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Two proto-oncogenes that play dual roles in embryonal cell
growth and differentiation

EILEEN D. ADAMSON'
La Jolla Cancer Research Foundation. La Jolla, California. USA

ABSTRACT The function of growth factors in early development is reviewed. Special emphasis is
on the epidermal growth factor and its receptor, and on the c-fos and its family of transcriptional factor
proteins, which play an important role in modulating the growth and differentiation of early embryos
and embryonal carcinoma cells.
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Introduction

The dual nature of embryonal carcinoma IEC) cells has long been
a fascinating feature for G. Barry Pierce. He came to the conclusion
that -the teratocarcinoma is a caricature of early embryogenesis of
the mouse. (Pierce et al" 1978. 1983; Stevens, 1983). He is
referring to the observation of many differentiated but disarrayed
tissues in teratocarcinoma of mice, These tissues can be observed

in teratocarcinomas derived from EC cells transplanted into the
adult host as well as those derived from germ cell tumors of the
ovaries of certain strains of mice. The remarkable fact that. in
teratocarcinomas, malignant cells can spontaneously beget benign
jf not normal cells and that this is also true of many other types of

tumor, was first demonstrated by Pierce et al. (1960). The culmi-
nation of the potential of EC cells was shown by Brinster (1974),
Papaioannou et al. (1975.1979) and lllmensee (1978) when it was
shown that an EC cell injected into a blastocyst could take part in
normal development to give a normal but chimeric mouse.

These observations led Dr. Pierce to make a study of how
embryonic environments can regulate the tumorigenicity, growth,
and differentiation of malignant EC cells (Pierce et al., 1979; Wells
1982). One of the signals that is important for growth regulation is
cell-cell contact of EC with normal embryo cells. More specifically,
trophectoderm cells appear to be the important cell type (Pierce et
al., 1984). In essence an -embryonic field- can regulate embryonal
carcinoma (Podesta et a/., 1984; Gerschenson et al., 1986: Pierce
et al., 1986), and Dr. Pierce was interested in how to adapt this
mechanism for non-toxic control of carcinoma in general. My
interpretation of what constitutes an embryonic field is a semi-
organized architecture of components including soluble secreted
products such as growth factors, insoluble secreted products such
as the extracellular matrix and membrane-inserted macromolecules
such as cell adhesive molecules, precursor growth factors, growth
factor receptors and modifying enzymes like alkaline phosphatase

and glutaminyl transferase. This is the field that can promote
controlled growth and differentiation.

Understanding the components necessary for cellular differen-
tiation during development, therefore, must be of paramount
importance in working towards therapeutic programs to control or
manipulate normal or abnormal growth. Embryonic fields that
control early normal growth must be understood before aberrations
that push the wrong switches can be discerned.

Viruses have known for thousands of years how to push the
wrong switches. Sufficient is known about viral oncogenes to be
able to turn the tables and use this knowledge to understand the
differences between normal and aberrant growth. Thus, studies and
comparisons of the cellular and viral oncogenes have been useful
in describing the more extreme aberrancies of cellular behavior and
have opened a Pandora's box of related studies revealing the fine
subtleties of the regulatory processes and multiple pathways that
underlie the cell cycle, growth and differentiation. Two proto-
oncogenes that have received a great deal of attention are c-erbB1
(the Epidermal Growth Factor Receptor, EGF-R, which can bind and
respond to the ligands EGF and Transforming Growth Factor alpha,
TGFa) and c-fos (one of a family of transcription factors which are
components in the activating protein complex 1 [AP-1]). The EGF-R
is a membrane-bound glycoprotein that can respond to extracellular
ligands and thus is responsible for perceiving signals in the
environment of a cell that will change the behavior of the cell. The
c-Fos protein acts -downstream- of the signal and greatly increases
as an early response to extracellular signals of many kinds. Within
5 min of a growth factor such as EGFbindingtothe EGF-R, increased

.-tbbr-t'1!;nt;onsuvd ;n this papn: AFP. alphafetoprotcin; D~tSO. dimethyl
sulfoxide; FGF, fibrobla.st growth factor; EC, t"mbf)"onal carcinoma; EGF,
epidnmal growth faClor; IC:-'I. innt"r (t'll ma , POGF, platt"lel-Ot'r1,"t"d

g:rowlh factor; RA, relilloic acid; TGFa, Iransforming- Rrowth factor-a.

-Address for reprlnu: La Jolla Cancer Research Foundation, 10901 N.TorreyPines Rd" La Jolla. CA 92037. USA. fAX: 619.453.6217.

