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dlPA105 is a spontaneous variant of Rous sarcoma virus, subgroup E, which carries a deletion in the
N-terminal portion of the v-src gene coding sequence. This virus was isolated on the basis of its ability to induce
proliferation of quiescent quail neuroretina cells. The altered v-src gene encodes a phosphoprotein of 45,000
daltons which possesses tyrosine kinase activity. DNA sequencing of the mutant v-src gene has shown that
deletion extends from amino acid 33 to 126 of wild-type p60vsrc. We investigated the tumorigenic and
transforming properties of this mutant virus. dlPA105 induced fibrosarcomas in quails with an incidence
identical to that induced by wild-type virus. Quail neuroretina cells infected with the mutant virus were
morphologically transformed and formed colonies in soft agar. In contrast, dlPA105 induced only limited
morphological alterations in quail fibroblasts and was defective in promoting anchorage-independent growth of
these cells. Synthesis and tyrosine kinase activity of the mutant p45vsrc were similar in both cell types. These
data indicate that the portion of the v-src protein deleted in p45v.src is dispensable for the mitogenic and
tumorigenic properties of wild-type p60vsrc, whereas it is required for in vitro transformation of fibroblasts.
The ability of dlPA105 to induce different transformation phenotypes in quail fibroblasts and quail neuroretina
cells is a property unique to this Rous sarcoma virus mutant and provides evidence for the existence of
cell-type-specific response to v-src proteins.

Rous sarcoma virus (RSV) induces fibrosarcomas in birds
and in vitro transforms avian fibroblasts, the natural target
cells for this virus. Both cell transformation and tumor
formation depend upon the expression of the viral src gene,
v-src (24). The product of the v-src gene is a phosphoprotein
(p60v-src) with tyrosine kinase activity bound to the plasma
membrane (5, 12, 13, 15, 26, 33, 39, 40).
Changes in cell morphology, anchorage-independent

growth, and stimulation of cell proliferation are characteris-
tic properties shared by transformed cells and tumor cells
(24). Stimulation of cell proliferation is conveniently studied
by using neuroretina (NR) cells from chicken or quail
embryos as a host system. As a result of p60vsrc expression,
these differentiated cells are induced to proliferate upon
infection with RSV, whereas uninfected NR cells rapidly
cease to divide and cannot be propagated in vitro (8, 46).
Proliferating NR cells also undergo morphological transfor-
mation, form colonies in soft agar, and become tumorigenic
(8, 10, 48). Moreover, RSV mutants that are either partially
or conditionally defective for transformation induce similar
phenotypic changes in NR cells and fibroblasts (8-10, 27).
These results led to the assumption that the transformed
phenotype, induced by the v-src gene, is mediated by the
same mechanisms in both cell types.
dIPA105 is a spontaneous variant of the Schmidt-Ruppin

strain of RSV, subgroup E (SRE), that contains a partial
deletion in the v-src gene but that has retained the ability to
induce the growth of quail NR (QNR) cells. The deletion has
been mapped to the N-terminal portion of the v-src coding
sequence, between amino acids 32 and 127 (37). Genetic
analysis of other RSV mutants has shown that a domain of
p60v-src between amino acids 15 and 169 is required for a full
morphological transformation of fibroblasts and that it may
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thus play a role in regulating substrate specificity of the v-src
protein (16, 21, 32, 43, 55).

In this study, we investigated the transforming and
tumorigenic properties of dIPA105. We report that, as ex-
pected from the location of the deletion, dlPA105 induces
only limited morphological changes in quail embryo fibro-
blasts (QEF) and is defective in promoting anchorage-
independent growth of these cells. However, QNR cells
infected with the same virus are morphologically trans-
formed and grow in soft agar. In spite of being defective for
transformation of QEF in vitro, dlPA105 is as efficient as
SRE in causing fibrosarcomas in quails.
The ability to induce distinct transformed phenotypes in

QNR cells and QEF is a property of dlPA105 unique among
RSV mutants and suggests that different cell types can
respond differently to the transformation functions of v-src
proteins.

MATERIALS AND METHODS
Cells and viruses. QEF and QNR cells were prepared,

maintained, and infected as previously described (37). All
infected-cell cultures were transferred twice to allow spread-
ing of the virus before use.
SRE, the Rous-associated virus 60 (RAV-60) lympho-

matosis virus, subgroup E, and the mutant dlPA105 are
described in an accompanying paper (37).
Measurement of fibroblast growth. QEF were infected with

undiluted virus and subcultured twice. When cultures in-
fected with SRE became fully transformed, all virus-infected
cells were seeded at low density in 60-mm dishes and
counted at various intervals.

Anchorage-independent growth. QEF and QNR infected
with virus and subcultured twice were suspended in agar at
concentrations ranging between 1 x 105 and 3 x 105 cells per
60-mm dish. Solid medium was minimal essential medium
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containing 0.72% agar, 10% tryptose phosphate broth, 2%
chicken serum, and either 8% newborn calf serum (for QEF)
or 8% fetal calf serum (for QNR cells). Single-cell suspen-
sions were prepared in the same medium containing 0.35%
agar.

Plasminogen activator production. Plasminogen activator
production (56, 57) in serum-free culture media was assayed
by the caseinolysis of defatted dry milk in a gelled medium
containing chicken serum as a source of plasmin (23). The
cells seeded in 60-mm dishes are washed three times with
serum-free medium and incubated for 24 h at 37°C in 2 ml of
serum-free medium. The cells were harvested, and the
number of cells per plate was determined. Plasminogen
activator activity was measured as previously described
(48).

