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The transforming gene of avian sarcoma virus UR2, v-ros, encodes a receptor-like protein tyrosine kinase
and differs from its proto-oncogene, c-ros, in its 5’ truncation and fusion to viral gag, a three-amino-acid (aa)
insertion in the transmembrane (TM) domain, and changes in the carboxyl region. To explore the basis for
activation of the c-ros transforming potential, various c-ros retroviral vectors containing those changes were
constructed and studied for their biological and biochemical properties. Ufcros codes for the full-length c-ros
protein of 2,311 aa, Uppcros has 1,661-aa internal deletion in the extracellular domain, CCros contains the 3’
c-ros cDNA fused 150 aa upstream of the TM domain to the UR2 gag, CVros is the same as CCros except that
the 3’ region is replaced by that of v-ros, and VCros is the same as CCros except that the 5’ region is replaced
by that of v-ros. The Ufcros, Uppcros, CCros, and CVros are inactive in transforming chicken embryo
fibroblasts, whereas VCros is as potent as UR2 in cell-transforming and tumorigenic activities. Upon passages
of CCros and CVros viruses, the additional extracellular sequence in comparison with that of v-ros was deleted;
concurrently, both viruses (named CC5d and CV5d, respectively) attained moderate transforming activity,
albeit significantly lower than that of UR2 or VCros. The native c-ros protein has a very low protein tyrosine
kinase activity, whereas the ppcros protein is constitutively activated in kinase activity. The inability of CCros
and CVros to transform chicken embryo fibroblasts is consistent with the inefficient membrane association,
instability, and low kinase activity of their encoded proteins. The CC5d and CV5d proteins are indistinguish-
able in kinase activity, membrane association, and stability from the v-ros protein. The reduced transforming
potency of CC5d and CV5d proteins can be attributed only to their differential substrate interaction, notably
the failure to phosphorylate a 88-kDa protein. We conclude that the 5’ rather than the 3’ modification of c-ros
is essential for its oncogenic activation; the sequence upstream of the TM domain has a negative effect on the

transforming activity of CCros and CVros and needs to be deleted to activate their biological activity.

The proto-oncogene c-ros is the cellular counterpart of the
oncogene v-ros of avian sarcoma virus (ASV) UR2 (30, 31).
Sequence analysis of the chicken and human genomic DNA
clones representing the 3’ portion of c-ros revealed that it is a
receptor-like protein tyrosine kinase (PTK) (28, 30). Recently,
the c-ros cDNAs from rat (29), human (3), and chicken (5)
have been isolated and sequenced. Those results confirm the
initial suggestion that c-ros codes for a receptor-like PTK.
However, it differs from other well-characterized receptor
PTKs (RPTKs) such as the insulin receptor (IR) and insulin-
like growth factor I receptor (IGFR) (8, 40, 42), epidermal
growth factor receptor (41), platelet-derived growth factor
receptor (47), and colony-stimulating factor 1 receptor (6, 17,
46) in that the predicted c-ros product has an extraordinary
large extracellular (EC) domain (3, 5, 29). Both the sequence
and the predicted structure of the c-ros product show a
remarkable homology with those of the sevenless protein of
Drosophila melanogaster (3, 5, 15, 29). The PTK domain of
c-ros also shows a close homology with those of IR and IGFR
(8, 40, 42).

The normal function of c-ros remains unknown. Its expres-
sion is very restricted. In chickens, only kidney, intestine,
thymus, bursa, and gonad tissues express detectable amount of
c-ros RNA (5, 6, 30). In rat, aside from kidney, c-ros RNA is
also expressed in heart, lung, and testis (29). Recent studies of
c-ros expression by in situ hybridization detected its presence in
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the developing collecting ducts of kidney and villi of intestine
and implicated c-ros in epithelial cell differentiation during
embryogenesis (6, 37, 39). Besides the spontaneous transduc-
tion and activation of the tumorigenic potential of c-ros in ASV
UR?2, there has becen a report on activation of the transforming
and tumorigenic potential of human c-ros in a mammary
carcinoma cell line (2). Furthermore, a high percentage of
human glioblastoma cell lines surveyed were found to express
clevated levels of c-ros RNAs, some of which were the products
of rearranged c-ros gene (4). These observations implicate the
involvement of c-ros in the development of glioblastomas.
However, there have not been reports on c-ros expression in
fresh tumor tissues.

