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This is an edited summary of an Interdepartmental Conference arranged by the Department of Medicine of the University of
California, Los Angeles, School of Medicine. The Director of Conferences is William M. Pardridge, MD, Professor of Medicine.

The ability of malignant cells to escape the constraints that normally regulate cell growth and differentiation has been a
primary focus of attention for investigators of cancer cell biology. An outcome of this attention has been the discovery
that the protein products of oncogenes play a role in the activation of growth signal pathways. A second outcome, possibly
related to abnormal oncogene expression, has been the discovery that malignant cells frequently show an ability to
regulate their own growth by the release of autocrine growth modulatory substances. Most important, the growth of
certain malignant cell types has been shown to depend on autocrine growth circuits. A malignant tumor whose continued
growth depends on the release of an autocrine growth factor may be vulnerable to treatment with specific receptor
antagonists or immunoneutralizing antibodies designed to break the autocrine circuit. Information is rapidly emerging
concerning autocrine growth factors in selected human solid tissue malignancy.

(Walsh JH, Karnes WE, Cuttitta F, Walker A: Autocrine growth factors and solid tumor malignancy. West J Med 1991 Aug; 155:152-163)

OoHN H. WaLsH, MDp*: Communication between cells is
J accomplished by the release of “messenger” substances
that are delivered to remote target cells through the circula-
tion (endocrine) or to neighboring cells through diffusion
(paracrine). When the secreting cell is also the target cell, the
term ‘‘autocrine” is used (Figure 1). An autocrine substance
that stimulates proliferation might cause clonal expansion
and tumor formation if negative proliferative influences are
not operative or if the cell’s life span becomes prolonged. In
fact, autocrine-stimulated proliferation has been shown to be
a common characteristic of malignant cells in culture. This
finding has stimulated tremendous interest in the role of auto-
crine growth factors in the development and maintenance of
malignancy.’

Background

WiLLIAM E. KARNES, MD7: Malignant cells in culture show
several features consistent with autocrine- or paracrine-
mediated proliferation: they proliferate in serum-free media
containing few (if any) exogenous growth factors,? they often
secrete growth-promoting peptides, and their growth is en-
hanced by high plating density.®> The proof of autocrine-
mediated proliferation requires a demonstration that the
clones of cells coexpress the putative autocrine growth factor

*Department of Medicine, Division of Gastroenterology/CURE, Wadsworth VA,
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and its specific receptor. In addition, the cells should prolif-
erate in the absence of the exogenous addition of the putative
autocrine growth factor and show inhibition of proliferation
in the presence of a specific growth factor-receptor antago-
nist or an immunoneutralizing antibody against the growth
factor. Table 1,*?° prepared by Frank Cuttitta, MD (author of
the Small-cell Lung Cancer section), lists several human
malignant tumors, each accompanied by a list of growth
factors that have been suggested to be autocrine growth
factors.

Can Growth Factors Initiate Malignancy?

Considerable effort has been directed toward determining
if autocrine-mediated proliferation is sufficient to promote

Autocrine
\ )
Paracrine Q Endocrine

Figure 1.—Communication
between cells by soluble
factors may occur through
the circulation to remote
target cells (endocrine) or
by diffusion to nearby cells
(paracrine). When the se-
creting cell is the target
cell, the term “autocrine” is
used.
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ABBREVIATIONS USED IN TEXT

EGF = epidermal growth factor

GRP = gastrin-releasing peptide

IGF = insulinlike growth factor

PDGF = platelet-derived growth factor
TGF = transforming growth factor

and maintain malignancy. In the presence of transforming
growth factors (TGF-a and TGF-£), normal rat kidney cells
become anchorage independent (transformed), a characteris-
tic of malignant cells.3® When these cells are imparted with
an autocrine growth circuit by transfection with an “acti-
vated” gene encoding TGF-a (constitutively activated by a
promoter sequence), they become transformed in the pres-
ence of exogenous TGF-g alone.*' Similarly, when NIH 3T3
fibroblasts are imparted with a platelet-derived growth factor
(PDGF) autocrine circuit by transfection with an activated
PDGEF gene, a transformed phenotype is produced.*? Using
similar techniques, epidermal growth factor (EGF)-receptor
overexpression has also been shown to induce transformation
in NIH 3T3 cells in the presence of EGFE.**** Finally, and
perhaps most significant, the activated expression of TGF-«
in transgenic mice has been shown by independent laborato-
ries to induce malignant changes in breast and hepatic
epithelium.3$-%” Together these data suggest that autocrine
growth circuits may be sufficient to induce and maintain
malignancy.

Autocrine-mediated proliferation, however, is not limited
to malignant cells. The proliferation of nontumorigenic cell
lines derived from normal breast epithelium?® and a cell line
derived from a colonic adenoma®® has been shown to depend
on intact TGF-a- or EGF-receptor autocrine loops. In addi-
tion, TGF-« and its receptor are ubiquitous products of many
normal tissues, including skin keratinocytes,*® macro-
phages,** and epithelium of the entire gastrointestinal
tract.*>** Autocrine-mediated proliferation, therefore, may
be a normal phenomenon important in growth, development,
and wound repair. Malignancy, however, may be an outcome
of the autocrine secretion of growth factors by cells that lack
(or lose) the ability to govern the growth signal pathway.

Growth Factors, Oncogenes, Tumor Suppressor Genes,
and the Growth Signal Pathway

Progress in the understanding of the role of autocrine
growth factors in malignancy has paralleled an explosion of
knowledge concerning the genes associated with malig-
nancy: oncogenes and tumor suppressor genes. This prog-
ress has led to new insights into the process of malignant
transformation. Malignant transformation occurs in re-
sponse to various defects affecting the growth signal path-
way, whether occurring at the level of growth factor-receptor
interaction, second messenger systems, or at the level of the
nucleus (Figure 2).

