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DNA from the human squamous carcinoma cell line, SK-MES-1, and the

plasmids, pUC EJ6.6 containing H-ras oncogene, pSVc-mycl containing

cellular myc gene, pNRSac containing N-ras oncogene, pBR SV containing

SV40 virus DNA, pSV2-neu containing neu oncogene and pSV2-neo

containing neomycin resistant gene were used to transform Balb serum-free

derived mouse embryo (Balb SFME) cells by the calcium phosphate-DNA

precipitation technique. Some of the transformed cell lines were tested for

growth rate under the serum-free condition without the epidermal growth

factor (EGF) and for tumorigenic activity in subcutaneously injected mice.

The concentrated conditioned media obtained from the oncogene-

transformed cell lines were analyzed by the growth stimulation assay and

the EGF-receptor binding competition assay.



The myc/H-ras-, the H-ras- and the neu-transformed Balb SFME cells

grew in the minus EGF serum-free condition and developed tumorigenic

potential; this was not true of the neo/myc-, the neo- and the

nontransformed-Balb SFME cells. Concentrated conditioned media from the

myc/H-ras- and the H-ras-transformed Balb SFME cells noticeably

stimulated the growth of Balb SFME cells and competed for binding to EGF-

receptor of Baib SFME cells. However, the neu-transformed Baib SFME cells

did not produce detectable amounts of type alpha-transforming growth

factor (TGF-alpha), showing no growth stimulation activity and no

competition with labeled EGF in binding to EGF-receptor. Conditioned media

from the N-ras-, the SV40-, and the SK-MES-1-transformed Balb SFME cells

stimulated the growth of Balb SFME cells in the minus EGF serum-free

culture, substituting for the EGF-dependence.

The ras oncogene-transformed cells produced TGF-alpha, which

produces a mitogenic response through binding to the EGF-receptor.

However, the neu oncogene-transformed cells failed to produce TGF-alpha,

but their receptor-like product autonomously produced a mitogenic signal.

The presence of myc oncogene, when cotransformed with ras oncogene,

increased the rapid growth ability of the ras oncogene-transformed cells in

the minus EGF serum-free culture, developing earlier tumor formation in

mice and producing more TGF-alpha into the conditioned media. By itself,

the myc oncogene failed to produce either of these effects.
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Production of Peptide Growth Factors by Oncogene-Transformed

Balb Serum-Free Mouse Embryo Cells

INTRODUCTION

General Mechanisms of Oncogene Action

Growth factors are defined as polypeptides that stimulate cell

proliferation through binding to ubiquitous cell membrane receptors with

specific high-affinities. Most cells have receptors for more than one growth

factor, and each growth factor has varying cell-type specificities. Goustin et.

al. [1] suggested that this provides the fine tuning of relative proliferation

rates necessary for the coordinated cell growth required for forming tissues

during development and maintaining tissues in the adult state. Oncogenes

are defined as genomic sequences responsible for the transformation of

nontumorigenic cells into cancer cells. Oncogenes are present in active or

latent form in cancer-causing viruses and in all cells. Their activation in a

normal or mutated form and their expression as polypeptide products are

believed to result in cancer in animal models and in humans.

The proliferation of normal cells in culture is controlled by exogenous

growth factors. In normal mitogenic pathways, the growth factor itself binds

specifically to a membrane receptor that serves as a transducer of

extracellular signals. The growth factor-bound receptor, i.e., the activated

form of receptor, turns on the intracellular signal system that ultimately

initiates DNA synthesis and cell division (Figure 1A) [2].

However, the polypeptide products of various retroviral oncogenes

interfere with this pathway on three different levels. First, oncogene-
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Figure 1. Mitogenesis mechanism in normal and transformed cells: (A)
The growth factor-related mitogenic pathway in normal cells. where (1) are
the growth factors, (2) are growth factor receptors, and (3) is the
intracellular messenger system; (B) Possible perturbations of the growth
factor-related mitogenic pathway in transformed cells, where (1) represent
endogenous production of growth factors, (2) are receptor-like factors, and
(3) are regulatory components along the intracellular messenger system 121.
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transformed cells may secrete growth factors that act through autocrine

stimulation of growth. Second, oncogenes may code for proteins that mimic

the action of activated growth factor receptors. For example, the

introduction of the v-erb-B oncogene into cells causes them to produce a

truncated epidermal growth factor (EGF)-receptor, which is a likely source

for delivery of mitogenic signals to the cell, even in the absence of EGF.

Third, oncogenes may code for proteins that mimic the function of the

intracellular messenger system between the receptor and the nucleus

(Figure 1B) [2, 3].

A utocrine System

Cells transformed by the oncogenes, K-ras or H-ras, have been

reported to be insensitive to the stimulatory effects of exogenous growth

factors. This may be due to the delivery of mitogenic signals to the cells

through type-alpha transforming growth factor (TGF-alpha) secreted into the

conditioned medium [4, 5, 6]. This growth factor independence and the

autonomous growth of transformed cells may be due to the constitutive

expression of any of the controlling elements in the normal mitogenic

pathway. Moreover, Simian Virus 40 (SV40)-transformed rat embryo

fibroblasts have been reported to secrete TGF

The ability of cancer cells to produce and respond to their own growth

factors, i.e., the autocrine system, has become a central concept in the linkage

of oncogene and growth factor research. The peptide growth factors that

function via an autocrine mechanism in cancer cells include TGF-alpha, TGF-

beta, bombesin and peptides related to platelet-derived growth factor (PDGF)

[8]. The action of each of these peptides is mediated by a distinct membrane

receptor, eventually leading to a mitogenic response. For example, as has
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been demonstrated in immunological studies [9, 10], p28-sis encoded by the

sis oncogene from Simian Sarcoma Virus (SSV) is structurally related to

PDGF, functioning as PDGF for cells in culture.

