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ABSTRACT We report here that several oncogene-trans-
ducing avian sarcoma virus strains, namely Rous sarcoma vi-
rus (src), Fujinami sarcoma virus (fps), and PRCII (fps),
transform avian erythroid cells in vitro and in vivo. The src-
andfps-transformed erythroblasts grow in vitro for 20-30 gen-
erations, require special growth conditions, and tend to differ-
entiate spontaneously. In these properties, they resemble ery-
throid cells transformed with the erbB-containing H strain of
avian erythroblastosis virus (AEV-H) but differ from those
transformed with AEV-ES4 (erbA, erbB), which grow under
standard culture conditions and rarely differentiate spontane-
ously. Erythroblasts transformed with viruses carrying tem-
perature-sensitive mutations in the src or fps oncogene and
then shifted to the nonpermissive temperature in the presence
of anemic serum (as a source of an erythropoietin-like factor)
differentiate terminally into erythrocytes. These results dem-
onstrate that several members of the src gene family other than
erbB have the capacity to transform erythroid cells.

The avian sarcoma viruses (ASVs) and defective leukemia
viruses (DLVs) are acutely transforming retroviruses, which
contain cell-derived oncogenic sequences. The DLVs trans-
form predominantly hematopoietic cells, with most strains
showing specificity for cells within one lineage; some strains
also induce sarcomas in vivo and transform fibroblasts in
culture (1). In contrast, the ASVs cause almost exclusively
fibrosarcomas and transform predominantly fibroblasts in
vitro, although the Rous sarcoma virus (RSV) is also able to
transform certain types of mesenchymal and epithelial cells
(2). None of the ASVs has been shown to transform avian
hematopoietic cells.
However, several recent findings led us to reexamine

whether ASVs can transform chicken bone marrow cells.
First, the erbB protein, which is responsible for the ery-
throid transforming capacity of the avian erythroblastosis vi-
rus (AEV) (3, 4) was found to contain a region with '40%
sequence homology to the kinase domain of the RSV src pro-
tein (5), which in turn is closely homologous to the fps trans-
forming protein of Fujinami sarcoma virus (FSV) (6) and to
the yes protein of Y73 (7). Second, the viral src gene was
shown to stimulate splenic colony formation in mice (8), al-
though cells from these colonies could not be propagated in
vitro, and it is therefore not clear to what hematopoietic lin-
eage they belong. Lastly, conditions for culturing avian he-
matopoietic precursors and certain DLV-transformed cells
have been significantly improved in the last few years (9, 10).
Our results indicate that viruses that carry the src orfps onco-
gene, and probably also those with the yes oncogene, are able
to transform chicken erythroid cells in vitro and in vivo.

MATERIALS AND METHODS
Viruses. The following ASV strains, with the helper virus

shown in parentheses, were used: the Schmidt-Ruppin D
RSV strain and its temperature-sensitive (ts) mutant

NY68RSV, which was derived from Schmidt-Ruppin sub-
group A (11); PRCII (PRCII AV); FSV (FAV) and its ts mu-
tant NY225FSV (FAV) (12); and Y73 (RAV-1). AEV-ES4
(RAV-2), the ts mutant 167AEV (RAV-2) (13), AEV-H
(RAV-1) (14), and the preparation and titration of virus
stocks have been described (15).

Cell Culture. All cells were derived from our SPAFAS
chicken flock maintained in Heidelberg. Unless otherwise
indicated, cells were grown in Dulbecco's modified Eagle's
medium (DME medium) supplemented with 8% fetal calf se-
rum/2% inactivated chicken serum (all from GIBCO)/10
mM Hepes, pH 7.3, at 37TC in 5% C02/95% air. Virus-trans-
formed erythroid cells were grown in CFU-E medium (16)
with insulin (1 pug/ml) (Actrapid; Novo Industrie, Mainz,
FRG) in 2% CO2. The preparation of methylcellulose and of
CFU-M medium have been described (10, 15). For differenti-
ation assays, 1 x 106 cells per ml were seeded into CFU-E
medium supplemented with 5% anemic chicken serum as a
source of erythropoietin-like activity (17). Erythropoietin
dependence was tested by replacing the anemic serum with
an equal amount of a pretested normal chicken serum, which
did not contain detectable erythropoietin-like activity.
In Vitro Transformation of Bone Marrow Cells. Bone mar-