Oncogenes are dominantly acting genes that can induce
transformation of normal cells into malignant phenotypes
(see reviews by Klein, Weinberg, and Bishop**-4¢). They are
mutant forms of normal genes that encode protein constitu-
ents of the growth signal pathway (Figure 2). For example,
growth factors are represented by v-sis, which encodes a
PDGF-like peptide; v-erb-b, which encodes a truncated
EGF receptor-like molecule with tyrosine kinase activity (a
particularly common characteristic of oncogenes and normal
growth factor receptors); the ras family of genes encoding
guanosine triphosphate-binding proteins, which may be in-
volved in second messenger systems; and, finally, a large
group of nuclear oncogenes (myc, fos, jun) that encode pro-
teins which seem to regulate the expression of genes impor-
tant in differentiating and initiating DNA synthesis and cell
division. For the most part, oncogene products are constitu-
tively activated forms of their normal counterparts and likely
act by causing a short circuit of the growth signal pathway.

Tumor suppressor genes are also associated with malig-
nancy. In contrast to oncogenes, tumor suppressor genes are
recessively acting genes; the loss or destructive mutation of
both alleles is associated with the development of malignancy
(see reviews by Klein and Hansen and Cavenee.***”). Exam-
ples of tumor suppressor genes include the RB gene, the loss
of which is associated with retinoblastoma,*’ and the p53
gene, the loss of which is associated with colorectal carcino-
mas. *® The protein products of tumor suppressor genes seem
to play an important role in normal cells to prevent malig-

TABLE 1.—Possible Autocrine or Paracrine Growth Factors of Human Malignant Tumors

Peptide

Tumor

Study

Gastrin-releasing peptide . .............oiunnn
Insulinlike growth factor L. . ...................

Insulinlike growth factor . ...................
Interleukin-1.... ... ... ... .. i,

Interleukin-2......... ...l
Interleukin-6 and B-cell stimulating factor-2 . ....
Platelet-derived growth factor.................
Transferrin and transferrinlike proteins. ..........
Transforming growth factor-ac.................

Transforming growth factor-g ............ i

Small-cell lung cancer
Fibrosarcoma
Osteosarcoma

Colon carcinoma
Liposarcoma

Breast carcinoma
Non-small-cell lung cancer
Small-cell lung cancer
Neuroblastoma
Leiomyosarcoma
Monocytic leukemia

Acute myelocytic leukemia
T-cell ymphoma

Muitiple myeloma
Glioblastoma

Small-cell lung cancer
Breast carcinoma

Colon carcinoma
Pancreatic carcinoma
Non-small-cell lung cancer
Colon cancer

Breast cancer

Cuttitta et al, 19854

Delarco and Todaro, 19785

Blatt et al, 1984¢

Tricoli et al, 19867; Culouscou et al, 19878
Tricoli et al, 19867

Furlanetto and DiCarlo, 1984%; Huff et al, 1986
Minuto et al, 1988"'; Minuto et al, 19862
Nakanishi et al, 19883

Eil-Badry et al, 1988

Daughaday et al, 1988'%

Furukawa et al, 1987'¢

Cozzolino et al, 1989"7

Duprez et al, 1985'8

Kawano et al, 1988

Hermansson et al, 19882

Nakanishi et al, 19882; Vostres et al, 19882
Dickson et al, 19862; Dickson et al, 19862*
Coffey et al, 198625

Smith et al, 19872

Siegfried, 19872

Coffey et al, 198728

Knabbe et al, 19872°
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Figure 2.—The relation is shown between representative oncogene products
and various steps of the growth signal pathway. Growth factors @ interact
with cell surface receptors, @ leading to the activation of second messengers
@ that relay information through the cytoplasm @ into the nucleus ®.
Oncogene products are represented at all levels of the growth signal pathway
(see text for more detail). Tumor suppressor genes may play an important
regulatory role.

nancy, perhaps by tightly regulating key elements of the
growth signal pathway.

Autocrine Growth Loops May Be Targets for
Therapeutic Intervention

Regardless of the relative roles of oncogenes, tumor sup-
pressor genes, and autocrine growth loops in the process of
malignant transformation, autocrine-stimulated proliferation
is a common characteristic of malignant cells and is poten-
tially vulnerable to pharmacologic intervention. A malignant
tumor whose continued proliferation depends on an intact
autocrine growth loop may be vulnerable to treatment strate-
gies that use specific receptor antagonists or growth factor
antibodies. This approach has led to phase I clinical trials
using monoclonal antibodies to gastrin-releasing peptide
(GRP) in patients with advanced small-cell lung cancer.*®

Autocrine Growth Factors Regulating
Proliferation of Pulmonary Malignancy

FRANK CUTTITTA, PhD*: The primary research of our labora-
tory has focused on identifying and characterizing the auto-
crine growth factors of human malignant tumors, with an
emphasis on small-cell and non-small-cell lung cancers. By
understanding tumor cell biology and the factors that regu-
late growth, we can devise rational therapeutic strategies
against malignant disease. We have used three approaches to
study the autocrine growth factors of lung cancers:

® Exogenous requirements for growth factors
Biologically defined factors are introduced to established
cancer cell lines, and their growth-regulating effects (stimu-
lation or suppression) are examined. The responding tumor
cells then are analyzed for their ability to produce these bio-
logically active mediators. An example is our studies with
*Department of Medicine, Uniformed Services, University of the Health Sciences,

and NCI-Navy Medical Oncology Branch, National Naval Medical Center, Bethesda,
Maryland.

insulinlike growth factors (IGFs) and with transferrin, as
described subsequently.

o Endogenous production of growth factors

When a tumor cell line has shown an abnormal produc-
tion of a specific peptide hormone, its growth regulatory
properties on that same tumor cell line are examined. The
growth-promoting properties of gastrin-releasing peptide on
human small-cell lung cancer were identified in this manner.