0214-6282/93/503.00
ClUHC Prn,
Pnnltd in SP'1n



--

112 ED. Adamsoll

c-fostranscripts can be detected in responsive cells. Within 15 min.
there can be observed in the nuclei of responding cells increased
levels of newly-synthesized c-Fos protein, which, together with Jun
proteins. elicits the response of a host of genes with Ap.l binding
sites. Many of the complex molecular interactions involved in these
first 15 min of activity are starting to be understood (reviewed by
Gutman and Wasylyk, 1991) but multiple components and pathways
are involved that cause multiple changes in the cell that can result
in mitosis. cell differentiation or increased differentiated phenotypic
behavior (Ben-Ari, 1991)_

The very complexity of signal transduction mechanisms activated
by an extracellular signal, such as EGFbinding, underlies the duality
(and even multiplicity)ofthe resulting cellular behaviors, Somewhere
along the transduction pathway, choices are made and these are
specific to the cell type being stimulated. The specificity of the
response lies in the presence or absence, level of expression and
degree of activity of all the components involved in the signal
transduction. The degree of activity may be modulated by post-
transcriptional modifications such as phosphorylation, Fewofthese
complexities have been elucidated but the general outlines are
being revealed.

It is not surprising. then, that the same signal applied to the

outside of a cell can give rise to two opposite responses, cell
division or cell differentiation, since responses depend on the
composition of the intracellular environment. Each time a signal is
transmitted, the primary responsive genes change the levels of the
transcription factors in the cell and affect the secondary responsive
genes which make further biochemical modifications. This alters
the phenotype of the cell and the signal may gradually produce a
change in responses. To il1ustrate this idea, I suggest that ubiqui-
tously-active EGF-R and c-fos genes are important components in
setting up the embryonic field and the perception and transduction
of its signals. This article serves to highlight that these genes
regulate the proliferation of cells as well as their specialization and
thus have a profound influence on the developmental process.

How growth factor receptors may play key roles in early
development

Embryonal carcinoma cells in general do not express cell surface
EGF-Rs. do not bind EGF and do not respond to the addition of either
EGF or TGFa to the medium. Since they need 10% serum to grow in
vitro, and they do not become quiescent upon serum removal, they
behave differently from most cultured cell types. Many EC cell lines
have also been found to lack other growth factor receptors such as
PDGF-Rand FGF-R(Mercola and Stiles, 1988; Mummery, etal., 1990)
while they do express a range of growth factors includingTGFa, PDGF-
A and FGF (van Zoelen et al., 1989). Since they do not express the
corresponding receptors, EC cells cannot respond as an autocrine
system. However, in the case of OC15. F9 and P19 cell lines, we
have found that a low level of EGF-R protein is synthesized and it is
degraded at very slow rates also (Weller et al.. 1987; Joh et al..
1992). It is possible that there is some intracellular autocrine
processing, or that the expression of the receptor at the cell surface
is too low (except for F9 cells) to detect by binding assays and is
rapidly internalized after binding to ligand (secreted either by the
same cell or derived from serum in the medium). Based on these
observations. our expectations were that the embryonic equivalent
of EC cells, early inner mass cells or primitive ectoderm. would not
express cell surface EGF-Rs.

Our results were not as predicted by the model system but were
more complex. We assayed the EGF-R protein present from 1-cell to
blastocyst stages by immunofluorescence and EGF-R mRNA by
polymerase chain reaction of reverse transcription products (RT-
PCR) (Wileyet al..1992). The receptor can be detected on all stages
but with differences in the intensity of staining. Unfertilized oocytes
and fertilized eggs both express very low reactivity to an affinity-
purified anti-mouse liver EGF-R antibody. This is somewhat variable
and not all eggs are reactive. This level remains variable until the
late 4-<:ell stage when staining is more reliably observed. Thereaf-
ter, increasing levels are evident with a large rise during the 4 to B-
cell stage and in the late stages of blastocyst formation. Surpris.
ingly, low but detectable levels of EGF-R antibody reaction were

detected on the ICM cells at the blastocyst stage, but a much more
intense reaction is seen on trophoblast cells. The latter result is
supported by our findings that trophoblast cells in outgrowths and
in whole blastocyst mounts respond to EGF by expressing higher
levels of nuclear staining for the c-Fos protein 1 h after the addition
of the signal to the embryo in serum-free culture medium (Adamson
1990; Adamson and Mercola, 1990). Further, blastocysts analyzed
by 5D5-PAGE both before and 2 h after the addition of EGF and 355_