TGF-alpha

TGF-alpha is a low molecular weight (5.7 kilodalton), acid-stable,

single-chain polypeptide consisting of 50 amino acid residues with three

disulfide linkages [11, 12]. It has been reported that TGF-alpha reversibly

induces non-neoplastic anchorage-dependent cells to form colonies in soft

agar (13, 141. It was first described as a sarcoma growth factor (SGF) that is

secreted into a medium conditioned by the growth of murine Sarcoma Virus-

transformed cell lines, competing with 1251-labeled EGF for binding to

common cell surface receptors (15, 16].

The molecular weight of EGF is 6 kilodalton and it consists of 53

residues in length[17]. The sequence of native rat cell-derived TGF-alpha

has shown a significant homology to both human and mouse EGF, particularly

in the internal disulfide bonds [11, 18]. A radioreceptor assay, originally

developed for measuring EGF concentration in extracts, has detected TGF-

alpha as equivalent to native EGF [19, 20]. A human TGF-alpha cDNA

expression vector was introduced into established nontransformed Fisher rat

fibroblast (Rat-1) cells [21], and the synthesis and secretion of human TGF-

alpha by these transformed cells induced the loss of anchorage-dependent

growth and the tumor formation in nude mice. Anti-human TGF-alpha

monoclonal antibodies prevented the transformed kat-1 cells from forming

colonies in soft agar.

Using the cloned rat TGF-alpha cDNA as a hybridization probe, it has

been shown that retrovirally transformed cells express a 4.5 to 4.8 kilobase
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TGF-alpha mRNA [22]. A similarly sized transcript has also been detected in

high levels in a variety of nonneoplastic tissues, including human placenta

and mouse embryos. TGF-alpha activity in mouse embryos has led to the

suggestion that TGF-alpha may function during cell development as a normal

embryonic version of EGF-related growth factors (23, 24]. It has been

shown, however, that the concentration of TGF-alpha in the conditioned

media of several tumor cell lines did not necessarily correlate with TGF-

alpha mRNA levels since a substantial fraction of translated TGF-alpha could

remain cell associated 1251. The presence of differently sized TGF -alpha 126,

27], as detected by radioimmunoassay, suggested that the newly synthesized

TGF-alpha precursor, known to be an integral membrane protein,

subsequently undergoes external proteolytic cleavages via appropriate

enzyme(s), and is released as TGF-alpha into the medium (28, 29].

H-ras and N-ras Oncogenes

The H-ras oncogene of Harvey murine sarcoma virus is the homologue

of the human ras oncogene in the EJ/T24 bladder carcinoma cell line [30].

The p21 product of the H-ras gene is localized on the cytoplasmic side of the

plasma membrane and binds guanosine triphosphate (GTP). Normal cellular

p21 has a GTPase activity, which is substantially reduced when the

transforming potential of p21 is activated by a point mutation (31, 32]. The

peptide sequence of the ras oncogene products is homologous with the signal

transducing G-protein [33), requiring bound-GTP for activity. This suggested

that p21 may be involved in the transduction of a signal across the plasma

membrane. The GTP binding activity of p21 was enhanced by EGF (and

presumably by TGF alpha) (34], further suggesting that the secretion of TGF-

alpha by ras-transformed cells has a role in amplifying this signalling
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pathway [8].

The N-ras oncogene shares regions of nucleotide homology and

common intron/exon structure with H-ras and K-ras oncogenes, indicating an

evolution from a similarly spliced ancestral gene [35, 36, 37]. The product of

N-ras oncogene, p21, has also shown GTP binding activity similar to the H-

ras product [38]. In many cases, it has been determined that these ras

oncogenes coexist with altered versions of the myc oncogene in human

tumor lines, suggesting that a multistep mechanism of carcinogenesis

involves cooperation between the ras and myc oncogenes during the

tumorigenic process and the transformation of cultured cells [39, 40, 41].

Primary rat embryo cells, however, were transformed solely by the ras

oncogene, inducing a number of metastatic lung nodules from tail vein

injection [42].

c-myc Gene

Subcellular fractionation has shown that the human c-myc protein is

predominantly found in the cell nucleus [43, 44, 45]. Antisera to the human

cellular myc oncogene product have been used to identify a human c-myc

product, the molecular weight of which is 65 kilodalton based on the sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) mobility [44].