® Molecular genetic approach to identify new factors

Genes that encode the transcription of defined growth
factors also contain sequence codons for additional peptide
products with possible biologic functions. We have identified
at least three new peptide products that have growth-
promoting effects for normal and malignant cells.*® These
novel factors are encoded within pro-GRP and pro-IGF-I
transcripts downstream from the genes’ major known pep-
tide products.s'-*2

Gastrin-Releasing Peptide (Mammalian Bombesin) as an
Autocrine Growth Factor in Human Small-cell Lung Cancers

Small-cell lung cancer is a highly metastatic neuroendo-
crine tumor that produces various peptide hormones which
can lead to various paraneoplastic syndromes associated with
this disease.** Under cell culture conditions, small-cell lung
cancer cell lines produce arginine vasopressin, adrenocorti-
cotropin, calcitonin, parathyroid hormone-like peptides,
luteinizing hormone, human chorionic gonadotropin,
IGF-I, oxytocin, neurophysin, estradiol, somatostatin, glu-
cagon, prolactin, endorphin, physalaemin, substance P, and
GRP.5*5% Gastrin-releasing peptide, the mammalian coun-
terpart to the amphibian peptide bombesin, is the first
peptide hormone that has been definitively proved to be an
autocrine growth regulator of human cancer.*3

Gastrin-releasing peptide has been shown to be an auto-
crine regulator of human small-cell lung cancer by a series of
experimental studies (Table 2).*5%57-¢¢ A major factor in the
success of these studies was the development of a mono-
clonal antibody, 2A 11, that reacted with the biologically ac-
tive carboxyl-terminal heptapeptide region of bombesin and
GRP.* The antibody was exquisitely selective in its binding
recognition site and reacted only with biologically active
amidated peptide. Antibody 2A11 blocked growth stimula-
tion produced by exogenous GRP in tissue culture and neu-
tralized the biologically active GRP produced by cultured
small-cell lung cancer cells. The antibody also caused trans-
planted small-cell lung cancer tumors in nude mice to shrink,
whereas another mouse immunoglobulin G1 antibody raised
against an indifferent antigen, MOPC-21, had no effect.

Gastrin-releasing peptide gene expression in fetal and
adult lung is confined to a distinct type of pulmonary endo-
crine cell known as the Kulchitsky cell. This cell is located in
the base of normal bronchial epithelium interdigitated be-
tween columnar cells.’-%® Clusters of such cells, known as
neuroepithelial bodies, are arranged as apical outcroppings
in the bronchial lumen and have been proposed as the progen-
itor cells for small-cell lung cancer.®®-7°

The increased production of GRP in small-cell lung
cancer tumors and cell lines was confirmed in several
laboratories.**57-5° Subsequently the complementary DNA
encoding prepro-GRP was isolated from small-cell lung can-
cer lines.” The gene has been mapped to human chromo-
some 18q21.72 The messenger RNA for GRP is subjected to
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TABLE 2.—Studies of the Role of Gastrin-Releasing Peptide (GRP) in Human Small-cell Lung Cancer

Results

Study

GRP was shown to be an endogenous product of small-cell lung cancer

GRP was found to be actively secreted by small-cell lung cancer

cancer

culture medium by the same cell lines

planted into nude mice

cancer growth in vitro

Smali-cell lung cancer was found to express high affinity receptors of GRP
Exogenously administered GRP stimulated clonigenic growth of cultured small-cell lung

Endogenously produced GRP was shown to induce autoproliferation of small-cell lung cancer
A monoclonal antibody that immunoneutralizes the growth-promoting effects of exogenous
GRP and bombesin on small-cell lung ¢ancer neutralized the growth factors released into
The same monoclonal antibody blocked growth of tumors of small-cell lung cancer trans-

Competitive antagonist peptides that interact with the GRP receptor but produce no bio-
logic response prevented interaction of GRP with its receptor and inhibited smalli-lung

Moody et al, 198154, Wood et al, 198157; Yamaguchi et al,
1983%8; Erisman et al, 198252

Moody et al, 1983%; Korman et al, 1986¢'; Sorenson et al,
198262

Moody et al, 1983%3; Moody et al, 198564
Carney et al, 198765

Cuttitta et al, 1985+
Cuttitta et al, 19854
Cuttitta et al, 19854

Trepel et al, 198866

alternative splicing, resulting in the formation of three differ-
ent mRNA products.” All three mRNAs code for precursor
molecules with a common GRP region but differ as to their
downstream amino acid composition on the carboxyl-
terminal side. One alternatively spliced precursor product
(pro-GRP II) differs from the largest gene product (pro-GRP
I) by a 7-amino acid truncation due to a 21-base deletion in its
mRNA. The shortest GRP message has a 19-base deletion,
which in turn leads to a frame shift in amino acid coding that
results in the formation of an entirely new peptide at the
carboxyl terminus (pro-GRP III). Polyclonal antibodies have
been raised against both of these carboxyl-terminal amino
acid sequences and used to characterize prepro-GRP expres-
sion in normal and malignant lung tissues.”® Immunohisto-
chemical studies have shown that both peptide I or II and
peptide III gene products are produced by normal and malig-
nant pulmonary endocrine cells.”

Peptides that result from the alternate splicing of GRP
mRNA have been isolated and characterized from small-cell
lung cancer cell lines.5* One of these was the C-terminal
tetradecapeptide of prepro-GRP III. A synthetic analogue of
this peptide was shown to bind with high affinity (2 nmol per
liter) to specific receptors on small-cell lung cancer cells that
did not interact with GRP. There is some preliminary evi-
dence that this peptide may be another growth-stimulating
product of the GRP gene for small-cell lung cancer.

A 78-kd protein has been putatively identified as the GRP
receptor in small-cell lung cancer.®* Small-cell lung cancer
cells have a relatively low number of receptors on their sur-
face, on the order of 1,000 to 3,000 per cell, with a ligand
binding constant of approximately 1 nmol per liter. Neither
the tumor receptor nor the normal receptor has yet been
cloned and sequenced.

