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ABSTRACT

The growth rate of most normal cells in culture decreases as the
number of cells reaches a characteristic saturation density. This
phenomenon, termed density-dependent inhibition of growth, was first
described and studied extensively in the cultures of 3T3 fibroblasts.
Previous studies have demonstrated that medium conditioned by exposure
to cultures of density-inhibited 3T3 fibroblast contained a
growth-inhibitory activity that acted on sparse proliferating cultures
of the same cells.

This thesis describes the purification, to apparent homogeneity,
of the growth inhibitory activity by ammonium sulfate precipitation,
gel filtration, and ion-exchange chromatography. The highly purified
preparation yielded a single polypeptide (nr 13,000) in sodium dodecyl
sulfate polyacrylamide gel electrophoresis under both reducing and
non-reducing conditions. This component in designated FGR-s (13K),
which stands for Fibroblast Growth Regulator - soluble form (llr
13,000).

The inhibition of cell proliferation by FGR-s (13K) can be
monitored by two independent assays: (a) quantitation of S phase DNA
synthesis as determined by the incorporation of radioactive thymidine;
and (b) assessment of cell number. The dose-response curve of growth
inhibition by FGR-s (13K) on 3T3 target cells showed that 50%
inhibition was achieved at a concentration of 3 ng/ml (2.3 x 10-10 M).

The inhibition was reversible and cannot be ascribed to any cytotoxic



effects.

To ascertain that the growth inhibitory activity of FGR-s (13K)
is due to the "r 13,000 polypeptide observed in the highly purified
preparation, hybridoma clones secreting monoclonal antibodies directed
against FGR-s were generated by in vitro immunization of rat
splenocytes. One monoclonal antibody, designated Antibody 2A4,
specifically bound FGR-s8 (13K). The growth inhibitory activity of
FGR-8 (13K) was depleted upon passing the purified preparation over an
affinity column containing Antibody 2A4. In addition, Antibody 2A4
neutralized the activity of FGR-s in growth inhibition assays. These
results indicate that the Mr 13,000 polypeptide is responsible for
growth inhibition.

The addition of Antibody 2A4 to 3T3 cell cultures in the absence
of any exogenously added FGR-s also enhanced the level of DNA
synthesis in a dose-dependent fashion. This suggests the possibility
that Antibody 2A4 may be neutralizaing the activity of FGR-s8 (13K)
molecules endogenous to the culture and may be partially reversing the
effects of density inhibition. The results also imply that the FGR-s
(13K) molecule may play a role in the normal mechanisms of density

dependent inhibition of growth.
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ANTRODUCT1ON

A cell's life is usually described in terms of the cell cycle.
This cycle is divided into four major parts (Figure 1): a Gl phase, an
S phase, a G2 phase, and an M phase. Both biochemically and
morphologically, the two parts most extensively characterized are the
S phase which is defined as the period for DNA synthesis and
chromosomal replication, and the M phase which is the time for cell
division.

After mitosis, each daughter cell goes through a G1 phase in
preparation for DNA synthesis and another round of cell cycle.
Somewhere between the end of mitosis and the onset of next S phase,
there occurs a point at which a cell has to decide, depending upon a
host of enviromental factors, whether to go on for another round of
the cycle. 1If the decision is not to go for another round, then it
will stop at the decision point, which is sometimes called the Go
phase. 1f the decision is go for another round, then the cell will
make all the preparations necessary for DNA synthesis and mitosis.

Most normal cell have these two alternative modes of existence.
Une is the proliferative mode which is represented by the large
circle; the other is the quiescent mode, which is represented by the
small circle (Figure 1).

A number of in vitro systems have been developed to study the
transition of cultured cells from the quiescent state to the

proliferative state. Examples of these systems include the stimulatory

actions of epidermal growth factor, fibroblast growth factor,



Figure 1. Schematic representation of cell cycle.



platelet-derived growth factor, and other polypeptides which are in
general known as mitogens. in contrast, much less progress has been
made to study the transition from proliferative state to quiescennt
state. Une example of this transition is the well known phenomenon
called density-dependent inhibition of cell growth. This phenomenon
was best demonstrated in 3T3 cultures, a cell line originally derived
from mouse embryonic fibroblasts. Cultured 3T3 cells possess the
property of being highly sensitive to density-dependent inhibition of
growth.

Previously, this laboratory has been able to demonstrate that
medium conditioned by exposure to cultures of density-inhibited 3T3
fibroblasts contained a growth-inhibitory activity that acted on
sparse proliferating cultures of the same cells. This activity was
fractionated, resulting in a preparation called Fibroblast Growth
Regulator - soluble form (FGR-s) that contained two major polypeptides
(M s 10,000 and 13,000).

