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The effects of the avian viral oncogenes src and myc were compared for their ability to alter the differentiated
phenotype and the proliferative capacity of definitive chondroblasts. As previously demonstrated, viruses
carrying the src oncogene suppressed the synthesis of the chondroblast-specific products, type II collagen and
cartilage-specific sulfated proteoglycan. In contrast, infection with MC29 and HB1 viruses, which carry the
myc oncogene, did not suppress the synthesis of these normal differentiated cell products, but the infected cells
exhibited an increased proliferative potential. The MH2 virus, which carries both the myc and mil oncogenes,
both induced the suppression of these chondroblast-specific products and increased cell proliferation. The
implications of these results for cooperation between oncogenes and the multi-oncogene models for neoplastic

transformation are discussed.

Recent experiments have demonstrated that the transfor-
mation of primary cells with oncogenes can require the
cooperative effects of more than one oncogene (15). The
observed effects of oncogene-driven transformation, both in
vitro and in vivo, involve alterations in cell morphology and
in cell proliferative potential. The alterations in cell morphol-
ogy are correlated with, and probably caused by, an altered
ability to synthesize particular differentiated cell products
(8, 19). In particular, transformed fibroblasts and chon-
droblasts exhibit changes in the synthesis of the extracellular
matrix and cytoskeletal proteins (1; E. Allebach, D. Boet-
tiger, M. Pacifici, and S. Adams, submitted for publication).
These structural proteins are important in determining cell
morphology. Individual oncogenes may have their primary
cellular effect on only one of these processes. However,
since proliferation and differentiation are linked in the nor-
mal cellular developmental program, they are not easily
separable. To examine the possibility that differentiation and
proliferation may be affected separately by different onco-
genes, we used the primary chicken embryo chondroblast
system. It has been previously demonstrated, with temper-
ature-sensitive mutants, that the expression of the viral src
suppresses the synthesis of type II collagen and the carti-
lage-type sulfated proteoglycan (1, 10, 19). Furthermore, this
suppression appears to be controlled primarily at the level of
the mRNA (Allebach et al., submitted for publication) and is
not mediated by differences in the cell proliferation rate (19).
Synthesis of the definitive cell products by chondroblasts is
not incompatible with continued cell proliferation, although
cell proliferation does decrease as the extracellular proteo-
glycan-collagen matrix accumulates. Thus, it may be possi-
ble to use this system to separate the effects of oncogenes on
cell proliferation from their effects on cell differentiation.

There is increasing evidence in support of the proposition
that myc has its primary cellular effect on the cell cycle (2,
23). In hematopoietic cell cultures, the MC29 virus carrying
the myc gene induces the transformation of macrophages.
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These transformed macrophages differ from their normal
counterparts chiefly on the basis of increased proliferation;
they are still able to produce substantial levels of the normal
differentiated macrophage products (8). The experiments
described below were undertaken to elucidate the effects of
the myc oncogene on the expression of the differentiated
cells program and proliferative potential of chondroblasts
and to compare these with the effects of src. Three different
myc-containing viruses were used: (i) the prototype strain
MC?29, (ii) a variant of MC29 which contains a replacement
of some v-myc sequences with c-myc sequences (9, 25), and
(iii) MH2 which expresses myc from a spliced mRNA and
not as a gag-myc fusion product but contains in addition a
mil oncogene (13).

MATERIALS AND METHODS

Cells and viruses. Chondroblasts were prepared from 11-
day-old chicken embryo vertebral cartilage as previously
described (19). The cells were cultured on plastic dishes
(Corning Glass Works) in Dulbecco minimal essential me-
dium containing 10% fetal calf serum. The use of the ts-
LA24A strain of Rous sarcoma virus (RSV) in this system
has been described previously (1, 19, 28). Stocks of MC29
(RAV-1), HB1(RAV-1), and MH2(RAV-1) were prepared by
superinfection of quail nonproducer cells (kindly provided by
M. Hayman [London]) with RAV-1.

Soft-agar colonies. Agar colony assays were performed on
third-passage control and infected chondroblasts. The cells
were trypsinized, suspended in Dulbecco minimal essential
medium containing 20% fetal calf serum and 0.4% agar,
(Difco Laboratories), and plated at a density of 10° and 10*
cells per plate on a base containing 0.8% agar. Cultures were
incubated at 35 or 41°C and scored after 10 days.

