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Models in rirro, despite their artifactual nature, have 
long proven useful in the investigation of growth con- 
trol mechanisms, permitting the systematic dissection 
and eiucidatioil of a rapidly growing list of factors 
which participate in growth regulation. Recent exper- 
imental observations in this laboratory, demonstrat- 
ing that it is possible to restore certain aspects of 
normal in titrr, growth control to malignant cells by 
replacing a single cell surface-associated protein lack- 
ing in such neoplastic cells, have prompted us to 
review some of these known factors and to speculate 
upon the implications of new findings. 

One of the most useful models for studying growth 
regulation is based upon the observation that normal 
cells in culture limit their growth by cellular interac- 
tions which depend upon population density. When 
such cells grow together to form confluent (and in 
some cases well-oriented) monolayers. they stop proli- 
ferating even though the culture medium is still cap- 
able of supporting growth at lower cell densities. Such 
arrest of growth occurs in the GI (Go) phase of the 
ceil cycle, and is associated with a marked decrease 
in the rate of synthesis of DNA. RNA. and protein, 
increased turnover of certain cell surface proteins. and 
early diminution of transport of hcxose and phos- 
phate. 

By contrast, malignant cell types, upon reaching 
confluence, fail to stop proliferating. but proceed to 
form multilayered (disoriented) heaps of cells. growing 
usually to much higher saturation densities than their 
normal counter-parts. Even in such crowded cultures 
considerable DNA synthesis may continue, and there 
is little decline in transport of either hexose or phos- 
phate. 

This limitation of growth in normal cells has been 
termed contact i~ihibition of growth [ 11. densfty-de- 
pendent inhibition of growth 121. or topoinhlbltion 

[31. 
The relevance of contact inhibition of growth as 

a valid experimental model is based upon the obser- 
vation that it is the property in vitro whose loss is 
most closely correlated with malignancy in ~‘iw [4]. 
For example, among diff‘erent strains of a malignant 
cell line, there is a direct correlation between the 
degree of loss of contact inhibition of growth 
(measured as increasing saturation densities of cul- 

.-.____-I 

tures) and ease of transplantability of tumors irl rim 

151. 
There is good evidence that cell contact plays a 

role in growth l~rnit~~tion in ritrct [S-lo]. Such a role 
is also favored bq. the cell contact-dependent regula- 
tion in normal. but not in transformed cells, of the 
transport of hexose [I l] and phosphate [ 171. increase 
in niembrane I~-g~lactopyranosyl-like residues 1131. 
redistribution of Intrinsic membrane proteins [14], 
and synthesis of glycolipid [ 153. 

At the same time it is essential to recognize that 
this de&y-dependent growth limitation can be 
removed by a variety of exogenous factors including 
increased serum concentration [ 16. 171. increased pH 
of the medium [ 181, alterations in the microen~,iroli- 
ment [19], and even changes in metal ion concen- 
trations [ZO]. Other factors which can increase the 
density at which cells cease proliferating include the 
presence of “co-promotors” or “conditioning factors” 
like insulin [?I]. heparin, hist~lmine and sero- 
tonin r?71 and corticosteroids [23]. Furthermore. a 
variety of “overgrowth” factors elaborated by trans- 
formed or embryonic cells can overcome the density 
dependence of non-transformed cells [24~~?0]. 

Transformed cells also have been shown to release 
into the culture medium increased amounts of pro- 
teases. particularly serine proteases capable of activat- 
ing plasminogen to plasmin [31]. and such proteolytic 
activities have previously been shown capable of in- 
itiating cell proliferation and release from density-de- 
pendent inhibition of growth [32.33]. 

In addition, a number of “growth factors” presum- 
abiy of normal origin have been reported to be able 
to initiate growth in quiescent cultures of their respec- 
tive target cells. Fibroblast growth factor (FGF). a 
polypeptide purified from bovine brain and pituitary. 
stimulates division both of human diploid and murine 
heteroploid fibroblasts, oeercoming !he contact-inhi- 
bited state [34]. Also reported are an ovarian cell 
growth factor (OGF) [35]. a fibroblast “multiplica- 
tion-stimulating” factor [3h]. growth-stimulating fac- 
tors in the sera of normal [37] or hepatectomized 1381 
rats, and a fraction from bovine brain which is mito- 
genie for myoblasts and amniotic cells [39]. Finally, 
a group of esteroproteolytic enzymes has been iso- 
lated from mouse submaxillary glands which includes 
a nerve gro~tll-pronlotitig factor (NGF) [40]. an epi- 
dermal growth factor [41]. an epithelial growth fac- 



lor LJ?], ;I fraction which stimulates growth of mcscn- 
chymal cells [43]. and one promoting overgrowth of 
~-at hepatoma cells 1441. 