This thesis work continues the previous efforts to identify and
to purify the inhibitory activity in the FGR-s preparation. The
successful attainment of this growth inhibitory factor in homogeneous
form will allow the studies of negative growth regulation to be
carried out at the molecular level. This, in turn, will help to
understand the coordinated interactions between growth stimulatory
factors and growth inhibitory factors in the total network of growth

control.



LITERATURE REVIEW

Growth is essential for development and maintenance of normal
multicellular organisms. The mechanisms that regulate growth are not
only selective for cells in different types of tissue but also
responsive to the fluctuations in the enviroment. Similar forms of
growth regulation, to a certain extent, have been observed in cell
cultures. Generally, normal cells show more restricted and ordered
growth than their transformed counterpart. The extent to which the
growth regulation is lost in cell cultures correlates with the
tumorigenecity of these cells in vivo (1). This observation suggests
that the growth regulation observed in vitro may have relevance in

vivo.

it is clear that many different factors can control growth. Iln
cell cultures, besides the topographic considerations (2,3), these
controlling factors can be categorized into two groups. One is
macromolecular factors derived from serum and/or elaborated from the
cultured cell itself (4,5). Another is low molecular weight nutrients
and metabolites derived from the medium or cultured cell (6). 1t has
been proposed that cells are arrested at a point in the G1 phase of
the cell cycle, known as the "restriction point", whether the
controlling factor(s) belongs to low molecular weight component or the
macromolecular category (7). Growth resumes when these factor(s) are

added to the culture medium (8,9).



Macromolecular factors that are responsible for growth regulation
in cell cultures can be categorized into two groups: (a) growth
stimulatory factors; (b) growth inhibitory factors. The control of
cell proliferation resides in the balance between these two opposing
forces of mitogenic and inhibitory factors. Therefore, to study the
growth regulation by endogenous inhibitory factors, one must be
constantly aware of the activities of growth stimulatory factors.

Over the past decade major progress has been made in the studies
of the growth stimulatory factors (10-13). These include the
identification and isolation of a large number of growth stimulatory
factors, structural analysis of some of these factors in terms of
amino acid, mRNA, and genomic sequences, and receptor characterization
for some of the growth factors in terms of their structure and
function. This research has made it possible to converge studies on
growth regulation and those on oncogene products (14-17).

Much less progress has been made in the studies of growth
inhibitory factors when compared to the status of growth stimulatory
factors. This is mainly due to a lack of a well-defined experimental
paradigm to study their molecular nature as well as the technical
difficulties inherently associated with many of the assay procedures
used to detect inhibitors of cell proliferation.

This review will briefly describe (i) some of the well
characterized growth factors with the attempt to categorize these
factors into a limited number of “families" (Table 1); (ii) mechanisms
of growth factor stimulation and their relationships to oncogenesis;
(iii) recent progress in isolation and characterization of growth

inhibitory factors.



Table 1. Growth factors and their families.

Family Member Source Mol. Wt. Mol. St. References
EGF EGF human urine, mouse 6,054 monomer 18-21
submaxillary gland
TGF-a MuSV transformed 7,000 monomer 56-59
cells, platelets
Related retrovirus
transformed cells 66
POGF POGP platelets, serum, 28,000 dimer 67
sis placenta, etc. 31,000
P24 SSv transformed 24,000 dimer 81-83
cells
ODGF CM of osteosarcoma 31,000 dimer 75,76
Glioma- CM of glioma cell 31,000 dimer 7
DGF culture
Related CM of SV40 trans- 18
formed cell cultures
Insulin Insulin g-cell of pancreas 5,700 dimer 86,87
1GF-1 plasma 6,000 dimer 94
IGP-11 plasma 6,000 dimer 98
MSA CHM of liver cell 6,000 dimer 90
culture
NGFP mouse submaxillary 13,000 dimer 106,107
gland, snake venom
Relaxin glanulosa cells of 6,000 dimer 114

corporsa leuta

Abbreviations used are: Mol. wWt., molecular weight; Mol. St., molecular
structure; EGF, epidermal growth factor; TGF, transforming growth factor; MuSVv,
murine sarcoma virus; PUGF, platelet-derived growth factor: SSV, simian sarcoma
virus: ODGF, osteosarcoma-derived growth factor; CM, conditioned medium;
Glioma-DGF, glioma-derived growth factor; $vV40, simian virus 40; 1GF-1,
insulin-like growth factor I; 1GF-11, insulin-like growth factor 11; MSA,
multiplication stimulating activity; NGF, merve growth factor.



Growth Factors and their Families.