methionine express a 170 kDa radioactive protein that is increased
by EGFand that is immunoprecipitated by the antibody to EGF-R.We
interpret this result as the EGF-stimulated synthesis of the receptor
protein, thus demonstrating further that the receptor present at this
stage is active. Work by others supports the hypothesis that the
receptor is active at stages as early as the 8-<:ell embryo when an
EGF-binding activity is first detected (Paria and Dey, 1990). It has
also been shown that EGF improves the development of the embryo
(Wood and Kaye, 1989; Parla and Dey, 1990) and that a polyclonal
antibody stimulates the development of the 8-cell embryo, pre-
sumably by imitating the binding of the ligand (Wiley and Adamson,
unpublished data). The stimulatory activity of EGF on blastocyst
embryos can be abrogated by the addition of a Tyrphostin compound
that predominantly inhibits the tyrosine kinase activity of EGF-Rs
(Paria et al.. 1991).

The presence of the mRNA forthe receptor further authenticates
the possibility that the EGF-R gene is transcribed at least as early
as the late 4-cell stage embryo with large increases after that stage
(Wiley et al..1992). Although transcripts can also be detected inthe
1, and 2-cell embryo at a higher level than In the early 4-cell stage,
we do not know if this is translated or if the receptor protein that can
be detected at that stage is derived from the remains of the foot-
processes of the follicle cells that surrounded the oocyte in the
ovary. It is safe to say that the EGF-R protein that is present after
the 8-cell stage is encoded by the embryonic genome and that the
extent of this expression increases during the 3rd to 5th-day of pre-
implantation development.

We noticed that after compaction in the 8-cell embryo, the
concentration of EGF-Ron the outer plasma membranes is increased
while the receptor protein on the inner membranes is less (Wiley et
a1_, 1992; Fig. 1)_ It is possible to hypothesize that since the

expression on the first epithelial cell formed during development is
not located at the usual adult site (the baso-Iateral surfaces of the
epithelium) that this indicates a specific directional need or activity
in the embryo. Namely, that the signaling ligand is largely found on
the outside ofthe embryo, The ligand could be maternal EGFpresent
in the uterine cavity, or TGFa secreted by the embryo. A further
conjecture is that the increased concentr<:ition of the receptor on the
outercell surface of compacted embryos serves to alterthe pathway
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Fig. 1.lsolated blastomeres of morula embryos stained to show coincidence of apical domains (a) and EGF receptors (bJ. Morula (16~cell) embryos
were disaggregated in calcium-free medium for 20 min and were treated with fluorescein-labeled concanavalin A and rabbit antibodies to mouse EGF
receptors and then with rhodamine-conjugated anti-rabbit goat IgG. The doubly-labeled blastomeres show a similar distribution of canA binding proteins
in (a) with receptors in Ib) . Since GanA proteins are known to be concentrated on the apical surface of embryo cells. this demonstrates that receptors
are unevenfydisrributed. This polarity is apparent in 8-.cell embryos after compaction and the formation of apical tight junctions. The Ime indica res 40 pm
(tNlley. et al., 1992. by permission),

Fig. 2. Indirect immunofluorescent staining of c-Fos in amnion. Cryosrat sections of the extra-embryonic membranes, amnion, from la) 18daymouse
embryos. (bl human term conceptuses were fixed in methanol and immunohlstochemical/v stamed for c.Fos protein (Adamson. et aI., 1985). Amniotic
cells expressed the highest levels of c-Fos and EGF receptors compared with any other cell or tissue rested.
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of the signal such that the polarized cells now forming respond in
a fashion that increases the expression of the polarity and makes
the composition of the cell increasingly differentiated with respect
to inside and outside. When the receptors bind ligand now, the
result may be to increase the polarity of the blastomeres. perhaps
by changing the levels of transcription factors that activate specific
embryonic genes. As the outer layer of cells in the morula develops.
the concentration of EGF-Rs increases rapidly and this contributes
to the differentiation of the outer cell trophectoderm layer from the
ICM. As mentioned above, the addition ofEGFto embryos increases
the synthesis of receptor protein and this is true also for many cell
types in culture (Kudlow et al.. 1986; Earp et al.. 1988; Fernandez.

Pol et al.. 1989; Thornpson and Rosner. 1989). Therefore the
presence of the ligand stimulates further receptor synthesis and
perpetuates the process.

