ed f r om f i br onect i n by DEAE- cel l ul ose col umn chr o-

mat ogr aphy . Thi s pr ot ei n i s somewhat mor e heat - l abi l e t han

f i br onect i n ( TL/ 2 = 52' Cvs . T1/ 2 = 57* C) ( Tabl e V) . As i sol at ed

f r om ser um, Chondr onect i n has a mol ecul ar wei ght of 180, 000

dal t ons, and t he mol ecul e cont ai ns di sul f i de- l i nked chai ns ( 90) .

Chondr onect i n i s secr et ed by cul t ur ed chondr ocyt es and can

al so be ext r act ed f r om car t i l age ; i t i s pr esumed t o be anal ogous

i n f unct i on t o f i br onect i n, but speci f i c f or chondr ocyt es . I nt er -

est i ngl y, once chondr ocyt es at t ach, f i br onect i n causes t he cel l s

t o f l at t en and appear f i br obl ast i c and, at t he same t i me, t he

synt hesi s of car t i l age- speci f i c macr omol ecul es i s suppr essed

( 170, 237) .
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Act i vi t y of var i ous cyanogen br omi de- der i ved pept i des

of col l agen a- chai ns i n bi ndi ng f i br onect i n . The number s bet ween

t he ver t i cal l i nes i ndi cat e t he cyanogen br omi de pept i de number .

The maj or pept i des act i ve i n bi ndi ng f i br onect i n ar e shaded ( m) .

Dat a on a2( I ) , al ( I ) , a1( I l ) ar e f r om Dessau et al . ( 37) . Dat a on al ( I )

and al ( I I ) ar e f r om Kl ei nman et al . ( 119) . Dat a on al ( I I I ) ar e f r om

Kl ei nman and McGoodwi n ( unpubl i shed obser vat i ons) .

FI GURE 6 Schemat i c model of an adhesi on si t e . Col l agen f i ber s

cont ai n speci f i c si t es t o whi ch t he f i br onect i n mol ecul e bi nds . The

f i br onect i n mol ecul e cont ai ns a r egi on t hat r ecogni zes col l agen and

anot her r egi on t hat r ecogni zes t he cel l sur f ace . The cel l sur f ace

r ecept or i s t hought t o be a gl ycoconj ugat e, possi bl y a gl ycol i pi d t hat

i nt er act s wi t h cyt oskel et al el ement s i n some as yet unknown man-

ner . Pr ot eogl ycans ar e al so pr esent and st abi l i ze t he i nt er act i on . The

component s of t hi s model ar e not necessar i l y t o scal e .

Epi t hel i al Cel l At t achment - Lami ni n

Epi t hel i al cel l s at t ach pr ef er ent i al l y t o t ype I V ( basement

membr ane) col l agen and do not at t ach wel l t o pl ast i c or t o

di shes coat ed wi t h col l agen t ypes I , I I , or I I I . The at t achment

of epi der mal cel l s ( 159) , l ens epi t hel i al cel l s ( 97) , and br east

epi t hel i al cel l s ( 238) i s sl ow and i s not st i mul at ed by ser um or

f i br onect i n . Lami ni n, an 800, 000- dal t on gl ycopr ot ei n f ound i n

basement membr anes ( 42, 52, 54, 132, 221) , has been shown t o

be t he at t achment f act or f or t hese cel l s ( 220) ( Tabl es I I I and

KLEI NMAN ET AL .
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Pl at el et Adhesi on

COLLAGEN AND CELL GROWTH

V) . I n t he pr esence of l ami ni n ( 1- 5 ug/ ml ) , epi t hel i al cel l s

at t ach r api dl y t o t ype I V col l agen . Lami ni n act s appar ent l y i n

a manner anal ogous t o t hat of f i br onect i n i n t hat i t f ast bi nds

t o t he subst r at e, t ype I V col l agen, and t hen t he cel l s bi nd t o

t he l ami ni n- t ype I V col l agen compl ex . Cer t ai n cel l s, such as

r egener at i ng l i ver cel l s' and met ast at i c cel l s f r om t he T241

f i br osar coma ( 158) , at t ach vi a f i br onect i n t o a t ype I col l agen

subst r at e and vi a l ami ni n t o a t ype I V col l agen subst r at e.

