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Infection of avian macr,ophages with Rous sarcoma virus does not induce any changes in the morphology,
grQwth behavior, or expression of macrophage-specific proteins. The absence of cellular transfor,mation does
not result fromi a, block in the synthesis of viral proteins, since infectio.us viruses are released froin a majority of
cells in the culture. In this report, we examine the synthesis, processing; and functional activity of pp60 in
Rous sarcoma virus-infected macrophages to determine whether the absence of transformation is due to an
alteration ip the functional expression of pp6rc. Although the absolute level of pp60 was reduced compared
with fibroblasts, the'protein exhibited the same phosphorylation pattern and subcellular distribution and was
a,le to phosphorylate immunoglobulin in the immune complex-protein kinase assay. These results imply that
the failure of Rous sarcoma virus to transform macrophage may be due tq,a restriction in the cellular respopse
to a functional src protein, perhaps due to the absence of cellular products which are essential for mediating
pp6OS-induced transformation.

In general, inoculation of Rops sarcoma virus (RSV) into
avian sp,cies results in the production of tumors with a
narrow pathogenic spectrum. Regardless of the site of injec-
tion, RSV usually induces sarcomas. The histology of these
sarcomps is dependent on the organization of mesodermal
cells in the tumor (2). Attempts to induce other types of
tumors by intravenous or intracerebral injection of chickens
produced only tumors of connective tissue near the inocula-
tion site. In contrast to this rather restricted host-cell range
observed in vivo, infection of cells in culture has revealed a
wider range of cell types which are susceptible to transfor-
mation, including neural retinal cells (32), retinal melano-
blasts (8), iris epithelial cells (21), and skin epidermal cells
(39). Given this wide range of cell types capable of respond-
ing to the transforming function of RSV in vitro, it is not
clear whether the tumor specificity of RSV is due to a
restricted distribution of the virus in vivo or other factors
which might restrict the expression of RSV in specific cells
in the chicken.

Recently, it was demonstrated that macrophages could be
infected by RSV, and the majority of the infected macro-
phages produced infectious RSY; however, no alterations in
growth capacity, morphology, or expression of differentiated
cell parameters were detected (20). This suggested that
either the macrophages failed to express the transforming
function of RSV properly or these cells failed to respond to
this RSV function.

Transformation by RSV is mediated by the protein prod-
uct of a single RSV-encoded gene product denoted pp6Osr"
(9, 12, 33; reviewed in reference 4). This protein functions as
a tyrosine-specific protein phosphotransferase, and it is
believed that RSV-induced transformation invplves the
phosphorylation of cellular proteins on tyrosine (15, 26, 28,
35). The precise cellular substrates of pp605''-mediated
phosphorylation which are responsible for eliciting cellular
transformation are not known; however, a large number of
candidate substrates have been identified (reviewed in M.
Weber, Adv. Viral Oncol., in press).
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The identification of the transforming protein of RSV and
the assignment of a functional activity associated with this
protein has made it possible to assay several aspects of the
functional expression of pp6Osr' in RSV-infected macro-
phages. These studies could provide insight into the basis for
the restricted expression of pp60sr" in these cells and provide
information concerning the requirements for the functional
expression of pp6Qsrc or the cellular substrates which medi-
ate the transformed phenotype. In this report, we have
examined the synthesis and phosphorylation of pp6Osr', the
binding of pp6Osrc to two cellular proteins believed to be
involved in' the processing of the src protein, and the
phosphotransferase activity of this protein extracted from
RSV-infected macrophages.
For the experiments described in this report, primary yolk

sac cells from 12-day-old chicken embryos were infected
with RSV 2 to 4 h after preparation. In a previous report on
infection of macrophage cells with RSV, primary yolk sac
cells were' allowed to differentiate in vitro to produce a
culture of mat4re macrophages (20). These cultures were
first examined for the expression of macrophage markers
and then infected with RSV. Since this procedure was quite
tedious and since all of the cells, except infrequent fibro-
blast-like contaminating cells, expressed macrophage mark-
ers, we infected the primary yolk sac cells shortly after
removal from the embryp. The adherent macrophage popu-
lation which was produced was passaged twice to ensure
complete infection by the virus. Before use, the cultures
were examined, and those containing fibroblast contami-
nants were discarded. As previously observed (20), infection
with either the Schmidt-Ruppin A (SRA) or Schmidt-Ruppin
P strains of RSV did not produce any alteration in the
morphology or growth behavior of the cells.
As a further test of the ability of RSV to transform yolk

sac cells, the freshly prepared yolk sac cells were infected
with RSV or avian myeloblastosis virus (AMV) and assayed
for transformation in agar suspension. Under these condi-
tions, the normal macrophages produce colonies of dis-
persed cells, whereas the transformed macrophages produce
compact colonies (19, 20). The RSV-infected yolk sac cells
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TABLE 1. Colony Assay for RSV-infected yolk sac cells"
No. of colonies per 106 cells