Fluorescence labeling of cells. Cells that had been grown for
at least 2 days on glass cover slips were fixed for 20 min with
3% formaldehyde in phosphate-buffered saline (pH 7.6)
containing 1 mM MgCl2 and 0.1 mM CaCl2. The cells were
then permeabilized by treatment with 0.1% Triton X-100 for
4 min at room temperature and stained for F-actin by using
1 U of 7-nitrosobenzo-2-oxo-1,3-diazole (NBD)-phallacidin
(Molecular Probes Inc.) in phosphate-buffered saline (1).
The fluorescence-labeled cytoskeleton was observed with a
Leitz microscope equipped with a filter setting for fluores-
cein. The observations were made through a x63 oil objec-
tive, and the photographs were taken on Ilford HP5 film.

Tumorigenicity in quails. The wing webs of 1-day-old
Japanese quails (Coturnix coturnix Japonica) were subcuta-
neously injected with 0.1 ml of virus. Virus stocks were
adjusted to 106 focus-forming or mitogenic units per ml. The
mitogenic titer was defined as the reciprocal of the highest
dilution of virus inducing proliferation ofQNR cells after one
subcultivation. In control experiments, quails were injected
with 0.1 ml of medium. The birds were examined for tumor
development every fourth day over a period of 9 weeks.
Autopsies were performed on dead birds and at the end of
the experiment. Tumors were fixed immediately in
Hidenhain's fluid (4.5 g of mercury chloride, 0.5 g of sodium
chloride in 20 ml of formalin and 80 ml of distilled water),
embedded in paraffin, and sectioned. Sections 5 ,um thick
were stained with hematoxylin and eosin for histological
examination.

Culture of tumor cells. Tumors occurring at the site of
inoculation were excised, dissected into small pieces, and
dissociated first with collagenase and then with trypsin. The
dispersed cells were seeded into culture flasks.

Protein biochemistry. Labeling of cultures with [35S]methi-
onine and 32Pi and preparation of cell extracts were done
essentially as described previously (47). v-src proteins were

immunoprecipitated with serum from tumor-bearing rabbits
by a published procedure (5). Anti-p34 serum was kindly
provided by R. Erikson. The immunoglobulin G (IgG) phos-
phorylation assay for determination of tyrosine kinase activ-
ity was performed as previously described (12).
Measurement of the amounts of acid-stable phosphoamino

acids in total cellular proteins. Cells seeded in 35-mm dishes
were labeled with 0.5 ml of medium containing 1 mCi of
[32p]p; per ml (Commissariat a l'Energie Atomique, Saclay,
France). The medium was removed, and the cultures were

washed twice with phosphate-buffered saline and then fixed
in 1 ml of 10% trichloroacetic acid at 70°C for 2 h. The cells
were scraped from the plates and transferred to an Ep-
pendorf tube. After three washes with 1 ml of 10% trichloro-
acetic acid at room temperature, the pellet was rinsed three
times with ethanol. The pellet was hydrolyzed in 200 ,ul of 6

N HCl for 2 h at 110°C. Details of the analysis of the
products of hydrolysis are described in an accompanying
paper (37).

Cell fractionation. The method used for cell fractionation
is similar to that described by Garber et al. (22). Cells were

collected in phosphate-buffered saline, pelleted, swollen in
10 mM Tris hydrochloride (pH 7.4)-10 mM KCI-1 mM
dithiothreitol-1 mM EDTA-1 mM phenylmethylsulfonyl fluo-
ride-100 kallikrein-inactivating units of Trasylol per ml, and
then homogenized in a tight-fitting Dounce homogenizer.
Nuclei were pelleted by low-speed centrifugation, and the
NaCl concentration of the postnuclear supernatant was

adjusted (see Table 3). Membranes were pelleted by high-
speed centrifugation at 100,000 x g for 30 min. The mem-

brane pellet (P100) was suspended in buffer B-RIPA (22).
RIPA detergents were added to the supernatant fraction
(S100). Both P100 and S100 fractions were assayed for
immune complex kinase activity.

RESULTS

Effects of dlPA105 on morphology of QEF and QNR cells.
QNR cells infected with dlPA105 underwent extensive mor-

phological transformation (Fig. lc). They became rounded
and refringent and were quite similar to SRE-infected cells
(Fig. lb). However, some mutant-virus-infected cells extend
long processes which are seldom observed in QNR cell
cultures transformed by wild-type virus.

In contrast, dIPA105 induced only limited changes in the
morphology of QEF as compared with SRE. Fibroblasts
chronically infected with the mutant virus remained flat, and
virtually no rounded refractile cells were observed (Fig. lf).
When these cultures reached confluency, occasional areas of
piled-up fusiform cells became visible under agar overlay
(data not shown). The presence of cells with altered mor-

phology depends on culture conditions, since they are ob-
served only in dense cultures. Their number did not increase
upon subsequent passages over a period of 2 months.

Cytoskeleton changes induced by dlPA105. The arrange-
ment of actin cables within cells is greatly altered upon
transformation by RSV (18). We analyzed the cytoskeletons
of QEF and QNR cells infected with RAV-60, SRE, or

dlPA105 by staining with the fluorescent probe NBD-
phallacidin, which specifically binds to polymerized actin
(1). RAV-60-infected QEF and QNR cells exhibited an

overall polygonal shape, with numerous and relatively large
actin cables (Fig. 2a and d). In contrast, both types of
SRE-transformed cells were less spread, had fewer and
thinner actin bundles, and exhibited, in general, a number of
abnormal patches of actin (Fig. 2b and e).
As shown by phase-contrast microscopy, (Fig. 2f) the

majority of dlPA105-infected QEF retained a polygonal
shape and possessed relatively well-developed actin skele-
tons. However, they were, on average, less well spread than
RAV-60-infected cells, and their actin cables were thinner.
One feature clearly differentiated them from the latter cells:
about 50% of the population of mutant-virus-infected fibro-
blasts exhibited some abnormal patches of actin which were

almost exclusively concentrated at the cell periphery, near

the ends of the actin bundles (Fig. 2c). In addition, a few
cells (2%) displayed the characteristics of wild-type-virus-
transformed cells.