The protein sequence predicted from the cDNA of the human c-myc

oncogene indicated that the carboxyl terminal portion contains far more

basic amino acids than does the amino terminal, which is a common feature

of many DNA-binding proteins 1461. Based on its nuclear localization and

DNA-binding activity, p65c-myc may be involved in the transcriptional

control of other cellular genes, presumably those associated with cell

proliferation.
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Moreover, it has been reported that p65c-myc and its mRNA were

rapidly induced upon mitogenic stimulation and were also rapidly repressed

[45, 471. This rapid turnover and very short half-life (20-30 min.) of

P65c -myc also make the myc gene appropriate for a potential role in the

regulation of cell proliferation [45, 47, 481. Therefore, the myc gene

increases the responsiveness of cells to exogenous growth factors, or

amplifies the effect of autocrine circuits induced by the ras oncogene [51.

neu Oncogene

Transcripts of the neu gene were identified in NIH 3T3 cells

transformed by DNA from a rat neuroblastoma cell line [491. The nucleotide

sequence of this clone predicts an 1,260 amino-acid transmembrane protein

product with a molecular weight of 185 kilodalton (p185). This is similar in

overall structure to EGF-receptor, which is an 1,186 amino-acid

transmembrane protein with a molecular weight of 170 kilodalton. This

protein has not been detected either in untransformed NIH 3T3 cells or in

NIH 3T3 cells transformed by various ras oncogenes [501.

Fifty percent of the predicted amino-acid sequence of p185 and the

EGF-receptor were identical and more than 80 percent of the amino-acid

sequence in the tyrosine kinase domain were identical [51, 521. This

strongly suggests that the neu oncogene encodes the receptor for a growth

factor that has yet to be identified [511. The activation of the neu oncogene

is caused by a point mutation in the transmembrane domain of p185 [521,

which is composed of a stretch of 25 hydrophobic amino-acid residues.

Serum-Free Culture

Serum has been used conventionally as a growth-stimulatory
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supplement to the basal nutrient medium. Serum culture has limits in the

design and interpretation of research studies due to the undefined serum

supplement. Barnes and Sato [531 developed the serum-free cell culture

method, replacing serum with purified components at known concentrations

for more precise examination of the effects of a single component and the

interactions among components. Moreover, the serum-cultured mouse

embryo cells rapidly became genomically altered cell lines. Barnes' group

[541 has established Balb serum-free derived mouse embryo cells (Balb

SFME) in a medium in which the serum supplement was replaced by insulin,

transferrin, EGF, selenite, fibronectin and high density lipoprotein (HDL).

Insulin and EGF stimulate cell growth, fibronectin attaches cells to the

bottom of plate, and soluble lipoprotein, HDL, supplies the lipid material for

cell membrane. Transferrin and selenite are used, respectively, as an iron-

ion carrier and as a cofactor for glutathione peroxidase 155]. These SFME

cells were karyotypically normal and dependent on EGF for their survival

[541. Modification of this serum-free culture system, e.g., the serum-free

medium lacking EGF, created the growth restrictive conditions that were

selective for the oncogene-transformed cells. In the conventional selective

conditions of oncogene-transformed cells in serum culture system, the

colonies of transformed cells appeared on the monolayer of non-transformed

cells and some of the colonies were caused by the spontaneous mutation.

However, the serum-free medium lacking EGF provides the clear background

in the selection of oncogene transformed cells because serum-free derived

cell lines are genomically stable and have the absolute EGF-requirement for

their growth.

In the present study, the principal research concept is that the myc

gene product functions in the nucleus to assist the expression of other genes,
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including the ras oncogene. In turn, ras oncogene-transformed cells secrete

TGF-alpha, which competes with EGF for EGF-receptor binding. Conversely,

neu oncogene-transformed cells do not produce EGF-like growth factors,

though they are able to grow in serum-free conditions without EGF that is a

essential growth factor for the growth of Balb SFME cells (Figure 2). The

conditioned media obtained from several oncogene-transformed Balb SFME

cell lines were concentrated by ultrafiltration or by acid dialysis with

lyophilization. Those concentrated conditioned media were tested for the

presence of TGF-alpha, which can replace the EGF requirement of Balb SFME

cells and compete with labeled EGF for EGF-receptor binding. Accordingly,

two kinds of biological assays, a growth stimulation assay and an EGF-

receptor binding competition assay, were performed to determine the

production of TGF-alpha by oncogene-transformed Balb SFME cells.
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Figure 2_ Function of ras, myc and neu oncogenes in transformation: (A)
ras oncogene transformed cells secrete TGF-alpha, which competes with EGF
for EGF-receptor binding and replaces EGF for the growth of Balb SFME cells.
Cotransformation with myc gene increases the responsiveness of ras
transformed cells; (B) neu oncogene-transformed cells produce the
functional activity of activated EGF-receptor inside the cells and do not
require EGF for growth.



11

MATERIALS AND METHODS

Materials

Powdered formulations of Ham's F-12 nutrient mixture (Cat. No. 430-

1700EB), high-glucose Dulbecco's modified Eagle medium (DME : Cat. No. 430-

2100EB), and G418 (neomycin) were obtained from the Grand Island

Biological Company (GIBCO ®). NEN Research Products (Dupont) provided

125I-EGF and mouse EGF was obtained from Collaborative Research. Bovine

insulin, human transferrin, 4-(2-hydroxy-ethyl)-1-piperazine-ethanesulfonic

acid (HEPES), Ethylenediaminetetraacetic acid (EDTA), crude trypsin, highly-

purified soybean trypsin inhibitor, fatty acid-free bovine serum albumin

(BSA), sodium dodecyl sulfate (SDS), Tris (hydroxymethyl) aminomethane

(Trizma® base), Coomassie Brilliant Blue R, proteinase K, and antibiotics were

obtained from the Sigma® Chemical Company. Sodium bicarbonate, phenol,

and isoamylalcohol were obtained from the J. T. Baker Chemical Company.