The growth-stimulating properties of GRP on small-cell
lung cancer usually show a narrow concentration range for
the optimal stimulation of clonigenic growth with an inhibi-
tion of growth by supramaximal doses.*® Optimal concentra-
tions of GRP for stimulating the growth of small-cell lung
cancer cells usually are 10 to 100 nmol per liter. Gastrin-
releasing peptide has also been shown to stimulate the growth
of normal bronchial epithelial cells in culture.”

Insulinlike Growth Factor I in Small-cell Lung Cancer

Insulin is known to be a factor that enhances the growth of
small-cell lung cancer and many other human tumor cell

lines.”® In humans, insulinlike growth factors (IGF-I and
IGF-II) are products of separate genes and interact with high-
affinity receptors distinct from the high-affinity insulin
receptor.”¢-#3 Insulinlike growth factors I and II are known to
play an important role in regulating mammalian growth dur-
ing fetal development.®* Several studies with primary human
non-small-cell lung cancers showed increased levels of
IGF_I . 11,12

We studied the effects of insulin on small-cell lung cancer
and found that the proliferation of growth it induced was not
mediated through the high-affinity insulin receptor.** Using
reagents that had been applied to study the regulation of
growth of 3T3 cells,3%-%¢ we found that a monoclonal anti-
body to the IGF-I receptor, «-IR-3, neutralized the insulin-
induced growth of small-cell lung cancer without binding to
the insulin receptor. Recombinant IGF-I was shown to be
more potent than insulin in stimulating the growth of small-
cell lung cancer in vitro, and this stimulation was blocked
by monoclonal antibody «-IR-3,"* providing additional evi-
dence that the IGF-I receptor was dominant in stimulating the
growth of small-cell lung cancer by both insulin and IGF-I.

To establish whether or not IGF-I had an autocrine stimu-
latory role in small-cell lung cancer, we developed antibodies
against IGF-I1 and IGF-I gene-related peptides predicted
from cDNA analysis of IGF-I to be located downstream
(carboxyl-terminal) to IGF-I in prepro-IGF-I. These poly-
clonal antibodies were used to screen whole cell lysates of
several small-cell lung cancer lines for the expression of IGF-
I and IGF-I gene-related peptides. Several cell lines were
found to produce these peptides. Endogenously secreted
IGF-I was found to retain full biologic activity to initiate the
growth of other small-cell lung cancer cell lines, and mono-
clonal antibody a-IR-3 lowered the growth rate of small-cell
lung cancer cell lines.'* These data imply that IGF-I pro-
duced by some small-cell lung cancer cell lines functions as
an autocrine regulator of tumor cell growth.

Transferrin in Small-cell Lung Cancer

We have identified transferrin or transferrinlike protein as
an additional autocrine growth factor in small-cell lung can-
cer.? This finding has been confirmed by another labora-
tory.?? Our studies on transferrin were similar to studies we
did with IGF-I. The initial experiments showed that small-
cell lung cancer cell lines used transferrin to maintain
growth. In serum-free culture conditions, transferrin is used
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as the iron-binding protein to satisfy cellular cofactor de-
mands of the electron transport system. Several small-cell
lung cancer cell lines can grow in the absence of exogenous
transferrin. Because there are no known biologic substitutes
for transferrin, such a finding implicated the endogenous
production of transferrin or a transferrinlike protein. On fur-
ther investigation, it was found that the growth of small-cell
lung cancer cell lines could be blocked by the use of a
monoclonal antibody to the transferrin receptor, MoAb
42/6.2'-57-88 Subsequent studies have shown that small-cell
lung cancer cell lines produce an 80-kd protein that shares
immunologic homology with native transferrin.?* All these
data show that transferrin or other transferrinlike proteins, or
both, initiate the autocrine growth of small-cell lung cancer
in vitro.

Conclusions

We have shown that GRP, IGF-1, and transferrin can func-
tion as autocrine regulators of the growth of small-cell lung
cancer cell lines in vitro. The autocrine growth-promoting
role of GRP has also been shown in vivo. These studies have
expanded our understanding of the growth regulation of
small-cell lung cancer and have brought us closer to the
development of new therapeutic strategies based on the inter-
ruption of autocrine growth stimulants. Current strategy has
involved the use of neutralizing antibodies raised against tu-
mor growth factors or their respective receptors to block
autocrine loop mechanisms of proliferation. Future direc-
tions will include the development of specific growth factor
receptor chemical antagonists and cytotoxic reagents that are
targeted to growth factor receptors.

Breast Carcinoma

AMEAE M. WALKER, PhDp*: The pivotal role of estrogens as
promoters of human breast cancer is well established. The
estrogen dependency of many breast cancers has permitted
effective treatments using antiestrogens or oophorectomy.
Unfortunately, by the time breast cancer reaches the stage of
overt metastatic disease, estrogen dependence is frequently
lost.®® The search for an understanding of the estrogen pro-
motion process and the mechanisms whereby most of the
tumors subsequently escape estrogen dependence has led to
evidence that estrogen may stimulate the proliferation of
breast cancer cells by modulating the release of, and response
to, autocrine and paracrine growth factors.®°

Several autocrine growth factors have been shown to be
elaborated by breast cancer cells in culture and in some cases
by normal breast tissues in vitro and in vivo (Table 3). The
secretion of many of these factors has been shown to be
regulated by estrogen. The growth-promoting peptides,
TGF-«, IGF-I, and 52K-cathepsin D, are positively regu-
lated by estrogen, whereas the growth-inhibiting peptide,
TGF-B, is negatively regulated by estrogen. Other potential
autocrine growth-regulating peptides now being studied in
breast cancers include IGF-II, basic fibroblast growth factor,
platelet-derived growth factor, and the recently recognized
growth-inhibiting peptide, mammostatin.®*

Transforming Growth Factor-o

Of the growth-stimulating factors, TGF-«, which has re-
ceived the most attention, is a 5.6-kd, 50-amino acid poly-
peptide that is structurally similar to EGF and probably acts

*Department of Biomedical Sciences, University of California, Riverside.
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through the EGF receptor. In 1984 Salomon and colleagues
showed that conditioned medium from mammary tumor cells
competed with EGF labeled with iodine 125 for EGF recep-
tor binding on 3T3 fibroblasts and stimulated the growth of
normal rat kidney cells in soft agar.®* These workers also
found EGF receptors on the same mammary tumor cells that
released EGF-receptor binding activity. This work has been
verified and extended by Dickson and associates,?*** who
found that EGF-receptor binding activity was TGF-a. The
ability of these cells to produce TGF-o« and growth response
to exogenous TGF-a suggests an autocrine role in mammary
carcinoma. The fact that approximately 70% of primary
mammary tumors express TGF-o mRNA®* and as many as
67% possess EGF receptor®® emphasizes the possible impor-
tance of this autocrine circuit in breast cancer.