Immunofluorescence microscopy. The following antibodies
were used in this study: (i) monoclonal antibody IG-10
(immunoglobulin G), which is specific to the avian retrovirus
P19 and also reacts with gag fusion proteins (M. Olsen and
D. Boettiger, manuscript in preparation), or (ii) rabbit anti-
serum, Al, which is specific for the chicken cartilage-type
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FIG. 1. Cell morphology: phase micrographs of living third-pas-
sage uninfected (A), HB1l-infected (B), and MH2-infected (C) chon-
droblasts. Note the prominent nucleoli in B and C.
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sulfated proteoglycan (20; a gift from M. Pacifici). Cell
monolayers grown on plastic were incubated with or without
hyaluronidase (20 wg/ml) at 37°C for 2 h, rinsed with phos-
phate-buffered saline, fixed with 70% ethanol at room tem-
perature for 5 min, and air dried. Fixed cells were incubated
with primary antisera: a 1:100 dilution of the Al antiserum or
a 1:1 dilution of the anti-p19 hybridoma supernatant at 37°C
for 60 to 90 min. The second antiserum was either a 1:50
dilution of fluorescein isothiocyanate-conjugated goat anti-
rabbit immunoglobulin G or rhodamine-conjugated anti-
mouse immunoglobulin G. Fluorescent micrographs were
taken with a Zeiss photomicroscope.

Radioactive cell labeling, immunoprecipitation, and elec-
trophoresis. Control and infected chondroblasts grown on
plastic dishes were washed twice with Earle balanced salt
solution and then incubated for 15 or 30 min in the same
solution containing either 350 wCi of [3*S]methionine per ml
or 100 n.Ci of [*H]proline (New England Nuclear Corp.) per
ml, respectively. Labeled cultures were washed twice with
phosphate-buffered saline and frozen in situ at —85°C. Cells
were solubilized in sodium dodecyl sulfate sample buffer,
and equal trichloroacetic acid-precipitable counts were elec-
trophoresed on 7.5% sodium dodecy! sulfate-polyacrylamide
gels (14). For immunoprecipitation, labeled cells were har-
vested and lysed in RIPA buffer (2) containing 0.1% Tra-
sylol, 0.1 mM phenylmethylsulfonyl fluoride, and 5 mM
EDTA. The Al antiserum (20) for the proteoglycan, or an
anti-chick fibronectin antiserum (17), was added to the
clarified extracts, and the mixtures were incubated on ice for
60 min. Staphylococcus aureus was added, and incubation
was carried out for an additional 30 min. Immunoprecipi-
tates were collected and washed three times with RIPA
buffer by centrifugation at 4°C. Final pellets were disrupted
by boiling for 2 min in sodium dodecyl sulfate-sample buffer,
and proteins were resolved by electrophoresis on 7.5%
polyacrylamide gels (14).

RESULTS

Morphological changes in chicken chondroblasts induced by
temperature-sensitive RSV, MC29, HB1, and MH2. Floater
chondroblasts from primary cultures were trypsinized, in-
fected, passaged twice to allow spreading of the viral infec-
tion, and plated at low density to promote attachment to the
plastic. Control cultures exhibited the pavementlike packing
typical of chondroblasts in monolayer culture (6, 19) (Fig.
1A). Cells infected by the myc-containing viruses MC29 and
HB1 produced similar pavement-packed colonies except
that the cells tended to be smaller and the cells in the center
of the colonies were round, more refractile, and tended to
detach from the monolayer (Fig. 1B). These cells resembled
the more highly proliferating cells present in primary chon-
droblast cultures. MH2-infected cells acquired a heteroge-
neous fibroblastoid morphology and grew in a disordered
manner (Fig. 1C). All myc-infected cells had prominent
nucleoli, as previously reported (21), and tended to be shed
into the medium, a property which was particularly evident
for MH2-infected cells. Chondroblasts infected by RSV and
incubated at the permissive temperature exhibited the typi-
cal refractile, bipolar morphology as previously described
(19) (data not shown).