Treatment
Normal Transformed

Control YSC 838 0
RSV-infected YSC 738 0
AMV-infected YSC NTb 97

a Yolk sac cells (YSC) were infected with 0.1 focus-forming unit per cell of
RSV LA24A, 0.1 CFU per cell of AMV, or mock infected; 24 h later, cells
were assayed for agar colony formation in the presence of chicken serum as a
colony-stimulating factor (CSF) source as described previously (7). No
colonies were detected in the absence of a CSF. Transformed colonies were
recognized by compact morphology.

b NT, Not tested.

produced only normal macrophage-like colonies which re-
tained their dependence on the colony-stimulating activity
present in chicken serum, whereas cells infected with AMV
produced compact colonies with a transformed morphology
(Table 1).
To determine whether the RSV-infected macrophages

synthesized pp60''', cell lysates were prepared from infected
macrophages and iplfected fibroblasts labeled with 32P. Fig-
ure 1 shows the immunoprecipitation of these cell lysates
with normal and tumor-bearing rabbit (TBR) serum. The
TBR serum precipitated pp60"r( from both the RSV-infected
fibroblasts and the RSV-infected macrophages (lanes 2 and

-pp90
! -Pr76low

4). The other prominent phosphate-labeled protein precip-
itated by the TBR serum is Pr76, the initial translation
product of the gag structural protein gene. In addition,
minor proteins of 90,000 and 50,000 daltons (pp9O and ppSO)
were precipitated by the TBR serum from both cell types.
These proteins have been previously shown to be cellular
proteins which associate with newly synthesized pp6O3r( in a
short-lived protein complex (10, 11, 30). These results indi-
cate that pp6O3rc was synthesized in RSV-infected macro-
phages and was phosphorylated and associated with pp5O
and pp9O.

In fibroblasts, pp60r"( is phosphorylated on both serine
and tyrosine; it can be cleaved with V8 protease to produce a
34,000-dalton fragment containing the phosphoserine site
and a 26,000-dalton fragment containing the phosphotyro-
sine site (14, 31, 37). To determine whether the pp6O0''
produced in macrophages and fibroblasts had similar phos-
phorylation patterns, 3-P-labeled pp60'r( derived from each
cell type was subjected to partial proteolytic cleavage with
V8 protease by the method of Cleveland et al. (13). The ratio
of phosphate incorporation into the two protease-generated
fragments was similar for pp6Osrc derived from each cell type
(Fig. 2). This suggests that the phosphorylation pattern of
pp6E"'' is similar in both cell types; however, phospho amino
acid analysis is essential to demonstrate the exact amino acid
linkage.

It has been previously demonstrated that pp60src is capa-
ble of transferring the y-phosphate of ATP to the heavy
chain of the immunoglobulin present in the immune complex
formed with TBR (15, 28). Hunter and Sefton (26)
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FIG. 1. Proteins immunoprecipitated from 32Pi-labeled RSV-in-

fected fibroblasts and macrophages. Cells from a 60-mm petri dish
were labeled for 4 h with 32p (1 mCi/ml; ICN Pharmaceutical,
Irvine, Calif.), and the lysates were prepared and immunoprecipi-
tated as described previously (12). The types of cells and sera used
are as follows: SRA-RSV-infected chicken embryo fibroblast cells
(lanes 1 and 2), SRA-RSV-infected macrophages (lanes 3 and 4),
normal rabbit serum (lanes 1 and 3), and TBR serum (lanes 2 and 4)
(exposure, 2 days). Electrophoresis was performed on a 7.5%
sodium dodecyl sulfate-polyacrylamide gel.