Mutant-virus-infected QNR cells were clearly distinguish-
able from both RAV-60- and SRE-infected cells. They were

distributed among two subpopulations, one (80%) composed
of very elongated cells with few and thin actin cables and the
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FIG. 1. Morphology of virus-infected cells. QNR cells were infected with RAV-60 (a), SRE (b), and dlPA105 (c). QEF were infected with
RAV-60 (d), SRE (e), and dlPA105 (f). All cultures were passaged twice before microphotographs were taken. Magnifications are x400 for
QNR cells and x250 for QEF.

other (20%) composed of polygonal cells similar to dlPA105-
infected QEF. Like mutant-virus-infected fibroblasts, about
one-half of the infected QNR cells had a few abnormal
patches of actin concentrated at the cell periphery (Fig. 2f).

In summary, dlPA105 induces characteristic changes in
the cytoskeletons of both cell types. Expression of these
alterations appears to be more pronounced in QNR cells
than in QEF.

Anchorage-independent growth. dlPA105 induced QNR
cells to form colonies in soft-agar-containing medium with an
efficiency that was consistently greater than that of SRE-
infected cells (Fig. 3b and c). In contrast, QEF infected with
the mutant virus gave rise to few colonies. Their efficiency of
colony formation was estimated to be 1% that of dlPA105-
infected QNR cells (Fig. 3f). QEF transformed by SRE
formed colonies in soft agar with high efficiency (Fig. 3e).
Growth properties of monolayer cultures. dlPA105, like

SRE, induces sustained growth on nondividing QNR cells
(37). We investigated the effects of this mutant on the growth
properties ofQEF in monolayer cultures. Over a period of 10
days, the growth rate of QEF transformed by SRE was
exponential, with an average doubling time of 36 h. In
contrast, the growth characteristics of dlPA105-infected
fibroblasts were closer to those of QEF infected with
RAV-60. Compared with wild-type-virus-transformed cells,
their growth rate was twice as slow, and they reached a
density only 30% as high (Fig. 4).

Plasminogen activator production. RSV-transformed fibro-
blasts and NR cells produce increased levels of plasminogen
activator (48, 56, 57). We compared the amounts of enzyme
in culture media from both cell types infected with RAV-60,
SRE, and dlPA105 (Table 1). In contrast to the other
parameters of transformation tested above, the levels of
plasminogen activator were comparable in mutant-virus-
transformed QEF and QNR cells and were slightly lower
than those of SRE-transformed cells.

Tyrosine kinase activity in mutant-virus-infected cells. The
src gene of dlPA105 encodes a protein of 45,000 daltons
(p45v-src) which is phosphorylated on both serine and tyro-
sine residues and which possesses a tyrosine kinase activity
when immunoprecipitated from QNR cell extracts (37). We
considered the possibility that the differences in phenotypes
between dIPA105-infected QNR cells and QEF might be due
to a differential expression of the kinase activity.

Equal numbers of QEF and QNR cells chronically in-
fected with RAV-60, SRE, or dlPA105 were labelled with
32p,. Cell lysates were immunoprecipitated with tumor-
bearing rabbit serum, and the v-src gene products were
analyzed by established procedures. The amounts of phos-
phorylated p45v-src synthesized in QEF and QNR cells
infected by the mutant virus were similar and were compa-
rable to those of p60vsrc in wild-type-virus-transformed
cells. p45v-src proteins from either cell type were indistin-
guishable by V8 protease peptide mapping analysis (data not
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FIG. 2. Organization of polymerized actin in virus-infected cells. QNR cells were infected with RAV-60 (a), SRE (b), and dIPA105 (c).
QEF were infected with RAV-60 (d), SRE (e), and dlPA105 (f). Chronically infected cells were seeded in 35-mm dishes containing glass cover
slips (3 x 104 cells per dish). Two days later, cells were fixed and incubated with NBD-phallacidin.

shown). The 50,000- and 90,000-molecular-weight cellular
phosphoproteins which coprecipitate with p60v-src' (2-4, 14,
42) were also detected in comparable abundance in immu-
noprecipitates from both cell types (Fig. SA).
Tyrosine kinase activity of p45v-src was first measured on

the basis of its ability to phosphorylate IgG in immune
complexes (12, 39). In this in vitro assay, comparable levels
of p45vsrc kinase activity were detected in immunoprecipi-
tates from both QNR cells and QEF (Fig. 5B).

RSV-transformation of fibroblasts and NR cells results in
a dramatic increase in total cellular phosphotyrosine (26, 47,
53), presumably a direct consequence of the catalytic activ-
ity of p60v-src. We measured the levels of tyrosine phospho-
rylation of cellular proteins in virus-infected QEF and QNR
cells (Table 2). The phosphotyrosine content of both QEF
and QNR cells infected with dlPA105 was about 10 times
higher than that of cells infected with RAV-60. The relative
abundance of phosphotyrosine in mutant-virus-infected cells
was comparable to that observed in SRE-transformed
cells.
A cellular protein, p34, is phosphorylated on both serine

and tyrosine residues in transformed cells and is considered
a potential substrate of p60vsrc kinase activity in vivo (19, 20,
50, 51). QEF and QNR cells infected with either SRE or
dIPA105 were labeled with [35S]methionine or 32p1, and cell
extracts were immunoprecipitated with anti-p34 serum. We

found that p34 is phosphorylated equally in wild-type- and
mutant-virus-infected cells (Fig. 6B).