The growth properties of the control chondroblasts and
chondroblasts infected with the different viruses were exam-
ined by using agar suspension cultures. Normal chon-
droblasts produce an extracellular matrix which enables
them to grow in agar suspension and to produce disperse-
type colonies (D. Boettiger, M. Pacifici, manuscript in
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FIG. 2. Chondroblast agar colonies. Third-passage infected 6r uninfected chondroblasts were seeded in soft agar and photographed after
12 days at 36°C. Chondroblasts: uninfected (A), MH2 infected (B), MC29 infected (C), HB1 infected (D and E), and RSV infected (F).

preparation) (Fig. 2A). RSV-transformed chondroblasts
produce larger, compact colonies under the same conditions
(3, 19) (Fig. 2F). The colonies produced by the MC29- and
HB1l-infected chondroblasts exhibited the more disperse
morphology of the normal-type colonies but were consider-
ably larger than the parallel control colonies (Fig. 2C, D, and
E). Normal chondroblasts derived from limb buds or from
earlier-passage vertebral chondroblast cultures produce large
colonies more similar to the MC29 and HB1 colonies shown
here. These colonies do not appear to be different in kind
from that produced by normal chondroblasts, but they
appear to show enhanced proliferation relative to the parallel

control. MH2, like RSV, produced compact, large colonies
(Fig. 2B).

Synthesis of extracellular matrix components by virus-in-
fected chondroblasts. Primary chondroblasts were infected
with ts-LLA24A, MC29, HB1, and MH2 and passaged three
times as above. For the experiments in this section, both
normal and virus-infected chondroblasts were grown as
adherent cells. This deviation from our usual protocol (1)
permits a better visualization of the effects of the myc gene
on the expression of the chondrogenic phenotype. The
cultures were labeled with [*Hlproline, which selectively
labels the collagens, or [**SJmethionine, and total extracts
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FIG. 3. Synthesis of chondroblast-specific proteins. Third-passage uninfected and infected chondroblasts were maintained at 36°C or 41°C
for 5 days and labeled for 15 to 30 min with [*H]proline or [**S]methionine, and radioactive proteins were subjected to electrophoresis on 7.5%
sodium dodecyl sulfate-polyacrylamide gels. (A) [*H]proline extracts; (B) [**S]methionine extracts. Lanes: 1, uninfected chondroblasts grown
at 35°C; 2, ts-LA24A-infected chondroblasts grewn at 36°C; 3, ts-LA24A-infected chondroblasts grown at 41°C; 4, MC29-infected
chondroblasts; S, HB1-infected chondroblasts; 6, MH2-infected chondroblasts. Immunoprecipitations of [>**S]methionine-labeled proteins
with (C) Al antiproteoglycan serum (C) or antifibronectin serum (D). Lanes: 1, ts-LA24A-infected chondroblasts grown at 35°C; 2,
MH2-infected chondroblasts; 3, MC29-infected chondroblasts; 4, HB1-infected chondroblasts. CP, Core protein for the cartilage-specific
proteoglycan; FN, fibronectin band; k, kilodalton. Magnification, x100. proal(I) and proa2(I), Procollagen chains for type I collagen;

proal(Il), procollagen chain for type. II collagen.

were analyzed on polyacrylamide gels (Fig. 3A and B). The
uninfected chondroblasts produced a predominant band of
about 165 kilodaltons (Fig. 3A, lane 1) which has been
identified as the al chain for the cartilage-specific type II
collagen (1). This band was reduced in the ts-LA24A-
transformed cells (lane 2) and undetectable in the MH2-
infected cells (lane 6) (Fig. 3A). In contrast, there was no
reduction type II collagen synthesis in the ts-LLA24A-
infected cells maintained at a nonpermissive temperature
(lane 3) or in the MC29- and HBl-infected chondroblasts
(lanes 4 and 5) (Fig. 3A). Since these chondroblasts were
grown as attached cells, there is also a prominent fibronectin
band which labeled efficiently with proline. This band was
reduced in the MC29- and HB1-infected chondroblasts. The
low level of fibronectin synthesis of the MC29- and HB1-
infected chondroblasts compared with that of the MH2- and
RSV-transformed chondroblasts was confirmed by im-
munoprecipitation (Fig. 3D).

The additional [*H]proline-labeled bands on either side of
the al(II) collagen band in Fig. 3A represent the two
preprocollagen chains for type I collagen, the al(I) and the
a2(I), since they comigrated with similar bands from chicken
embryo fibroblasts (data not shown) (1). The synthesis of
these type I collagen chains was low in the MC29- and HB-1
infected chondroblasts (lanes 4 and 5) as compared with the
uninfected chondroblasts and was virtually absent in the
MH2-infected chondroblasts (lane 6) (Fig. 3A). The core
protein for the cartilage-specific proteoglycan labeled ineffi-
ciently with the [*Hlproline, but the relative synthesis of this
protein can be seen in the immunoprecipitation studies (Fig.
3C). The synthesis of the core protein was reduced in the
RSV- and the MH2-transformed chondroblasts (lanes 1 and
2), but no reduction was observed for the MC29- and
HB1-infected chondroblasts (lanes 3 and 4) (Fig. 3C).