In order to have unlimited amounts of material to study the
mechanism for the increased expression of the EGF-R gene as the
embryonic cell differentiates. we turned to P19 murine EC cells that
differentiate into three main pathways depending on the concentration
of retinoic acid used. An additional necessary signal is the aggre-
gation of the cells by culture in untreated bacteriological dishes so
that the cells interact very closely. In the presence of >0.5 ~M RA,
P19 cells differentiate into neural and glial cells; at 10 nM RA (or 1%
Dimethyl sulfoxide, DMSQ) the products are mainly skeletal mus-
cle; and with 111M RA (or 0.5% DMSO) the products include cardiac
muscle, smooth muscle and visceral endoderm (Jones-Villeneuve
et al., 1983; Mc8urney et al., 1982). We exarnined the level of
expression of the EGF-R gene products during the ten-day process
of differentiation.

As mentioned above. there is a very low level of transcription of
the EGF.R gene in P19 cells. Similarly, the level of protein synthe-
sized is low but detectable after metabolic labeling and
immunoprecipitation. During the two days following RA induction,
the level ofmRNA actually falls. This is an important finding because
it implies that the low activity of the gene in EC cells is unlikely to
be due to the small number of spontaneously differentiating cells
in the cultures. Further. it suggests that the direct effect of RA.
activated RA receptors on the EGF-R gene in EC cells is that of
inhibition of its activity (Hudson et a/., 1990). After further culture.
especially after the cells are placed in anchorage-clependentgrowth
in tissue culture dishes, the levels of transcripts rise markedly to
reach levels 20 to 70 times higher at the end of the differentiation
period. This occurs in all three pathways, but the rise is highest for
the highest concentration of RA. The new transcripts are translat-
able, since the level of EGF-Rprotein also rises about 10-fold in each
pathway, although this is somewhat variable depending on the
culture conditions. Some of this remarkable rise in EGF.R expres-
sion may be attributed to increased transcription, but this is very
difficult to ascertain because the rate of transcription is very low at
all times. Both the mRNA and the EGF-R protein are long-lived and
their stabilities also make a considerable contribution to the
increased expression (Joh et al., 1992). It is known that nearly all
tissues express EGF-Rs and we hypothesize that the increase is
achieved by increased transcription and by increased stability of the
mRNA and protein. Presumably, there is also a mechanism for the
removal of EGF-Rs during the formation of certain cell types such as
myotubes.

The hypothesis that Iwould like to advance is that the progression
or initiation of differentiation in EC cells could be by the polarization
of cells, either in mono layers or aggregates, such that one surface

of the cell gains an unequal number of EGF-and other growth factor
receptors. In compacted aggregates or embryo blastomeres, the
polarization may be initiated by the interaction of uvomorulin (E-
cadherin) between apposing cell surfaces leading to the polarized
distribution of cytoskeletal components. Cytoskeletal genes are
among the earliest to be stimulated during embryogenesis and also
in EC cells stimulated by RA induction (Oshima et a/" 1983) and
these would rapidly change the architecture of the cells in a
differential manner based upon the interaction of the neighboring
cells. Mitosis of cells with an unequal distribution of cellular
components would rapidly give rise to unequal daughter cells with
different numbers and locations of EGF-Rs that would respond
differently after ligand binding because they would activate different
signal transduction pathways to different degrees.

Additional support to the idea that the EGF-R may be sufficient
for the progression of differentiation is given by the work of den
Hertog et al. (1991). When human EGF-R expression vector cDNA
is transfected into P19 EC cells and stably.expressing cell lines are
selected with a co-transfected neomycin-resistance gene, the
resulting cells are now sensitive to the addition of EGF to the
medium. The response of the cells is to differentiate to neural cells
in the absence of retinoic acid, the agent that is normally required
for the production of neural cell types in differentiating P19 cells. In
this case, the over-expression of EGF-R protein is sufficient to
generate all the multiple gene inductions known to occur during this
process. The reciprocal experiment has not yet been performed
wherein the EGF-R is prevented from expression to determine if the
EGF-R is essential to the process of differentiation. This study is in
progress in my laboratory.

In summary, the observations made on preimplantation embryos
and EC cells suggest that the EGF-R could be an irnportant
component in both growth and differentiation of the early embryo.

The dual nature of the role of c-fos in embryonal cells

As discussed above, c-Fos and its family of transcription factor
proteins is a well-tested early response product known to be a
component in the generation of pleiotropic responses to mitogens.
However, it is also a notable factor found in all the tissues of the
extra-embryonic portions of the conceptus in vertebrate animals
(Muller et al.. 1983a.b,c). Indeed. c-fos transcripts and protein are
expressed at extremely low levels in the fetus compared to the
levels in amnion (Fig. 2), parietal yolk sac, visceral yolk sac,
trophectoderm. ectoplacental cone, chorion and placenta (Adamson
et al.. 1983, 1985). Since these tissues are destined to be
discarded and never form part of the embryo itself. and yet c-fos
continues to be expressed highly in tissues that have ceased to
grow, it is clear that the gene could have other roles than in the
transduction of signals from mitogenic stimulation of cells.