ASV UR2 codes for a Gag-Ros fusion protein of 68 kDa
which is a transmembranc (TM) protein with the gag moiety
protruding extracellularly (20). The P68%“*"* is capable of
autophosphorylation and phosphorylation of foreign sub-
strates (11, 20). Our earlier mutagenesis studies indicated that
the gag moiety and membrane association of P68%*"* are
essential for its transforming activity (21, 22). Comparison of
the sequences of v-ros and c-ros revealed three structural
alterations in v-ros (Fig. 1A) (5, 30, 31): (i) v-ros is truncated 7
amino acids (aa) upstream of the TM domain of c-ros and
joined in frame to the 5’ gag sequence of UR2, (ii) there is a
3-aa insertion in the TM domain of v-ros, and (iii) the 3
sequence of c-ros is truncated and modified in v-ros. Any one
or a combination of these changes from c-ros could be respon-
sible for the activation of its transforming potential. To address
this question and to explore the underlying biochemical basis,
we have constructed retroviruses containing full-length or
internally truncated c-ros cDNA as well as various v-ros and
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FIG. 1. Constructs of c-ros and c-ros X v-ros recombinant retrovi-
ral vectors. (A) The structures of c-ros and v-ros are shown to scale,
with various structural domains, restriction sites, and differences
highlighted. The termination codon TAA is indicated; in v-ros, it
terminates within the viral env region. The 3-aa insertion in the TM
domain and the 12-aa deletion in the carboxyl region of v-ros are
indicated (see Fig. 2). (B) The various c-ros and recombinant retroviral
vectors were constructed by using the indicated restriction sites (see
Materials and Methods). Small open boxes denote viral gag and env
sequences; shaded boxes indicate the v-ros sequence; large open boxes
represent the c-ros sequence. The TM domains of c-ros and v-ros are
represented by open and solid boxes, respectively. The ectodomains of
Ufcros and Uppcros are interrupted to reflect their actual lengths. The
deletion in Uppcros is shown by the two bent lines. The small arrows
underlining the EC sequences in CCros and CVros represent 21-
nucleotide repeats of the ros sequence immediate upstream of the TM
domain as a result of the construction. Only one copy of that sequence
is present in UR2, VCros, CC5d, and CV5d.

c-ros chimeras and analyzed their biological and biochemical
activities. Our data show that the 5’ rather than the 3’
modifications in v-ros are essential for the activation of c-ros.
Sequence immediately upstream of the TM domain appears to
exert a negative effect on the transforming ability of the
c-ros-containing viruses, apparently as a result of its effect on
the stability, membrane association, and kinase activity of the
Gag-Ros proteins. The nontransforming CCros and CVros
chimeras gave rise to moderately transforming derivatives
apparently by deleting the c-ros-derived EC sequences. The
weak transforming potency of these variants in comparison
with UR2 does not correlate with the kinase activity but
instead correlates with differential cellular substrate interac-
tions. These variants are potentially invaluable for identifying
cellular proteins involved in the process of cell transformation.

MATERIALS AND METHODS

Cells and viruses. The preparation and maintenance of
chicken embryo fibroblasts (CEF) and the colony formation
assay of virus-infected cells were carried out by published
procedures (18). ASV UR2 and its associated helper virus
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UR2AV have been described elsewhere (31, 45). For Rous
sarcoma virus (RSV), the subgroup A Schmidt-Ruppin strain
was used.

Construction of fcros and ppcros expression plasmids.
Three previously described overlapping c-ros cDNA clones, 5b,
10a, and 84-1 (in 5'-to-3’ order) (5), were used to construct the
full-length c-ros ¢cDNA in plasmid pBluescript SK(+) or
SK(—) (Stratagene). This was done by using the unique Bs/BI
sites in clones S5b and 10a and the unique Sacl sites in the 3’
ends of 10a and 84-1 to form the full-length cDNA, which was
subcloned at the Sall site of the vector. Most of the 5’ and 3’
noncoding sequences of the resulting full-length cDNA was
then deleted by using the polymerase chain reaction (PCR)
method with a pair of synthesized oligodeoxynucleotides each
containing a Notl site. The resulting plasmid was named
pSKcros.