Epidermal growth factor (EGF). EGF represents one of the best

characterized growth factors in terms of the availability of highly
purified preparation (18-21), primary structure (22-24), membrane
receptor (25-30), target cell spectrum (31-35), fate after receptor
binding (36-39), and its related polypeptides (40,41). EGF consists of
a single chain polypeptide, with 53 amino acid residues (!lr 6,045).
Effective mitogenic concentration is at ng/ml level (18,19,42). Its
mitogenic effect is not restricted to epidermal cells. Fibroblasts,
both established cell lines such as the mouse 3T3 cell and human
diploid fibroblasts in their early passage, respond to EGF (43-46).
The cell surface receptor for EGF has been identified and
characterized (Hr 170,000) (47-49). Antibodies to EGF receptor have
been shown to mimic the mitogenic activity of EGF (50). The EGF
receptor contains, as an integral part of its structure, a
tyrosine-specific protein kinase activity cabable of phosphorylating
itself and a variety of other proximal cellular substrates (51,52).
Nucleic acid sequence studies have shown homology between the v-erb
oncogene and the EGF recepto?. The oncogene product is a truncated EGF
receptor, lacking the ligand-binding domain exposed to the outside of
the cell. This relationship suggests a connection between growth
factors and transformation processes in some virally infected cell
cultures (17).

TGF-a, found as one of the two conbonents of sarcoma growth

factors (53,54) (another component is TGF-8), shows about 40% amino



acid sequence homology with mouse EGF (17.55), implying that these two
growth factors may have a common ancestral origin but have diverged
substantially since.

Like EGF, production of iﬂ?-c is not restricted to MuSv-transformed
cells; rather, it is a property of several transformed cell lines
(56-59) as well as normal platelets (60,61). There are at least three
other lines of evidence that suggest the relatedness of EGF and TGF-a:
(a) receptor cross-reactivity: TUF-a binds to EGF receptor without
gsignificant affinity difference (62,63,85); (b) both TGF-a and EGF
potentiate TGF-B for colony formation in soft agar cultures (43,60);
and (c) both are derived from similar larger precursor molecules: the
EGF precursor is about 20 times as large as EGF (64,685). TGF-a appears
to share a similar precursor. Finally, by using antibodies against a
synthetic fragment of TGF-a, a number of TGF- related polypeptides

have been found (66).

Platelet-derived growth factor (PDGF). PDGF, the principal mitogen in
serum for cultured cells of mesenchymal origin, is a heat-stable,
cationic (pl . 9.8) protein (Mr 28,000-30,000) (67). Upon reduction,
PDGF yields two chains (A chain, nr 15,000; B chain, nr 14,000)
suggesting that the intact molecule may consist of two polypeptide
chains held together by disulfide bonds (67,88). PDGF, originally
isolated from whole human serum (69) turned out to be a component
released from the a-granule of platelet upon clotting (68,70-73). PDGF
is a potent mitogen exerting its effects at ng/ml concentrations (70).
It stimulates DNA synthesis and mitosis in cultures of Balb/c-3T3

fibroblast, human diploid cells, aortic smooth muscle cells, glial



cell (70,71). while a great number of cell types respond to PDGF, it
is suggested that its major function in vivo may be repairing damage
to the vascular lining--mainly due to the observation that
phylogentically appearance of PDGF-like activity in clotted blood
serum coincides with the appearance of the pressurized vascular system
in vertebrates (74).

Unlike normal cells, cultures of viral transformed fibroblasts
and human osteosarcoma cells do not require PDGF for growth. Based on
this idea, a series of PDGF-liked polypeptide growth factors were
identified in a variety of transformed cell lines. These include
osteosarcoma-derived growth factor (ODGF) (75,76), fibroblast-derived
growth factor (FDGF) (77,78), glioma-derived growth factor (76,79),
and a PDGF-like growth factor from SV40 transformed baby hamster
kidney (BHK) cells (78,80). FUGF was originally identified in an
invasive tumor cell line (Sv28) as a fibroblast migration factor (77)
and was able to stimulate the proliferation of normal 3T3 cells in low

serum concentrations at which only transformed 3T3 cells proliferate,

and to stimulate the growth of 313 cultures to higher saturation
density (77). Both ODGF and FDGF have similar physico-chemical
properties as PUGF. Both have been identified as "r 31,000 components
composed of two polypeptide chains of similar apparent molecular
weights (75,78). Also, they cross-react with PDGF in binding to PDGF
receptor as well as antibodies to PDGF (75,78). Another series of
transforming polypeptides related to PDGF have been found in the

cytoplasm of simian sarcoma virus (SSV) transformed cells, namely

28818 sis

p and p24 (76,81-83).
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insulin. insulin has attracted the most attention among the major
growth factors--not because of its growth stimulatory activity (84)
but its spetacular action on carbohydrate metabolism (85). lnsulin,
(lr 5,700), is well known for its heterodimeric structure which
consists of A and B chains held together by three disulfide bonds.
This is derived from a larger precursor proinsulin (llr 6,000) by
proteolysis (86,87).

