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Heparin-treated, v-myc-transformed chicken heart mesenchymal
cells assume a normal morphology but are hypersensitive to
epidermal growth factor (EGF) and brain fibroblast growth
factor (bFGF); cells transformed by the v-Ha-ras oncogene
are refractory to EGF and bFGF but are hypersensitive
to insulin-like growth factors
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ABSTRACT Chicken heart mesenchymal cells do not pro-
liferate in culture medium containing heat-defibrinogenated
plasma but proliferate briskly when incubated with epidermal
growth factor (EGF) or brain fibroblast growth factor (bFGF)
plus insulin-like growth factors (IGFs) or when infected with
sarcoma or erythroblastosis viruses. When infected with the
retrovirus MC29, which bears a v-myc oncogene, chicken heart
mesenchymal cells proliferate at a more modest rate and
become morphologically transformed. Heparin at 25 ,ug/ml
causes these MC29-transformed cells to become proliferatively
quiesceht and to assume a normal morphology. Heparin-
treated MC29-infected cells are, however, 100 times more
sensitive to EGF than are their normal, uninfected counter-
parts. MC29-infected cells appear, likewise, to be hypersensi-
tive to bFGF and to PDGF preparations but not to insulin. We
hypothesize, therefore, (i) that heparin prevents the generation
by cells of a mitogen from plasma protein precursors in the
culture medium; (it) that the v-myc oncogene renders cells
hypersensitive to EGF, bFGF, PDGF, and the putative plasma-
protein-derived mitogen; and (iii) that MC29-infected cells
must proliferate in order to manifest the transformed mor-
phology. Chicken heart mesenchymal cells infected with a
recombinant spleen necrosis virus containing a v-ras oncogene
are morphologically transformed but proliferate only sluggish-
ly in plasma-containing medium without added mitogenic
hormones. Heparin does not significantly affect their behavior.
They are refractory to mitogenic stimulation by EGF or bFGF
suggesting that ras proteins mediate the effects of receptors for
these hormones. The SNV/v-ras-infected cells proliferate
briskly, however, in response to hyperphysiological concentra-
tions of insulin, an IGF surrogate, and are considerably more
sensitive to this IGF mitogenicity than are their normal,
uninfected counterparts.

The acutely transforming avian retrovirus MC29, which
bears a v-myc oncogene, causes leukemias, carcinomas, and
sarcomas in chickens (1). The myc protooncogene has been
found to be activated by avian leukosis virus promoter
insertion in chicken bursal lymphomas and, importantly, may
be activated by chromosomal translocation in nonviral tu-
mors, including human tumors (1). Identification of the
modification(s) of cellular proliferation caused by the activity
of pjjOgag-mYc, the transforming protein encoded by the myc
oncogene of MC29, will be necessary to an understanding of

the contribution of this oncogene to the unregulated cell
proliferation that defines neoplasia.

SNV/v-ras, a recombinant avian spleen necrosis virus
containing a v-Ha-ras oncogene, has recently become avail-
able (2). Because ras oncogenes, first identified in rat
sarcoma viruses, have been cloned from a number of human
malignancies (3), phenomenological definition of the changes
in cell proliferation caused by the v-Ha-ras-encoded trans-
forming protein p21 assumes considerable importance.