For transient expression of c-ros in COS 7 cells, pECE vector
(9) containing the simian virus 40 early promoter, replication
origin, and polyadenylation signal was used. The replication
origin allows the transfected plasmid DNA to be amplified in
COS cells expressing the simian virus 40 T antigen (9). The
7-kb full-length c-ros was freed from pSKcros by NotI digestion
and inserted into a modified pECE vector containing a Notl
site, resulting in pEfcros. The deletion variant ppcros was
initially engineered in pSKcros by deleting 4,983 nucleotides of
the EC sequence flanked by Pstl and Pvull sites to produce
pSKppcros. The ppcros sequence was then excised from pSKp
pcros by Notl digestion and inserted into the expression vector
pRCMV (Invitrogen) under the control of the human cyto-
megalovirus early promoter and enhancer. The resulting plas-
mid was named pCMVppcros.

For expression of c-ros proteins in CEF, the full-length c-ros
and ppcros were introduced individually into pUIGFRAATG,
in which the gag initiation codon was mutated (26, 27). The
resulting plasmids are called pUfcros and pUppcros, respec-
tively. These plasmids encode the full-length or 5’ internally
deleted c-ros protein, using its native initiation codon. The
c-ros sequence is flanked by the viral long terminal repeats in
these vectors and can be transfected directly into CEF for their
expression (27).

Construction of c-ros and v-ros recombinants. Chicken c-ros
cDNA clone 84-1, containing the 3’-most 3,000 nucleotides (5),
and pUR2HI, containing the entire UR2 genome cloned in
pBR322 and permuted at the HindIII site (31), were used.
pUR2H1 was digested completely with Stul and then partially
with EcoRI (there is another EcoRlI site in the pBR322 DNA
downstream of the UR2 genome) to remove the 3’ v-ros
sequence downstream of the EcoRlI site (Fig. 1B). The result-
ing 7.1-kb EcoRI-to-Stul pUR2HI plasmid DNA retaining
only the 5’ v-ros sequence upstream of the EcoRI site was
ligated to the 0.9-kb EcoRI-to-Sspl 3’ c-ros fragment (Fig. 1A)
to generate pVCros. An intermediate plasmid, pCC3d, was
prepared for the construction of pCCros and pCVros. pCC3d
was generated by inserting the 1.8-kb Sacl-Sspl c-ros DNA
fragment (Fig. 1A) into the EcoRV and Clal sites of pUR2HI,
replacing its original sequence. The Clal site is 3’ to the UR2
genome and immediately upstream of the EcoRI site in
pBR322. As a result, the entire v-ros sequence, except the 7 aa
upstream of the EcoRYV site, and the 3’ viral env sequence in
pUR2H1 are replaced by the 1.8-kb c-ros sequence. pCC3d
was then completely digested with EcoRI to remove the 0.9-kb
fragment containing the 3’ c-ros and some pBR322 sequences.
The resulting 6.4-kb plasmid DNA was ligated with the 0.9-kb
EcoRI (located in the ros)-to-EcoRI (located in pBR322)
DNA fragment derived from pUR2HI or pVCros to create
pCVros or pCCros, respectively (Fig. 1B). The 0.9-kb EcoRI-
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EcoRI DNA fragment not only provides the 3’ ros sequence
but also restores the 3’ viral sequences lacking in the 6.4-kb
plasmid DNA.

Construction of mammalian expression vectors for CCros
and CVros. pCCros and pCVros DNAs were digested with
Clal completely to linearize the plasmids and then ligated to a
Clal-Xbal oligonucleotide linker. The ligation products were
digested partially with Sacl, and the 3-kb CCros and 2.9-kb
CVros Sacl-to-Xbal DNAs were isolated. These DNA frag-
ments containing the entire Gag-CCros or Gag-CVros coding
sequence were ligated to Sacl- and Xbal-digested pECE to
obtain pECCros and pECVros, respectively.