Because some cel l s ar e capabl e of synt hesi zi ng bot h pr ot ei ns

( 53) , i t can be assumed t hat t hese cel l s ut i l i ze bot h mechani sms

f or adhesi on . I n t he case of t he met ast at i c cel l s, t he abi l i t y t o

bi nd t o di f f er ent mat r i ces may be i mpor t ant i n t hei r i nvasi ve

behavi or .

The cel l s i n t he bl ood ar e l ar gel y nonadher ent . However , i n

cul t ur e, monocyt es and neut r ophi l s adher e t o al l col l agen t ypes

and t o bact er i ol ogi cal pl ast i c ( 122) . I t has been suggest ed t hat

f i br onect i n i s t he col l agen r ecept or on t he pl at el et cel l sur f ace

( 14) . Pl at el et s cont ai n f i br onect i n ( 14, 152, 176) , whi ch i s

r el eased dur i ng t hei r aggr egat i on by col l agen or by t hr ombi n

( 249) ; however , onl y smal l amount s ar e f ound on t he cel l

sur f ace ( 65) . Ant i body agai nst f i br onect i n, however , onl y

bl ocks adhesi on by 20%and has no ef f ect on aggr egat i on ( 204) .

Fur t her mor e, wher eas f i br onect i n bi nds best t o denat ur ed col -

l agen ( 37, 46, 47, 103, 119) , pl at el et s ar e aggr egat ed by nat i ve

and not by denat ur ed col l agen ( 60, 240) . These obser vat i ons

suggest t hat f i br onect i n does not par t i ci pat e i n t he i ni t i al st ep

i n t he pl at el et - col l agen i nt er act i on . Once pl at el et s adher e t o

col l agen, exogenous f i br onect i n enhances t hei r f l at t eni ng ( 75,

100) . Recent evi dence of a r ol e f or f i br onect i n i n pl at el et

aggr egat i on i s suggest ed by st udi es on a pat i ent wi t h t he Ehl er s-

Danl os syndr ome wi t h poor wound heal i ng and abnor mal

pl at el et aggr egat i on ( 10) . Thi s pat i ent was f ound t o have

nor mal l evel s of f i br onect i n, usi ng an i mmunol ogi cal assay.

However , onl y a sl i ght aggr egat i on of t he pat i ent ' s pl at el et s

occur r ed i n pl asma whi l e t he addi t i on of f i br onect i n f r om a

cont r ol subj ect cor r ect ed t he def ect . These dat a suggest ed t hat

t he f i br onect i n f r om t he pat i ent was not f unct i onal i n pl at el et

aggr egat i on. Cl ear l y, f i br onect i n i s pr esent i n pl at el et s and

i nvol ved i n pl at el et f unct i on, but i t s r ol e as t he col l agen r ecep-

t or i s unl i kel y .

I t i s wel l est abl i shed t hat nor mal cel l s must at t ach t o a subst r at e

i n cul t ur e t o sur vi ve and di vi de ( 211) . Such cel l s deposi t

' Car l sson, R. , E. Engval l , Y. Yoshi da, A. Fr eeman, and E. Ruosl ahu.

Lami ni n and f i br onect i n i n cel l adhesi on. Enhanced adhesi on of cel l s

f r omr egener at i ng l i ver . Manuscr i pt i n pr epar at i on .
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TABLE V

Char act er i st i cs of Adhesi on Fact or s

mat er i al on t he sur f ace of t he di sh as t hey adher e ( 34, 35, 133,

208) . Under appr opr i at e condi t i ons, col l agenous pr ot ei n i s

i dent i f i ed i n t he subst r at e at t achment mat r i x ( 34, 208) . As

expect ed, l i t t l e col l agenous pr ot ei n i s pr esent when ascor bi c

aci d l evel s i n t he medi um ar e l ow ( 30) , because ascor bi c aci d

i s necessar y f or maxi mal synt hesi s . Si mi l ar l y, l i t t l e col l agen i s

pr esent when t r ansf or med cel l s ar e used, because t hey make

l ess col l agen t han nor mal cel l s ( 2, 71, 107, 135) or f ai l t o

conver t pr ocol l agen t o col l agen ( 9) . I t i s l i kel y t hat t he pl ast i c

or gl ass sur f ace i s adequat e wi t hout col l agen. Al t hough i t i s

not cl ear how gl ass and pl ast i c sur f aces i nt er act wi t h t he cel l

membr ane, mor e r ecent st udi es suggest t hat t i ssue cul t ur e

pl ast i c adsor bs f i br onect i n and ot her gl ycopr ot ei ns t hat t he

cel l s use f or at t achment ( 31, 73, 76, 77, 93) . I n t hi s case, t he

pl ast i c and gl ass woul d ser ve as a sur r ogat e f or t he nat ur al

col l agenous mat r i x .