The expression and secretion of TGF-a« seem to be tightly
regulated by estrogen in estrogen-sensitive cells. Several
mammary tumor cell lines have been shown to produce any-
where from two to eight times more TGF-« in response to
estrogen administration, whereas estrogen depletion or treat-
ment with antiestrogens leads to much lower production,*-%4
an effect that is paralleled by the stimulation and inhibition of
growth, respectively.®® Epidermal growth factor-receptor ex-
pression also seems to be positively regulated by estrogen®’-%8
and EGE.*° The growth-inhibiting effect of antiestrogens on
breast cancer cell lines can be reversed by the exogenous
administration of EGF.'? Taken together, these observations
suggest that TGF-« autocrine secretion is mediated by estro-
gen in estrogen-dependent cell lines.

Bates and co-workers tested the dependency of estrogen-
stimulated growth on the autocrine secretion of TGF-« in
estrogen-sensitive cells (MCF-7).°* Immunoneutralizing
anti-TGF-« antibody and EGF-receptor antagonist antibod-
ies each significantly inhibited estrogen-induced growth af-
ter several days. These results contrast with those of Arteaga
and colleagues, who were unable to show an inhibition of
estrogen-induced DNA synthesis by anti-TGF-a antibody
or EGF-receptor antagonist after 18 hours using MCF-7
cells. ' In the latter study, cells were pretreated with tamox-
ifen to accentuate the estrogen response. A role of TGF-« as
the mediator of estrogen-induced growth of breast carcinoma
was further disputed by the work of Clarke and associates. %
They transfected MCF-7 cells with an activated TGF-« gene
to induce constitutive overexpression and secretion of TGF-
a. Although the transfected cell lines secreted large amounts
of TGF-a, they remained estrogen-dependent and were un-
able to form tumors in oophorectomized nude mice. In sum-
mary, much evidence suggests an important role for TGF-«
in stimulating the growth of estrogen-responsive breast carci-
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noma cells, although the role of TGF-« as a mediator of
estrogen-induced growth is disputed.

Insulinlike Growth Factor I

Insulinlike growth factor I is a 7.6-kd polypeptide with
considerable structural similarity to proinsulin. Although
IGF-1 is able to bind insulin receptor and stimulate many of
insulin’s metabolic effects, it exerts its mitogenic effect
through interaction with its own specific receptor. Insulinlike
growth factor I is a potent mitogen for breast cancer cells in
vitro.'®® Like TGF-a, IGF-I can override the growth-
inhibitory effects of tamoxifen.®® Insulinlike growth factor-I
receptors are present on most of breast carcinoma cell
lines'®*1%5 and primary breast carcinomas,'®® whereas few,
if any, IGF-I receptors are detectable in normal breast
tissues. 1% The receptor content of IGF-I is positively
correlated with estrogen receptor content in primary tu-
mors.'%1%8 | jke TGF-o, IGF-I release seems to be stimu-
lated by estrogen,'® although estrogen may not be the
primary regulator.'%?

52K-Cathepsin D

52K-Cathepsin D, a glycoprotein precursor of the 34-kd
protease, cathepsin D,'**!'! is secreted by and is mitogenic
for breast carcinoma cell lines. Its secretion is induced by
estrogen in estrogen-dependent cell lines,''? and it is mito-
genic for the same cells in the absence of estrogen.''® Its
expression is also induced by EGF, insulin, IGF-I, and basic
fibroblast growth factor.''* In estrogen-independent cell
lines, 52K-cathepsin D is constitutively expressed.'*s The
mechanism by which it stimulates proliferation is unclear. It
may function enzymatically to activate or inactivate co-
secreted growth-promoting or -inhibiting propeptides, re-
spectively.'*¢!"” Alternatively, it may exert its mitogenic
effects directly. Morgan and colleagues found a high degree
of structural similarity between the mannose-6-phosphate
receptor and the IGF-II receptor.!'® Because cathepsin D
bears mannose-6-phosphate moieties and binds mannose-6-
phosphate receptors,''? it may have the capacity to interact
with IGF-II receptor to induce mitogenesis directly. Final-
ly, cathepsin D may function to enhance tumor invasive-
ness by its proteolytic activities on basement membrane
components.'2°

Insulinlike Growth Factor I

Insulinlike growth factor II is structurally related to IGF-I
and proinsulin and binds a unique receptor.'*' Yee and asso-
ciates showed that IGF-II is produced by and is mitogenic for
breast cancer cells in vitro.'?* They also found that IGF-II
production, like most of the other growth factors mentioned
above, is induced by estrogen in estrogen-sensitive cell lines.
Specific receptors and several binding proteins for IGF-II
have been found in most breast carcinoma cell lines. ' Insu-
linlike growth factor II mRNA is frequently expressed and
produced by human mammary carcinomas and by surround-
ing normal tissues,'?? suggesting that this peptide may prove
to be an important autocrine or paracrine growth regulator of
breast carcinoma.

Fibroblast Growth Factors and
Platelet-derived Growth Factor

Fibroblast growth factor-related genes have been shown
to be amplified and expressed in approximately 17% of pri-

mary breast carcinomas. '?*-'** Basic fibroblast growth factor
stimulates the proliferation of breast carcinoma cells in vi-
tro.1°3-125 Platelet-derived growth factor-related proteins are
also produced by breast cancer cells and surrounding stromal
tissue but do not stimulate autogrowth of breast cancer
cells.'26-128 They may contribute to tumor growth by stimu-
lating stromal proliferation.