Subcellular localization of p45v-sc in QEF. Wild-type
p60v-sr is associated with the inner surface of the plasma
membrane, within focal adhesion plaques and at points of
junction with adjacent cells (15, 35, 36, 41, 52, 58). The
N-terminal 13 kilodaltons of p60v-sr has been implicated in
this association (38). Amino acids 1 to 14 are required for N
myristylation of p60vsr( which, in turn, is required for
plasma membrane association and cell transformation (6, 16,
17, 29, 44, 45).
To investigate whether the low transforming potential of

p45v-sr' in fibroblasts correlated with an abnormal subcellular
localization of this protein, we compared the distribution of
p45v-src kinase activity in membrane and cytoplasmic subcel-
lular fractions of QEF infected with mutant and wild-type
virus. No major differences in the relative amounts of
membrane-associated immunoprecipitable kinase activity
were observed; in QEF infected with either virus, about
two-thirds of the phosphorylating activity was detected in
the membrane fraction (Table 3). The results are in agree-
ment with the finding that p45v-src is labeled with myristic
acid (37).
The binding of p60v-sr' to the plasma membrane is nor-

mally not affected by treatment with high concentrations of
salt or EDTA or with 4 M urea (33). The v-src proteins of
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FIG. 3. Anchorage-independent growth of virus-infected cells. QNR cells were infected with RAV-60 (a), SRE (b), and dIPA105 (c). QEF
were infected with RAV-60 (d), SRE (e), and dlPA105 (f). Cultures were passaged twice and subsequently seeded in soft-agar-containing
medium. Colonies were observed 10 to 14 days later.

certain RSV mutants were shown to be normally attached to
the plasma membrane, although the nature of this associa-
tion was weaker than that of wild-type p60vsrc, as indicated
by a greater salt sensitivity of the interaction (34). Both
mutant p45vsrc and wild-type p60vsrc kinase activities dis-
played similar salt-resistant membrane association (Table 3).

Tumorigenicity of dIPA105 in quails. One-day-old quails
were injected subcutaneously with SRE or dIPA105. Both
mutant and wild-type virus induced malignant tumors that
grew rapidly, extended massively beyond the wing web, and
caused the death of all birds within 3 weeks (Table 4).
Autopsy revealed tumors in both groups of birds at the site
of inoculation and on the lungs and liver. Histological
examination showed that the tumors induced by both viruses
exhibited the microscopic features of fibrosarcomas. They
were composed of areas of spindle-shaped fibroblasts mixed
with pleiomorphic, irregular cells containing numerous mi-
totic figures and large hyperchromic nuclei, as described by
Campbell (11) and Purchase and Payne (49). The bundles of
fibroblasts were growing aggressively and infiltrating the
neighboring tissue. In tumors growing at the site of inocula-
tion which were at later stages of tumor growth, cells with
polymorphic transitional forms and irregular sizes were
observed together with various inflammatory and necrotic
alterations. In primary tumors taken at early stages of
growth and in secondary foci, typical waves of fusiform
fibroblasts peculiar to fibrosarcomas were predominant with
both viruses (Fig. 7).

In vitro cultures were generated from tumor explants
obtained from each group of quails. Tumors derived from
wild-type-virus injection gave rise to cultures of typical
rounded and refringent cells (Fig. 8A, panel 1). In contrast,
cells from dlPA105-induced tumors had an almost normal,
fibroblastlike morphology (Fig. 8A, panel 2). Moreover, the
efficiency of soft-agar colony formation of dIPA105 tumor
cells was greatly reduced in comparison with that of wild-
type-virus-induced tumor cells (Fig. 8B).
Development of fibrosarcomas induced by dlPA105 was

not due to the generation of wild-type recombinant virus, as
reported with other RSV mutants carrying partial deletions
in the v-src gene (25, 30, 31). Instead, the biological proper-
ties of virus released by dIPA105-induced tumor cells were
not distinguishable from those of the original mutant virus;
(i) its v-src gene encoded a p45v-src protein, (ii) it promoted
multiplication and morphological transformation of QNR
cells, and (ii) it was able to induce QNR cells but not QEF to
grow in soft agar (data not shown).

DISCUSSION

We studied the biological properties of dlPA105, a spon-
taneous variant of SRE with a deletion of 278 base pairs in
the N-terminal portion of the v-src gene-coding sequence.
This virus was selected on the basis of its ability to induce
proliferation of quiescent QNR cells. We have shown (i) that
the alteration of v-src results in a dissociated expression of
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FIG. 4. Growth kinetics of virus-infected QEF. QEF were in-
fected with the indicated viruses and subcultured twice. When
transformation of QEF infected with SRE was complete, 2 x 105
cells from each culture were seeded in 60-mm dishes. Medium was
renewed daily, and cells were counted on the days indicated. At day
12, dishes of SRE-transformed cells contained 7.2 x 10i cells per
cm2, whereas the saturation density of dIPA105-infected cells cor-
responded to 1.8 x 105 cells per cm2

the transformation functions of v-src and (ii) that this mutant
induces distinct phenotypes in QEF and QNR cells.

Nucleotide sequence analysis of the mutant v-src gene has
shown that the deletion is localized in the N-terminal one-
third of the protein and that it extends from amino acid 33 to
126 of p60v-src. The C-terminus of p45vsrc appears to be
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TABLE 1. Plasminogen activator production in
virus-infected cellsa

Cell type Virus Caseinolysis dilutionb

QEF RAV-60 0
SRE 1/8
dlPA105 1/4

QNR RAV-60 oc

SRE 1/8
dlPA105 1/4

a Culture fluids were collected from confluent, virus-infected cells as
described in the text. Cell numbers were determined, and the volumes of
culture fluids were adjusted so that 1 ml corresponded to 106 cells. Serial
dilutions (1/2) were prepared, and 0.1 ml of each dilution was assayed as
indicated in the text.