Chicken heart mesenchymal cells, in a system developed in
our laboratory (4, 5), are proliferatively quiescent in low
density monolayer cultures in medium containing rooster
plasma at 10%. The quiescence of these cells, unlike the
proliferative inactivity of fibroblasts in standard culture
systems, does not depend on cell-deprivation effects like
serum (plasma)-starvation or density-dependent inhibition or
on the absence of anchorage. Chicken heart mesenchymal
cells proliferate briskly in response to the combination of
epidermal growth factor (EGF) or brain fibroblast growth
factor (bFGF) plus insulin-like growth factor I (IGF-I),
IGF-II, or insulin at hyperphysiological concentrations (6, 7).
Insulin, at hyperphysiological concentrations, acts as an IGF
surrogate by activating the type-I IGF receptor (7). Chicken
heart mesenchymal cells proliferate briskly, likewise, after
infection with avian sarcoma or erythroblastosis viruses,
whereas they proliferate at more modest rates after infection
with MC29 (8). In preliminary experiments, we have ob-
served that the modestly proliferating MC29-infected cells
respond to concentrations ofEGF (1-10 ng/ml) to which their
normal, uninfected counterparts show little or no response.
Others have reported that expression of transfected myc
protooncogenes enhances response to EGF in assays based
on [3Hlthymidine incorporation of density-arrested 3T3 cells,
on clonal growth of 3T3 cells, or on colony formation by
Fischer rat fibroblasts in soft agar (9, 10).

Earlier work suggested that heparin treatment (500 ,ug/ml),
as well as heat-defibrinogenation, of plasma might be neces-
sary to obtain proliferative quiescence of normal chicken
heart mesenchymal cells in culture (5). Subsequent studies,
however, have indicated that heat-defibrinogenation alone is
sufficient, provided that rooster blood collected for plasma is
treated with adequate quantities of the calcium chelator
EGTA to prevent coagulation (refs. 7, 8, 11 and unpublished

Abbreviations: SNV/v-ras, recombinant avian spleen necrosis virus
containing a v-ras oncogene; RSV, Rous sarcoma virus; EGF,
epidermal growth factor; bFGF, brain fibroblast growth factor; IGF,
insulin-like growth factor; PDGF, platelet-derived growth factor;
TGF-a, type a transforming growth factor.
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results). Balk et al. (5) have hypothesized that heat-defibrin-
ogenation of plasma, in addition to rendering plasma
noncoagulable, inactivates a cascade that generates mitogens
from plasma protein precursors during clotting or during the
interaction of plasma-containing medium and cultured cells.
Heparin or heparin-like molecules may indeed have, howev-
er, a physiological negative regulatory role in the control of
cell proliferation (5, 12-14), and the presence of these
polyanions in culture medium may be necessary to an
experimental formulation of a coherent and physiologically
relevant view of the interactions of mitogenic hormones and
onc genes in the initiation of cell replication. In an attempt to
explain the relatively modest proliferative activity of MC29-
infected cells, compared to sarcoma and erythroblastosis
virus-infected cells, and the apparent hypersensitivity of
MC29-infected cells to EGF, as well as to further elucidate
the apparent negative role of heparin and heparin-like sub-
stances in cell proliferation, we have hypothesized (i) that
cryptic mitogenic activity, not abolished by heat-defibrino-
genation alone, may be generated from plasma protein
precursors upon contact with cultured cells and that gener-
ation of such a mitogen might be inhibited by addition of
heparin to plasma-containing culture medium; (ii) that MC29-
infected chicken heart mesenchymal cells may be hypersen-
sitive to such a cryptic, plasma protein-derived mitogen and
so, unlike normal cells, proliferate at a modest rate in medium
containing heat-defibrinogenated plasma; and (iii) that MC29-
infected cells might become quiescent in heparinized culture
medium and there manifest clear hypersensitivity to EGF and
to other added mitogens.
We present here the results of experiments done to test this

hypothesis. We have also examined the proliferative behav-
ior of chicken heart mesenchymal cells infected with a
recombinant avian spleen necrosis virus containing a v-Ha-
ras oncogene.

MATERIALS AND METHODS

General methods for the preparation of heat-defibrinogen-
ated rooster plasma, synthetic culture medium, and cultures
of chicken heart mesenchymal cells have been published
(4-8, 11). Rooster blood for the preparation of heat-
defibrinogenated plasma was collected using EGTA as
anticoagulant. After removal of formed elements by centrif-
ugation, the plasma was heat-defibrinogenated at 57°C for 35
min and then stoichiometrically recalcified with CaCl2.