1 2
FIG. 2. Partial proteolytic digestion of pp60Or' immunoprecipi-

tated from RSV-infected fibroblasts and macrophages. 32Pi-labeled
pp6rc which had been excised from the gel shown in Fig. 1 was
reelectrophoresed in the presence of 20 ng of staphylococcus V8
protease (Miles Laboratories, Inc., Elkhart, Ind.) as described by
Cleveland and co-workers (13). Lane 1, pp60Or' from SRA-RSV-
infected chicken cells; lane 2, pp60O" from SRA-RSV-infected
macrophages (exposure, 14 days).
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further demonstrated that this phosphate was specifically
transferred to a tyrosine residue. This immune complex-
kinase assay was utilized to determine whether pp6Osr(
present in macrophages was active as a protein kinase.
Proteins in both uninfected and RSV-infected fibroblasts and
macrophages were labeled with [35S]methionine, and lysates
were prepared. Equal trichloroacetic acid-precipitable
[35S]methionine counts from each cell type were immuno-
precipitated with either normal rabbit serum or TBR serum.
After immunoprecipitation, the samples were divided in half
(except the. uninfected macrophages in which there were
insufficient counts); one-half was electrophoresed in a sodi-
um dodecyl sulfate-polyacrylamide gel (Fig. 3A), and the
other half was assayed in the immune complex-kinase assay
(Fig. 3B). Densitometric tracing of the bands in Fig. 3A
showed that the levels of Pr76 in the infected fibroblasts
(lane 4) and infected macrophages (lane 8) were similar,
whereas the levels of Prl8O and pp6O5'C were reduced ca. 7-
to 10-fpld in macrophages in comparison with fibroblasts.
The radiolabeled immunoglobulin heavy-chain bands were
excised from the gel (Fig. 3B), and the amount of phosphor-
ylation was determined by scintillation spectroscopy. There
was ca. nine-fold greater 32p incorporation in the immuno-
globulin molecules phosphorylated by pp60''' from infected
fibroblasts (lane 6) than infected macrophages (lane 3). No
kinase activity was detected in the uninfected cells since this
TBR serum does not recognize the normal cell pp6O0-s''

A
-..u_ ''

A U-M

protein and, therefore, does not allow phosphorylation of
immunoglobulin G by pp6O-sr'. Since there was a similar
decrease in the level of [35S]methionine-labeled pp6jsr' and
in kinase activity in the macrophages relative to fibroblasts,
it appears that the difference was due to reduced pp6Osrc
synthesis in the infected macrophages rather than to a
change in the activity of the kinase. The decrease is unlikely
to be caused by incomplete infection of the macrophage
population since the levels of Pr76 remained similar and does
not appear to be caused by an increase in the production of
nontransforming virus, since Prl8O would be produced
equally by both transforming and nontransforming viruses.

In transformed fibroblasts, pp6OSr( is located primarily in
the particulate fraction isolated by homogenization in low-
ionic-strength buffers (18, 27). A portion of pp6Osr( in the
soluble fraction is bound to the cellular ppSO and pp9O
proteins (11, 17). To determine whether the localization of
pp60"r in infected macrophages differed from infected fibro-
blasts, 32P-labeled macrophages were separated into partic-
ulate and soluble fractions by a modification of the method
of Krueger and co-workers (27) as described previously (11).
Figure 4 represents the immunoprecipitation of the total cell
lysate, the soluble fraction, and the particulate fraction with
normal rabbit serum (lanes 1, 4, 7), TBR serum (lanes 2, 5,
8), and a monoclonal antibody to pp9O (lanes 3, 6, 9). The
majority of the pp605'' was found in the particulate fraction
(lane 8). The cellular proteins pp9O and pp5O were coprecipi-
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FIG. 3. Synthesis and protein kinase activity of pp6Orc in RSV-infected fibroblasts and macrophages. (A) Proteins immunoprecipitated
from [35S]methionine-labeled normal or RSV-infected fibroblasts and macrophages. Normal or RSV-infected chicken fibroblasts and
macrophages were labeled for 4 h with [35S]methionine (50 p.Ci/ml, 100 Ci/mmol, Amersham Corp., Arlington Heights, Ill.) in methionine-free
medium. Lysates were prepared as described previously (6), and an equivalent number of trichloroacetic acid-precipitable counts were
incubated with antibody; the immunoprecipitated proteins from each cell lysate were analyzed as described previously (6). The figure
represents an autoradiogram of fluorographed 7.5% sodium dodecyl sulfate-polyacrylamide gel (exposure, 21 days). The types of cells and
sera used are as follows: normal chicken cells (lanes 1 and 2); SRA-RSV-infected chicken cells (lanes 3 and 4); normal macrophages (lanes 5
and 6); SRA-RSV-infected macrophages (lanes 7 and 8); normal serum (lanes 1, 3, 5, and 7); and TBR serum (lanes 2, 4, 6, and 8). The TBR se-
rum used in this analysis does not recognize pp6O(`r". The cells used in this experiment were assayed for the production of virus by an
infectious center assay; 90 to 95% of the cells were found to produce focus-inducing virus. (B) Phosphorylation of TJ3R immunoglobulin G
(IgG by pp60ffc bound in an immune complex. Immune complexes derived from panel A were suspended in 20 mM Tris-hydrochloride (pH
7.2)-5 mM MgCl2-10 p.Ci of [y-32P]ATP and subjected to the immune complex-protein kinase assay as described previously (13). The
phosphorylated proteins were analyzed on a 7.5% sodium dodecyl sulfate-polyacrylamide gel. A single piece of X-ray film was used to block
exposure of this autoradiogram to the radioactivity from [35S]methionine (exposure, 7 h). The types of cells and sera used are as follows:
normal chicken cells (lanes 1 and 2); SRA-RSV-infected macrophages (lanes 3 and 4); SRA-RSV-infected chicken cells (lanes 5 and 6); normal
serum (lanes 1, 3, and 5); and TBR serum (lanes 2, 4, and 6).
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FIG. 4. Fractionation of SRA-RSV-infected macrophages into