row cells were infected and then seeded in methylcellulose-
containing medium supplemented with 1% dimethyl sulfoxide
and 5% of a selected chicken serum batch, as described (15).
Alternatively, "mass-transformed" (i.e., nonclonal) popula-
tions were obtained in liquid culture as described by Graf (18).

Assays for Differentiation Markers. Hemoglobin was de-
tected by benzidine staining at acid or at neutral pH (17). The
former procedure is more sensitive and therefore detects
lower levels of hemoglobin than the latter (13). Rabbit antise-
rum against the avian erythroid-specific marker histone H5
(19), rabbit anti-erythroblast and anti-reticulocyte/erythro-
cyte antisera (19), and the myelomonocytic cell-specific mono-
clonal antibody MC51-2 (20), were used in indirect immuno-
fluorescence assays as described (19).

Detection of Transforming Proteins. Erythroblasts sus-
pended at 5 x 106 cells per ml and adherent fibroblasts were
lysed in radioimmunoprecipitation (RIP) buffer (21). Lysates
were immunoprecipitated (21) with an excess of tumor-bear-
ing rabbit serum (22) or of affinity-purified rabbit anti-gag
antibody (23). The protein kinase activity present in immune
complexes was assayed as described (21). The reaction mix-
tures were then run on NaDodSO4/12.5% polyacrylamide
gels (24). Processing of the gels for fluorography and expo-
sure to Kodak XAR film were carried out as described (23).

Infection of Experimental Animals and Isolation of in Vivo-
Transformed Cells. Newborn chicks were injected i.v. at the
knee joint with 105 focus-forming units. Blood smears from
the injected animals were examined 3 times a week for the
presence of blast-like cells (17). Cells were recovered from
the peripheral blood of positive animals and plated in culture
as described (17).

Abbreviations: ASV, avian sarcoma virus; DLV, defective leukemia
virus; RSV, Rous sarcoma virus; AEV, avian erythroblastosis virus;
FSV, Fujinami sarcoma virus; ts, temperature sensitive; wt, wild
type.
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Table 1. Fibroblast and bone marrow transforming activities
of ASVs

Virus FFU/ml on CFU/ml on bone
group Strain Oncogene fibroblasts marrow cells

ASVs RSV src 5 x 105 50
FSV fps 3 x 105 80
PRCII fps 5 x 105 10
Y73 yes 5 x 106 2*

DLVs AEV-ES4 erbA, erbB 5 x 105 2000
AEV-H erbB 1 X 105 700

FFU, focus-forming units; CFU, colony-forming units.
*Small colonies that did not grow after being picked from methylcel-
lulose-containing medium.

RESULTS
ASVs Transform Chicken Bone Marrow Cells in Vitro. To

determine whether ASVs can transform hematopoietic cells
in vitro, bone marrow cells from 1- to 3-week-old chickens
were infected with various dilutions of high titer ASV or
DLV stocks and then seeded into methylcellulose-containing
medium under conditions suitable for the recovery of AEV-
H-transformed erythroblasts. Bone marrow cells infected
with RSV, FSV, PRCII, or Y73 gave rise within 10 days to
transformed hematopoietic colonies containing up to several
thousand cells and closely resembling those induced by the
AEV strains. As shown in Table 1, however, they occurred
at much lower frequencies. ASV- or AEV-H-induced colo-
nies could be expanded in CFU-E medium [a medium that
supports the growth of certain DLV-transformed erythroid
cells (16)], where they grew with an average doubling time of
18-24 hr for 20-30 population doublings and then underwent
senescence. In standard medium, these cells died within 3
days, while AEV-ES4-transformed cells were able to grow
under these conditions. Y73-induced colonies could not be
expanded in either standard or CFU-E medium, suggesting
that they may have yet different growth requirements.
ASV-Transformed Bone Marrow Cells Represent Immature