Transforming Growth Factor-3—A Growth Inhibitor

The fourth growth factor listed in Table 3, TGF-8, has
received much attention because of its ability to inhibit the
growth of many epithelial carcinomas. Transforming growth
factor-3 represents a family of structurally related peptides
that bind to specific receptors.'*-**° In the presence of EGF,
TGF-B will induce colony formation of normal rodent fibro-
blast cells in soft agar.*® This growth factor is particularly
interesting because, contrary to its growth-stimulating ef-
fects on normal rat kidney cells in soft agar, it has a growth-
inhibiting effect on normal rat kidney cells when grown in
monolayers. It is capable of stimulating or inhibiting a wide
variety of cell types.'** Growth inhibition by TGF-@ is most
often seen in cells of epithelial origin, including mammary
tumor cells.?®

Mammary tumor cells frequently produce TGF-3, bear
receptors for TGF-3, and increase their production of TGF-3
in response to antiestrogens or estrogen withdrawal.? In
estrogen-responsive cell lines, estrogen causes a reduction in
TGF-8 production,?® whereas antiestrogens or estrogen
withdrawal induces TGF-8 production.?® The inhibitory ef-
fects of estrogen on the production of TGF-( and its stimula-
tory effects on the production of growth-promoting peptides
can easily be envisioned as a mechanism explaining the estro-
gen dependence of mammary tumors. Other estrogen-
dependent mammary carcinoma cell lines do not follow this
pattern, however, as judged by the effects of estrogen on
mRNA levels of TGF-a and TGF-3.'** There are probably
other mechanisms of estrogen promotion.

Escape From Estrogen Dependence

We can well envision an escape from estrogen depen-
dence resulting from the constitutive production of autocrine
growth factors or the underproduction of autocrine growth-
inhibitory factors (TGF-(). In line with this hypothesis is the
finding that EGF causes a decrease of estrogen-receptor lev-
els in estrogen-sensitive cell lines.'** Dickson and co-
workers, however, found a complete lack of correlation
between estrogen dependence or tumorigenicity and the
overproduction of TGF-¢, or the underproduction of TGF-8,
in breast carcinoma cell lines.?* In addition, estrogen
receptor-positive cell lines frequently lack TGF-@ receptor,
and their growth is not greatly inhibited by exogenous TGF-
B, whereas estrogen-negative cell lines often bear TGF-8
receptor, and their growth is potently inhibited by TGF-3.'*¢
Finally, the TGF-a content of estrogen receptor-negative pri-
mary mammary carcinomas has been found to be reduced by
50% compared with estrogen receptor-positive tumors.*3s

Battaglia and associates reported a substantially higher
incidence of EGF-receptor positivity in metastatic lesions
compared with primary tumors.'** Using immunocyto-
chemical techniques, the same group and others found a
significant inverse relation between staining for EGF recep-
tor and estrogen receptor in primary breast tumors, respec-
tively.108:136-137 In other studies by Nicholson and colleagues
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using immunocytochemical and radioreceptor assay tech-
niques on tumors removed after antiestrogen therapy, a

~ strong positive relation between a poor response to antiestro-
gen therapy and EGF-receptor positivity or estrogen-
receptor negativity was found.'3®13°

HER-2/neu Oncogene Products Are Related to
Estrogen Independence and Poor Prognosis

Recently the amplification of an EGF-receptor-related
proto-oncogene variously known as HER-2, neu, or c-erb
B2, has been seen in 25% to 30% of primary breast carcino-
mas.'*® The HER-2/neu proto-oncogene has been shown to

abe inversely associated with estrogen- and progesterone-
receptor status'*' and negatively correlated with progno-
sis.'® Presumably it encodes a growth factor receptor, but its
ligand has not yet been identified.

Escape from estrogen dependence seems to be better cor-
related with the expression of the EGF receptor and its
closely related family member (HER-2/neu) than to the ex-
pression of TGF-a or TGF-g. This finding does not exclude
the possibility that other as-yet-unidentified growth-
modulating ligands may be important in the process of estro-
gen escape. It does, however, emphasize that a short circuit
of the growth signal pathway does not have to be autocrine.
Constitutively activated receptors, second messenger sys-
tems, or primary growth signals at the level of the nucleus
could lead to autonomous growth independent of extracellu-
lar modulatory substances. The complex interactions be-
tween intracellular and extracellular events in the growth
signal pathway remain poorly understood.

Gastrointestinal Cancers

DR KARNES: Autocrine growth circuits in gastrointestinal
cancers have been less well characterized than those of breast
cancer and small-cell lung cancer. Data are emerging in sup-
port of the importance of autocrine growth factors in gastro-
intestinal malignant tumors. Growth factors attracting the
most attention have included TGF-a, TGF-3, and gastrin.
The strongest data to date involve the autocrine role of TGF-
« in cancers of the esophagus, stomach, pancreas, and colon.

Transforming Growth Factor-o

Esophagus. Squamous cell carcinoma of the esophagus is
associated with the amplification and overexpression of the
EGF-receptor gene.'** Tissue and cell lines derived from
squamous cell carcinoma of the esophagus also have an ele-
vated receptor number compared with other carcino-
mas.'#1% Yoshida and co-workers recently showed coex-
pression of the EGF receptor and its ligand, TGF-«, in all six
esophageal squamous carcinoma cell lines they tested.'**
Messenger RNA and protein of EGF were also produced in
three of the six cell lines. Monoclonal antibodies against
EGF and TGF-« inhibited DNA synthesis in one of these cell
lines, suggesting that EGF and TGF-« functioned as auto-
crine growth factors.