Col l agenous mat r i ces, however , do al t er t he gr owt h of nor -

mal and t r ansf or med cel l s i n cul t ur e. Cel l s such as hepat ocyt es

( 205) , cor neal endot hel i al cel l s ( 69) , br east epi t hel i al cel l s ( 238) ,

and epi der mal cel l s ( 159) ar e mai nt ai ned i n a vi abl e st at e

l onger on a col l agenous subst r at e t han on pl ast i c . Si mi l ar l y, a

col l agen subst r at e was f ound t o pr ol ong t he l i f espan of cul t ur ed

chi ck f i br obl ast s ( 64) . Gr owt h- pr omot i ng ef f ect s have been

not ed i n cul t ur e wi t h ascor bi c aci d ( 193) and at t r i but ed t o t he

abi l i t y of ascor bi c aci d t o i ncr ease t he pr oduct i on of a col l ag-

enous mat r i x ( 173) . Dexamet hasone ( 56) as wel l as but yr at e

( 87) i nduce nor mal i zat i on of t he mor phol ogy i n t r ansf or med

cel l s al ong wi t h i ncr easi ng t he deposi t i on of col l agen ( 56) and

f i br onect i n ( 56, 87) by t he cel l . Possi bl y t he r educed adhesi ve-

ness of t r ansf or med cel l s and t hei r f ai l ur e t o assume a nor mal

par al l el al i gnment coul d be at t r i but ed t o t he r educed pr oduc-

t i on of mat r i x pr ot ei ns .

Pr ol i ne anal ogues t hat pr event t he deposi t i on of col l agen

have been used t o det er mi ne t he necessi t y f or col l agen synt hesi s

dur i ng cel l cul t ur e . Fi br obl ast s cul t ur ed i n t he pr esence of ci s-

hydr oxypr ol i ne begi n t o r ound up wi t hi n a f ew hour s and

event ual l y det ach ( 108) . However , ci s- hydr oxypr ol i ne has no

ef f ect on gr owt h ( 139) when cel l s ar e pl at ed on a col l agen

subst r at um ( as l ow as 0 . 1
l ag/ cm).

Thi s i ndi cat es t hat t he ci s-

hydr oxypr ol i ne i s not t oxi c t o t he cel l s but pr event s t he cel l s

f r om pr oduci ng a col l agenous mat r i x r equi r ed f or gr owt h .

Usi ng t hi s anal ogue, i t has been possi bl e t o det er mi ne t he

r equi r ement t hat cer t ai n cel l s have f or speci f i c col l agens . Br east

epi t hel i al cel l s wi l l not gr ow on t ype I col l agen i n t he pr esence

of ci s- hydr oxypr ol i ne but wi l l gr ow on t ype I V col l agen ( 238) .

Thus, t hese cel l s speci f i cal l y r equi r e a t ype I V col l agen sub-

st r at e f or gr owt h .

Ci s- hydr oxypr ol i ne i nhi bi t s t he gr owt h of chi ck embr yo

t endon f i br obl ast s i n pr i mar y cul t ur e ( 108) and a var i et y of

ot her cel l s, but does not af f ect t he gr owt h of sever al t r ans-

Fi br onect i n Chondr onect i n Lami ni n

Mol ecul ar wei ght 450, 000 180, 000 800, 000

Reduct i on Reduct i on 1 Reduct i on

220, 000 80, 000 200, 000, 400, 000

Act i vi t y i n at t achment 1- 5 J~g 5- 50 ng 1- 5 Ag

Ser um amount 200 ug/ ml Bel ow 20, ug/ ml Bel ow 1 t ag/ ml

Ti ssue l ocat i on Fi br ous connect i ve t i ssue, some basement Car t i l age, vi t r eous body Basement membr ane

membr anes

Hepar i n bi ndi ng Yes Yes Yes

Heat l abi l i t y 57° C 52 ° C 49° C



f or med cel l l i nes i ncl udi ng KB cel l s, neur obl ast oma cel l s, and

ot her cel l s l i st ed i n Fi g. 7. These dat a ( Fi g. 7) suggest t hat t he

t umor i geni c cel l s t hat make onl y smal l amount s of col l agen ar e

not dependent on col l agen f or gr owt h.