Cloning and sequencing of CC5d and CV5d DNAs. CC5d
and CV5d are transforming variants derived from the parental
nontransforming CCros and CVros constructs, respectively
(see above). Total DNAs were isolated from CC5d- and
CV5d-infected CEF (30, 31). The upstream primers used for
PCR were 5’ (353)GTGATTCTGGTCGCCCGG(370) 3’ and
5" (539)ATCACTGCGGCGCTCTCCC(557) 3', and down-
stream primers were 5' (866)GCTGTGATTGGAGCAGT
(882) 3’ (upstream of the TM domain) and 5’ (942)GATGAA
ATCCCAGAAAA(958) 3' (downstream of the TM domain).
The numbers in parentheses indicate the nucleotide positions
of the published UR2 sequence (31). The latter primer has the
advantage of allowing us to confirm the CC5d and CV5d
DNAs clones by their c-ros-derived TM domains as a result of
the lack of a 3-aa insertion compared with that in v-ros. PCR
was carried out according to the procedure described previ-
ously (23). The PCR products were cloned into pBluescript
SK(+) (Stratagene) and sequenced by the dideoxynucleotide
method (36).

DNA transfection and RNA analysis. DNA transfection and
Northern (RNA) analysis of viral RNAs were performed by
published methods (24, 44). For transfection of COS cells,
either the calcium phosphate (14) or electroporation method
was used. Chloroquine (100 pM) was added immediately after
addition of DNA precipitates to cells, and dimethyl sulfoxide
shock was omitted in the calcium phosphate method. For
electroporation, 1.5 X 10° cells were suspended in 0.35 ml of
phosphate-buffered saline (PBS); then 5 to 10 pg of DNA was
dissolved in 50 pl of PBS and added to the cell suspension. The
mixture was placed on ice for 5 min and then subjected to
electroporation at 300 V and 125 capacitance in a gene pulser
apparatus (Bio-Rad). Cells were then placed on ice for another
5 min before plating onto culture dishes.

Protein analysis. Metabolic labeling, protein extraction,
subcellular fractionation, immunoprecipitation, sodium dode-
cyl sulfate (SDS)-polyacrylamide gel electrophoresis, and in
vitro kinase assays were done according to published proce-
dures (11, 13-20, 22). For glycosylation-inhibiting experiments,
cells were pretreated with tunicamycin (10 pg/ml; Sigma) for 2
h and then [**S]methionine labeled for 4 h in the presence of
tunicamycin. For transiently expressed proteins in COS cells,
labeling was carried out 48 h after transfection. Polyclonal
antiserum 4-263, recognizing the kinase region of v-ros (23),
was used for immunoprecipitation and Western blot (immu-
noblot) analysis of cell lysates as described previously (13, 16),
with slight modifications (21, 22). A polyclonal antiphosphoty-
rosine (anti-P-Tyr) antibody raised against the copolymer of
phosphotyrosine, alanine, and glycine has been described
elsewhere (23). Monoclonal anti-P-Tyr antibodies PY20 and
4G10 were purchased from ICN and UBI, respectively.

Detection of cell surface protein. Virus-infected CEF were
washed with PBS three times. The cells were then put on ice
and labeled with 0.5 mM sulfo-N-hydroxysuccinimide-Biotin
(Sigma) for 2 h with occasional mixing. After the biotin
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solution was removed, the cells were washed three times with
F10 medium containing 5% calf serum and three times with
Tris-glucose buffer (27); then proteins were extracted by using
radioimmunoprecipitation assay buffer and immunoprecipi-
tated with anti-Ros as described above. After Western blotting,
the proteins were detected by color development as follows.
The filter was blocked by incubation in Tris-buffered saline (20
mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, 0.02% azide)
containing 5% albumin for 1 h at room temperature and then
reacted with avidin-alkaline phosphatase (Boehringer
Mannheim) in Tris-buffered saline containing 1% albumin for
1 h. After being washed with Tris-buffered saline three times,
the filter was immersed briefly in color-developing solution
(100 mM Tris-HCI [pH 9.5], 100 mM NaCl, 5 mM MgCl,) and
then incubated in the same solution containing nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolylphosphate (Pro-
mega) for an appropriate period of time at room temperature.
The reaction was stopped by rinsing the filter in water.