Spontaneously Differentiating Erythroid Cells. ASV-trans-
formed bone marrow cells were compared to erythroblasts
transformed by AEV-ES4 or AEV-H and to myeloblasts
transformed by avian myeloblastosis virus with respect to
their expression of several differentiation markers specific
for the erythroid or myeloid lineage. The results (summa-
rized in Table 2) show that the ASV-transformed cells
expressed four erythroid-specific markers, including two
(hemoglobin and the reticulocyte-erythrocyte cell surface
antigen) that are typical of later stages of erythroid differen-
tiation but were negative for expression of a myeloid-specific

Table 2. Differentiation markers expressed by transformed cells

% marker-positive cells in populations*
transformed by

AEV- AEV-
Marker RSV FSV PRCII ES4 Ht AMV

Histone H5 100 100 100 100 100 0
Hemoglobin

(acid benzi-
dine) 66 32 54 0.1 72 0

Erythroblast
antigen 85 75 70 98 77 0

Erythrocyte
antigen 85 45 65 0.1 70 0

Myelomonocytic
antigen 0 0 0 0 0 98

AMV, avian myeloblastosis virus.
*Mass cultures.
tClones (average of five to seven clones).
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FIG. 1. Hemoglobin expression in individual clones of virus-
transformed cells. Virus-transformed cell clones were stained with
benzidine at acid pH. Bars indicate proportion of positive cells de-
tected in each clone.

marker. As illustrated in Fig. 1, the proportion of cells ex-
pressing hemoglobin varied over a wide range between dif-
ferent clones. (Similarly, expression of the reticulocyte-
erythrocyte cell surface antigen showed clonal variation;
data not shown). Taken together, these results indicate that
ASV- and AEV-H-transformed bone marrow cells belong to
the erythroid lineage and that they have the capacity to dif-
ferentiate spontaneously. In contrast, AEV-ES4-trans-
formed erythroblasts (included as a control) consisted exclu-
sively of immature cells, which did not undergo spontaneous
differentiation.
ASV-Transformed Erythroid Cells Express the Viral Trans-

forming Proteins. To determine whether ASV-transformed
erythroid cells produced transforming virus, supernatants
from five clones each of RSV-, FSV-, and PRCII-trans-
formed cells were tested for their ability to induce trans-
formed foci in chicken embryo fibroblasts. Three of five
clones each of FSV- and PRCII-transformed cells were non-
producers; all of the remaining clones produced virus at ti-
ters similar to, or higher than, fibroblasts transformed with
the same virus stock (data not shown).
To examine whether the src and fps gene products are ex-

pressed in transformed erythroblasts, these proteins were
immunoprecipitated from extracts of infected cells. The as-
sociated protein kinase activity was then assayed in vitro. As
shown in Fig. 2, erythroid cells transformed by src- or fps-
containing viruses expressed high levels of kinase activity,
as did virus-transformed fibroblasts. In addition, expression
of pp60src and pl40gag-fps was detected after labeling of
erythroblasts with [35S]methionine (data not shown).

It has recently been reported that the injection of certain
helper viruses into susceptible chickens can induce erythro-
leukemia by activating the cellular (c)-erbB gene (25). We
therefore examined RSV-, FSV-, and PRCII-transformed
erythroid cells for the presence of the c-erbB protein. Anti-
serum that recognizes both the viral p74erbB (26) and the c-
erbB protein expressed by helper virus-induced erythroleu-
kemia cells (unpublished observations) was used to immuno-
precipitate [35S]methionine-labeled ASV-erythroid cell
extracts, which were then subjected to electrophoresis and
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FIG. 3. Blood smears prepared from newborn chicks 10-14 days
after i.v. injection of RSV were stained with benzidine at neutral
pH, counterstained with Diff-Quick, and photographed under green
light (A) and blue light (B), which specifically reveals hemoglobin
(benzidine)-positive cells. Arrowheads indicate blast-like cells; ar-
rows indicate erythroid cells at intermediate stages of differentia-
tion.

