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ABSTRACT Two distinct forms of the myc oncogene were
assayed for their ability to induce, in cultured rat fibroblast
cells, the alterations of cellular growth controls observed upon
transfer of the gene of polyoma virus encoding only the large T
protein (plt). Both of these rearranged myc genes and the pit
gene had been previously shown to cooperate with ras onco-
genes for transformation of rat embryo fibroblasts (REF) and
were thought to induce the same early step (“immortaliza-
tion”) of the tumoral transformation pathway. We now report
that these two different oncogenes elicite the same response in
the following biological assays: (i) reduction of the require-
ments in serum factors for growth in culture of cells of the
established FR3T3 line; (ii) expression of transformed proper-
ties in low serum medium after transfer into FR3T3 cells ex-
pressing only the middle T protein of polyoma virus (MTT
lines); (iii) conferring on REF cells the ability to grow as clonal
colonies after seeding at low cell density; (iv) conferring on
REF cells the ability to grow continuously in cell culture.
These congruent phenotypes suggest that the activities of the
large T and myc proteins result in the induction of the same
molecular events. These results also provide simple biological
assays and selective systems for oncogenes of the myc class.

Two steps could be genetically defined in the transformation
by polyoma virus of primary rat embryo fibroblasts (REF)
(see ref. 1 for review). A first step is mediated by modified
viral genomes (2), which express either the complete large T
protein (105 kDa) (3) (plt gene) or only its amino-terminal
region (4, 5). REF cells expressing these proteins were
shown to acquire an unlimited potential for growth in culture
(“immortalization”) and the ability to grow in the presence
of low concentrations of serum factors. Unlike the original
REF cells, the permanent lines established after transfer of
plt could be subsequently transformed to a tumorigenic state
with the gene encoding the viral middle T protein. A similar
two-step mechanism was demonstrated in adenovirus-in-
duced transformation. The Ela transcription unit is required
for complete transformation by the Elb genes and, by itself,
is able to immortalize primary culture cells (6). These multi-
genic models of cell transformation were recently extended
by Land e al. (7) and by Ruley (8) to cellular oncogenes:
neither ras genes cloned from human tumors nor myc genes
cloned from the genome of MC29 virus or from tumoral
mouse cells are able to transform primary rat fibroblasts, but
combinations of myc and ras, of plt and ras, and of Ela and
ras were efficient in inducing a tumorigenic state.

These results may suggest that the proteins encoded by
the myc, Ela, and plt genes act on common cellular target(s)
to induce the same first step in oncogenic transformation.
This assumption appears plausible, as these three genes en-
code nuclear proteins (at least two of them with DNA-bind-
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ing properties) (9-17). Alternatively, considering that an ex-
tended growth potential is definitely required in experiments
based on the selection in culture of tumorigenic derivatives
from REF cells, we cannot exclude the fact that this proper-
ty could be acquired through distinct, possibly unrelated,
mechanisms. Cooperation of myc and plt with the ras onco-
genes might in this case be purely coincidental: cells ex-
pressing myc and plt would be different in other properties
than immortality and would not correspond to a unique step
in tumorigenesis. Such a situation was already suggested by
the comparative study of the spontaneously established 3T3
lines (18) and of the plt-immortalized lines, as they consis-
tently differ in a series of critical properties, such as their
dependence on serum factors (refs. 4 and §; this report).

A more complete comparison of the growth properties of
cells expressing either the plt or a myc oncogene, and of 3T3
cells, would therefore be informative. It might, in addition,
provide biological assays, and possibly selective conditions,
for genes of the myc class. We compared the phenotypes
induced in fibroblast cultures by the polyoma plt gene and by
two different forms of the myc gene, the gag-myc fused
gene from MC29 virus (v-myc) and rearranged c-myc se-
quences from a mouse plasmacytoma line (7). Immortaliza-
tion after transfer of the various genes was monitored by two
different assays: plating efficiency of REF cells at low input
density and long-term growth in mass culture. Serum inde-
pendence was assayed by colony formation in medium con-
taining 0.5% newborn calf serum by cells of the highly se-
rum-dependent FR3T3 line (19). An independent assay for
serum effects was provided by the observation that transfer
of the plt gene into cells that express only the middle T pro-
tein of polyoma virus (MTT cells) leads to focus formation
and growth in suspension in low serum medium (4). In all
these assays, congruent phenotypes, clearly distinct from
that of FR3T3 cells, were observed for the plt and for the
rearranged myc genes.