In juxtaposition to the many factors which act to 
promote cell growth and the loss of density-depen- 
dent restrictions are a variety of factors which inhibit 
growth ill rir,o and.or restore one or more morpho- 
logic features of the contact-inhibited state. These in- 
cludc: CAMP. phosphodiesterase inhibitors. PGE, 
and PGE2. inhibitors of proteases and of hyaluroni- 
dase. “monovalent” plant &tin, dimethylsulfoxide, 
halogenated pyrimidinc analogues. a factor found in 
cultures of chick fibroblasts. and a protein isolated 
from cultures of a contact-inhibited line of hamster 
nlelanoc~tes. 

Thus, cvclic AMP and,‘or its dibutyryl analogue 
produce distinct morphological changes in cultured 
ncoplastic cells of fibroblastic [45,46], ovarian [47]. 
hepatic [4X]. glial 1491, neuroectodermal [SO 511, and 
mast cell [53] origins. Such neoplastic cells are in- 
duced to cxprcss varying degrees of structural and 
functional differentiation or maturation, thus cxhibit- 
ing a partial phenotypic reversion. These changes are 
accompanied by a decrease in DNA synthesis. slow- 
ing or cessation of growth, increase in size of soma 
and nucleus associated with increase of total protein 
content. and decrease in agglutinability by lectins. 
Such differentiated cells hake a higher proportion of 
poly-A-rich cytoplasmic RNA 1531. 

There is evidence that the morphologic changes in- 
duced by CAMP arc mediated by effects upon the 
microtubular-tnicrofibrillar system. Intact microtu- 
hulas and tnicrofilamcnts arc required for the mor- 
phologic cxprcssion of the differentiated state in 
cAM P-trcatcd fibroblasts [45], Chinese hamster ovary 
cells [47]. Schwannoma cells [54]. and melanoma cells 
(unpublished data). It has been suggested that cAMP 
uuses assembly, stabilization and orderly alignment 
of the microtubular system 1551, resulting in morpho- 
logical alteration of the cell surface and of cell shape. 
The latter may be tncdiatcd via actin-containing mic- 
rotilaments knobvn to bc closely associated with the 
plasma membrane in several cell types. CAMP exerts 
;I direct e&t LI~OII the activity of glycosyl transfcr- 
ases in plasma mcmbrancs of transformed. but not 
normal. mouse kidney cells. and therefore it has been 
suggested that such an effect of CAMP might be trans- 
mittcd by the microfilaments [56]. It should be noted 
that the growth inhibition and morphologic changes 
induced h\ CAMP are not cell density dependent. 
occurring 1n subconfuent log phase cultures as well 
;15 at conlluence [4X. 551. Not all neoplastic clones rc- 
yond to CAMP (nor to PGE’s or phosphodiesterase 
inhibitors). indicating that other factors, e.g. binding 
of cAM P to rcccptors. arc important 1571. CAMP also 
incrwhes the sensitivity of adenylate cyclasc to 
various neurotransmitters [5X], that of CAMP phos- 
phodiesterase activity to divalent ions [59]. and that 
of PGE, -stimulated adenylate cyclase activity to 
gLlanosltle triphosphate potentiation [5X]. CAMP- 
mediated growth arrest involves the rapid, reversible 
inhibition of incorporation of precursors into DNA. 
with prolongation of the S phase of the cell cycle [CO]. 

In view of the growth-suppressive etfects of CAMP 
in ritro. it is of interest that a variety of tumors (but 
not all tumors) are growth-inhibited by CAMP in rim, 

in a dose-dependent. reversible fashion [6l, 621. and 
tumor lines which arc induced to differentiate irr vitro 
by CAMP may be less tumorigenic in rir~ [63. 641. 
Nevertheless, it should be emphasised that both basal 
and induced CAMP levels are variable in ditferent sqs- 
terns 1611 and an increase of intracellular CAMP is 
not the sole determinant of CAMP-induced tumor 
regression. Other cyclic nucleotides. in particular cyc- 
lic GMP. may play important roles as regulators of 
cell proliferation [65]. 