These conclusions were supported by the parallel gel

containing the total [>*S]methionine-labeled cell extract for
each of the samples (Fig. 3B). The synthesis of the cartilage-
specific extracellular matrix components, type II collagen
and the core protein of the cartilage-type proteoglycan, was
reduced sharply by either the src oncogene (as previously
reported [19; Allebach et al., submitted for publication]) or a
combination of the myc and mil oncogenes, whereas the myc
oncogene alone gave no suppression of these products and
even appears to suppress the synthesis of type I collagen and
fibronectin, which may be synthesized by chondroblasts in
response to transformation or degeneration of the differen-
tiated phenotype in culture (5, 6, 22).

Localization of cartilage-specific proteoglycan in infected
chondroblasts. Since normal chondroblast products were
detected in the MC29- and HB1-infected cultures, it might be
argued that this synthetic pattern resulted from contaminat-
ing, uninfected chondroblasts. The level of infection of cells
by these. viruses was monitored by indirect immunofluores-
cence to the viral p19 portion of the gag-myc fusion protein
(11, 25, 26). To obtain selective staining of the fusion
protein, the viral p19 was removed by treating the cells with
a Triton buffer. This treatment removed all staining from the
RSV-infected cells but left a typical nuclear staining of the
MC29- and HBl-infected cells (7, 11). These experiments
revealed that >95% of the cells were infected with the
myc-containing viruses (data not shown). In addition, dou-
ble-immunofluorescence studies were performed to test for
the simultaneous presence of both the gag-myc fusion pro-
tein and the chondroblast-specific sulfated proteoglycan in
the same cell (Fig. 4). Ethanol was used as a fixative, which
is not a good fixative for the gag-myc protein but is neces-
sary to demonstrate the proteoglycan (20). Because the
proteoglycan is a secreted protein, the cultures were pre-
treated with hyaluronidase to remove the extracellular pro-
teoglycan (20). Figure 4A shows the typical nuclear staining
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FIG. 4. Localization of cartilage-specific proteoglycan in chondroblasts. (A to C) The same field of MC29-infected chondroblasts were
double stained for both gag- and cartilage-specific proteoglycan: A, anti-P19-gag monoclonal antibody; B, phase contrast; C, antiproteo-
glycan serum after a 2-h treatment with hyaluronidase. (D) Antiproteoglycan staining of HB1-infected cells without prior hyaluronidase
treatment; both intra- and intercellular staining can be seen. (E and F) Antiproteoglycan staining of MH2-infected chondroblasts: fluorescence
(E) and phase contrast (F) micrographs of the same field; note the complete absence of staining. (G and H) Uninfected chondroblasts stained
with antiproteoglycan serum after 2 h of treatment with hyaluronidase: fluorescence (G) and phase contrast micrographs of the same field.
Magnification, x400.
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of the gag-myc fusion protein; Fig. 4C shows the staining of
the same field for intracellular cartilage-specific proteogly-
can which localizes to the golgi apparatus (20) (seen here as
a perinuclear region, and similarly in the uninfected chon-
droblasts [Fig. 4G and H]).

Proteoglycan staining without prior treatment with
hyaluronidase demonstrated that HB1-infected cells depos-
ited a normal extracellular matrix (Fig. 4D). In contrast to
the lack of an effect on the synthesis of the chondroblast-
specific proteoglycan in the cells infected by HB1 and
MC?29, the cells infected with MH2 showed no staining with
this proteoglycan antiserum (Fig. 4E and F). A similar result
was obtained with the ts-LLA24A-transformed cells (data not
shown). These immunofluorescence data corroborate the
synthetic data shown in Fig. 3.

DISCUSSION

The objective of this study was to contrast the previously
described effects of the src oncogene both on the synthesis
of the normal chondroblast differentiation products and on
the proliferation of chondroblasts with the effects of the myc
oncogene. The data presented here demonstrate that the
expression of the v-myc oncogene in chondroblasts is com-
patible with the continued expression of the chondroblast-
specific products, type II collagen and the cartilage-type
sulfated proteoglycan. The double immunofluorescence of
gag-myc and the cartilage-type sulfated proteoglycan clearly
demonstrates that the same cell can expresses both prod-
ucts. The infection process resulted in the appearance of
smaller, less-adherent cells with prominent nucleoli. The
altered nucleolar morphology distinguished the MC29-,
HBI1-, and MH2-infected chondroblasts from the uninfected
chondroblasts and was similar to that previously observed in
fibroblasts transformed by myc-containing viruses (21). The
agar colony assays demonstrate that the MC29- and HB1-
infected chondroblasts had a higher proliferative potential
than the uninfected chondroblasts. These results suggest
that myc is affecting primarily the cell proliferation without
altering the differentiated cell phenotype.