MATERIALS AND METHODS

Cell Cultures. Cell lines, preparation of rat embryo cul-
tures, and culture conditions have been described (4, 5).

Cloned Oncogenes. (i) Polyoma virus genes. Plasmid
pPyLT1 carries the complete form of the plt gene (deletion of
the large T intron) encoding the full-sized (105-kDa) polyoma
virus large T protein, and plasmid pL.T214 only encodes its
truncated form (amino-terminal 40 kDa expressed from the
BamHI/EcoRI fragment of the gene) (3, 4).

(ii) Cellular oncogenes. Plasmid pSVc-myc-1 carries a re-
arranged form of the mouse c-myc gene cloned from a plas-
macytoma cell line and pEJ6.6, the human Ha-ras gene;
pSVv-myc carries the viral gag—myc fused gene; pSVv-myc-
del is a deleted form of the latter lacking the myc coding
sequence (7): these plasmids were kindly provided by R. A.

Abbreviation: REF, rat embryo fibroblasts.
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Fic. 1.

Plating efficiency of REF cells after transfer of the plt and myc oncogenes. The indicated plasmid DNA was transferred into primary

REF cells by the Ca®* transfection technique (5 ug of DNA per plate); 24 hr later, cells were trypsinized and seeded (1000 cells per 60-mm plate)
in Dulbecco’s modified Eagle’s medium supplemented with 10% newborn calf serum (GIBCO). Plates were stained with Giemsa after 5 weeks.

Weinberg. Vectors are pBR322 for the myc and ras genes
and a deleted form of pBR322, pAT153 (2), for the polyoma
virus genes.

Gene Transfer Techniques. Plasmid DNA was introduced
into cells in culture by using either the protoplast fusion
technique (20) or the calcium phosphate transfection proce-
dure (21). For the latter, 5 ug of plasmid DNA was used per
2-5 x 10’ cells in a 6-cm Petri plate, and the DNA precipitate
was left for 24 hr in contact with the cell layer. The cells
were then washed and fresh medium was added. The next
day, cells were trypsinized and seeded at the required densi-
ties.

RESULTS

Immortalization Potential of the v-myc and Rearranged c-
myc Genes. (i) Colony formation by REF cells. Cells of estab-
lished lines, unlike primary culture cells, can produce colo-
nies after seeding at low cell density (18). We used this assay
previously to show that the plr gene is able to confer on REF
cells an indefinite growth potential in culture (5). The same
result was observed after transfer of the v-myc and rear-
ranged c-myc oncogenes (Fig. 1 and Table 1). The efficiency
of colony formation after seeding at cell densities in the
range of 1000 cells per 6-cm Petri plate was the same as with
the polyoma pit gene.

(ii) Long-term growth in mass culture. After transfer of
the myc and plt genes under the same conditions as in the
experiment described in Fig. 1, cells were initially seeded at
a density of 5 X 10°-10* cells per 6-cm Petri plate and further
propagated by serial transfers at a 1:4 dilution when the cul-
tures reached confluency. As expected, control cultures that
had received either no DNA or plasmid pAT153 could only
grow for 4-5 additional generations. By contrast, cultures

Table 1.

treated with the myc genes could be successfully maintained
for at least 20 generations and are still actively growing. The
same ability for long-term growth was observed for cells
picked from the colonies grown at low cell densities after
treatment with the myc or plt genes, but not, as previously
observed (5), for the few colonies observed for untreated
cells or cells transfected with vector DNA.