Phosphodicstcrase inhibitors, c.g. thcophyllinc or 
RO20- 1723. also ma) induce morphologic chaiiges of 
difl‘ercntiation, bv facilitating the accumulation of 
CAMP 1531. PGI?s have also been shown to decrease 
growth rate and lectin agglutinabihty of transformed 
cells while inducing differentiative changes, presum- 
ably by increasing adenylate cyclase activity [66.67]. 
PGE, also increased survival of B16 melanoma-bear- 
ing mice [6X]. 

The abilit) of “monovalent” Concanavalin A to re- 
store to normal levels the density of transformed 3T3 
cultures [X] may rcflcct experimental stabilization of 
membrane protein components. rcatoring to trans- 
formed cells those normal restrictions upon lateral 
translation of lectin-binding sites found in non-trans- 
formed cells. 

The inhibition of cell growth ire r.i!ro. as well as 
of cutaneous carcinogenesis irl riro [69]. by protease 
inhibitors is consistent with the known ability of very 
lo\\ concentrations of proteases to stimulate growth 
of normal cells [3?]. and with the demonstration that 
growth characteristics of transformed cells appear to 
require protcolytic. particularly plasmin activity [31]. 

In view of the apparent importance of the normal 
ccl1 surface as a locus for mitotic regulator) control. 
as well as the ob\,ious fact that differences in social 
behavior bctwecn benign and malignant cells i11 ri/,o 
must ultimately reflect differences in their surfaces 
and surface interactions. it is of intcrcst that a numbet 
of workers habe now described the selectike deletion. 
following malignant transformation of chick embryo. 
mouse and hamster libroblasts. of a high molecular 
weight (250 K) external glqcoprotcin [70 761. The 
functional correlate(s) of these large external proteins 
IS (arc) not known. nor whether the latter arc indeed 
the same or closely related species. However. be 
rcccntly dcmonstruted that ;I line of contact-inhibited 
hamster melanocytcs produces ;I high molcc~~lat 

weight (w. 160.0001 external protein (melanocytc con- 
tact inhibitory factor. MCIF) which is capable of rc- 
storing to malignant melanocytcs the capacity for 
contact inhibition of growth 1771. It is significant that 
MCIF-induced contact inhibition of growth involves 
:I G, arrest (unpublished data), as in the classical case 
of diploid fibroblasts. The effects of the isolated pro- 
tcin transcend both species and tissue barriers[7X. 791. 
and it appears to be a potent reversible growth inhibi- 
tor for ;I \erq broad spectrmn of cell types. both 
malignant and benign. A protein having identical 
elcctrophoretic mobilit! on pol!acrylatnidc gels has 
been detected in cultures of other contact-inhibited 
fibroblastic cell lines of murinc and hLtm:m ori- 

gin [SO]. It will bc of interest to determine whether. 
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in fact, MCIF is functionally identical with the above- 
mentioned external proteins which become deleted 
during viral transformation. Such identity would indi- 
cate the existence of a closely related class of surface- 
associated glycoproteins concerned with the regula- 
tion of normal cell-cell interaction permitting the 
generation and.;or reception of signals leading to feed- 
back inhibition of growth. The recently isolated major 
cell surface glycoprotein of chick embryo fibro- 
blasts [8l], obtained by a urea-extraction procedure, 
would also appear to function in a similar manner, 
since ;I factor released into culture medium from the 
chick cells by urea restores contact inhibition of 
growth to urea-“transformed” cells. 

Since the regulation of cell division appears to 
depend upon cellular responses to environmental 
stimuli. mediated through the plasma membrane, it 
is natural to consider this organelle as the locus of 
receptor(s) for the “divide” signal: this does not 
exclude the possibility that alternate internal recep- 
tors may co-exist and respond to internally generated 
signals. Of various factors exerting effects on the cell 
surface. proteolvtic enzymes have been the subject 
of much expeiimental effort [32.33,71, X2]. These 
enzymes are able to trigger cell division in resting 
cells. and also are present at elevated levels in trans- 
formed cells [X3]. Non-dividing cells treated with pro- 
tease acquire altered surface properties and cytoplas- 
mic states similar to those observed in dividing 
cells [84]. Thus. it appears that proteolytic activation 
of cell division is a convenient model to study the 
environmental “divide” signal. The suitability of this 
model is strengthened by observations that certain 
tissue specific growth factors possess proteolytic (or 
esterolytic) functions [42,44. 85, 861. and that a var- 
iety of protease inhibitors exhibit growth regulatory 
properties [69,87W+9]. A number of critical cellular 
events folio% protease treatment, although not necess- 
arily in this order: (1) loss of 250 K glycoprotein [SZ], 
(2) altered levels of cyclic nucleotides 1901, (3) in- 
creased lectin agglutinability 191-931, (4) increased 
nutrient transport [94]. (5) phosphorylation of histone 
and non-histone proteins [9_5], and (6) cell divi- 
sion 132, 33. 71, 821. 