wWhile it has been demonstrated that insulin has mitogenic effect
on a number of cell types, very high concentrations are required, and
the total mitogenic effect is, in general, much smaller compared with
the effect of serum. For example in human foreskin fibroblasts, 20
ug/ml of insulin are required to initiate DNA synthesis in
subconfluent cultures to an extent of 1/20 of that observed with serum
(84). The idea that insulin could indeed be a growth factor was
supported by the observation that most of the mitogenic peptides
isolated from blood or serum have an insulin-like activity (88-91).
However, the expectation that insulin is a physiologically significant
mitogenic agent has yet to be verified. The fact that insulin
potentiates the stimulatory effect of other growth factors, although
it has little effect per se (92,93), supported the idea that
physiologically insulin actually works in concert with other growth
factors.

lnsulin related growth factors include: nerve growth factor

(NGF), relaxin, and insulin-like growth factors (1GFs) (94-98). 1GFs
are a family of polypeptides that are structural homologous to and
functionally mimic insulin, but are immunologically distinct from

insulin (99). These include 1GF-1, 1GF-11, somatomedins, and
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multiplication stimulating activity (MSA).

iGF-1 and IGF-11 are polypeptides of 70 and 67 amino acid
residues, respectively. The polypeptide structures of 1GF-1 and 1GF-11
are similar to that of insulin which consists of A and B chains held
together by three disulfide linkages. Genomic sequence analysis
suggests that both 1GFs are derived from preproinsulin-like
precursors. IGF-1 and 1GF-11 share 62% homology to each other and 50%
homology to insulin in primary amino acid sequence. Based on limited
structural and immunological data, the 1GFs appear to be identical to
somatomedins (99,100), the presumed mediators of the effect of growth
hormones, and the growth factors secreted by liver cells in culture
including multiplicating stimulation activity (MSA) (90).

Insulin, 1GF-1, and 1GF-I1 crossreact to all three of their
receptors, but with differing affinity (101-103). Insulin has highest
affinity to its own receptor, lower affinity for 1GF-1 receptor and
almost no affinity to IGF-11 receptor. For IGF-11, the converse is

true. 1GF-1 has a moderate affinity for all three receptors.

In spite of the structural similarity, iGFs and insulin
apparently are responsible for dinstinct physiological functions. The
metabolic responses (such as glucose oxidation) of all three
polypeptide correlated well with their affinity to the insulin
receptor, suggesting that insulin receptors (bound differentially by
all three polypeptides) are responsible for these responses (104). The
growth-stimulatory effects of these polypeptides correlated better
with their affinity for the IGF-1 and IGF-1l1 receptors, leading to the

hypothesis that long-term effects of insulin may be mediated via IGF



receptors (105).

Nerve growth factor (NGF) was first identified as a constituent
of mouse sarcomas in experiments designed to test the effect of these
tumors on the development of the sympathetic nervous system (106,107).
It was subsequently shown to be present in much higher concentrations
in snake venom (108) and in the submaxillary gland of adult male mice
(108). Purified NGF consists of two polypeptide chains, with identical
sequences of 118 amino acid residues, held together by three disulfide
bonds (109). NGF and insulin share common regions of sequence, which
may indicate a common ancestral gene (110). Sequence comparison of NGF
and proinsulin shows 30% and 52X identities in the regions of A and B
chain of insulin, respectively. NGF isolated from mouse submaxillary
gland contains two additional components--o and Y subunits (111,112).
Nevertheless, only the 8 form (Mr 13,000) possesses nerve growth
promoting and insulin-like activities (111). NGF plays an important
role in the maintenancee and development of the sympathetic nervous
system (113). In addition, it exerts the insulin-like activities with
neurons of the sympathetic nervous system from embryo through adult

life (113).

The third polypeptide showed to be insulin-related is relaxin.
Relaxin is a hormone-like substance synthesized by the granulosa cells
of corporsa lutea which acts on tissues of the pubic symphisis to aid
the delivery of the fetus (114). 1t may play a more general role in
tissue remodeling in the nonpregnant state. Again, isolated relaxin is

a two-chain polypeptide joined by disulfide linkages (115,116),
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although some evidence suggested the existence of a single chain
prorelaxin molecule (117). Primary structure comparison shows porcine
relaxin and human 1GF-1 share about 30% homology and both are related

to insulin as well (118,119).