Sodium selenite and chloroform were obtained from the Fisher Chemical

Company. Human plasma fibronectin [561 and HDL [571were prepared as

described previously. Water for the culture medium was freshly prepared

by passage through a Milli-Q water purification system (Millipore).

The human squamous carcinoma cell line, SK-MES-1 (ATCC #: HTB-58)

[581, and the plasmids, pUC EJ6.6 (ATCC #: 41028) [30, 58, 60, 611,

pSVc-mycl (ATCC #: 41029) [62, 631, pNRSac (ATCC #: 41031) [401, pBR SV

(ATCC #: 45019) [71, and pSV2-neo (ATCC #: 37149)1641were obtained from

the American Type Culture Collection (ATCC) cell bank. Plasmid pSV2-neu

was specially obtained from Dr. Robert Weinberg at the Massachusetts

Institute of Technology. The plasmid, pUC EJ6.6, contained the activated

H-ras gene under control of the endogenous promotor. The plasmids,
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pSVc-mycl, pNRSac, PBR SV, pSV2-neo, and pSV2-neu, contained,

respectively, the c-myc gene, the N-ras oncogene, the SV40 virus genomic

DNA, the neomycin resistant gene, and the neu oncogene under control of the

SV40 early promoter.

Serum-Free Cell Culture

The basal nutrient formulation was a 1:1 mixture of DME and Ham's

F12 ( F12:DME medium), which was supplemented with 1.2 g/1 sodium

bicarbonate, 15 mM HEPES (pH 7.4), 120 n/m1 penicillin, 200 p.g/m1

streptomycin, and 25 ampicillin. Balb SFME was established in the

F12:DME medium [551, in which the serum supplement was replaced by

insulin(10 lig/m1), transferrin(10 pg/m1), EGF (25 ng/ml), selenite (10 nM),

and HDL (10 p.g/m1) on 75-cm2 surface tissue culture flasks precoated with

fibronectin(10 ug/m1). Serum-free cell culture was performed in humidified

5% CO2, with 95% air at 37 0C. Trypsinization and plating of the cells in

serum-free culture were completed in accordance with the procedure

established by Chiang et. al. [651.

Transformation

For the isolation of cellular DNA 1661, high density cell cultures were

harvested in phosphate-buffered saline (PBS : 2.7 mM KCI, 1.5 mM KH2PO4,

137 mM NaCl, and 8 mM Na2HPO4-7H20, pH 7.0) and cell pelleted by

centrifugation. Cell pellets were then lysed by suspension in Tris-buffered

saline (TBS: 25 mM Tris, 136 mM NaCI, and 20 mM EDTA with 15 mg of

phenol red, pH 7.4) containing 200 ug/m1proteinase K and 0.5% SDS. After

three hours of incubation at 50-55 0C, the lysates were extracted twice, first

with Tris buffer-equilibrated redistilled-phenol and then with a chloroform
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and isoamyl alcohol mixture (24 : 1). The aqueous DNA layer was

precipitated with 95% ethanol, followed by rinsing with 70% ethanol.

Plasmid DNA was prepared as described by Maniatis et. al. [66].

The DNA transformations of Balb SFME cells were performed by the

calcium phosphate precipitation technique established by Graham and van

der Eb [671, using 50 jig of DNA for each flask. In the case of cotransfection,

the amounts of DNA were modified. Transformed cells were selected by

either using the cotransfection of pSVneo, which gives G418 antibiotic

resistant property [641, or by culturing them in serum-free medium lacking

EGF. To increase the transformation efficiency, neo/myc-Balb SFME cells

were used for the transformation of SK-MES-1 (neo/myc/SK-MES-1-Balb

SFME) in place of Balb SFME cells.

To test for tumorigenicity in mice, the transformed cells were collected

at a density of 106 or 107 cells in 0.1 ml of F12:DME medium for a single

subcutaneous injection in the sides of inbred Balb/c mice, which were then

observed for tumor formation over a six-month period after injection.

Concentration of the Conditioned Media

The oncogene-transformed Balb SFME cells, with the exception of the

pSVc-mycl transformed Balb SFME cells, were plated at a density of 5 x 107

cells in 75-cm2 flasks under serum-free culture condition without EGF. In

the case of the SK-MES-1 tumor cell line cultured in 10% calf serum, after a

proper number of plating cells were obtained, the serum-containing

condition was changed to a serum-free medium lacking EGF.

After two days of incubation, the conditioned media were collected and

centrifuged to remove cellular debris. Fatty-acid-free BSA, as a carrier

protein, was supplied to the conditioned media at a concentration of 50
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1g /ml, followed by filtration through a 0.2 p.m membrane (Nalgene

Disposable Filterware ®). The conditioned media were then ultrafiltrated

with Spectra/Por stirred cells at a rate of about 10 ml/hr, using the 1 K MW

cutoff Ultra Filter Cellulose Disc (type C) produced by Spectrum® Medical

Industries Inc.. After the membrane-filtering sterilization, the concentrated

conditioned media were stored at -20 0C for the biological assays described

in the following sections.

As an alternative method for the concentration of conditioned media,

they were dialysed with 1 liter of 50 mM acetic acid per 10 ml of

conditioned media, changing the dialysing solution twice per day for two

days. The conditioned media were then lyophilized [15] and the powdered

samples were dissolved in appropriate amounts of F12:DME medium for

concentration by a factor of 30 to 40 times. For the controls, variable

amounts of EGF were added to the F12:DME medium and treated as

described above.