The removal of the 250 K glycoprotein may be 
an important event leading to cell proliferation. The 
absence of this protein from the surface of trans- 
formed cells suggests that either it is not made by 
the cells, or that it is continuously removed-perhaps 
by the cells’ own proteases c96]. Similarly, the 
melanocyte contact inhibitory factor is a high molecu- 
lar weight membrane glycoprotein found in contact- 
inhibited, but not in non-contact-inhibited cultures, 
which restores growth regulation to the latter [77.7X]. 
Such surface glycoproteins may themselves be regula- 
tor! molecules, and may act by combining with 
enzymes (proteases’?) involved in initiating growth or 
transformation of cells. It is significant that tumor 
promotors increase proteases by combining with spe- 
cific receptors on the cell surface [97]. In this connec- 

* M. Rosenberg. M. E. Knecht and G. Lipkin. unpuh- 
lished data. 

tion. the surface glycoproteins may instead block such 
specific receptors and prevent appearance of the pro- 
teases. 

In such a scheme, changes in cyclic nucleotidk 
levels might be secondary to changes m levels of sur- 
face regulatory macromolecules. In the above formu- 
lations. the presence (or absence) of the latter macro- 
molecules at the cell periphery would direct]? in- 
Huence subsequent events. In fact, when trypsm is 
added to cells in culture. it triggers cell division and 
removes the 350 K glycoprotein. However, thrombin 
can stimulate cells to divide (more effectively that1 
trypsin) without removing the 250 K glycopro- 
tein [X2]. Moreover. chymotrypsin can remove this 
protein without initiating cell division. On the basis 
that trypsin and thrombin preferentially attack at 
lysine or arginine sites in the peptide chain, one might 
assume that the triggering region has an exposed 
Iysine or arginine residue. i.e. trypsin and thrombin 
trigger cell division. while chymotrypsin does not, 
despite its effect on the 250 K protein. Thus, there 
are apparently at least two sites of tryptic attack on 
the cell surface: (I) the 250 K glycoprotein, and (2) 
a “thrombin” site, seemingly more proximal to direct 
triggering of cell division: removal of the 250 K glyco- 
protein may not be an absolute requirement for cell 
division. 

An alternative possibility is that these membrane 
glycoproteins may act as receptors for external regu- 
latory molecules. There is some evidence for this; par- 
tially purified MCIF appears to be associated with 
one or more protease inhibitory species which. in 
turn. may derive from serum.* As pointed out pre- 
viously, protease inhibitors (including ovomu- 
coid) [87] can indeed inhibit the growth of trans- 
formed cells. Serum protease inhibitors can also in- 
hibit the neutral protease produced by transformed 
cells 198.991. In fact. the relation between serum fac- 
tors and cell growth needs to be more clearly defined. 
It is possible that the mitogenic impulse may be detcr- 
mined by an equilibrium between protease and anti- 
protease at the cell surface. Excess protease (whether 
from exogenous or endogenous sources) would cause 
a shift toward mitosis: conversely. excess inhibitor 
would favor arrest of growth. The latter effect would 
be considerably enhanced by a surface glycoprotcin 
capable of binding protease inhibitors. These surface 
glycoproteins which are deleted from transformed 
cells could play a regulatory role in mitogenesis by 
serving in such a binding role. Absence of these glyco- 
proteins in tumour cells [71] might permit continuous 
triggering of cell division by endogenous protease. 
The neutral protease reported in tumor cells, does 
in fact. attack at an arginine site [IOO]. In untrans- 
formed or non-dividing cells. the presence of MCIF 
or 250 K may bind suficient inhibitor to prevent pro- 
teolytic activation of mitosis by ambient levels of pro- 
tease. 

It ia thus apparent that patterns of cell growth in 
vitro reflect the complex interplay of numerous factors 
modulating the expression of cell surface character- 
istics. A more complete knowledge of the interactions 
among these factors is certain to suggest new 
approaches to therapeutic intervention and control 
of neoplastic growth processes. Such strategies may 
well be based upon the premise that it is not necess- 
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at-q to eradicate cells to control neoplastic disease: 
functional “repair” may be an effective alternative. 

.~~,~rlo~~/rt/~rnl~ft/ We thank Dr. Walter Troll for 
thoughtful discussion and suggestions. 
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