RESULTS

Differences in v-ros and c-ros sequences. On the basis of the
UR2 v-ros and c-ros genomic DNA sequences, we showed that
v-ros differs from c-ros in the TM domain and the carboxyl end
(Fig. 1A) (30, 31). After sequencing the 3’ c-ros cDNA (5), we
found that there was one additional base difference at the 3’
region of v-ros. However, we discovered later that this was due
to an error in the 3’ v-ros sequence published previously (31)
by misreading of a compressed CC sequence as C at position
2003 (31). We have resequenced v-ros and confirmed that the
sequence at position 2003 should be CC. With this correction,
the C-terminal amino acid sequence of v-ros is as shown in Fig.
2. In addition, we have identified the 3’ v-ros sequence
downstream of position 1999 that we previously indicated as of
unknown origin (31) to be part of the 3’ c-ros cDNA sequence
(5). There is a deletion of 36 nucleotides between positions
1999 and 2000 of v-ros in comparison with c-ros cDNA (5). The
v-ros and c-ros sequences are colinear after this in-frame
deletion until the 3’ truncation in v-ros, where it joins the env
sequence. At the recombination junction of c-ros and env,
there is a seven-nucleotide stretch of sequence identity (31, 38)
(Fig. 2). This sequence could mediate the recombination. As a
result, the carboxyl 9 aa of c-ros are deleted in v-ros, and the
reading frame of v-ros extends into env and terminates 45
nucleotides in env with a — 1 frame relative to that of the viral
gp37 env sequence (38). Therefore, the differences of 3’ v-ros
from c-ros include an internal 12-aa deletion, a carboxyl 9-aa
truncation, and the addition of a 16-random-aa sequence. The
overall differences between c-ros and v-ros are (i) 5’ truncation
and fusion to gag, (ii) 3-aa insertion in the TM domain of v-ros,
and (iii) 3’ sequence changes (Fig. 1A).

Construction of c-ros and c-ros X v-ros expression vectors.
To test the transforming potential of c-ros and the effect of
sequence alterations in v-ros on the transforming activity of
c-ros, we constructed the c-ros and c-ros X v-ros viruses shown
in Fig. 1. Ufcros and Uppcros encode c-ros proteins from the
native initiation codon and contain no gag sequences. All of the
c-ros X v-ros chimeras have the same gag sequence; however,
CCros and CVros contain an additional 526 nucleotides of the
EC domain of c-ros in comparison with VCros and UR2. The
only difference between UR2 (VVros) and VCros, and also
between CCros and CVros, is the 3’ alteration in v-ros (Fig. 1).
Likewise, the only difference between UR2 (VVros) and
CVros, and also between VCros and CCros, is in the 5’ region
of v-ros.

Transforming potential of c-ros viruses. The pUfcros and
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FIG. 2. Differences between c-ros and v-ros. (A) V-ros differs from
c-ros in its 5’ truncation and joining to the viral p19 gag sequence, as
indicated by the arrow. The TM domains of c-ros and v-ros are shown
and bounded by the arrows. There is an additional 3-aa segment (SLT)
within the TM domain of v-ros due to a nine-nucleotide repeat,
indicated by the underlined sequence. (B) In the carboxyl region, v-ros
contains a 12-aa internal in-frame deletion (shown by the broken line)
and is fused at its 3’ end to the viral env sequence. The CC marked by
an asterisk represents the correction to the previously reported v-ros
sequence (see Results), and the ensuing reading frame is corrected for
the error. There is a common seven-nucleotide stretch at the junction
of v-ros and env (bracketed sequence) that is shared by c-ros and env
and may account for the 3’ recombination. This results in deletion of
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pUppcros DNAs contain the nonpermuted viral genome
flanked by two long terminal repeats and thus can be used for
transfection directly (27). For UR2 and the recombinants
whose genomes were permuted at the HindlIIl site in the
plasmids (30, 31), the viral DNA inserts were freed of plasmid
pBR322 by HindIII digestion, purified, and briefly self-ligated
to form nonpermuted viral genomes before transfection. Equal
molar amounts of DNA from the various viruses were individ-
ually transfected into CEF together with a one-fifth molar
amount of helper virus UR2AV DNA, which provided the
necessary replicative functions. Within 2 weeks of transfection,
VCros- and UR2-transfected CEF were highly elongated and
refractile, while Ufcros-, Uppcros-, CCros-, and CVros-trans-
fected cells showed little morphological change in comparison
with uninfected CEF (data not shown). We conclude that
native c-ros and its 5’ internally deleted mutant are unable to
transform CEF. The 5’ truncation and fusion to gag, neither
alone (in CCros) nor in combination with the 3’ change (in
CVros), is able to activate the transforming potential of c-ros.
By contrast, 5’ alteration alone (in VCros) is able to confer to
c-ros full cell-transforming and tumorigenic activity (see be-
low). The CCros protein has an additional 175 aa in the EC
domain and lacks the 3-aa insertion in the TM domain in
comparison with VCros protein. These two changes, either
alone or in combination, must be responsible for the differen-
tial transforming abilities of these proteins.