Assay for Serum-Independent Growth of FR3T3 Cells. We
reported previously that clones able to grow in low serum
medium (0.5%-1% newborn calf serum) could be derived
from cells of the highly serum-dependent FR3T3 line after
transfer of the full-sized or truncated plt genes (4). The same
experiment was carried out using the two myc oncogenes.
Although a background plating efficiency in the range of
0.5-1 x 1073 was observed for the control FR3T3 cells, this
value was increased about 3-fold after transfer of either pit or
myc genes, colonies being in this case morphologically dif-
ferent from the controls and of a larger size (Fig. 2 and Table
1). Cells derived from such large colonies after transfer of
myc genes could be successfully maintained in culture in the
presence of 0.5% newborn calf serum.

Complementation of MTT Cells at Low Serum Concentra-
tion. MTT lines were derived from FR3T3 cells by transfor-
mation in medium with high serum concentration with the
polyoma virus middle T only gene. They exhibit the typical
growth properties of transformed cells in medium with high
serum concentration, but they revert to an apparently nor-
mal growth control in the presence of only 0.5% serum.
Transfer of the genes encoding the full-sized or the truncated
form of the large T protein led to the appearance of foci or
agar colonies in medium with low serum concentration (4).
The same complementation experiment was carried out by
transferring the v-myc and c-myc genes into FR3T3-MTT4

Plating efficiencies of REF cells in medium with high serum concentration and of FR3T3

cells in medium with low serum concentration after transfer of the p/r and myc oncogenes

Immortalization assay:

Cloning efficiency of
FR3T3 cells (0.5% calf serum)

Large

Transfer of cloning efficiency of Colonies,

plasmid* REF cells (10% calf serum) total coloniest
None 0, 1% 17 0,1
pATI153 0,0,0,0,1, 1% 15, 15, 17, 20, 21 0,0,1,3
pPyLT1 1,2,3,3,3 35, 35, 40, 40, 45 15,17, 19, 20
pSVv-myc 2,2,3,3,3 44, 45, 48, 48, 50 17, 20, 21, 22
pSVc-myc-1 2,2,3,33 35, 40, 45, 52 20, 25, 34

*The indicated plasmid DNA was transferred by protoplast fusion (20); 24 hr later, cells were trypsin-
ized and seeded at a density of 1000 cells per 60-mm plate. The number of colonies on each plate,
counted after Giemsa staining 5 weeks later, is indicated.

tSee text and Fig. 2.

iCells picked from these colonies could not be further propagated in culture (see text).
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FiG. 2. Colony formation in medium with low serum concentration by FR3T3 cells after transfer of the pir and myc oncogenes. FR3T3 cells
were transfected with the indicated plasmid DNA and further treated as described in the legend of Fig. 1. In this case, cells were plated in

medium supplemented with 0.5% newborn calf serum.

cells and selecting for colonies in agarose medium supple-
mented with 0.5% newborn calf serum. As shown in Table 2,
the same efficiency of colony formation (0.5-1 X 1073 was
observed with the plasmids encoding the myc and the larsge T
proteins, with background values in the range of 107> for
cells that received either no DNA or vector DNA. A series
of colonies resulting from complementation with myc genes
were picked and further grown in medium with low serum
concentration. As MTT cells complemented with plt, they
exhibited the morphological changes and growth at high den-
sity characteristic of fully transformed cells.

Cooperation of the myc and plt Genes and of the ras Gene for
Transformation of REF Cells. It was shown by Land et al. (7)
that the truncated form of the plt gene encoding only the 40-
kDa amino-terminal part of the protein (4) cooperates with
ras genes for transformation of secondary REF cells. These
authors could not study, in this respect, the activity of the
full-sized (105-kDa) polyoma protein because of a toxic ef-
fect after gene transfer at high multiplicity by the Ca®* trans-
fection method. Although this toxicity of high intracellular
concentrations of large T could be observed in many in-
stances (unpublished results), it was not apparent when the
complete plt gene was transferred by the protoplast fusion
method (4, 5). We therefore carried out similar transforma-
tion experiments on tertiary REF cultures by polyethylene
glycol-induced fusion with mixtures of protoplasts carrying
the pEJ6.6 plasmid (Ha-ras) and of protoplasts carrying ei-
ther pPyLT1 or pl.T214 (full-sized or truncated large T) or
the myc plasmids. Transfer into tertiary culture cells pre-
sents the additional advantage, as compared with primary or
secondary cultures, of having the control cultures show a