Protein concentrations of concentrated conditioned media were

measured by the Coomassie Blue protein assay on the basis of the BSA

standard 1681, which was used for the estimation of their actual

concentration factor. The concentration factor of conditioned media applied

were presented on the basis of the original BSA concentration (50 lig/m1).

Cell Growth in Serum-Free Medium Lacking EGF

The oncogene-transformed cells were seeded at a density of I x 105

cells in 35 mm diameter dishes in serum-free medium lacking EGF. At the

indicated times after plating, the cells were trypsinized and the cell numbers

were determined by the Coulter counter: neu-Balb SFME cells were counted

at 2, 4, and 6 days after plating, and H-ras- and myc/H-ras-Balb SFME cells
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were counted at 1, 3, 5, and 7 days after plating.

Growth Stimulation Assay

To determine the biological activity of the concentrated conditioned

media, the EGF requirement of Balb SFME cells was substituted with the

concentrated conditioned media. Balb SFME cells were plated at a density of

4 x 105 cells in 35 mm dishes in serum-free medium lacking EGF. To remove

the possibility that the cells would be detached from the bottom of dish, a

small volume (up to 100 41) of the concentrated conditioned media was

added, following the attachment of the cells to the bottom of dish. After two

days of incubation, the cells were counted with a Coulter counter.

EGF-Receptor Binding Competition Assay

The conditioned media from the neu-, H-ras-, and myc/H-ras-Balb

SFME cell lines were tested for their activity to compete with 125I-EGF for

binding to the EGF-receptor, and were compared with standard amounts of

unlabeled EGF. The EGF-receptor binding competition assay was performed

on a monolayer of Balb SFME cells at a density of 5 x 105 cells each on

35-mm plastic dishes in duplicate.

The day following plating, the cells were gently washed twice with 1

ml of PBS and 0.6 ml of the binding medium, consisting of F12:DME medium

containing 0.1% BSA, was then added to each dish. The labeled EGF (4.5 x

10i cpm/0.3 ng/dish) and the unlabeled EGF (or the concentrated

conditioned media) were added to a final volume of 1.0 ml. After one hour

of incubation at 37 0C, the unbound 125I-EGF was removed by washing the

cells 4 times with 1 ml of cold PBS containing 0.1% BSA. The remaining cell-

associated radioactivity was solubilized in 0.6 ml of 1 N NaOH by incubation
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at 37 0C for one hour. The cell lysates of each dish were then transferred to

glass tubes for counting the cpm, and each dish was rinsed twice with 0.2 ml

of 1 N NaOH. Radioactivity was determined by the gamma-radiation counter

(Gamma 8000, Beckman) with installed program 1 ( Background cpm was

about 15 and the counting efficiency was about 60 %.) (19, 691.

Nonspecific binding, cpm in the presence of excess unlabeled EGF

(1 jig /ml), amounted to less than 2% of the total radioactivity.
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RESULTS

Transformation

Ba lb SFME cells failed to show an altered phenotype after

transformation by plasmid pSVc-mycl. Therefore, 5 p.g of the pSVneo gene

and 50 lig of the pSVc-mycl gene were used for the myc transformed cells.

With the application of pSVneo and pSVc-mycl at a 1:10 ratio, it was

assumed that all of the colonies with the G418 resistant phenotype would

contain the pSVc-mycl gene in their genome. The neo/H-ras-Balb SFME was

obtained in the same manner, and its phenotype was nearly identical to that

of H-ras-Balb SFME (Table 1). This suggests that cotransformation with the

neo gene does not affect the phenotypes of oncogene-transformed cells. In

addition, neo/myc-Balb SFME was used for transformation by SK-MES-1

genomic DNA. Selection of neo/myc/SK-MES-1 Balb SFME was performed in

serum-free medium lacking EGF. Oncogene transformation with neo/myc-

Ba lb SFME was more efficient than with Balb SFME (data not shown).

On the other hand, the cotransformation of Balb SFME with c-myc and

H-ras genes was performed by using 25 pg of each pSVc-mycl and pUC

EJ6.6. Among the colonies obtained, the myc/H-ras-Balb SFME clone 1 was

selected because it was assumed from its rapid growth capability that both

plasmids were incorporated into the transformed cell's genome. Integration

of the H-ras oncogene into Balb SFME genome was confirmed by Southern

blot analysis of the transformed cell DNA with nick-translated pUC EJ6.6

probe(data not shown). Other transformations were performed using 50 pg

of each plasmid to produce the neo-, H-ras-, neu-, N-ras, and SV40-Balb

SFME cell lines.
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Cell Growth in Serum-Free Medium Lacking EGF

Because mouse embryo cells cultured in conventional serum

supplemented media rapidly become genomically altered cell lines, a serum

free approach has been developed for the extended cell culture of normal

cells. Mouse embryo cells which were derived under serum-free conditions

did not undergo senescence and appeared to maintain a normal karyotype,

i.e., modal diploid with 40 chromosomes 1551 In addition, this serum-free

culture system can be both qualitatively and quantitatively controlled by

individually omitting or reducing the amounts of each of its components.