I The results are expressed as the highest dilution inducing total
caseinolysis in 48 h at 37°C.

c No caseinolysis was observed with supematants of RAV-60-infected cells.

intact, and its tyrosine kinase activity is similar to that of
wild-type p6Ov-src (37).
The mitogenic and tumorigenic properties of this trun-

cated v-src protein resemble those of wild-type p6Ov-src.
dlPA105 stimulates the growth of QNR cells to an extent
similar to that of SRE and induced fibrosarcomas in quails
with an incidence comparable to that of wild-type virus. Yet
p45V-srC induces only limited changes in the morphology of
fibroblasts; it does not release these cells from growth
inhibition by saturation density, and it is largely defective in
promoting anchorage-independent growth of QEF. These
results demonstrate that the N-terminal portion of the v-src
protein, which is deleted in p45v-src, is dispensable for both
the mitogenic and tumorigenic properties of v-src, whereas it
is required for morphological transformation and alteration
of growth properties of fibroblasts in vitro.
Both QNR cells and QEF infected with SRE undergo

similar phenotypic and biochemical changes correlated with
the expression of p60vsrc. Infected QNR cells become mor-
phologically transformed and grow in soft-agar-containing
medium. In addition, transformation of QNR cells by SRE
leads to a 10- to 20-fold elevation of the relative amounts of
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FIG. 5. Synthesis and in vitro protein kinase activity of v-src proteins (A) QNR cells and QEF were infected with the indicated viruses

and subcultured twice. All cells were then seeded in 35-mm dishes (2 x 106 cells per dish) and labeled the next day with 0.5 mCi of 32p; for
5 h. Cell extracts were prepared and immunoprecipitated with tumor-bearing rabbit serum. The reaction products were separated on a sodium
dodecyl sulfate-polyacrylamide gel (8.5% polyacrylamide). (B) Cell lysates were obtained from unlabeled parallel cultures, immunoprecipi-
tated, and assayed for IgG phosphorylation as described in the text.
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TABLE 2. Phosphoamino acid content of infected cellsa

Cell type Virus Phospho- Phospho- Phospho-
serine threonine tyrosine

QEF RAV-60 90 9.2 0.09b
SRE 92 6.7 1.3
dIPA105 91 7.0 1.4

QNR RAV-60 92 7.8 0.06
SRE 87 11 1.3
dlPA105 88 9.8 1.9

a QNR cells (2 x 106) and QEF chronically infected with the indicated
viruses were seeded in 35-mm dishes. Cells were labeled with 0.5 mCi of 32p;
for 16 h. Phosphoproteins were extracted, hydrolyzed, and resolved in two
dimensions as described in the text. The radioactivity associated with each
phosphoamino acid is expressed as a percentage of the total radioactivity
recovered in phosphoserine, phosphothreonine, and phosphotyrosine.

b Phosphotyrosine spots in RAV-60-infected QEF contained 556 cpm,
whereas 176 cpm was detected in blanks.

cellular phosphotyrosine and to an increased phosphoryl-
ation of the cellular protein p34. These data are in agreement
with our previous results obtained in chicken NR cells
transformed by RSV (47). Furthermore, we have shown that
conditionally and partially transformation-defective RSV
mutants induced expression of the same subset of transfor-
mation parameters in both fibroblasts and NR cells (9, 10,
27). These results support the hypothesis that v-src proteins
transform both cell types by similar mechanisms.
dlPA105 is unique among RSV mutants, since it induces

distinct phenotypes in QNR cells and QEF. QNR cells
induced to multiply by dlPA105 are morphologically trans-
formed and form colonies in semisolid medium. In contrast,
QEF infected with the mutant virus express only a partially
transformed phenotype, as manifested by the limited
changes in cell morphology and the lack of alteration of
growth properties.
The v-src gene product of dlPA105 is myristylated, and the

majority of p45v-src molecules are attached to the plasma
membrane in QEF. Hence, the limited transformation of
QEF cannot be explained by alterations in these properties,
nor do the tyrosine kinase activities associated with p45v-src
differ in QEF or QNR cells from each other or from the
levels seen in wild-type-SRE-infected cells. The high kinase
activity of p45v-src is consistent with the presence of an intact
C terminus, as has been observed in other v-src mutants (16,
32). The absence of direct correlation between the levels of
tyrosine kinase activity and the cellular phenotypes ob-
served suggests that substrates critical for transformation of
fibroblasts are not phosphorylated and that the domain
deleted in p45v-src is required for interaction with such
substrates.

TABLE 3. Subcellular localization of v-src gene products
in infected QEF

Virus NaCl concn % Kinase activity
(mM) in P100a

SRE 10 66
200 64

dlPA105 10 78
200 71

a Results are expressed as a percentage of the v-src gene product kinase
activity recovered in the P100 fractions (see Materials and Methods). They
represent the mean of two experiments.
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FIG. 6. Immunoprecipitation of radiolabeled p34 cellular protein
in virus-infected cells. QNR cells and QEF were infected with the
indicated viruses and subcultured twice. A total of 2 x 106 cells of
each type were seeded in 35-mm dishes and metabolically labeled
with either [35S]methionine (A) or 32p, (B). Cell extracts were
immunoprecipitated with anti-p34 serum, and the reaction products
were analyzed on a sodium dodecyl sulfate-polyacrylamide gel
(8.5% polyacrylamide). Only the p34 region of each gel is displayed.

How, therefore, does p45v-src succeed in transforming
QNR cells? There are several possible explanations for the
different phenotypic responses of QEF and QNR cells to
infection with dlPA105. It is possible that the capacity of
p45vsrc to phosphorylate specific substrates for transforma-
tion is reduced in both cell types but that QNR cells have
lower requirements for such substrates than have QEF.
Alternatively, conformational changes in p45v-src could con-
fer upon the mutant protein a broader specificity which
allows its interaction with substrates present only in QNR
cells. Finally, it is possible that activation of DNA replica-
tion may lead per se to activation of cellular pathways which
would complement p45v-src for the transformation of QNR
cells.
dIPA105 is highly tumorigenic in quails. Yet fibroblasts

explanted in vitro from tumors induced by dIPA105 morpho-
logically resembled QEF infected in vitro by this mutant and
were not able to grow in soft agar. Hence, the ability to
induce fibrosarcomas, in the case of dlPA105, does not
coincide with in vitro transformation of fibroblasts or, nota-
bly, with anchorage-independent growth, a property shown
to correlate most highly with tumorigenicity (28, 48, 54).
There is a contrast between the lack of alteration of growth
control of fibroblasts infected in vitro with dlPA105 and the
powerful tumorigenic potential of this virus in vivo. These
differences could be explained by assuming that a factor(s)
supplied only in vivo is required for deregulating growth
control of mutant-virus-infected fibroblasts.