Table 2. Complementation of FR3T3-MTT4 cells for colony
formation in agarose medium at low serum concentration

Colonies per 10°

Fusion of FR3T3-
MTT4 cells with _cells
protoplasts carrying 0.5% 10%
plasmid Oncogene serum  serum
pBR322 None 0-1 >5x 10*
pPyLT1 Polyoma plt 55-70 NT
pSVv-myc MC29 gag-myc (v-myc) 85-95 NT
pSVc-myc-1 Rearranged c-myc 65-80 NT
pSVv-myc-del Deleted MC29 v-myc 0-1 NT
Untreated MTT4 cells — 0-1 >5x10*

The indicated plasmid DNA was transferred into FR3T3-MTT4
cells (4) by the protoplast fusion technique (20); 24 hr later, the cells
were trypsinized and seeded (10° cells per 60-mm Petri plate) in
agarose medium (4) supplemented with the indicated concentration
of newborn calf serum (GIBCO). Colonies were counted after S
weeks. Extreme values observed (3-5 identical plates) are indicated.
NT, not tested.

lower background of cells growing at high density, thus al-
lowing a direct assay by focus formation without selection
for a cotransferred resistance gene. As exemplified in Fig. 3,
results demonstrated that the genes encoding the 105-kDa
large T protein and the 40-kDa truncated forms exhibited
comparable efficiencies of induction of foci when cotrans-
ferred with the ras gene and that this efficiency was again
comparable to that of the two myc genes in the same assay
(5-20 foci per 10° cells).

DISCUSSION

We established previously that transfer of the plr gene of
polyoma virus into rodent embryo fibroblasts results in the
expression of a series of phenotypic characters. Assays were
developed for three groups of properties (4, 5): (i) immortal-
ization in cell culture, (i) growth in medium with low serum
concentration of normal cells and anchorage-independent
growth of cells transformed with the polyoma pmt gene, and
(iii) cooperation with the pmt gene for the transformation of
primary embryonic cells. A coordinated expression of these
various characters was always observed in both mouse and
rat cells (unpublished results), and by using either the com-
plete plt gene (105-kDa protein) or the truncated form encod-
ing only the amino-terminal 40% of large T. It was indepen-
dently reported that both the polyoma pit and the myc genes
cooperate with an activated ras oncogene for transformation
of primary rat fibroblasts, and thus suggested that expres-
sion of the myc protein might confer immortality on these
cells (7).

We asked whether all the changes observed in rat fibro-
blast cells after transfer of the polyoma pit gene were also
expressed after transfer into these cells of the same two myc-
related genes that were shown to complement Ha-ras for cell
transformation, the MC29 gag—myc fusion gene, and rear-
ranged c-myc sequences from a mouse plasmacytoma line
(7). We could confirm, using a different assay (focus forma-
tion without selection for a cotransferred resistance gene),
that the full-sized plt gene, as its amino-terminal truncated
form, and the myc genes allowed efficient transformation of
primary cells by the ras oncogene. Both the myc and plt
genes conferred on REF cells an unlimited potential for
growth in culture, and decreased serum requirements were
evidenced in the two assays previously used, colony forma-
tion by the highly serum-dependent FR3T3 cells in the pres-
ence of 0.5% calf serum and complementation for growth in
suspension at the same low serum concentration of the par-
tially transformed MTT cells.

As done by others under similar circumstances (7), we as-
sumed that in all cases, the observed effects are due to the
activity of the proteins encoded by the transferred genes.
Experiments to check directly for the expression of the



Cell Biology: Mougneau et al.