All cultures were incubated at 42°C in a humidified 95%
air/5% CO2 atmosphere. Primary and secondary stock cul-
tures were prepared, in 60-mm Falcon tissue culture dishes,
in synthetic medium with heat-defibrinogenated plasma at
5%, EGF at 100 ng/ml and insulin at 1 ,ug/ml. On the day after
their preparation, primary cultures were inoculated with
retroviruses. MC29 (subgroup B) (RAV-2 helper virus) was

graciously provided by C. Moscovici (Gainesville, FL). A
recombinant avian spleen necrosis virus (GT10) containing a

v-Ha-ras oncogene (SNV/v-ras, reticuloendotheliosis virus-
associated helper) was graciously provided by T. Gilmore
and H. Temin (2). Schmidt-Ruppin (subgroup A) Rous
sarcoma virus (RSV) has been carried in our own laboratory.
The primary cultures ofnormal and retrovirus-infected chick-
en heart mesenchymal cells were subcultured to yield sec-
ondary stock cultures. These were subcultured, in 35-mm
Falcon dishes and plasma-containing medium without added
mitogenic hormones, to yield replicate tertiary cultures for
experiments. The use of secondary stock cultures ensured
quantitatively and qualitatively complete transformation of
cells with MC29 and SNV/v-ras, which are defective retro-
viruses.

Experiments were begun on the day following subculture
(day 0). All experimental culture media contained heparin-

ized, heat-defibrinogenated plasma at 10%. Two milliliters of
experimental culture medium were used per 35-mm dish;
media were changed on days 2 and 3. Cells were counted with
a Coulter electronic cell counter. Cell proliferation was
determined over 4-day periods.
Grade I, porcine intestinal heparin and crystalline bovine

insulin were purchased from Sigma and were dissolved,
respectively, at 25 mg/ml in electrolyte solution and 10
mg/ml in 0.02 M HCl. EGF, receptor grade, and platelet-
derived growth factor (PDGF) preparation were purchased
from Collaborative Research (Waltham, MA), and bFGF
preparation was purchased from Biomedical Technologies
(Norwood, MA); these polypeptide hormones were dissolved
at, respectively, 100 ,ug/ml, 50 units (equivalent to 2 ,g)/ml,
and 50 ,ug/ml in plasma-containing culture medium.

RESULTS AND DISCUSSION

The addition of heparin to plasma-containing culture medium
without added mitogenic hormones abolishes the prolifera-
tion of MC29-infected chicken heart mesenchymal cells and
causes them to assume the morphology ofnormal, uninfected
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FIG. 1. Results of a single experiment examining the effect of
heparin on the proliferative behavior of normal, MC29-infected,
SNV/v-ras-infected, and RSV-infected chicken heart mesenchymal
cells in culture medium, without or with added EGF and/or insulin,
containing heat-defibrinogenated chicken plasma at 10%o. Each value
represents (the mean number of cells ± SEM) x 10-, from three
replicate 35-mm tertiary-culture 4ishes, counted with a Coulter
electronic cell counter after 4 days of incubation. At the beginning of
the experiment (day Q), the normal, MC29-infected, SNV/v-ras-
infected, and RSV-infected cells were present, respectively, at (10.2
+ 0.2) x 104, (7.5 + 0.3) x 104, (10.5 ± 0.1) x 104, and (7.8 ± 0.3)
x 104 cells per dish. In all experiments, media were changed on the
second and third days of incubation. Each experiment reported in
this publication was repeated more than three times, with similar
results.