Mechanisms of Growth Stimulation and Oncogenesis

Normal diploid cells in cultures require serum to support
efficient growth (74,120,121). In the absence of proper growth
factors, cells arrested in the G1/G0 phase (7). Transformed cells have
relaxed cell cycle control and may traverse the cell cycle in the
absence of exogenous growth factors (122,123).

Recently, experimental data have been accumulated in favor of the
notion that growth factor independence and autonomous growth of
transformed cell might be due to a consitutive expression of any of
the element along the normal mitogenic signal transmission
pathway--the growth stimulatory factor itself, the membrane receptor
that serves as a transducer of the extracellular signal, or the
intracellular signal which ultimately leads to the initiation of DNA
synthesis and cell proliferation. These constitutively expressed
elements may themselves be an oncogene products or, alternatively,
their expressions may be regulated by an oncogene product (124).

The first line of evidence in support of such a hypothesis was
obtained by partial amino acid sequence analysis of separated PDGF
polypeptide chains (A and B chains). 1t was shown that the B chain has

a sequence virtually identical with part of the predicted sequence of

sis 8818

the transforming protein P28 (81, 82). P2 is known to rapidly



14

8is

dimerize into a P56 species. This product is then further processed

by proteolytic cleavage. The apparently stable and end product is

sis

P24 , & polypeptide homodimer (81,125,126). The virtual identity

between the PDGF-B chain and p24®1%

implies that SSV has acquired
cellular sequences that are contained within the gene coding for the B
chain (124).

By inference from the structural homology between the ch'is
dimer and PUGF, it is assumed that the viral gene product acts as a
PDGF agonist, i.e. it stimulates cell replication by interacting with
the PDGF receptor. SSV-transformed cells do contain in their cytoplasa
a growth factor activity and is cross-reactive to antibodies against
PDGF (83). Whether the growth factor has to externalize and act
analogously to PDGF by binding to the receptor at cell surface, or it
can directly interact with the receptor within an intracellular
compartment without being excreted is not known.

The synthesis of PDGF or a closely related polypeptide (see
above) in human sarcoma and glioma cell cultures suggests that an
abnormal expression of PDGF/c-sis gene may contribute to the
transformation of these cells (75,76,79). This is also supported by
the observation of high abundance of v-sis related m-RNA in human
sarcoma and glioma cell lines (127).

Another example that the expression of a viral oncogene may turn
on the production of a cellular growth factor has been found in cells
transformed by murine sarcoma virus (MuSV) transformed cells (40). The
transforming activity released from MuSV-transformed cells in lo;t

likely due the synergistic action of TGF-8 and TGF-a (41). It appears

that TGF-a exerts part of its activity by binding to the EGF receptor.
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The EGF agonistic activity of TGF-c is further supported by the
observations that the transforming activity of TGF-@ can be abolished
by EGF receptor blocking antibodies (62); the TGF activated EGF
receptor kinase activity was also blocked in a similar fashion. (128).

The production of TGF-a is not restricted in MuSV-transformed
cell lines; rather, it is property of several transformed cell lines
and also of normal tissues, including platelets (60). This suggests
that most likely the TGFs are cellular gene products and are not
encoded by viral genomes.

A structural relationship between growth factor receptors and
oncogenes has been established by the finding that the EGF receptor
has amino acid sequence homology with the transforming protein of

erbB

avian erythroblastosis virus (AEV)--gp65 (17). Sequence analysis

revealed that the gpsserbB

corresponds to the internal and
transmembrane domains of EGF receptor. This therefore implies the loss
of the EGF binding domain may then be accompanied by a constitutive
activation of the EGF receptor (17).

Again, inference from the structural homology between the psserbB
and EGF receptor suggests that the viral gene product, independent of
the presence of EGF may act as a constitutively activated receptor.
while it is generally believed that autophosphorylation as well as
tyrosyl phosphorylation of other cellular substrates seem to be
integral activities of growth factor receptors (49,129,130), no kinase

erbB

activity has been found associated with gp65 (129). whether this

has a technical explanation or indicates another dimension of
functional activity of zpsserbB remains to be determined.