The cell growth in the serum-free medium lacking EGF (Figure 3) showed

that the nontransformed Balb SFME cells died within a few days. In the

serum culture system, the colonies of oncogene transformed cells appear on

the monolayer of non-transformed cells. But, in the selection of oncogene-

transformed cells, the serum-free culture system has the clear background

around the colonies.

The myc/H-ras-Balb SFME cells grew more rapidly than the H-ras-

transformed cells, suggesting that myc oncogene cooperates with ras

oncogene to stimulate cell growth. However, neo- and neo/myc-Balb SFME

still required EGF for their survival. It was observed that the myc oncogene

cannot by itself confer independence from EGF after transformation of Balb

SFME cells, but serves to increase the responsiveness of ras transformed

cells. The neu-Balb SFME cells also grew more rapidly in serum-free

medium lacking EGF than did the ras-Balb SFME cells.

Because most of non-transformed Balb SFME cells, as well as the neo-

and neo/myc-Balb SFME cells, started to die several hours later, the number

of cells could not be counted later than 3 days following incubation. This

suggests that EGF is a essential growth factor for the survival and growth of
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these cells. Thus, it was determined that the EGF was the most convenient

factor for the selection of the ras oncogene-transformed cells in serum-free

culture and became the focus of the biological assays conducted for this

study.

Tumorigenicity

Similarities to cell growth in serum-free medium lacking EGF were

found in tumorigenic activity. Oncogene-transformed Balb SFME cell lines

were subcutaneously injected into the sides of an equal number of male

and female inbred Balb/c mice. Undifferentiated sarcoma were observed on

the skin of the mice, based on histological examination of the tumors. Each

of the cell line showed an all or nothing response (Table 1). For a positive

control, Kirsten murine sarcoma virus-transformed 3T3 from serum-derived

cultures produced progressively growing tumors within two weeks after

injection of 106 cells per mouse.

Table 1. Tumorigenicity of oncogene-transformed Balb SFME.

Transformed
Balb SFME

Dosage
per Mouse

Mice
Testeda

Tumor
Formation

myc/H-ras-Balb SFME 106 16/16 12 14 days
H-ras-Balb SFME 106 16/16 21 36

neu-Balb SFME 106 16/16 15 26
neo/H-ras-Balb SFME 106 4/4 15 22

neo/myc-Balb SFME 107 0/4
neo-Balb SFME 107 0/4

Balb SFME 107 0/4
a : The ratio represents the number of the

mice.
tumor formed mice over injected
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All of the mice injected with 1 million myc/H-ras-Balb SFME cells

developed tumors within 12 to 14 days after injection. Those injected with

H-ras-Balb SFME showed similar development to those injected with neu-

Balb SFME. However, tumors induced by H-ras-Balb SFME or neu-Balb SFME

appeared later and over a longer period of time and grew more slowly than

those by myc/H-ras-Balb SFME. It should be noted that the ras oncogene-

transformed Balb SFME was able to produce tumor without assistance of the

myc gene. This finding seems to contradict that of Land et. al. [62], who

concluded that the ras oncogene had a limited transformation capacity.

In contrast, during the course of the six-month period of this study,

mice injected with neo-, neo/myc- and nontransformed Balb SFME failed to

develop tumors, even at a dose of 10 million cells. The tumorigenicity of

neo/H-ras-Balb SFME indicated that cotransfection with the neo gene does

not prevent the development of tumors by the ras oncogene. This may also

be true of the non-tumorigenicity of neo/myc-Balb SFME.

Concentrated Conditioned Media

The results of the growth curve assay in serum-free medium lacking

EGF and the tumorigenicity study with inbred Balb/c mice led to the

following research question: How can ras- and neu-transformed cells grow

in serum-free medium lacking EGF? A possibility for consideration was the

fact that they produce EGF-like peptide growth factors. In the screening of a

wide variety of peptide hormones and growth factors (data not shown), no

EGF replacement for the survival of the Balb SFME cells was detected except

TGF-alpha. This result directly supports that only TGF-alpha contained in

conditioned media of oncogene-transformed cells replaces EGF for the

survival and growth of Balb SFME, acting through binding to EGF-receptor
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specifically.

For preparation of conditioned media, the oncogene-transformed cells

were incubated in serum-free medium lacking EGF for two days. However,

in the case of myc-transformed cells, a conditioned medium could not be

obtained because they could not survive in serum-free medium lacking EGF.

Using ultrafiltration or lyophilization following dialysis, the

conditioned media were concentrated using BSA as a carrier protein since

TGF-alpha is a low molecular weight, acid-stable single-chain polypeptide.

Finally, the concentrated conditioned media from the oncogene-transformed

Balb SFME cells (i.e., myc/H-ras-, H-ras-, neu-, N-ras-, SV40-Balb SFME and

neo/myc/SK-MES-1 Balb SFME) were analyzed by two biological assays.

Growth Stimulation Assay

Up to 2.5 ng/ml EGF on the standard EGF curve, there was a dramatic

increase in cell growth of Balb SFME (Figure 4), leveling off after 5 ng/ml

EGF. The standard EGF medium, which was dialysed and then lyophilized,

showed a similar response to the standard EGF added directly without

treatment (data not shown). Fatty-acid-free BSA, which does not stimulate

cell growth, was used as a negative control.