15.4±0.2 111±02 12.3±0.3 111.9±0.4 111.9±0.1 13.2:0. i 13.3±0.3I14.1±0.1
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FIG. 2. Phase-contrast photomicrographs of normal, MC29-infected, SNV/v-ras-infected, and RSV-infected chicken heart mesenchymal
cells in culture medium, with or without added heparin or EGF, containing heat-defibrinogenated chicken plasma at 10%. The cells were
inoculated in primary culture, subcultured to obtain quantitatively and qualitatively complete transformation, and photographed after 4 days
in tertiary culture. Normal cells were proliferatively quiescent with or without added heparin. (x74.)

cells (Figs. 1 and 2). These effects of heparin on proliferative
behavior and cell morphology are complete at a heparin
concentration of 25 ,Lg/ml. By comparison with this quali-
tative effect on the behavior of MC29-infected cells, heparin
has but a small quantitative effect on the rate of proliferation
of normal cells induced to proliferate with EGF and/or
hyperphysiological concentrations of insulin or on the rate of
proliferation of RSV-infected cells (Fig. 1). As already noted,
insulin at hyperphysiological concentrations acts as a surro-
gate for IGF-I (somatomedin C) by activating a type-I IGF
receptor (7).
Normal chicken heart mesenchymal cells in medium with

or without heparin show little or no response to EGF at 1-10
ng/ml (Fig. 1). MC29-infected cells whose proliferation has
been arrested by heparin at 25 flg/ml, however, increase
10-fold in number over baseline during 4 days of incubation
with EGF at 10 ng/ml and 6-fold in the presence of EGF at
1 ng/ml. These hormone-stimulated, MC29-infected cells
maintain the transformed morphology in the presence of
heparin (Fig. 2). The hypersensitivity to EGF of MC29-
infected cells was borne out in a mitogenicity titration ofEGF
vs. insulin (Fig. 3): Normal chicken heart mesenchymal cells,
again, showed little or no significant response to EGF at 1
ng/ml or 10 ng/ml, manifesting a significant response only
when the EGF concentration was raised to 100 ng/ml.
MC29-infected cells, by comparison, increased 4-fold in
number over baseline during 4 days of incubation with EGF
at 1 ng/ml and 18-fold in the presence of EGF at 10 ng/ml.
In heparin-containing medium, MC29-infected cells can
therefore be seen to be -100 times as sensitive as normal cells
in regard to the threshold concentration ofEGF to which they
show a significant proliferative response. In the presence of
EGF at 100 ng/ml, MC29-infected cells increase -40-fold

over baseline during 4 days of incubation, whereas normal
cells increase only 5-fold.
A profound mitogenic synergy between EGF (or bFGF)

and IGFs for normal chicken heart mesenchymal cells has
been described (7); we have now explored these interactions
for MC29-infected cells as well (Fig. 3). Hyperphysiological
concentrations of insulin appear to potentiate the effects of
low concentrations of EGF on MC29-infected cells much as
they potentiate the effect of high concentrations of EGF on
normal cells. Incubation for 4 days with insulin at 10 ,ug/ml,
for example, causes an =4-fold increase in numbers of
MC29-infected cells stimulated with EGF at 1 ng/ml or of
normal cells stimulated with EGF at 1 flg/ml. Acting in the
absence of added EGF, insulin at 10 ,ug/ml causes-3-fold
multiplication of normal cells and %7-fold multiplication of
MC29-infected cells. Potentiation of the effects of EGF-like
mitogens in the plasma-containing culture medium, rather
than hypersensitivity to IGFs per se, may well explain the
greater response of MC29-infected cells to a maximal dose of
insulin alone. Our observation that insulin, acting alone for 4
days at 1 ,tg/ml, causes 2- to 3-fold multiplication of both
normal and MC29-infected cells supports the hypothesis that
MC29-infected cells, although markedly hypersensitive to
EGF, may not be hypersensitive to IGFs.
bFGF preparation at 10 ng/ml does not have a significant

mitogenic effect on normal chicken heart mesenchymal cells
but causes -3-fold multiplication of MC29-infected cells
during a 4-day period. The addition of insulin at 100 ng/ml,
which acting alone has little effect, to medium with bFGF
preparation at 10 ng/ml causes an approximate doubling of
normal cells but -14-fold multiplication of MC29-infected
cells. This further suggests that MC29-infected cells may be
hypersensitive to bFGF. Additional insight into this matter