MATRI X PROTEI NS AND CELL DI FFERENTI ATI ON

Possi bl e r ol es f or col l agen i n di f f er ent i at i on have been assessed

by gr owi ng cel l s on col l agen subst r at es, by t r eat i ng cel l s or

t i ssues wi t h bact er i al col l agenase, and by t r eat i ng cel l s wi t h

dr ugs t hat i nt er f er e wi t h col l agen synt hesi s ( Tabl e VI ) .

Pur i f i ed col l agen subst r at es and col l agenous mat r i ces have

been shown t o mai nt ai n di f f er ent i at ed f unct i ons as wel l as t o

i nduce di f f er ent i at i on i n cul t ur ed cel l s. One of t he best - docu-

ment ed r ol es f or col l agen i n di f f er ent i at i on i s i n t he f usi on of

myobl ast s i nt o mul t i nucl eat ed myoubes ( 85, 124) . Myobl ast s

ar e unabl e t o f or m myot ubes when pl at ed i n t he absence of

f i br obl ast s ( 125) . However , i n t he pr esence of condi t i oned

medi um ( 124) or on col l agen- coat ed di shes ( 85) , t hey f or m

myot ubes . Bot h nat i ve and denat ur ed col l agen suppor t di f f er -

ent i at i on, but onl y when t he col l agen i s used as a subst r at e and

not when i t i s added t o t he medi um ( 86) . Al l mammal i an

col l agens t est ed ar e equal l y act i ve i n pr omot i ng muscl e di f f er -

ent i at i on ( 112) , and i t was f ound t hat t he al ( I ) - CB7 pept i de,

t he f i br onect i n- bi ndi ng pept i de ( 37, 119) , cont ai ns t he act i ve

r egi on ( 86) . A ser um f act or was shown t o be necessar y f or t he

at t achment of myobl ast s t o col l agen ( 86) , and t hi s was subse-

quent l y shown t o be f i br onect i n ( 31) . I t i s i nt er est i ng t o not e

t hat as myobl ast s f use t hey l ose t hei r cel l sur f ace f i br onect i n

( 28, 55) , and t he addi t i on of exogenous f i br onect i n del ays

f usi on ( 177) . Thus, myobl ast s appear t o r equi r e f i br onect i n f or
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Ef f ect of ci s- hydr oxypr ol i ne on t he gr owt h of nor mal and

t umor i geni c cel l s . Sever al nor mal ( 1, 3T3 ; 2, W138; and 3, ear l y and

4, l at e passage adul t connect i ve t i ssue cel l s) , and t umor i geni c cel l s

( 5, spont aneousl y t r ansf or med mouse connect i ve t i ssue cel l s; 6, cel l s

der i ved f r om t he t umor pr oduced by i nj ect i on of t he t r ansf or med

mouse connect i ve t i ssue cel l s ; 7, cel l s f r om t umor der i ved f r omski n

of mi ce pai nt ed wi t h met hyl chol ant hr ene ; 8, cel l s der i ved f r om t he

t umor ar i si ng as a r esul t of subcut aneous i nj ect i on of met hyl chol an-

t hr ene ; 9, SV- 3T3 cel l s ; and 10, cel l s f r om a met ast at i c f i br osar coma

of t he T241 f i br osar coma) wer e t est ed f or t hei r abi l i t y t o gr ow i n t he

pr esence of 25 pg/ ml ci s- hydr oxypr ol i ne f or 5 d . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , Tumor i geni c;

O, nont umor i geni c . Val ues ar e expr essed as t he per cent age of cel l s

r emai ni ng af t er t r eat ment . Dat a ar e f r om r ef er ence 230, wi t h per -

mi ssi on .

at t achment , wher eas l oss of f i br onect i n f r omt he cel l sur f ace i s

necessar y f or di f f er ent i at i on .

The di f f er ent i at i on of a var i et y of ot her cel l t ypes i s enhanced

by col l agen, i ncl udi ng somi t e chondr ogenesi s ( 126, 130) , t he

i nduct i on of mat r i x f or mat i on by cor neal epi t hel i um( 146) , and

t he adhesi on and devel opment of some epi der mal cel l s ( 159) .

Somi t e chondr ogenesi s i s i mpr oved by t ype I pr ocol l agen and

col l agen, and t ype I I col l agen i s even mor e ef f ect i ve ( 126, 130) .