Stomach. As in squamous cell carcinoma of the esopha-
gus, gastric carcinoma tumor specimens and cell lines almost
universally express EGF receptors.'#¢-'*® Similarly, the
EGF-receptor ligands, TGF-« and EGF, are also produced
by gastric carcinoma cell lines.'**-*5® The level of EGF-like
immunoreactivity in gastric carcinoma tissues has been asso-
ciated with a poor prognosis.'*’ An autocrine role of TGF-«
and EGF in gastric carcinoma has been suggested by Yoshida

and colleagues in work similar to that described in esopha-
geal carcinoma cell lines.'s' They found that TGF-« and
EGF receptor were coexpressed in all 7 gastric carcinoma
cell lines and in all 15 gastric carcinoma tumors they exam-
ined. Furthermore, they showed that antibodies against
TGF-« and EGF inhibited DNA synthesis of cultured cell
lines.

Pancreas. Two pancreatic carcinoma cell lines have been
shown by Smith and associates to possess EGF receptors,
express and release TGF-«, and proliferate in response to
exogenous EGF or TGF-« (TGF-« was 10 to 100 times more
potent than EGF).2¢ They further noted that cells that pro-
duced TGF-a also overexpressed EGF receptor, suggesting a
superagonist autocrine cycle involving TGF-« and EGF re-
ceptor. These authors, however, did not extend their study to
show that the cells could grow in the absence of exogenous
EGF or TGF-« and that growth under these conditions could
be specifically inhibited by the addition of neutralizing
anti-TGF-« antibody or EGF-receptor antagonist.

Colon. Colon cancer cell lines often show a density-
dependent stimulation of cell growth, and conditioned media
from these lines can stimulate the growth of other cell lines,
implying the production and secretion of growth factors into
the conditioned media.'*? In most colon cancer cell lines that
have been examined, TGF-oo and EGF or TGF-« receptor
are coexpressed.?®'$2-155 The EGF-receptor antagonist,
anti-EGF-receptor monoclonal antibody 425, has been
shown by Rodeck and associates to inhibit the growth of a
human colon carcinoma cell line in nude mice.'*¢

In our laboratory, we have shown that the colon carci-
noma cell line, SNU-C1, coexpresses TGF-« and its recep-
tor and releases TGF-« into serum-free conditioned
medium. '’ We have further shown that this cell line has the
ability to proliferate autonomously in serum-free medium
containing no exogenous growth factors and shows a signifi-
cant proliferative response to exogenously added TGF-«,
EGE, or serum-free medium conditioned by SNU-C1 cells.
Using an EGF receptor-blocking monoclonal antibody, we
have shown that the autonomous proliferation of SNU-C1
cells is entirely dependent on EGF-receptor activation by an
autocrine EGF-receptor ligand, most likely TGF-a.'*”
Future studies in additional cell lines will be needed to deter-
mine if the dependency of proliferation on the autocrine
secretion of TGF-a is a common phenomenon in colon
carcinomas.

Transforming Growth Factor-(3

Almost all published work with TGF-8 in gastrointestinal
malignancy has been in colon carcinoma. Anzano and
co-workers found TGF-83 in 16 of 18 colon cancer cell
lines.'s?> In addition, colon cancer cell lines frequently
possess specific high-affinity TGF-8 receptors and have a
growth-inhibitory response to TGF-3.'5® Interestingly, the
growth-inhibitory response to TGF-3 was more apparent in
well-differentiated cell lines than in those more poorly dif-
ferentiated. Growth inhibition by TGF-{ has been verified by
other investigators's®-'¢® but has not always been.found.?*
More work is needéd to establish the role of TGF-3 as an au-
tocrine growth-inhibitory factor in gastrointestinal cancers.

Gastrin

Recent evidence suggests a role of gastrin as an endocrine
or paracrine (autocrine) growth stimulant of colon and gas-
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 TABLE 4.—Functions of Elevated Exocelitr Proloctn

Function

" ‘Inhibits prolactin synthesis .......... S N

Inibits further prolactin secretion ............. mmediate’ " Kodowack etsc, 19847
Results in the reuptake. of already secreted prolactm ....... Immediate Kadowackl et al 1984'73 GISS and Walker, 1985'7‘
Promotes the degradation of new|y synthesized prolactin ... After4h Kadowadu et at. 1984'73 -

12t024h  Walker et

al, 1988, unpubhshéd 4data” '

tric carcinomas. In addition to gastrin’s prosecretory effects
on the gastric mucosa, it also has been reported to have
a trophic effect on normal gastric and colonic mucosa
and on human colon carcinoma cell lines in nude mouse
xenografts.'¢'-'¢* The proliferation of some colon cancer cell
lines, particularly those that are well differentiated, is stimu-
lated by exogenous gastrin.!®*'¢> Several colon and gastric
carcinoma cell lines are known to have gastrin receptors, '¢¢-
162 and some colon carcinoma cell lines also express gastrin
mRNA, suggesting a possible autocrine role of gastrin.'”®
The gastrin antagonist, proglumide, and gastrin antibodies
inhibit the growth of gastrin-responsive colon cancer cells in
culture and in xenografts.'¢%-'7%17* Although a role of circu-
lating gastrin in colon cancer development is suggested by
evidence that serum gastrin values are increased in patients
with colon cancer,!”? there are few studies of the mechanism
of action of gastrin to stimulate colon cancer proliferation.