Cell Biology: Balk et al.
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FIG. 3. A single experiment examining the effect of EGF, bFGF, PDGF, and insulin (at hyperphysiological concentrations; i.e., an IGF
surrogate) on proliferative behavior of normal and MC29-infected chicken heart mesenchymal cells in culture medium containing heat-
defibrinogenated plasma at 1o and heparin at 25 ,ug/ml. Each value represents (the mean number of cells SEM) x 10-4, from three tertiary
cultures after 4 days of incubation. At the beginning of the experiment (day 0), there were (9.2 0.0) x 104 normal or (6.5 ± 0.2) x 104
MC29-infected cells per dish. RSV-infected cells in this experiment increased in number from (10.2 ± 0.2) x 104 per dish on day 0 to (158 ±

2.4) x 104 per dish on day 4.

must await definitive identification of the active principle of
bFGF (15). Crude PDGF preparation, tested at a concentra-
tion containing z10 ng ofthe pure mitogen per ml, caused less
than doubling of normal cells during a 4-day period but
caused an -8-fold increase in numbers of MC29-infected
cells, a difference that was not amplified by insulin. Provi-
sional upon the commercial availability of purer preparations
ofPDGF, these results suggest that MC29-infected cells may
be hypersensitive to PDGF, as well as to EGF and bFGF.
Alternatively, the report that PDGF induces human diploid
fibroblasts to secrete IGF-I (16) suggests that autocrine
secretion of IGF-I, by potentiating the effects of EGF-like
mitogens present in the plasma component of the culture
medium, may contribute to the apparent hypersensitivity of
MC29-infected chicken heart mesenchymal cells to PDGF.
We hypothesize, in accordance with the results of these

experiments, (i) that heparin prevents the generation by
cultured cells ofa mitogen from protein precursors in medium
containing heat-defibrinogenated plasma; (ii) that the activity
of the protein product of the myc oncogene of the MC29 virus
renders cells hypersensitive to EGF, to bFGF, to the putative
mitogen released by cultured cells from plasma protein
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precursors, and, possibly, to PDGF; and (iii) that MC29-
infected cells must proliferate in order to manifest a trans-
formed morphology.
The abolition by heparin of proliferation of MC29-infected

cells might be explained by the prevention of generation from
plasma protein precursors of a mitogen to which MC29-
infected cells were considerably more sensitive than normal
cells. The small effects of heparin on the rate of proliferation
of EGF- and insulin-stimulated normal cells and on the rate
of proliferation of mitogen-independent RSV-infected cells
(11), as well as the published work of others (12-14), suggests
that heparin or heparin-like substances may exert physiolog-
ically regulatory, negative effects on cell proliferation in
addition to or as alternatives to inhibition of generation of a

cryptic mitogen from plasma (serum) proteins in culture
medium.

Induction of hypersensitivity to mitogenic hormones might
explain a significant portion of the contribution of an active
myc oncogene to the excessive (autonomous) cell prolifera-
tion that defines the neoplastic state. Such abnormally
sensitive cells might proliferate in response to physiological
baseline concentrations of plasma and extracellular fluid
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FIG. 4. A single experiment examining the effect of EGF, bFGF, PDGF, and hyperphysiological insulin on proliferative behavior of normal
and SNV/v-ras-infected chicken heart mesenchymal cells in culture medium containing heat-defibrinogenated plasma at 10%o and heparin at 25

,ug/ml. Each value represents (the mean number of cells ± SEM) x 10-4, from three tertiary cultures after 4 days of incubation. At the beginning
of the experiment (day 0), there were (9.7 ± 0.2) x 104 normal and (10.5 ± 0.1) x 104 SNV/v-ras-infected cells per dish. RSV-infected cells

in this experiment increased in number from (8.1 ± 0.1) x 104 per dish on day 0 to (324 ± 2.5) x 104 per dish on day 4.
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hormones that are not mitogenic for normal cells. In renewal
("turnover") tissues such as bone marrow, skin, and gut,
similarly, cells hypersensitive to mitogenic hormones might
well proliferate in excess of their normal counterparts and so
yield a tumor. The transforming protein of the myc oncogene
may confer hypersensitivity to mitogenic hormones on cells
by increasing the numbers or sensitivity of hormone recep-
tors (17) or via a postreceptor mechanism.