Analysis of c-ros and c-ros X v-ros proteins. Analysis of the
nontransforming c-ros proteins in transfected CEF was ham-
pered by their very low level expression, as we observed
previously for the defective nontransforming variants of UR2
(21, 22). We therefore transferred the coding sequences of
Ufcros, CCros, and CVros individually into a simian virus
40-based vector pECE (9) and that of Uppcros into the
cytomegalovirus vector pPRCMYV (see Materials and Methods).
Their proteins were analyzed in transiently transfected COS
cells. Plasmid pEUR2, which encodes the UR2 P685%57% (22),
was analyzed in parallel. The c-ros plasmid and its recombinant
plasmids expressed the expected c-ros proteins, which ap-
peared to be glycosylated, as evidenced by the effect of
tunicamycin treatment (Fig. 3C and 4B). The native c-ros had
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FIG. 3. Analysis of the fcros and ppcros proteins. Twenty micrograms of pEfcros or pCMVppcros was transfected into 4 X 10° COS 7 cells
per 10-cm-diameter dish; 48 h later, the cells were either labeled or extracted directly for protein analysis. (A and B) Kinase activity and abundance
of the c-ros proteins. Equivalent amounts of unlabeled cell extracts from c-ros vector-transfected cells were immunoprecipitated with anti-Ros and
divided into duplicates; one aliquot was subjected to in vitro kinase assay by autophosphorylation (A), and the other aliquot was analyzed by
Western blotting with anti-Ros for assessing the protein amount (B). The native c-ros, ppcros, and UR2 P68#¢™ proteins are indicated as ROS,
PP, and UR?, respectively. S and P stand for $100 and P100 fractions, respectively. The c-ros protein lanes in panels A and B were exposed six
and three times longer, respectively, than the other lanes. (C) Stability of the c-ros proteins. pPCMVppcros (top)- or pEfcros (bottom)-transfected
cells were pulsed for 20 min with [**S]Met (lane P) and chased for the indicated periods of time. Tunicamycin (TM) treatment was done as
described in Materials and Methods except that cells were pulsed for 20 min and chased for 60 min. The c-ros protein gel was exposed three times

longer than the ppcros gel.
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FIG. 4. Analysis of CCros and CVros proteins. Twenty micrograms
of pECCros, pECVros, and pEUR2 (22) was transfected into 4 X 10°
COS 7 cells per 10-cm-diameter dish; 48 h later, the cells were either
labeled or extracted for protein analysis. In all cases, equivalent
amounts of DNA and cells were used for each virus. (A) Kinase activity
of the viral proteins. Cell extracts from three dishes were divided into
triplicate aliquots and immunoprecipitated with anti-Ros. The immu-
noprecipitates were subjected to in vitro kinase assay by autophospho-
rylation (top) or Western blotting either with anti-P-Tyr antibody
PY20 (middle) or anti-Ros (bottom). (B) Effect of tunicamycin
treatment on the viral proteins (see Materials and Methods for
details). (C) Membrane association of the viral proteins. Cells were
labeled with [**S]Met and analyzed (top). Unlabeled cells were
similarly fractionated, immunoprecipitated, and assayed for kinase
activity (bottom). (D) Stability of the viral proteins. The transfected
cells were pulsed with [**S]Met for 20 min and chased for the indicated
periods of time (in minutes). Proteins were extracted, immunoprecip-
itated with anti-Ros, and analyzed.