The amount of conditioned media were represented as the protein

concentration or conditioned medium equivalent. Originally, BSA was added

into conditioned media at the concentration of 50 4g/ml. Therefore, 50

µg /ml of protein concentration is almost equivalent to original concentration

of conditioned media. And, 100 p.g /ml is almost equivalent to the twice-

concentrated level, and so on. From Figure 5, it can be observed that unlike

the other two conditioned media, neu-conditioned medium contained

undetectable amounts of TGF-alpha, although neu-Balb SFME was able to
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grow as rapidly as H-ras Balb SFME in serum-free medium lacking EGF.

Clearly, the concentrated myc/ras-conditioned medium produced the largest

growth rate of Baib SFME by a large margin, while the ras concentrated

conditioned medium produced a restrained growth rate. Because the

number of Baib SFME cells stimulated corresponds to the amount of TGF-

alpha in the concentrated conditioned medium, it is clear that myc/H-ras-

Balb SFME produced more TGF-alpha than did H-ras-Balb SFME.

The N-ras conditioned medium showed as strong a growth stimulation

ability as the H-ras conditioned medium. However, transformation with the

virus gene, coding for SV40 large T antigen, altered the Balb SFME cells to

produce less TGF-alpha than the H-ras oncogene (Figure 6).

Preliminary tests showed that the SK-MES-1 tumor cell line, grown in

10% calf serum and then changed to serum-free medium lacking EGF,

produced TGF-alpha in the conditioned medium (data not shown). Moreover,

the concentrated conditioned medium obtained from the primary

transformant of SK-MES-1, i.e., neo/myc/SK-MES-1 Balb SFME, also showed

growth stimulation activity, although not as markedly as H-ras-Balb SFME

(Figure 6).

EGF-Receptor Binding Competition Assay

This assay is more specific for the detection of TGF-alpha because TGF-

alpha binds to the EGF-receptor specifically. As in the case of unlabeled EGF,

the more TGF-alpha in conditioned medium, the less labeled EGF binds to

EGF-receptors of Balb SFME cells. For the estimation of TGF-alpha produced

by oncogene-transformed cells, the decrease of cpm resulting from the

addition of unlabeled EGF was compared to the decrease of cpm caused by

the concentrated conditioned media. The net cpm was calculated by
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subtracting the non-specific bound cpm from total cpm. From the standard

EGF-receptor binding competition assay curve (Figure 7), increasing amounts

of unlabeled EGF resulted in decreasing net cpm.

The neu concentrated conditioned medium, even at 10 times

concentrated level in the experiment, failed to show significant decrease in

cpm from the non-inhibited control when compared to that of the ras or

ras/myc concentrated conditioned media. Therefore, it was determined that

the neu conditioned medium contained negligible amounts of TGF-alpha that

could compete with labeled EGF for binding to the EGF-receptor, even though

the neu-transformed cells grew as rapidly as the ras transformed cells in

serum-free medium lacking EGF (Figure 8). However, the ras concentrated

conditioned medium at 10 times concentrated level considerably inhibited

the binding of labeled EGF, indicating the presence of TGF-alpha in amounts

as great as 5 ng/ml of EGF equivalent. The myc/ras concentrated

conditioned medium at 10 times-concentrated level showed greater

competitive activity for EGF-receptor binding than the concentrated ras

conditioned medium, indicating that myc/H-ras-Balb SFME produced more

TGF-alpha (Figure 8).

Summary

The myc/H-ras-, H-ras- and neu-transformed cells grew in serum-free

medium lacking EGF and had tumorigenic capability in mice, but this was not

true of myc-transformed cells, as well as nontransformed cells. Moreover,

the concentrated conditioned media of myc/H-ras- and H-ras-transformed

cells noticeably stimulated the growth of Balb SFME cells, satisfying the EGF

requirement and noticeably competing with labeled EGF for binding to the

EGF-receptor. On the other hand, the neu-transformed cells grew in serum-
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no EGF neu ras 5 10myc/ras ng/ml of EGF

Figure 8. EGF-receptor binding competition assay with concentrated
conditioned media of myc/H-ras-, H-ras- and neu-Balb SFME. The
experiments with 0, 5, and 10 ng/ml unlabeled EGF were carried out in
duplicate and showed the margin of error.
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free medium lacking EGF as rapidly as the H-ras-transformed cells, but they

failed to produce detectable amounts of TGF-alpha, showing neither growth

stimulation activity nor competitive binding to the EGF-receptor.
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DISCUSSION

The calcium phosphate-DNA precipitation technique of Graham and

van der Eb 1671 was used to transform mammalian cells [70, 711. The

transformation of Baib SFME was successful (at approximately 1/105

frequency) under serum-free medium lacking EGF.

The G418-resistant colonies were selected after the cotransfection of

the H-ras oncogene with pSV2-neo marker plasmid. The colonies of

neo/H-ras-Balb SFME were also found to be independent of the requirement

for EGF (data not shown) and to show in vivo tumorigenic potential as great

as that of H-ras-Balb SFME (Table 1). However, neo-Balb SFME still required

EGF for growth, just as did nontransformed Balb SFME cells. This indicates

that the phenotype of EGF independence in serum-free culture must be

induced by the H-ras oncogene transformation.