MC29-infected cells become proliferatively quiescent and
revert to a normal morphology when heparin is added to
plasma-containing culture medium without mitogenic hor-
mones but maintain the transformed morphology when stim-
ulated with mitogenic hormones. This observation suggests
that reversion ofMC29-infected cells to a normal morphology
is a consequence of proliferative quiescence rather than a
response to heparin per se.
Chicken heart mesenchymal cells infected with SNV/v-ras

proliferate only sluggishly in plasma-containing medium
without added mitogenic hormones, increasing 2-fold in
number during 4 days of incubation (Figs. 1 and 4), and
assume a spindle-shaped transformed morphology (Fig. 2).
The proliferative behavior and transformed morphology of
SNV/v-ras-infected cells are not significantly affected by
addition of heparin to plasma-containing medium without
added hormones or with added insulin, our IGF surrogate
(Fig. 1). Unlike MC29-infected cells, which are hypersensi-
tive to EGF and bFGF and normally sensitive to IGFs,
SNV/v-ras-infected cells are refractory to EGF and bFGF
and hypersensitive to IGFs: EGF at 1 Ag/ml and bFGF at 500
ng/ml, while causing, respectively, 8-fold and 7-fold in-
creases in number of normal chicken heart mesenchymal
cells during 4 days of incubation, have no stimulatory effect
on the proliferation of cells infected with SNV/v-ras. By
contrast, although insulin at 10, 1, and 0.1 ,tg/ml causes,
respectively, approximately 3-, 2-, and 1.5-fold increases in
number of normal cells, these same concentrations of insulin
cause, respectively, approximately 7-, 6-, and 3-fold in-
creases in number of SNV/v-ras-infected cells (Fig. 4).
Some cells bearing v-ras oncogenes have been reported to

secrete type a transforming growth factor (TGF-a), which
binds to EGF receptors and, purportedly, blocks the binding
of EGF (17). TGF-a has not been reported to bind to bFGF
receptors. Furthermore, it is unlikely that TGF-a would bind
to EGF or bFGF receptors with sufficient avidity to render
SNV/v-ras-infected cells refractory to EGF and bFGF with-
out itself being potently mitogenic. Other workers have
suggested that proto-ras-encoded proteins mediate the ef-
fects of activated EGF receptors and that the presence in
cells of activated ras proteins might cause down-regulation of
EGF receptors (18) and, by inference, ofbFGF receptors. An
assumption that such mediation occurs in normal cells would
suggest that chicken heart mesenchymal cells infected heavi-
ly enough with SNV/v-ras to render them refractory to EGF
and bFGF would proliferate actively, unless the action of
EGF and bFGF receptors involved cellular mediators, as yet
undefined, in addition to proto-ras proteins. Generally speak-
ing, the hypersensitivity to insulin of chicken heart mesen-
chymal cells bearing a v-ras oncogene, which may constitu-
tively activate some cellular functions normally activated by
EGF and bFGF receptors, may parallel the strong synergistic
relationship (7) between EGF or bFGF on the one hand and
IGF-I or IGF-II on the other.

SNV/v-ras-infected chicken heart mesenchymal cells ap-
pear to be more sensitive to the activity of PDGF than their
normal counterparts (Fig. 4). PDGF preparation at a con-
centration equivalent to 30 ng of the pure mitogen per ml
causes an -8-fold increase in SNV/v-ras-infected cells
during a 4-day period while causing only a 3-fold increase in
normal cells (Fig. 4). Chicken heart mesenchymal cells
bearing an active ras oncogene appear to be hypersensitive to
IGFs, and it is possible that PDGF-induced autocrine secre-
tion of IGF-I, as reported in human fibroblasts (16), underlies
the apparent hypersensitivity of SNV/v-ras-infected cells to
PDGF.
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