a very low steady-state protein level and PTK activity (Fig. 3A).
By contrast, ppcros protein was much more abundant and had
a kinase activity similar to that of UR2 v-ros. Most of the c-ros
and ppcros proteins were associated with the membrane-rich
fraction, as was their PTK activity (Fig. 3A and B). The T, of
ppcros was over 3 h, as opposed to about 1 h for c-ros (Fig. 3C).
The inability of c-ros to transform CEF could be attributed to
its low-level expression and weak kinase activity. However, the
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reason for the failure of ppcros to transform CEF is unclear.
Similar to the native c-ros, CCros and CVros had a very low
steady-statc protein level that was apparently due to their
instability (Fig. 4D). The in vitro kinase activity and extent of
intracellular phosphorylation of CCros and CVros proteins
were much lower than those of the UR2 protein (Fig. 4A).
Moreover, the CCros and CVros proteins could not associate
with the membranes efficiently, since about 50% of the pro-
teins remained in the cytosolic fraction (Fig. 4C). By contrast,
association of the v-ros protein with membranes was very
efficient (Fig. 3B and 4C), and this association had been shown
to be cotranslational (13, 22). Surprisingly, very little kinase
activity could be detected for the membrane-bound CCros and
CVros proteins (Fig. 4C). Most of the kinase activity of CCros
and CVros was detected in the cytosolic fraction, albeit at a
much lower level than that of v-ros. The vast majority of the
v-ros protein was membrane bound, and its kinase activity
could be readily detected (Fig. 3A and 4C). Certain properties
of the CCros and CVros proteins, including instability, ineffi-
cient membrane association, low kinase activity, and inactivity
of the membrane-bound proteins, most likely account for their
lack of cell transformation ability.

Generation of transforming variants CC5d and CV5d. Four
to five weeks or five to six passages after transfection, the
CCros- and CVros-transfected cells began to exhibit significant
morphological alterations, although they never reached the
degree of refractivity exhibited by VCros- or UR2-transfected
cells. This phenomenon suggested the emergence of trans-
forming variants from CCros and CVros by further muta-
tion(s), and these variants were named CC5d and CV5d,
respectively. Those observations were reexamined by infecting
CEF with virus stocks collected 8 weeks after transfection with
CCros and CVros, when the cells appeared uniformly trans-
formed. The virus concentration was estimated by slot blot
analysis of the viral RNAs, and an equal amount of virus was
used to infect CEF. Again, VCros and UR2 were indistinguish-
able in their cell-transforming activity and were significantly
more potent than CCS5d and CV5d. Five to ten times fewer
colonies were formed by CC5d- or CV5d-infected CEF than by
VCros- or UR2-infected cells (Fig. 5 and other data not
shown). CV5d, although less potent than VCros and UR2, was
more efficient than CC5d (Fig. 5), suggesting that the 3’ change
was able to augment the activity to some extent.

To determine the tumorigenicity of c-ros viruses, we injected
an equivalent amount of each virus into wing webs of 2- to
4-day-old chicks (Table 1). All of the viruses were 100%
effective in inducing tumors. Surprisingly, CV5d was nearly as
sarcomagenic as VCros and UR2 despite its delay and atten-
uated activity in cell transformation. The paradox of weak
cell-transforming activity and potent tumorigenicity of CV5d
will be discussed later. The tumors were apparent within 2
weeks of injection and grew rapidly. They were typical fibro-
sarcomas and exhibited frequent metastasis into the liver,
lungs, kidneys, and bursas when chickens were dissected 4
weeks after injection. CC5d caused tumors in a slower and less
virulent manner. Small tumors were noticed 3 to 4 weeks after
injection and grew slowly such that the chickens never suc-
cumbed to the tumors. Even after 2 months, the tumors never
reached the size of VCros-, UR2-, or CV5d-induced tumors.
Upon sacrifice and dissection, CC5d-injected chickens did not
show metastasis of tumors into other organs.