The mechanism by which the growth-factor stimulated mitogenic
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signals are transmitted from receptor and/or its neighboring cellular
substrates and further into the cell is largely unknown. Recent
studies on the c-myc oncogene may have the potential of enlightning
this "black box". Addition of PUGF to fibroblasts or mitogen
(concanavalin A or lipopolysaccharide) to lymphocytes results in an
increase in the expression of c-myc in the stimulated cells (131).
Since c-myc is identified as a nuclear protein (132,133), it is
possible that c-myc may play a key regulatory role in the expression
of a genetic program that controls cell proliferation. The myc gene,
as transduced by a number of retroviruses, transforms a wide variety
of cells from different histogenic origins (134). One explanation of
this wide spectra of neoplasias with an abnormal expression of myc
gene may be that several of the post-receptor signals ultimatlely
converge at the regulation of the myc expression (124).

The conversion of a normal cell to a malignant one is a
multi-step process (135-138). Recent transfection experiments have
shown that while normal cells can not be fully transformed by a single
oncogene, they can be transformed by co-transfecting along with
another oncogene which belongs to a different complementary group
(135,137). One of the best known examples is the myc and ras
combination. When co-transfected into rat embryo fibroblasts (REF),
dense foci of morphologically transformed cells were found. Acting
together, myc and ras were able to do what neither could do on its own
(138). Interestingly, while the revertants of virally transformed
cells are resistant to be transformed by ras-related oncogenes
(Ha-ras, Ki-ras, fes, src), they can be re-transformed by sis, mos,

and fms oncogenes (139). This suggests that the activities of the
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ras-related ohcogene products converge on a common target which is
by-passed by the last three oncogene products (139). Again, this
supports the idea that myc may regulate or itself represents one of
these convergeing points. Therefore, signal transmission is mostly
likely mediated by not a single, but a limited number of parallel
post-receptor pathways, which may or may not be convergent, through
which the proliferation is regulated.

In summary, the establishment of a direct mechanistic link
between growth control and tumorigenesis has been a long-standing
pipe-dream. But, in the past two years, such connection has been made.
Several observations link different oncogenes to each of the level of
action of growth factors. These include structural and functional
similarities at the level of growth factor molecules, receptors of
these growth factors, and probably the involvement of an oncogene
product in the growth factor induced intracellular messenger systenm.
Moreover, the enhanced expression of certain oncogenes has been found
to cause endogenous production of growth factors, which then
stimulates the producer cells in an autocrine manner. The general
implication is that any regulatory element along this signal
transmission pathway may have oncogenic properties if abnormally

expressed or activated.

Recent Progresses in the Stuties of Growth lnhibitory Factors.

In contrast to the studies of growth stimulatory factors, much
less progress has been made to establish a well defined system for the

study of endogenous growth inhibitors that may function in cellular
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homeostasis. It has been hypothesized that a major control mechanism
of cell renewal systems in vivo depends on certain negative feedback
factors (chalones) that control the proliferation of cells. The
existence of endogenous inhibitors of cell division was first
suggested by the study of Bullough and Laurence on epidermal wound
healing (for review, see reference (142-145). The distinguishing
characteristics of these growth regulators are postulated to be: (a)
total tissue specificity, (b) lack of species-specificity, and (c)
reversibility.

A major difficulty in developing experimentally the chalone
concept has been the formidable problem of isolation and chemical
characterization of these molecules. Although growth inhibitory
activity has been demonstrated in crude extracts from a number of
tissues, much remains to be developed so that purification and
molecular characterization of these factors can be accomplished. A key
obstacle to be surmounted in any chalone purification program is the
development of a reliable assay system, principally because of the
technical problems associated with the extracts themselves. The
preparations must not be inherently cytotoxic, or contaminated with
bacterial products producing cytotoxic or cytostatic effects.

1 will review recent developments in the isolation and
characterization of negative regulators of cell growth (growth
inhibitors), with particular emphasis on those molecules that have

been purified and characterized (Table 1I).

Interferons. Interferons are a group of related glycoproteins (ur

18,000-26,000) that induce an antiviral state in susceptible cells
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Table 11. Properties of Some Negative Regulators of Cell Growth

Source

373 conditioned
mediun

various tissues,
cells, and
conditioned
medium

human fibroblasts
BSC-1 conditioned
med{um

mouse embryo
fibroblast

conditioned medium

rat liver

bovine cerebral
cortex cells

bovine mammary
gland

Nomenclature

FGR-s (13 K)

transforming
growth factor
8 (TGF-g)

interferon-g
BSC-1 growth

inhibitor

hepatocyte

proliferation
inhibitor

bovine glyco-

peptide

inhibitor (BCSG)