I t i s possi bl e t hat t he t ype I I col l agen synt hesi zed by t he

not ochor d i nduces chondr ogenesi s i n somi t es i n vi vo . The

pr oduct i on of t he epi t hel i al st r oma of t he cor nea i s enhanced

by al l col l agens ( 40) . Epi der mal cel l s i n cul t ur e of t en r equi r e

f eeder l ayer s of mesenchymal cel l s ( 189) or t he pr esence of

col l agen gel s f or gr owt h ( 109) . Type I V ( basement membr ane)

col l agen has been f ound t o pr omot e t he at t achment and t he

subsequent di f f er ent i at i on of epi der mal cel l s i nt o squamous

epi t hel i um ( 159) .

One of t he most i mpr essi ve act i vi t i es of a col l agenous mat r i x

i s t he i nduct i on of bone by devi t al i zed and decal ci f i ed bone

powder i mpl ant ed i n syngenei c host s ( 186) . Thi s mat er i al

i nduces an out gr owt h of mesenchyme cel l s t hat di f f er ent i at e

i nt o chondr ocyt es . Subsequent l y, bl ood vessel s ent er t he ar ea,

and t he car t i l age i s r epl aced by ost eobl ast s . Lat er , ost eobl ast s

and mar r ow spaces cont ai ni ng hemat opoi et i c cel l s f or m ( 186) .

The cel l s at each st age synt hesi ze uni que mat r i x pr ot ei ns ( 187) ,

and i t i s t he mat r i x pr oduced by t he ost eobl ast s r at her t han t he

i mpl ant ed bone powder t hat mi ner al i zes . I n cul t ur e, t he bone

powder al so i nduces chondr ocyt es t o devel op f r om cel l s i n

mi nced muscl e t i ssue ( 160) . I t i s not cl ear howt he bone powder ,

whi ch i s most l y col l agen, act s . However , i t has been suggest ed

t hat t he col l agenous mat r i x cont ai ns a f i r ml y at t ached " i n-

ducer " mol ecul e ( 160) .

Fur t her evi dence t hat col l agen par t i ci pat es i n di f f er ent i at i on

has been obt ai ned by use of bact er i al col l agenase or dr ugs t hat

bl ock col l agen bi osynt hesi s . Tr eat ment wi t h col l agenase pr e-

vent s t he devel opment of f eat her s ( 218) , l ung ( 236) , and sal i -

var y epi t hel i um ( 79) as wel l as t he i nduct i on of not ochor d

car t i l age by spi nal cor d ( 162) . I t i s possi bl e t hat noncol l agenous

macr omol ecul es ar e al so i nvol ved, because t he col l agenases

used may have cont ai ned ot her enzymes i ncl udi ng pr ot eases.

Fur t her , pr ot eogl ycans have been i mpl i cat ed as necessar y f or

sal i var y epi t hel i al mor phogenesi s ( 17) . Sever al dr ugs t hat i n-

hi bi t col l agen f or mat i on, i ncl udi ng pr ol i ne anal ogues, have

been shown t o pr event l ung mor phogenesi s ( 4, 214) , sal i var y

gl and f or mat i on ( 214) , and amel obl ast di f f er ent i at i on ( 194) .

Col l agen i s not t he onl y mat r i x pr ot ei n known t o i nf l uence

cel l di f f er ent i at i on. For exampl e, t he phenot ype of chondr o-

cyt es i s al t er ed by f i br onect i n . Al t hough car t i l age does not

cont ai n f i br onect i n, f r eshl y i sol at ed chondr ocyt es, when cul -

t ur ed at l ow cel l densi t y i n t he pr esence of ser um, become

f l at t ened, synt hesi ze f i br onect i n, and r et ai n i t on t hei r cel l

sur f ace ( 39) . These ef f ect s ar e obser ved i n cel l s gr own on pl ast i c

subst r at es but , as expect ed, occur mor e r api dl y i n cel l s gr own

on col l agen subst r at es ( 170) . As cel l densi t y i ncr eases, chon-

dr ocyt es become l ess f l at t ened, synt hesi ze i ncr eased amount s

of pr ot eogl ycan, and no l onger r et ai n f i br onect i n on t hei r cel l

sur f aces . Chondr ocyt es gr own i n medi umwi t h ser um depl et ed

of f i br onect i n ar e l ess f l at t ened, pr oduce mor e pr ot eogl ycan,

and synt hesi ze and r et ai n l ess f i br onect i n t han cel l s gr own wi t h

f i br onect i n ( 170, 237) . The " dedi f f er ent i at i on" of chondr ocyt es

obser ved i n l ong- t er mcul t ur e ( 206) coul d be at t r i but ed i n par t

t o t he al t er at i ons i n synt het i c act i vi t i es r esul t i ng f r om f i br onec-

t i n- dependent changes i n cel l shape .
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Ef f ect of pur e Col l agen subst r at es