FIG. 2. Kinase activity in virus-transformed erythroblasts. (A)
In vitro kinase activity of pp60src immunoprecipitated with tumor-
bearing rabbit serum and showing phosphorylation of the IgG heavy
chain (IgGHC). Lane 1, uninfected chicken embryo fibroblasts
(CEFs); lane 2, RSV-transformed CEFs; lane 3, RSV-transformed
erythroblasts (mass culture); lanes 4 and 5, RSV-transformed eryth-
roblast clones a and b; lane 6, AEV-ES4-transformed erythroblast
clone a. (B) In vitro autophosphorylation activity of pl40gag-fps im-
munoprecipitated with anti-gag antibody. Lane 1, FSV-transformed
CEFs; lanes 2-4, FSV-transformed erythroblast clones a, b, and c,
respectively; lane 5, AEV-ES4-transformed erythroblasts (mass cul-
ture).

autoradiography. In addition, cells were screened for the
presence of cell surface erbB by indirect immunofluores-
cence (16). The c-erbB protein was not detected in ASV-
transformed cultures by either procedure (data not shown).
ASVs Transform Chicken Erythroid Cells in Vivo. To deter-

mine whether ASVs are capable of transforming hematopoi-
etic cells in vivo, newborn chicks were injected i.v. with
RSV, FSV, PRCII, or Y73 at the knee joint, a site where
these viruses induce sarcomas very inefficiently. For com-
parative purposes, we also injected AEV-H and AEV-ES4.

All of the viruses were lethal to the animals within 1-3
weeks of injection. While only a low percentage of the ASV-
injected chicks had outwardly visible sarcomas at the time of
death, autopsy revealed that -20% had many small internal
sarcomas, often associated with the bones. In addition,
many of the chicks injected with RSV, and occasionally
those injected with one of the other ASVs, had hundreds of
small hemorrhagic lesions lining the body cavity and extrem-
ities. Examination of blood smears revealed that all of the
ASVs induced the appearance of low but significant num-
bers of abnormal cells in the peripheral blood of 25%-50% of
the injected animals (Fig. 3). Many of these cells had an im-
mature blast-like morphology, while others resembled ery-
throid cells at intermediate levels of differentiation. AEV-H
induced a similar, although more severe, disease in 100% of
the injected chicks. As expected from previous results (3),
blood smears from animals injected with AEV-ES4 showed
leukemic blasts but essentially no erythroid cells at interme-
diate stages of maturation.
To test whether transformed cells could be recovered from

virus-infected animals, bone marrow and peripheral blood

cells from RSV-, Y73-, and AEV-ES4-injected chicks show-
ing abnormal blood smears were depleted of erythrocytes
and then plated in methylcellulose-containing CFU-E or
CFU-M medium. The results of this experiment are shown in
Table 3. RSV- and AEV-ES4-transformed colonies were de-
tectable within 4 days in bone marrow cultures plated under
erythroid conditions but did not grow out under myeloid
conditions. The peripheral blood cultures from animals in-
jected with RSV also gave rise to transformed colonies. Five
of the latter colonies expanded in CFU-E medium were
found to be positive for the erythroid lineage-specific mark-
ers hemoglobin and histone H5 and for the production of
transforming virus (data not shown). In contrast, the Y73
colonies picked from these cultures did not proliferate in ei-
ther CFU-E or standard medium. However, they appeared
to belong to the erythroid lineage, because 100% of the cells
in four colonies analyzed were positive for the expression of
histone H5 and a low percentage were hemoglobinized (data
not shown).