Analysis of other v-src mutants indicates that amino acids

TABLE 4. Incidence of fibrosarcomas in quailsa
Tumorigenicity at the following day postinfection":

Virus
7 10 12

SRE 0/12 8/12 12/12
dIPA105 9/36 36/36 34/34C

a Groups of 1-day-old Japanese quails maintained in separate isolation
rooms were inoculated in each wing web with 0.1 ml of undiluted virus
adjusted to identical mitogenic titers (see text).

I Numbers represent sites with a palpable tumor out of the total amount of
inoculation sites. These numbers are cumulative.

C All of the birds died from tumors.
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FIG. 7. Histological sections of secondary fibrosarcomas induced on liver by SRE (1) and dlPA1O5 (2) stained with hematoxylin and eosin.
Magnification, x80.

A B
FIG. 8. Morphology and anchorage-independent growth of tumor-derived cells. Cells derived from tumors induced by SRE (1) and

dlPA105 (2) were microphotographed (A) (magnification, x 250) or assayed for colony formation in soft-agar-containing medium (B) as
described in the legend to Fig. 3.



2538 POIRIER ET AL.

15 to 169 of p60v-rc are required for morphological transfor-
mation but not for anchorage-independent growth of fibro-
blasts (16, 21, 32, 43, 55). By using RSV mutants with in
vitro-generated N-terminal deletions, we have previously
shown that this domain is also dispensable for the induction
of NR cell proliferation, although the rate of cell growth is
reduced when the deletions extend beyond amino acid 81. In
addition, these mutants induced similar phenotypic changes
in both fibroblasts and NR cells (7).
The deletion in the v-src gene of dIPA105 is included

within this modulatory region of v-src. In agreement with the
proposed role of this domain, we have shown that fibroblasts
infected with this mutant virus exhibited only limited
changes in morphology. However, dIPA105 has also lost the
capacity to induce growth of fibroblasts in soft agar. The
other biological properties of dIPA105 differ from those of
mutants with comparable N-terminal deletions in three as-

pects. First, the growth rate of QNR cells induced to
proliferate by this mutant is comparable to that of wild-type-
virus-infected cells, although the deletion extends well be-
yond amino acid 81 in the v-src protein. Second, dlPA105
has retained its full tumorigenic potential, whereas the
tumorigenicity of other deletion mutants is reduced (17).
Third, dIPA105 induces distinct phenotypes in QNR cells
and QEF, whereas the other viruses induce a partially
transformed phenotype in both cell types. Further molecular
characterization of the v-src gene of dlPA105 should help
explain these differences.

ACKNOWLEDGMENTS

We thank R. E. Karess, M. Greenberg, and P. Rigby for critical
reading of the manuscript and F. Arnouilh for assistance in its
preparation.

This work was supported by grants from the Institut National de
la Santd et de la Recherche Medicale (CRE no. 852007 and CRL no.

812038), the centre National de la Recherche Scientifique (ATP
oncogenes 06931), the Ministere de la Recherche et de l'Enseigne-
ment Superieur (no. 82.L. 1106), and the Association pour la Recher-
che sur le Cancer.

LITERATURE CITED

1. Barak, L. S., R. Yocum, E. A. Nothnagel, and W. W. Webb.
1980. Fluorescence staining of the actin skeleton in living cells
with 7-nitobenz-2 oxo-1,3-diazole phallacidin. Proc. Natl. Acad.
Sci. USA 77:980-984.

2. Brugge, J., W. Yonemoto, and D. Darrow. 1983. Interaction
between the Rous sarcoma virus transforming protein and two

cellular phosphoproteins: analysis of the turnover and distribu-
tion of this complex. Mol. Cell. Biol. 3:9-19.

3. Brugge, J. S., and D. Darrow. 1982. Rous sarcoma virus-
induced phosphorylation of a 50,000 molecular weight cellular
protein. Nature (London) 295:250-253.

4. Brugge, J. S., E. Erikson, and R. L. Erikson. 1981. The specific
interaction of the Rous sarcoma virus transforming protein,

pp6Osrc, with two cellular proteins. Cell 25:363-372.
5. Brugge, J. S., and R. L. Erikson. 1977. Identification of a

transformation-specific antigen induced by an avian sarcoma

virus. Nature (London) 269:346-348.
6. Buss, J. E., M. P. Kamps, K. Gould, and B. M. Sefton. 1986. The

absence of myristic acid decreases membrane binding of p6Osrc
but does not affect tyrosine protein kinase activity. J. Virol.
58:468-474.

7. Calothy, G., D. Laugier, F. R. Cross, R. Jove, T. Hanafusa, and

H. Hanafusa. 1987. The membrane-binding domain and

myristylation of p60vsrc are not essential for stimulation of cell

proliferation. J. Virol. 61:1678-1681.
8. Calothy, G., and B. Pessac. 1976. Growth stimulation of chick

embryo neuroretinal cells infected with Rous sarcoma virus:

relationship to viral replication and morphological transforma-
tion. Virology 71:336-345.

9. Calothy, G., F. Poirier, G. Dambrine, P. Mignatti, P. Combes,
and B. Pessac. 1980. Expression of viral oncogenes in differen-
tiating chick embryo neuroretinal cells infected with avian
tumor viruses. Cold Spring Harbor Symp. Quant. Biol. 44:
983-990.

10. Calothy, G., F. Poirier, G. Dambrine, and B. Pessac. 1978. A
transformation defective mutant of Rous sarcoma virus inducing
chick embryo neuroretinal cell proliferation. Virology 89:75-84.

11. Campbell, J. G. 1969. Tumour of mesenchymal tissues: (a)
non-haemopoietic mesenchyme: histiocytic and fibroblastic sar-
coma (mixed-cell sarcoma), p. 29-31. In Tumours of the fowl.
William Heineman Medical Books Ltd., London.