Proc. Natl. Acad. Sci. USA 81 (1984) 5761

pPEJ 6.6+ pSVc-myc-1

pEJ6.6 + pPyLT1

pEJ6.6 + pLT 214

Fi1G. 3. Focus formation by REF cells after transfer of the full-sized and truncated plr genes and of myc genes in combination with Ha-ras.
Secondary REF cells were trypsinized and plated at a density of 2 x 10° cells per 35-mm plate; 24 hr later, the indicated plasmid DNAs were
transferred into cells of these tertiary cultures by the protoplast fusion technique (20), using either 2 x 10° protoplasts per plate for single
plasmid transfer or a mixture of 1 X 10° protoplasts of each type for combinations of two plasmids. Cells were transferred the next day at'a
density of 1.5 x 10° cells per 60-mm plate in medium containing 10% newborn calf serum. Plates were stained with Giemsa after 4 weeks.

transferred myc genes are made technically difficult because
of the known low levels of expression of these genes and by
the fact that expression of the transferred genes has to be
distinguished from that of the endogenous c-myc gene. In the
case of the polyoma large T protein, where there is no prob-
lem of endogenous synthesis of a similar product, with bio-
chemical assays and zs mutants readily available, we demon-
strated previously that the ability to grow in medium with
low serum concentration as well as continuous growth in cul-
ture requires the continuous expression of the viral gene (4,
5).

Changes induced by oncogenes of this group in cells in
culture are not likely to be limited to these properties. It was,
for instance, recently observed (C. Cerni, personal commu-
nication) that the increased frequency in sister chromatid ex-
change characteristic of polyoma virus-transformed cells de-
pends on the expression of the large T protein and that trans-
fer of the plt gene makes normal cells sensitive to the
transforming effect of tumor promoters (G. Connan, person-
al communication). )

In addition to a more complete description of the changes
in cell growth regulation induced by oncogenes of the myc—
pit family, these results provide quantitative assays for their
biological function(s). It will, for instance, be possible to
compare in these assays the efficiency of nonrearranged c-
myc sequences, of the various rearranged forms observed in
tumor cells (for review, see ref. 22), and of mutant and
recombinant genes prepared in vitro. Some of these assays,
such as complementation of MTT cells in medium with low
serum concentration, may also provide selective procedures
for the search of new oncogenes acting at the same step in
tumorigenesis. The background level of the MTT comple-
mentation assay is low enough for the detection of rare
events. More studies are required, however, before using
such selective systems in transfection experiments with ge-
nomic tumor DNA, because the efficiency of DNA uptake
by cells of the presently available lines is limited as com-

pared with that of the currently used NIH3T3 cells (unpub-
lished results).

The tight correlation observed between a series of pheno-
typic characteristics after transfer of apparently unrelated
genes strongly suggests that expression of these genes re-
sults in the same primary molecular event(s). Both myc and
plt gene products are nuclear proteins that bind DNA with
high affinity (9-17). The polyoma large T protein, as the ho-
mologous simian virus 40 protein, is a trans-acting regula-
tory protein that modulates the expression of viral genes (for
review, see ref. 23; ref. 24). One possible group of hypothe-
ses would be that the myc and large T proteins regulate ei-
ther the same subset or overlapping groups of cellular genes.
Another type of model may be deduced from recent observa-
tions (25, 26), indicating that the expression of the c-myc
gene in normal cells is correlated with specific events in the
cell cycle. Effects observed upon artificial addition of exoge-
nous c-myc sequences by transfection might be the results of
their constitutive expression, changes in the neighboring nu-
cleotide sequences leading to escape from the physiological
controls. This result might also be achieved by the transloca-
tions observed in many tumors (for review, see ref. 22) and
by a specific regulatory effect exerted by the large T protein
on the expression of the c-myc gene.

We are indebted to Dr. R. A. Weinberg for the gift of plasmids
pSVv-myc, pSVv-myc-del, pSVc-myc-1, and pEJ6.6. We thank L.
Carbone, F. Tillier, and M. L. Varani for technical assistance. This
work was made possible by grants from the Ministere de I'Industrie
et de la Recherche and the Centre National de la Recherche Scienti-
fique (France).