Native SOS Gels
Target Molecular (reducing
(indicator cells) Weight conditions)
373 cells 13,000 13,000
NRK cells 25,000 12,500
AKR-2B cells
HelLa 28,000- 18,000
35,000
CCL 64 mink 25,000 12,500
lung
mouse embryo 10,000- 14,000~
fibroblasts 15,000 11,000
rat hepatocytes 26,000 26,000
mouse fibroblasts 45,000 18,000-
(3713, LM), BHK-21 16,000
Ehrlich ascites 13,000 13,000

mammary cells

References

166,167

41,154

146
157,158

170

162,163

- 177

175
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(146). Apart from their characteristic antiviral activity, interferons
also inhibit significantly the proliferation of both normal and
malignant cells, including fibroblasts, pluripotent hematopoietic stem
cells and macrophage precursors (147-149). Specific cell surface
receptors for interferons have been identified and the action of this
family of proteins is believed to be hormone-like. Interferons have
been studied extensively for biological activities other than growth
inhibition. They have been reviewed elsewhere (146) and therefore, it

will not be discussed further.

Hepatic proliferation inhibitor. An inhibitor of hepatocyte
proliferation has been purified from rat liver (162,163). This hepatic
proliferation inhibitor (HPl) yielded a polypeptide (Mr 26,000) in
sodium dodecyl sulfate gels under reducing conditions. The isoelectric
point of HPl is 4.65. This protein reversibly inhibited the
proliferation of non-malignant rat liver cells in culture; it exerted
no effect on the proliferation of hepatoma cells. Polyclonal rabbit
antisera directed against HPl showed that p@renchy-al liver cells
contained immune reactive HPI but endothelial and connective tissues
did not (168). Little, if any, immunoreactive staining could be

observed in hepatocellular carcinoma cells.

Transforming growth factors and growth inhibitor from conditioned

medium of BSC-1 cells. Transforming growth factors (TGFs) are a family

of polypeptides that reversibly induce non-neoplastic cells to express
the transformed phenotype, as measured by loss of density-dependent

inhibition of growth and acquisition of anchorage-independent growth
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(for review, see references (54,141). Initially discovered in the
culture fluids from Moloney murine sarcoma virus transformed mouse
cells (40), TGFs have also been isolated from conditioned medium or
acid ethanol extracts of virally (17) or chemically (151) transformed
cells as well as from human cancer cells (57).

Two distinct sets of TGFs have been purified to homogeneity. TUF-@
is a single chain polypeptide (Mr 5,700) that shares sequence homology
with epidermal growth factor (EGF) (see above). TGF-8 is a distinct
molecule consisting of two identical polypeptide chains (Hr 12,500)
linked by disulfide bridges (41); the activity of native molecule (Mr
25,000) is destroyed upon reduction. TGF-8 binds to its own unique cell
surface receptors in responsive cells (152,153). TGF-8 activity has
also been found in serum-free conditioned medium of nontransformed
mouse cell lines (154), as well as from diploid fibroblasts of human,
mouse, and chicken embryos (155); the activity is enhanced by prior
acidification, suggesting that the molecule may released in latent
form. TGF-8 has been purified from normal tissues such as human
platelets, human placenta, and bovine kidney (156). Two non-neoplastic
fibroblast indicator cell lines have been used for operational
definition of TGF-B activity: normal rat kidney (NRK) cells required
both TGF-8 and either EGF or TGF-a to form colonies in soft agar (41);
mouse embryo AKR-2 cells requier only TGF-8 to grow under anchorage
independent assay conditions (154).

Holley and co-workers have isolated a growth inhibitor from
medium conditioned by African green monkey kidney cells (BSC-1)
(157,158). This growth inhibitor yielded a native molecular weight of

25,000 and a polypeptide of Mr 12,500 after gel electrophoresis in the
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presence of sodium dodecyl sulfate and reducing agents. Recently, it
has been shown that TGP-8 and the growth inhibitor of BSC-1 cells have
identical biological activities in : (a) stimulation of the growth of
AKR-2B cells in soft agar; (b) inhibition of DNA synthesis in AKR-2B,
BSC-1, AND CCL-64 (mink lung) cells; and (c) binding to TGPF-8 specific
receptors on the cell surface (159). Therefore, TGF-8 and the BSC-1
growth inhibitor are either identical or closely related molecules
(Table 1). The results also suggest that the negative action of this
TGF-8 family of molecules in BSC-1 cultures is autocrine (141).

More recent data have shown that the response of cells to TGF-8
is bifunctional (160). TGF-8 inhibits the anchorage-dependent growth of
many types of cells, including neoplastic and non-neoplastic cells of
either fibroblastic or epithelial morphology. Under
anchorage-independent conditions, TGF-8 stimulates colony formation in
NRK fibroblasts but inhibits growth of many human melanoma, lung
carcinoma, and breast carcinoma cell lines over approximately the same
concentration ranges (10-30 pM). Therefore, in certain instances, TGPF-8
stimulates anchorage-independent growth while in others it acts to
inhibit that growth. whereas EGF and TGF-8 synergize to stimulate NRK
growth in soft agar, their effects on A-549 human lung carcinoma cells
are antagonistic.