As normal chondroblasts differentiate in vitro as nonad-
herent cells, the initial cultures consist primarily of small
cells which increase in size and decrease in proliferation rate
as the cultures progress (D. Boettiger and M. Pacifici,
manuscript in preparation). The smaller cell size, increased
growth producing dispersed colonies in agar, and less syn-
thesis of fibronectin and type I collagen are properties
associated with earlier passage chondroblasts or chon-
droblasts derived from earlier embryonic tissue such as limb
buds (D. Boettiger, unpublished data). The association of
these properties with the MC29- and HB1-infected chon-
droblasts suggests that the myc-infected cells retain their
normal differentiated phenotype better than do the uninfec-
ted cells. This pattern of higher proliferation rates associated
with smaller cells which nevertheless expressed the markers
of terminal differentiation also has been observed for chicken
embryo macrophages infected with MC29 (8).

The results presented here are complemented by similar
experiments with these viruses in the myoblast system. The
link between expression of the differentiated phenotype and
cell proliferation is fundamentally different in the chon-
droblast and myoblast lineages. Myoblasts withdraw from
the cell cycle before synthesis of their differentiated prod-
ucts and fusion into myotubes (12). Myoblasts infected with
MC?29 or HB1 did not withdraw from the cell cycle, and the
expression of the differentiated cell products was completely
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blocked (G. Falcone, F. Tato, and S. Alema, manuscript in
preparation).

In contrast to myc, which appears to affect primarily cell
proliferation and only alters the course of cell differentiation
as a consequence of effects on cell proliferation, src appears
to have an effect on the synthesis of the differentiated cell
products which is independent of its effects on cell prolifer-
ation. In chondroblasts infected with ts-LA24A strain of
RSV, there was a dramatic increase in the synthesis of
chondroblast-specific products in cultures shifted to the
nonpermissive temperature for transformation even though
the chondroblasts retained the same proliferation rate as
their transformed counterparts retained at the permissive
temperature (19). Also, the induction of src expression in
mature myotubes by shifting cultures infected with ts-
LA24A to permissive temperature suppressed the synthesis
of myogenic products even though the cells are incapable of
being induced to cycle (27). It could be argued that the
effects of src on cell proliferation are indeed secondary to
the effects on cell differentiation. For example, fibroblasts
and chondroblasts decrease their proliferation rate as they
accumulate extracellular matrix in culture; src prevents the
synthesis of these products and hence their accumulation.
Thus, the src-transformed cells may continue to proliferate
after the controls have stopped.

The combined effect of myc and mil in the MH2 virus-in-
fected cells provided a stronger suppression of the chondro-
genic phenotype than has been previously observed even for
src. No chondroblast products could be detected in the
MH2-infected cells, and their morphology was completely
distinct from that of normal chondroblasts. An unusual
aspect of this suppression is the effect on type I collagen
synthesis. Both the control and the ts-LA24A-transformed
cells synthesized a small amount of type I collagen; how-
ever, none was detected in the MH2-transformed chon-
droblasts. The complete absence of collagen synthesis in
these cells suggests that the mechanism of suppression of the
differentiated phenotype by MH2 is different from RSV.
Since the expression of myc alone in the MC29- and HB1-
infected chondroblasts did not suppress the synthesis of the
chondroblast-specific products, it is tempting to speculate
that the observed suppression by MH2 is due to the action of
mil. However, MH2 differs from MC29 and HB1 in that myc
is expressed as a separate gene rather than as part of a gag
fusion protein (4, 18). It is possible that the presence of gag
determinants in the protein modify its transforming effects,
as has been reported for the transformation of hematopoietic
cells by Abelson virus (24). In quail tumors initiated either
by MH2 or an MH2 variant lacking the mil gene, the
presence of mil was found to have no effect (16; P. Linial,
personal communication). Hence, additional experiments
will be required to determine whether the suppression of the
chondrogenic phenotype by MH2 is caused by its particular
myc gene, cooperative effect of myc and mil, or the mil gene
alone.
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