12. Collett, M. S., and R. L. Erikson. 1978. Protein kinase activity
associated with the avian sarcoma virus src gene product. Proc.
Natl. Acad. Sci. USA. 75:2021-2024.

13. Collett, M. S., A. F. Purchio, and R. L. Erikson. 1980. Avian
sarcoma virus protein p60v-rc shows protein kinase activity
specific for tyrosine. Nature (London) 285:167-169.

14. Courtneidge, S. A., and J. M. Bishop. 1982. Transit of pp60v-src
to the plasma membrane. Proc. Natl. Acad. Sci. USA 79:
7117-7121.

15. Courtneidge, S. A., A. D. Levinson, and J. M. Bishop. 1980. The
protein encoded by the transforming gene of avian sarcoma
virus (pp6Osrc) and a homologous protein in normal cells
(p60Profo-src) are associated with the plasma membrane. Proc.
Natl. Acad. Sci. USA 77:3783-3787.

16. Cross, F. R., E. A. Garber, and H. Hanafusa. 1985. N-terminal
deletion in Rous sarcoma virus p6Osrc: effects on tyrosine kinase
and biological activities and on recombination in tissue culture
with the cellular src gene. Mol. Cell. Biol. 5:2789-2795.

17. Cross, F. R., E. A. Garber, D. Pellman, and H. Hanafusa. 1984.
A short sequence in the p6Osrc N terminus is required for p6Osrc
myristylation and membrane association and for cell transfor-
mation. Mol. Cell. Biol. 4:1834-1842.

18. David-Pfeuty, T., and S. J. Singer. 1980. Altered distribution of
the cytoskeletal proteins vinculin and a-actinin in cultured
fibroblasts transformed by Rous sarcoma virus. Proc. Natl.
Acad. Sci. USA 77:6687-6691.

19. Erikson, E., R. Cook, G. J. Miller, and R. L. Erikson. 1981. The
same normal cell protein is phosphorylated after transformation
by avian sarcoma viruses with unrelated transforming genes.
Mol. Cell. Biol. 1:43-50.

20. Erikson, E., and R. L. Erikson. 1980. Identification of a cellular
protein substrate phosphorylated by the avian sarcoma virus
transformed gene product. Cell 21:829-836.

21. Fujita, D. J., J. Bechberger, and I. Nedic. 1981. Four Rous
sarcoma virus mutants which affect cell morphology exhibit
altered src gene products. Virology 114:256-260.

22. Garber, E. A., F. R. Cross, and H. Hanafusa. 1985. Processing
of p60v-src to its myristylated membrane-bound form. Mol. Cell.
Biol. 5:2781-2788.

23. Goldberg, A. R. 1974. Increased protease levels in transformed
cells: a casein overlay assay for the detection of plasminogen
activator production. Cell 2:95-102.

24. Hanafusa, H. 1977. Cell transformation by RNA tumor viruses,
p. 401-483. In H. Fraenkel-Conrat and R. Wagner (ed.), Com-
prehensive virology, vol. 10. Plenum Publishing Corp., New
York.

25. Hanafusa, H., C. C. Halpern, D. L. Buchhagen, and S. Kawai.
1977. Recovery of avian sarcoma virus from tumors induced by
transformation-defective mutants. J. Exp. Med. 146:1735-1747.

26. Hunter, T., and B. M. Sefton. 1980. The transforming gene
product of Rous sarcoma virus phosphorylates tyrosine. Proc.
Natl. Acad. Sci. USA 77:1311-1315.

27. Jove, R., B. J. Mayer, H. Iba, D. Laugier, F. Poirier, G. Calothy,
T. Hanafusa, and H. Hanafusa. 1986. Genetic analysis of p60v-src
domains involved in the induction of different cell transforma-
tion parameters. J. Virol. 60:840-848.

28. Kahn, P., K. Nakamura, S. Shin, R. E. Smith, and M. J. Weber.
1982. Tumorigenicity of partial transformation mutants of Rous
sarcoma virus. J. Virol. 42:602-611.

J. VIROL.



CELL-TYPE-SPECIFIC RESPONSE TO RSV MUTANT 2539

29. Kamps, M. P., J. E. Buss, and B. M. Sefton. 1985. Mutation of
NH2-terminal glycine of p6&5rc prevents both myristylation and
morphological tranformation. Proc. Natl. Acad. Sci. USA
82:4625-4628.

30. Karess, R. E., and H. Hanafusa. 1981. viral and cellular src
genes contribute to the structure of recovered avain sarcoma
virus transforming protein. Cell 24:155-164.

31. Karess, R. E., W. S. Hayward, and H. Hanafusa. 1979. Cellular
information in the genome of recovered avian sarcoma virus
directs the synthesis of transforming protein. Proc. Natl. Acad.
Sci. USA 76:3154-3158.

32. Kitamura, N., and M. Yoshida. 1983. Small deletion in src of
Rous sarcoma virus modifying transformation phenotypes:
identification of 207-nucleotide deletion and its smaller product
with protein kinase activity. J. Virol. 46:985-992.

33. Krueger, J. G., E. A. Garber, and A. R. Goldberg. 1983.
Subcellular localization of pp6SYrc in RSV-transformed cells.
Curr. Top. Microbiol. Immunol. 107:51-124.

34. Krueger, J. G., E. A. Garber, A. R. Goldberg, and H. Hanafusa.
1982. Changes in amino terminal sequences of pp6(Ysc lead to
decreased membrane association and decreased in vivo
tumorigenicity. Cell 28:889-896.

35. Krueger, J. G., E. Wang, and A. R. Goldberg. 1980. Evidence
that the src gene product of Rous sarcoma virus is membrane
associated. Virology 101:25-40.

36. Krzyzek, R. A., R. L. Mitchell, A. F. Lau, and A. J. Faras. 1980.
Association of pp6Qsrc and src protein kinase activity with the
plasma membrane of nonpermissive and permissive avian sar-
coma virus-infected cells. J. Virol. 36:805-815.