Erythroid Cells Transformed with tsASV Mutants Undergo
Terminal Differentiation at the Nonpermissive Temperature.
We next tested whether erythroid cells transformed with
ASVs carrying ts mutations in the src orfps gene would dif-
ferentiate terminally into erythrocyte-like cells after shift to
the restrictive temperature, as do tsAEV-ES4-transformed
erythroblasts (13, 17, 27) [believed to be mutated in the erbB
gene (16)]. Cells from mass (i.e., nonclonal) populations
transformed with ts68RSV or ts225FSV or with the corre-
sponding wild-type (wt) strains were seeded into CFU-E me-
dium containing either normal or anemic chicken serum and
then either shifted to the restrictive temperature (42°C) or
maintained at 37°C. A clone of tsAEV-ES4-transformed

Table 3. Transformed erythroid colonies obtained from bone
marrow and peripheral blood of virus-infected chicks

No. of chicks No. of colonies per 5 x 106 cells
Virus examined Bone marrow Peripheral blood

RSV 3 800, 450, 800 60, 15, 80
Y73 2 250, 55 0, 0
AEV-ES4 1 40,000 15,000
None 1 0 0
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FIG. 4. Anemic serum-dependent terminal differentiation of vi-
rus-transformed erythroblasts shifted to nonpermissive tempera-
ture. ts or wt virus-infected cells were incubated at 420C for 4 days in
medium either containing (+) or lacking (-) anemic chicken serum.
An aliquot of cells from each culture was then cytocentrifuged and
stained as described in the legend to Fig. 3. (A) Open bars indicate
proportion of erythroid cells containing hemoglobin; solid bars indi-
cate proportion of terminally differentiated (erythrocyte-like) cells.
(B) RSV-transformed erythroblasts at permissive and nonpermissive
temperature, prepared as described in legend to Fig. 3 and photo-
graphed under green light.

erythroblasts preselected for its ability to differentiate well
at 420C (13) was included as a positive control. Four days
later, aliquots from each culture were evaluated for the pro-
portions of erythroblasts, reticulocytes, and erythrocytes ac-
cording to their morphology and hemoglobin content (17).
The results of this experiment are illustrated in Fig. 4. Cul-

tures transformed with either ts68RSV or ts225FSV and
shifted to 420C in the presence of anemic serum contained
essentially 100% differentiated cells, 80%-90%o of which
were erythrocytes. In the absence of anemic serum, -80o
of the cells reached the reticulocyte stage but relatively few
(10% for tsRSV, 17% for tsFSV) were terminally differenti-
ated. Similar results were obtained with the ts167AEV clone
used as a control. None of the control cultures maintained at
370C contained increased levels (>10%) of differentiated
cells (data not shown). It should be noted that shifted ts cell
populations generally showed extensive death, which was,
however, much less pronounced in the presence of anemic
serum. wtRSV-transformed populations showed essentially
no increase in the proportions of reticulocytes or erythro-
cytes after shift to 420C in the absence of anemic serum,
while in its presence the proportion of both of these differen-
tiated cell types were slightly elevated. wtFSV-transformed
cells differentiated somewhat more at 420C, particularly in
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FIG. 5. Kinetics of hemoglobin induction in ASV-transformed
erythroblasts shifted to nonpermissive temperature. tsRSV- or
wtRSV-transformed erythroblasts were incubated at 420C in CFU-E
medium containing anemic chicken serum. At intervals of -24 hr,
aliquots from each culture were cytocentrifuged and stained. A and
A, wtRSV cells; * and o, ts68 cells; open symbols, proportion of
cells containing hemoglobin; closed symbols, proportion of erythro-
cyte-like cells.

the presence of anemic serum; the latter cultures contained
-18% erythrocyte-like cells and -15% reticulocyte-like
cells.
We also examined the time course of differentiation in

mass cultures of wtRSV- or ts68RSV-transformed cells shift-
ed to 42TC in the presence of anemic serum. The proportion
of differentiated cells was monitored daily for 5 days by eval-
uating benzidine-stained cytocentrifuge preparations. The
results of this experiment, which are shown in Fig. 5, indi-
cate that -80% of the cells in the ts68RSV-transformed pop-
ulation were terminally differentiated by day 4 and that es-
sentially all of the cells had differentiated into erythrocyte-
like cells by day 5.