Chi ck embr yoni c myobl ast ( 124) *

Cor neal epi t hel i um ( 40)

Chi ck embr yoni c somi t es ( 126, 130)

Epi der mal cel l s ( 159)

Syst em

Ef f ect of col l agenaus mat r i ces

Subcut aneous i mpl ant of decal ci f i ed bone

( 186)

Muscl e mesenchymal cel l s ( 160)

Neur al cr est mesenchymal cel l s ( 161)

Ef f ect of enzymes or dr ugs

Chi ck embr yoni c ski n t r act s ( 218)

Embr yoni c sal i var y r udi ment epi t hel i um

( 79, 214)

Chi ck embr yoni c l ung epi t hel i um, chi ck or

mouse embr yoni c ur et er i c bud ( 236)

Embr yoni c l ung or t oot h mesenchyme ( 4,

214)

Ef f ect of f i br onect i n

Chi ck st er nal chondr ocyt es ( 170, 237)

* Number s i n par ent heses ar e r ef er ences.
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TABLE VI

Rol e of Mat r i x Pr ot ei ns i n Cel l Di f f er ent i at i on

Di f f er ent i at ed pr oduct

Mul t i nucl eat ed myot ube cel l s

Pr oduct i on of st r oma

Car t i l age f or mat i on

Mul t i l ayer ed squamous epi t hel i um

Bone f or mat i on

Car t i l age and bone

Car t i l age f or mat i on

Feat her mor phogenesi s

Br anched sal i var y gl ands

Car t i l age f or mat i on

At pr esent t her e ar e f i ve wel l - i dent i f i ed i sot ypes of col l agen

t hat var y i n composi t i on, f i ber st r uct ur e, and t i ssue di st r i but i on,

suggest i ng t hat t hey pl ay mor e t han j ust a st r uct ur al r ol e . The

col l agen i sot ypes ar e known t o have somewhat di f f er ent com-

posi t i ons dependi ng on t he t ype or age of t he t i ssue . Because

col l agens can i nt er act wi t h var i ous at t achment pr ot ei ns and

pr ot eogl ycans, i t i s l i kel y t hat uni que and compl ex mat r i ces ar e

f or med t hat mai nt ai n t he cel l s wi t hi n t he t i ssue and di r ect t hei r

gr owt h and di f f er ent i at i on . Some exampl es of t he af f i ni t y of

cel l s f or t he di f f er ent col l agen i sot ypes ar e known, i ncl udi ng

chondr ocyt es t hat pr ef er t ype I I col l agen, and epi der mal cel l s

and br east epi t hel i al cel l s t hat pr ef er t ype I V col l agen.

Al t hough we r egar d most cel l s as per manent r esi dent s of t he

t i ssues t o whi ch t hey bel ong because of t hei r at t achment s t o

ot her cel l s and t o t he ext r acel l ul ar mat r i x, a var i et y of evi dence

suggest s t hat t umor i geni c and par t i cul ar l y met ast at i c cel l s be-

have di f f er ent l y . Many of t he pr oper t i es of t hese cel l s r el at e t o

t hei r r educed adhesi on t o a mat r i x and r educed synt hesi s of

f i br onect i n and col l agen . Many t umor i geni c cel l s synt hesi ze

l ess col l agen and pr obabl y l ess f i br onect i n, but synt hesi ze

l ar ger amount s of pr ot eases i ncl udi ng col l agenases. As a r esul t ,

t he cel l s ar e l ess f l at t ened i n cul t ur e and l ess dependent on an

ext r acel l ul ar mat r i x f or gr owt h. Such f act or s woul d al so i n-

cr ease t hei r i nvasi veness .

We woul d l i ke t o t hank Dr s . J. M. Davi dson, A. H. Reddi , M. E. Sobel ,

J . Vuust , and K. M. Yamada f or t hei r cr i t i cal r evi ews of t hi s manu-

scr i pt .

Br anched epi t hel i um and mai nt enance

of shape of ur et er i c bud

Lung mor phogenesi s or amel obl ast

di f f er ent i at i on
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