Autocrine Regulation of Pituitary Tumor Growth and
Secretion by Prolactin Isoforms

DR WALKER: For several years we have been interested in the
autocrine regulation of prolactin secretion. * This interest has
expanded to include the autocrine regulation of pituitary cell
differentiation and proliferation. By autocrine regulation of
prolactin secretion, we mean the ability of already secreted
prolactin to inhibit further prolactin secretion from the same
or an equivalent cell in the pituitary. Table 4 lists the results
we obtained using primary cultures of rat anterior pituitary
cells as a model system.!73-174
One of the puzzling findings of these studies was that
although autocrine regulation led to lysosomal degradation
of newly synthesized prolactin,'? the prolactin taken back up
by the cells was never deposited in lysosomes.'”* Because the
cell was able to distinguish between these two prolactins, we
studied intracellular versus extracellular forms of prolactin.
Many prolactin variants have been described.'”® For the pur-
poses of autocrine regulation, only the charge variants of
monomer prolactin' seem to be important. These have the
same molecular weight but vary in their degree of net nega-
tive charge. They have been described for all species exam-
ined, including humans.'’®
Inside pituitary cells there are three to four of these forms,
called isoforms. Isoform 2 is always the predominant form,
although the ratios of the forms differ under different physio-
logic circumstances.'”” The major forms in the medium are
isoforms 2, 3, and 3’. In the medium, forms 3 and 3’ regu-
larly appear as greater percentages of the total isoform
amount than they do inside the cells. This finding suggested
the possibility that 3 or 3’, or both were responsible for
autocrine regulation and that form 2 would be the newly
synthesized form directed to lysosomes. To test this hypothe-
*W. F. Young, Jr, MD, E. R. Laws, Jr, MD, and B. Scheithauer, MD, of the Mayo

Clinic, Rochester, Minnesota, have collaborated with the author in the study of human
prolactinoma tissue.

sis, we investigated the isoforms synthesized and secreted by
a rat tumor cell line (GH3 cells'’®) that does not normally
autoregulate its prolactin secretion. These cells were found to®
synthesize and secrete only isoform 2.'”° The tumor cells
could, however, be induced to autoregulate by adding prolac-
tin from normal sources that contained isoforms 2, 3, and 3'.
The retained ability of these cells to autoregulate was first
shown by Melmed and associates.'®® These results clearly
suggest that isoform 2 is inactive in autocrine regulation,
whereas isoforms 3 or 3’, or both, are important.*”®

In 1986 we showed phosphorylation of prolactin isoforms
3 and 3’ in intact pituitary cells.'®* Recently we have estab-
lished that only isoform 2 is translated from normal pituitary
messenger RNA in an in vitro system containing rough mi-
crosomes. #2183 We might therefore conclude that isoforms 3
and 3’ are formed from isoform 2 by serial phosphorylation.
The finding of prolactin kinase activity in secretory gran-
ules®? shows that this phosphorylation does not occur until
late in biosynthesis and storage, possibly even just before
exocytosis of a prolactin secretory granule (Figure 3).

Figure 3.—A schematic representation of prolactin isoform biosynthesis, se-
cretion, and secretory autocrine activities is given. Prolactin is synthesized on
the rough endoplasmic reticulum (RER) as isoform 2. Isoform 2 moves through
the Golgi complex (G) where it is packaged into small immature secretory .
granules. Newly synthesized granules can be diverted for digestion in a lyso-
some (Lys), should autocrine inhibition of secretion be operative, or they can
be permitted to mature until they contain isoform 3 and 3'. Secretion of all 3; .
isoforms occurs, but for secretory control only isoforms 3 or 3' or both re-
interact with the cell through the autoreceptor. Interaction with the autore-
ceptor or subsequent internalization of prolactin, or both, inhibit prolactin
release, stimulate lysosomal digestion of newly synthesized prolactin, and
inhibit prolactin synthesis. Kinase (K) phosphorylates prolactin, and phospha-
tase (P) removes phosphate.
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Having established that the autocrine regulation of pro-
lactin secretion could be induced in the tumor cells by using
the correct isoform, we wondered whether this induction
resulted in any changes in tumor cell ultrastructure. Normal
prolactin-secreting anterior pituitary cells are highly differ-
entiated cells. They contain abundant and regularly arrayed
rough endoplasmic reticulum, a large and polarized Golgi
apparatus, and an abundance of prolactin storage granules. '®*
The GH3 cells and most prolactin-secreting cell lines and
tumors, on the other hand, contain sparse and irregular rough
endoplasmic reticulum, dispersed Golgi elements, and few
(sometimes none) small secretory granules.'3® The initiation
of autocrine regulation in the tumor cells resulted in the
development of more rough endoplasmic reticulum, an orga-
nized and polar Golgi apparatus, and the storage of many
more prolactin granules.'¢ Because granulation of these
cells occurs by co-treatment with estrogen, insulin, and
EGF,'®” we tested these hormones for their ability to induce
isoforms 3 and 3'. Insulin (as used by Scammel and col-
leagues*®” at 300 nmol per liter) and IGF-I and IGF-II at 10
and 100 ng per ml, respectively, were each able to induce the
production of isoforms 3 and 3'.'#8 We tentatively concluded
that the induction of a more normal phenotype in the tumor
cells, whether initiated by prolactin or growth factors, oper-
ates by the autocrine route.

With the induction of a phenotype geared towards secre-
tion, rather than cell division, do prolactin autocrine effects
have any influence on cell proliferation? GH3 cells plated at
low cell density (that used in many laboratories) respond to
exogenous prolactin by proliferating, plated at intermediate
density appear unaffected by the addition of prolactin, and
plated at high density respond to prolactin by a substantial
inhibition of cell proliferation. The biphasic response to ex-
ogenous prolactin is difficult to interpret at present. It may be
necessary for prolactin to interact with another autocrine
growth factor to exert its inhibitory effect on proliferation. A
suitable factor would be IGF-I, which we have shown in-
duces the correct isoform and is produced by GH3 cells.*®® It
is also possible that isoform 2 stimulates proliferation, iso-
forms 3 or 3’, or both, inhibit proliferation, and specific
receptors for each form are present on the surface of the cells
when the cells are cultured at different densities. Consistent
with the hypothesis that isoform 2 is autoproliferative and
isoform 3 is antiproliferative are the results of recent in vivo
studies of isoform profile changes during diethylstilbestrol
induction of prolactinomas.'*° Initial analysis of human ma-
croprolactinoma tissue also shows the absence of isoforms 3
and 3’ (Walker and co-workers, unpublished results, 1988).
It is possible therefore that our results using rat model sys-
tems are directly applicable to the human condition.
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