DISCUSSION
The data presented in this paper indicate that the ability to
transform avian erythroid cells is not restricted to viruses
carrying the erbB gene but is also exhibited by other onco-
genes of the src family. It is perhaps surprising that the ery-
throid-transforming capacity of the ASVs was not seen until
now. We attribute this to two factors. First, the improved
conditions recently devised for the culture of avian erythroid
cells support the growth of most ASV-transformed bone
marrow cells, while the standard media tested so far do not.
Second, our in vivo experiments were designed to minimize
the extent of sarcoma formation at the site of inoculation,
which presumably enabled the infected chickens to live long
enough for virus-transformed cells to be detected in the pe-
ripheral blood.

Clonal populations transformed by RSV, FSV, PRCII, or
AEV-H and cultured in the absence of anemic serum contain
cells at early, intermediate, and late stages of differentiation,
suggesting that the more mature cells in these cultures arise
by spontaneous differentiation in an erythropoietin-indepen-
dent fashion. These data also indicate that oncogenes of the
src family transform erythroid cells without totally blocking
their capacity to differentiate. In contrast, AEV-ES4-trans-
formed bone marrow cells consist almost exclusively of im-
mature erythroblasts, suggesting that the erbA gene may co-

Cell Biology: Kahn et aL
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operate with erbB in blocking erythroid cell differentiation,
as also suggested earlier (3). The presence of erbA may also
account for the observation that AEV-ES4-transformed
erythroblasts have simpler growth requirements in culture
than do ASV- and AEV-H-transformed erythroid cells, al-
though the precise nature of these differences is not yet
clear. We are presently investigating whether erbA can co-
operate with oncogenes other than erbB.

Erythroblasts transformed with ts src orfps mutant virus-
es undergo terminal differentiation upon shift to the restric-
tive temperature, provided that an erythropoietin-like factor
is present. It is noteworthy that nonclonal populations of
tsRSV- or tsFSV-erythroblasts differentiated into 80%-
100% erythrocytes after a shift to 42°C, while nonclonal pop-
ulations of tsAEV-transformed cells generally contained no
more than 20% erythrocytes (refs. 13 and 17; this paper).
Erythroid cells transformed by tsASVs therefore appear to
be more uniform in their ability to undergo temperature-in-
duced terminal differentiation than do tsAEV-ES4 cells.
The results with the ts mutants also indicate that, as in

fibroblasts (28), the continuous presence of the src or fps
transforming protein is required for the maintenance of
transformation in erythroblasts. Experiments with additional
ts mutants should reveal whether tyrosine kinase (or a relat-
ed phosphorylation activity) is essential for erythroid cell
transformation by ASVs. No tyrosine kinase activity has yet
been described for the erbB protein, but the recent finding
that the erbB product is a truncated form of the epidermal
growth factor receptor (29), which is believed to function as
a tyrosine kinase (30), suggests that phosphorylation may be
of general importance in the transformation of erythroid cells
by oncogene-transducing retroviruses.

Several groups have recently shown that certain murine
retroviruses enhance erythroid colony formation in vitro.
The Abelson leukemia virus, which carries the src-related
abl gene and transforms B-lymphoid cells and fibroblasts
(31), induces erythroid colonies after infection of mouse fetal
liver cells (32). Mouse erythroid colonies are also induced by
the Harvey and Kirsten sarcoma viruses (33) and by the
Friend virus complex (34), none of which contain src-related
sequences. However, it is questionable whether these mu-
rine erythroid colonies can be truly regarded as virus-trans-
formed because, in contrast to the src- and fps-transformed
avian erythroid colonies, they cannot be expanded in liquid
culture. This difference in self-renewal capacity between vi-
rus-induced murine and avian erythroid cells may either re-
flect variations among the oncogenes themselves or between
the two species.
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