soluble and particulate fractions. SRA-RSV-infected macrophages

were fractionated as described previously (27). One-tenth of the

lysate was removed before homogenization and diluted with an

equal volume of RIPA buffer (12). This represented the "total"

fraction. Each fraction was divided into three parts and immunopre-

cipitated with normal serum (lanes 1, 4, and 7), TBR serum (lanes 2,

5, and 8), or anti-pp9O antibody (lanes 3, 6, and 9). Lanes 1, 2, and 3,

Total cell lysate; lanes 4, 5, and 6, soluble fraction; lanes 7, 8, and 9,

particulate fraction.

tated with pp60Orc in the soluble fraction. This pattern is very

similar to that obtained from the fractionation of fibroblasts.

In this autoradiogram, pp60"r( was not detectable in the anti-

pp9O immunoprecipitates.
The results presented here have confirmed and extended

previous studies on the inability of RSV to transform macro-

phages. Analysis of the RSV-infected, nontransformed mac-

rophage population has revealed that src is expressed in

these cells at appreciable levels and that it shows a similar

subcellular distribution, phosphorylation pattern, and pro-

tein kinase activity as RSV-infected fibroblasts. Thus, by

those criteria, we have been unable to detect any qualitative

differences at the biochemical level in the action of pp60"'' in

fibroblasts and macrophages. The only difference appears to

be a reduction in the total level of pp6O,rc produced. The

concomitant reduction in Prl80 suggests that the mechanism

of this reduction could lie in the splicing of the viral RNA in

the macrophages, since these are both products of spliced

mRNAs, whereas Pr76 is not (16, 38).

The failure of the macrophages to transform in response to

the expression of the viral src gene may be explained either

by the reduced level of pp6Or," in the macrophages as

compared with transformed fibroblasts or in the inability of

the macrophages to respond to the oncogenic activity of src.

In either case, the implication of these results is that the

failure of RSV to transform certain cell types cannot be

explained on the basis of restrictions to virus entry and

expression of viral products. It seems unlikely that the
reduced synthesis of pp6OSrc in macrophages is responsi-
ble for the absence of transformation, since the levels of
pp60v-src_specific kinase activity in infected macrophages
were still high relative to the levels of normal cellular src
kinase activity, and we have observed similar levels of
pp605 rc in several lines of RSV-transformed mammalian cells
(Brugge, unpublished data). However, it is possible that the
relative amount of pp6 rc necessary to transform fibroblasts
may be significantly lower than that necessary to transform
macrophages. Thus, it appears more likely that macrophage
cells are refractory to the transforming activity of pp60,src
possibly due to the absence of some developmentally regu-
lated molecule which performs an essential function in the
pathway leading to pp6Osrc_mediated cell transformation.
The macrophage cell type could represent the equivalent of a
mutant cell unable to respond to src activity. We have
examined the phosphorylation of two proteins which are
candidate targets of pp6src-mediated phosphorylation. The
ppSO protein found associated with newly synthesized
pp605rc is phosphorylated on tyrosine in RSV-infected mac-
rophage, and the major 34- to 36-kilodalton phosphotyro-
sine-containing species found in RSV-infected fibroblasts
was also detectable on two-dimensional gels of 32P-labeled
cell extracts from RSV-infected macrophage (data not
shown). We are currently examining other phosphotyrosine-
containing species in infected macrophage cells.
We have also infected murine bone marrow cells with a

recombinant murine retrovirus which contains the src gene
from RSV (1). In the 8 months during which these cells were
cultured, there was no evidence of transformation of the
murine macrophages by this virus (5). These results suggest
that this restriction to transformation by the src gene is a
common feature of macrophage cells.
There is precedent for the lineage-restricted action of

oncogenes in the acute leukemia viruses, but this is the only
described example for the sarcoma viruses. AMV is the most
restricted, since it only transforms the morphologically
identifiable members of the monocyte-macrophage lineage
(19, 29). Avian erythroblastosis virus transforms specific
stages of erythroid cell differentiation (22) but is also able to
transform fibroblasts (3. 24, 34). It is of interest that Graf and
co-workers (23) have previously shown that avian erythro-
blastosis virus, like RSV, is capable of replicating in macro-
phage cells in the absence of transformation. Both avian
reticuloendotheliosis virus and murine Abelson virus trans-
form primarily B cells (22, 36), although they are both also
able to transform fibroblasts. Whether this lineage restric-
tion will hold for all oncogenes awaits more extensive
investigation.
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