1. Cuzin, F. (1984) Biochim. Biophys. Acta 781, 193-204.

2. Treisman, R., Novak, U., Favaloro, J. & Kamen, R. (1981)
Nature (London) 292, 595-600.

3. Tyndall, C., La Mantia, G., Thacker, C. M., Favaloro, J. &
Kamen, R. (1981) Nucleic Acids Res. 9, 6231-6250.

4. Rassoulzadegan, M., Cowie, A., Carr, A., Glaichenhaus, N.,
Kamen, R. & Cuzin, F. (1982) Nature (London) 300, 713-718.



5762

= o

o ®

10.
11.
12.

13.

14.
15.

Cell Biology: Mougneau et al.

Rassoulzadegan, M., Naghashfar, Z., Cowie, A., Carr, A.,
Grisoni, M., Kamen, R. & Cuzin, F. (1983) Proc. Natl. Acad.
Sci. USA 80, 4354-4358.

Van den Elsen, P. J., de Pater, S., Houweling, A., van der
Veer, J. & Van der Eb, A. (1982) Gene 18, 175-185.

Land, H., Parada, L, F. & Weinberg, R. A. (1983) Nature
(London) 304, 596—602.

Ruley, H. E. (1983) Nature (London) 304, 602-606.

Ito, Y., Spurr, N. & Dulbecco, R. (1977) Proc. Natl. Acad.
Sci. USA 74, 1259-1263.

Hutchinson, M. A., Hunter, T. & Eckhart, W. (1978) Cell 15,
65-77.

Schaffhausen, B. S., Silver, J. E. & Benjamin, T. L. (1978)
Proc. Natl. Acad. Sci. USA 75, 79-83.

Gaudray, P., Tyndall, C., Kamen, R. & Cuzin, F. (1981) Nu-
cleic Acids Res. 9, 5697-5710.

Alitalo, K., Ramsay, G., Bishop, J. M., Ohlsson Pfeifer, S.,
Colby, W. W. & Levinson, A. D. (1983) Nature (London) 306,
274-277.

Bunte, T., Greiser-Wilke, I. & Moelling, K. (1983) EMBO J. 2,
1087-1092.

Galup, C., Trejo-Avila, L., Mougneau, E., Lemieux, L., Gau-

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

Proc. Natl. Acad. Sci. USA 81 (1984)

dray, P., Rassoulzadegan, M. & Cuzin, F. (1983) in CNRS-
INSERM Colloquium on Mechanisms of the Formation of Ma-
lignant Cells (INSERM, Paris), pp. 255-276.

Hann, S. R., Abrams, H. D., Rohrschneider, L. R. & Eisen-
man, R. N. (1983) Cell 34, 789-798.

Clertant, P., Gaudray, P. & Cuzin, F. (1984) EMBO J. 3, 303-
307.

Todaro, G. J. & Green, H. (1963) J. Cell Biol. 17, 299-313.
Seif, R. & Cuzin, F. (1977) J. Virol. 24, 721-728.
Rassoulzadegan, M., Binétruy, B. & Cuzin, F. (1982) Nature
(London) 295, 257-259.

Graham, F. L. & Van der Eb, A. J. (1973) Virology 52, 456
467.

Leder, P., Battey, J., Lenoir, G., Moulding, C., Murphy, W.,
Potter, H., Stewart, T. & Taub, R. (1983) Science 222, 766—
771.

Hand, R. (1981) Biochim. Biophys. Acta 651, 1-24.

Keller, J. M. & Alwine, J. C. (1984) Cell 36, 381-389.

Kelly, K., Cochran, B. H., Stiles, C. D. & Leder, P. (1983)
Cell 35, 603-610. )

Campisi, J., Gray, H. E., Pardee, A. B., Deap, M. & Sonen-
s!1ein‘, G. E. (1984) Cell 36, 241-247.