The bifunctional response of cells to TGF-8 cannot be ascribed to
differences between non-neoplastic and neoplastic cell types nor to
differences between fibroblastic and epithelial cell types. Rather, a
bifunctional response to TGF-8 has been shown to occur in a single
cell type (c-myc-transfected Fisher rat 3T3 fibroblasts) under almost

identical growth conditions and TGF-8 concentration (160). In these
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cells, TGF-B synergizes with PUGF to stimulate colony formation but
inhibits colony formation induced by EGF. These data indicate that the
effects of the autocrine regulator TGF-B are not a function of the
peptide itself but of the total set of growth factors (and their
receptors) that is operating on a cell at a given time.

TGF-B8 now stands as a paradigm for several important features of
growth regulation: (a) it is one of the first peptide growth
inhibitors purified to homogeneity and its amino acid sequence has
been determined; (b) it is a negative growth regulator that may

‘function in the autocrine pathway and therefore neoplastic
transformation may also result from failure to express or respond to
specific growth inhibitory substances that are released by the cells
to regulate their orderly growth; and (c) it carries bifunctional
(stimulatory and inhibitory) growth regulatory activities. It is
noteworthy that such a feature of peptide growth inhibitors has

actually been predicted as recently as 1983 (161).

Fibroblast growth regulator-soluble form. A fibroblast growth

regulator has been isolated from medium conditioned by exposure to
density-inhibited mouse 3T3 cells. This growth inhibitory activity,
termed FGR-s (Fibroblast Growth Regulator - soluble foram), contained
two polypeptides (Mr 10,000 and 13,000) (165,166). A monoclonal
antibody (2A4), specifically bound the nr 13,000 polypeptide of FGR-s
and also neutralized the growth inhibitory activity in a concentration
dependent a fashion (167). These results suggest that the Mr 13,000
polypeptide. designated FGR-s8 (13K), carries growth inhibitory

activity. This polypeptide (pl .10) chromatographed on gel filtration
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as a Hr 13,000 species under native, non-reducing conditions.

Monoclonal antibody 2A4 also binds directly to live or unfixed
3T3 cells. The binding is saturable, suggesting that FGR-s (13K) or a
cross-reactive precursor is present on the plasma membrane. This is
consistent with the finding that radioactively-labeled preparations of
FGR-s can bind to (or exchange with) components of the cell surface
(168).

Particularly striking was the observation that addition of
Antibody 2A4 to cultures of 3T3 cells in the absence of any
exogenously added FGR-s enhanced the level of DNA synthesis (169). In
contrast, addition of a control monoclonal antibody, which binds to
3T3 cells but is nonreactive with FGR-8, failed to yield the same
effect. These results suggest that Antibody 2A4 may be neutralizing
the activity of FGR-s molecules endogenous to the culture and
reversing the effect of inhibition. Therefore, it is inferred that
FGR-8 (13K) may play a role in the normal mechanism of density
dependent inhibition of growth in 3T3 cells. This negative regulation
action of FGR-s8 (13K) in 3T3 cultures is autocrine.

Using procedures similar to our studies reported above, it has
been shown that secondary cultures of mouse embryo fibroblasts release
into the medium a growth inhibitory activity whose physico-chemical
behavior closely parallels that of FGR-s. The molecular weights of the
polypeptides in the active fractions were 11,000 and 14,000 (170). In
this connection, it should be noted that both soluble as well as
plasma membrane associated growth inhibitory fractions, derived from
3T3 cells and with properties similar to FGR-s, have been reported

from several laboratories (171-174). The molecular properties of these
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active fractions and their relationship to FGR-s8 (13K) remain to be

elucidated.

Other systems. Four additional growth inhibitory activities
deserve mention simply because their characterizations have moved
beyond mere demonstration of the phenomena of growth inhibition. They
are: (a) a purified growth inhibitor ("r 13,000) for Erlich Ascites
mammary carcinoma cells from bovine mammary gland (175); (b) a
partially purified glycopeptide preparation (ur 18,000), derived from
mouse and bovine cerebral cortex cells, that inhibits protein
synthesis and cell growth of normal but not transformed cells
(176,177); (c) a heparin-like molecule, produced by cultured
endothelial cells, that inhibits the growth of smooth muscle cells
(178,179); and (d) a lipid molecule on the plasma membrane of lymphoid
cells that inhibits the growth of normal lymphocytes and lymphoid

tumor cells (180,181).
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