The studyof ECcells is again useful in determining the role of Fos
in the formation of the extra-embryonic tissues. The EC cell line F9
is limited in its differentiation to two of the extraembryonic tissues.
visceral and parietal endoderm. The pathway taken can be directed
by the method of induction (Grover et al., 1983a,b). When cultured

as aggregates in the presence of 1 nM to 50 nM retinoic acid. F9
cells differentiate into embryoid bodies with an outer epithelial layer
of viscera I endoderm cells in 6 to 8 days. The protein that marks the
differentiation of this cell type is alphafetoprotein (AFP), which is
secreted into the medium as well as the increased production of
extracellular matrix proteins such as laminin, type IV collagen and



chondroitin sulfate proteoglycans (Grover et al., 1987). When the
cells are cultured either as aggregates or monolayers in the
presence of 0.1 to 111M retinoic acid and agents that increase the
intracellular concentration of cyclic-AMP, the differentiated product
4-6 days later is parietal endoderm, characterized by a different set
of markers (Grover and Adamson, 1985, 1986). The differentiation
pathway leadingto parietal endoderm is inhibited in F9 cells in which
the level of expression of c-fos is reduced by the introduction of a
cDNA expression vector for antisense RNA (Edwards et al., 1988).
This result indicates that the c-Fos expression is necessary for the
differentiation of parietal endoderm. The formation of visceral
endoderm is normal since the induction of AFP is unchanged in the
cells over-expressing c-fos antisense RNA. The implication is that a
certain level of c-Fos expression is needed for each of the two cell
types and is higher for parietal differentiation than for visceral
endoderm. Nowthat it is known that all members of the family of Fos
proteins can be present in AP-l and that members of the Jun family
of factors must also be present, the consequences of altering the
levels of c-fos in any cell might need a much more sophisticated
explanation. However, the above experiment also illustrates the
role of fos in the growth process, since the presence of antisense
c-fos RNA in transfected cells markedly inhibits the ability of the
cells to initiate growth into a colony. Very few colonies were
produced in the presence of antisense fos and those that were able
to thrive were able to produce some c-fos transcripts and protein.

c-Fos together with another ubiquitously--expressed transcription
factor with close similarities, Egr-l (early growth response gene-l,
Sukhatme et al., 1988) are expressed at increasing levels during
the differentiation ofP19 ECcells. In contrast totheir abiJityto make
rapid responses to mitogens and other stimuli, they clearly have
other functions in differentiated cells and this may be concerned
with the maintenance of the differentiated state. We have shown
that c-fos and Egr-l transcripts are present at different levels in RA-
differentiated (neural) compared to DMSO-differentiated (cardiac
muscle and visceral endoderm) tissues with higher levels in RA-
differentiated tissues. In all differentiated tissues, both transcrip-
tional and post-transcriptional mechanisms accountforthe increased
expression. In addition, c-Fos and Egr-l proteins are also more
stable in differentiated tissues. These changes are highly suggestive
that their role is not one that pertains in transiently-activated cells
where the emphasis is on their rapid removal after an early peak in
expression. As yet, the nature of the modifications needed to bring
about the change in properties is obscure and the identification of
their target genes is also unknown.

In summary, the total number of fos, jun and Egr-related genes
that play roles in the regulation of differentiated genes during the
complexly orchestrated process of spontaneous or induced differ-
entiation of embryonic cells may not yet be known. They are likely
to have some degree of overlap in function but also retain a degree
of specificity based on their ability to interact with each other and
with DNA. The ability of c-Fos to have multiple roles is not difficult
to envision in the light of the existence of related family members,
the complexity oftheir modulations and the resulting subtleties of
their interactive properties. It appears that aUofthe proto-oncogenes
that are transcription factors will likely have multiple roles in their
regulation of the expression of target genes.

The simple idea of one gene for one function does not hold for
the two genes discussed here. Studies of proto-oncogenes have
focused on the genes that have the greatest impact on the cell. but
in addition, this almost guarantees that the checks and regulations
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that govern important genes will be the most complex. It is not too
much to expect that understanding these interactions among proto-
oncogene products in detail will allow us to understand the course
of normal development and how to harness these principles to
reliably do as Dr. Pierce's fields do with facility - beget the benig'n
from the malignant.
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