For the myc gene-transformed cells, which failed to survive in the

serum-free medium lacking EGF, Balb SFME cells were transformed together

with pSV2-neo at a 1:10 DNA ratio (w/w). Clones were selected which were

resistant to G418. These clones, neo/myc-Balb SFME, were assumed to

contain pSVc-myc gene in their genomes. The phenotype of neo/myc-Balb

SFME was not different from that of Balb SFME or neo-Balb SFME in our

assays, but the phenotype of myc/H-ras-Balb SFME was markedly different

from that of H-ras-Balb SFME. This suggests that by itself the myc gene does

not allow for EGF independence to Baib SFME after transformation. However

the higher growth rate of myc/H-ras-Balb SFME, compared to that of H-ras-

Balb SFME, must be induced by the myc gene. In the tumorigenicity

experiment, similar results were obtained. Though myc -Baib SFME did not

have the tumorigenic activity, the earlier tumor formation in mice by the
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myc/H-ras-Balb SFME must be caused by the myc gene cooperation. On the

other hand, neu-Balb SFME showed rapid growth in the serum-free medium

lacking EGF and tumorigenicity equal to or greater than that of H-ras-Balb

SFME. This leads to the question of whether the neu-transformed cells have

the same transformation mechanism at the molecular level as the H-ras-

transfor med cells.

The identification and isolation of the transforming genes in human

tumors have allowed the investigation of some of the steps involved in the

development of human neoplasia [60]. Moreover, the serum-free cell culture

has provided the karyotypically stable Balb SFME cell line [551 and the

capability of controlling or defining components of the culture medium [541.

For the biological investigation of peptide growth factors produced by the

oncogene-transformed cells, effort was exercised to exclude the possibility of

synergistic effects among the medium components. Making use of the fact

that Balb SFME cells have an absolute EGF requirement for their survival,

EGF was replaced with TGF-alpha contained in the conditioned media of the

oncogene-transformed cell lines.

In this study, TGF-alpha in conditioned media was characterized by its

capacity to bind to the EGF-receptor and to trigger an EGF-like set of

mitogenic responses in Balb SFME cells. The possibility exists that this factor

is an EGF-like factor that is not TGF-alpha. Immunological assays to identify

TGF-alpha in the medium have not yet been carried out. It has been

reported that TGF-alpha is equally effective with EGF on a mole for mole

basis in most systems (201. According to the definition of TGF-alpha, two

kinds of biological assays, the growth stimulation assay and the EGF-receptor

binding competition assay, were conducted with the concentrated

conditioned medium obtained from the oncogene-transformed cell lines.
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The autocrine hypothesis verification requires demonstration that the

expression of an introduced growth factor gene in nontumorigenic cells

results in or contributes to their malignant transformation, or that the

proliferation of tumor cells producing a certain growth factor is specifically

inhibited by growth factor antagonists [21]. In this study, other attempts

were made to measure the amount of the produced peptide growth factor,

TGF-alpha, in the serum-free cultured conditioned medium using two

biological assays.

First, the growth stimulation assay is dependent on the property that

EGF is essential for the survival and growth of Balb SFME cells. The number

of Balb SFME cells was approximately proportional to the amounts of

standard EGF at low EGF concentrations, which was used to estimate the

amount of TGF-alpha produced from the oncogene-transformed cells. The

alternative preparation of concentrated conditioned media (or standard EGF),

i. e., the dialysis in the acidic solution followed by the lyophilization and

redissolution into F12:DME medium, showed similar results with the

ultrafiltrated conditioned media (or the directly added standard EGF) (data

not shown). Because TGF-alpha is unusually stable in acidic condition and its

molecular weight is 5.7 kilodalton, the conditioned media were dialyzed in

acetic acid solution or ultrafiltered with a 1 KD MW cutoff ultra-filtration

disc.

Second, the EGF-receptor binding competition assay could be more

specific for TGF-alpha detection than the growth stimulation assay because

the ligands which compete with radio-labeled EGF for the EGF-receptor

binding are quite restricted. Therefore, the amount of TGF-alpha measured

by the growth stimulation assay did not quite match that measured by the

EGF-receptor binding competition assay.
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Clearly, myc/H-ras-Balb SFME seems to produce the largest amounts

of TGF-alpha into conditioned medium. The myc/H-ras concentrated

conditioned medium stimulated the growth of Balb SFME cells in the growth

stimulation assay and competed with 1251-EGF for binding to the EGF-

receptor, decreasing the bound 1251-EGF and resulting in decreased cpm

when compared to the H-ras concentrated conditioned medium. However,

neu-Balb SFME did not produce detectable amounts of TGF-alpha as

measured by either of two biological assays in comparison to the BSA

controls. Considering that neu-Balb SFME was able to grow in serum-free

medium lacking EGF more rapidly than H-ras-Balb SFME and developed

tumors as early as H-ras-Balb SFME, the transformation mechanism of neu

oncogene must be different from that of the ras oncogene family, including

N-ras. Nucleotide sequence analysis strongly suggested that neu oncogene

encodes a receptor-like molecule [511. The sequence showed a hydrophobic

signal sequence essential for the transduction of a mitogenic signal at the

transmembrane region [521. The similarity to the erb-B oncogene, which

encodes the altered EGF-receptor [50, 721, implied that the neu oncogene

codes for an unidentified growth factor receptor-like molecule.

These procedures with the Baib SFME cell line may lead to the

classification and verification of a small number of common oncogene-

transformation pathways. Even though the immunoassay and the northern

blot can be used for more detailed and precise measurements, some degree

of difficulty may be posed, including basal expression of TGF-alpha in

nontransformed embryo cells [231, crossreactions among the related growth

factors [281 and tissue specificities [251.
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