37. Laugier, D., M. Marx, J. V. Barnier, F. Poirier, P. Genvrin, P.
Dezelee, and G. Calothy. 1987. N-terminal deletion in the src
gene of Rous sarcoma virus results in synthesis of a 45,000Mr
protein with mitogenic activity. J. Virol. 61:2523-2529.

38. Levinson, A. D., S. A. Courtneidge, and J. M. Bishop. 1981.
Structural and functional domains of the Rous sarcoma virus
transforming protein (pp60sr). Proc. Natl. Acad. Sci. USA
78:1624-1628.

39. Levhnson, A. D., H. 0. Oppermann, L. Levinson, H. E. Varmus,
and J. M. Bishop. 1978. Evidence that the transforming gene of
avian sarcoma virus encodes a protein kinase associated with a
phosphoprotein. Cell 15:561-572.

40. Levinson, A. D., H. 0. Oppermann, H. E. Varmus, and J. M.
Bishop. 1980. The purified product of the transforming gene of
avian sarcoma virus phosphorylates tyrosine. J. Biol. Chem.
255:11973-11980.

41. Nigg, E. A., B. M. Sefton, T. Hunter, G. Walter, and S. J.
Singer. 1982. Immunofluorescent localization of the transform-
ing protein of Rous sarcoma virus with antibodies against a
synthetic src peptide. Proc. Natl. Acad. Sci. USA 79:5322-
5326.

42. Oppermann, H., A. D. Levinson, L. Levintow, H. E. Varmus,
J. M. Bishop, and S. Kawai. 1981. Two cellular proteins that
immunoprecipitate with the transforming protein of Rous sar-
coma virus. Virology 113:736-751.

43. Parsons, J. T., D. Bryant, V. Wilkerson, G. Gilmartin, and S. J.
Parsons. 1984. Site-directed mutagenesis of Rous sarcoma virus
pp60src: identification of functional domains required for trans-
formation, p. 37-42, In G. F. Van de Woude, A. J. Levine,

W. C. Topp, and J. D. Watson (ed.), Cancer cells, vol. 2. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N. Y.

44. PelIman, D., E. A. Garber, F. R. Cross, and H. Hanafusa. 1985.
Fine structural mapping of a critical N-terminal region of p60rc
Proc. Natl. Acad. Sci. USA 82:1623-1627.

45. Peilman, D., E. A. Garber, F. R. Cross, and H. Hanafusa. 1985.
An N-terminal peptide from p6Osrc can direct myristylation and
plasma membrane localization when fused to heterologous
protein. Nature (London) 314:374-377.

46. Pessac, B., and G. Calothy. 1974. Transformation of chick
embryo neuroretinal cells by Rous sarcoma virus in vitro:
induction of cell proliferation. Science 185:709-710.

47. Poirier, F., G. Calothy, R. E. Karess, E. Erikson, and H.
Hanafusa. 1982. Role of p6Osrc kinase activity in the induction of
neuroretinal cell proliferation by Rous sarcoma virus. J. Virol.
42:780-789.

48. Poirier, F., P. Jullien, P. Dzelee, G. Dambrine, E. Esnault, A.
Benatre, and G. Calothy. 1984. Role of the mitogenic property
and kinase activity of p6Osrc in tumor formation of Rous sarcoma
virus. J. Virol. 49:325-332.

49. Purchase, H. G., and L. N. Payne. 1984. Neoplastic diseases,
leukosis/sarcoma group, p. 360-405. In M. S. Hofstad, H. L.
Barnes, B. W. Calnek, W. M. Reid, and H. W. Yoder, Jr. (ed.),
Diseases of poultry. Iowa State University Press, Ames.

50. Radke, K., T. Gilmore, and G. S. Martin. 1980. Transformation
by Rous sarcoma virus: a cellular substrate for transformation-
specific protein phosphorylation contains phosphotyrosine. Cell
21:821-828.

51. Radke, K., and G. S. Martin. 1979. Transformation by Rous
sarcoma virus: effects of src gene expression on the synthesis
and phosphorylation of cellular polypeptides. Proc. Natl. Acad.
Sci. USA 76:5212-5216.

52. Rohrschneider, L. R. 1980. Adhesion plaques of Rous sarcoma
virus-transformed cells contain the src gene product. Proc.
Natl. Acad. Sci. USA 77:3514-3518.

53. Sefton, B. M., T. Hunter, K. Beemon, and W. Eckhart. 1980.
Evidence that the phosphorylation of tyrosine is essential for
cellular transformation by Rous sarcoma virus. Cell 20:807-816.

54. Shin, S., V. M. Freedman, R. Risser, and R. Pollack. 1976.
Tumorigenicity of virus transformed cells in nude mice is
correlated specifically with anchorage independent growth in
vitro. Proc. Natl. Acad. Sci. USA 72:4435-4439.

55. Stoker, A. W., P. J. Enrietto, and J. A. Wyke. 1984. Functional
domains of the pp60v-rc protein as revealed by analysis of
temperature-sensitive Rous sarcoma virus mutants. Mol. Cell.
Biol. 4:1508-1514.

56. Unkeless, J. C., K. Dano, G. M. Kellerman, and E. Reich. 1974.
Fibrinolysis associated with oncogenic transformation. Partial
purification and characterization of the cell factor, a
plasminogen activator. J. Biol. Chem. 249:4295-4305.

57. Unkeless, J. C., A. Tobia, L. Ossowski, J. P. Quigley, D. B.
Rifkin, and E. Reich. 1973. An enzymatic function associated
with transformation fibroblasts with oncogenic viruses. J. Exp.
Med. 137:85-111.

58. Willingham, M. C., G. Jay, and I. Pastan. 1979. Localization of
the ASV src gene product to the plasma membrane of trans-
formed cells by electron microscopic immunochemistry. cell
18:125-134.

VOL. 61, 1987