Analysis of the CC5d and CV5d genomes. To identify the
molecular basis for activating the transforming activity of
CCros and CVros, we analyzed the genomes of CC5d and
CV5d. By Northern analysis, CC5d- and CV5d-infected cells
were found to synthesize a single 3.4-kb RNA species comi-
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FIG. 5. CEF-transforming activity of c-ros X v-ros recombinant viruses. Viral stocks harvested from transfected CEF were normalized by slot
blot analysis of viral ros RNAs. Equivalent amounts of virus were used to infect CEF. Upper panels show the morphology of monolayer culture
4 days after infection; lower panels show the colony-forming ability of cells plated in soft agar medium 15 h after infection and allowed to grow
for 10 days. CC and CV represent CC5d and CV5d virus stocks obtained after several passages of CCros- and CVros-transfected CEF, respectively.
Similar results were obtained with use of colony-purified CC5d and CV5d virus stocks.

grating with that of UR2, as detected with a v-ros probe
derived from the kinase domain (data not shown). Since CCros
and CVros genomes should be 526 nucleotides larger than the
UR2 RNA (Fig. 1) and no RNA of the expected size was
detected in CV5d- or CC5d-transformed cells, CCros and
CVros had apparently undergone some deletion(s) to generate
CC5d and CV5d. Hybridization of the CC5d and CV5d RNAs
with probes specific for various regions of the c-ros cDNA
indicated that most of the EC c-ros sequences in the original
CCros and CVros constructs were deleted (data not shown).
To identify precisely the presumed deletion(s) in CC5d and
CV5d, we cloned and sequenced the 5’ fragments of their
proviral DNAs by PCR amplification (see Materials and
Methods); 32 and 24 independent clones from different PCRs
of CC5d and CV5d proviral DNAs, respectively, were ana-
lyzed. Sequencing data for those clones containing the 5’
620-nucleotide DNA fragments of the CC5d and CV5d ge-
nomes revealed that they all had undergone identical deletions
of 526 nucleotides from the original CCros and CVros con-
structs. The deletion removed all of the EC sequence except 21

TABLE 1. Tumorigenicity assay of c-ros recombinant viruses”

Tumor growth (cm?)
Days after injection

CCsd CVsd vC UR2
14 0 0.25 1.10 0.60
20 0.02 7.60 9.80 7.10
23 0.10 13.0 12.6 10.2
28 0.40 26.2 21.7
36 2.10
42 5.55

Latency (days) 21 14-20 14 14

“ An equivalent amount of each virus was injected into the wing webs of 2- to
4-day-old chicks (four chicks per virus in each experiment). The result was
pooled from two independent injections. The relative amounts of viruses were
determined by slot blot analysis of the viral RNAs extracted from 8 ml of each
virus stock, using a ros-specific probe. The incidence of tumor induction was
100% in all cases. Tumor growth is expressed as tumor volume per site of
injection. The majority of CV5d-, VC-, and UR2-injected chicks did not survive
beyond 28 days; a few surviving chicks were sacrificed at that time.

nucleotides upstream of the TM domain and generated the
same gag-ros junction as that in the UR2 v-ros. Lack of the 3-aa
insertion in the TM domains of CC5d and CV5d allowed us to
positively identify them and to exclude the possibility of UR2
or VCros contamination. A possible mechanism for their
deletion will be discussed below. No additional mutations were
detected within this 5’ genomic sequences of CC5d and CV5d
in comparison with the corresponding UR?2 gag-ros sequence.
These data indicate that deletion of the 5’ EC sequence is
sufficient to activate the transforming potential of CCros and
CVros, since their cytoplasmic domains are identical to those
of VCros and UR2 (VVros), respectively. Although we cannot
exclude the possibility of some mutation(s) other than the EC
deletion present in CC5d and CV5d, such mutation apparently
is unnecessary because VCros has no changes in its cytoplasmic
domain in comparison with that of c-ros.

Analysis of the CC5d, CV5d, and VCros proteins. To explore
the biochemical basis for the different transforming potentials
of CC5d and CV5d versus VCros and UR2, we examined the
proteins encoded by these viruses. CC5d- and CV5d-infected
CEF produced multiple proteins of about 66 to 74 kDa
recognized by anti-Ros instead of the 87-kDa protein expected
from the CCros and CVros constructs (Fig. 6). This result is
consistent with the RNA and sequencing data for CC5d and
CV5d. The multiple protein bands (Fig. 6A) were apparently
due to posttranslational modification, including phosphoryla-
tion and glycosylation (data not shown). Sequencing of the gag
and EC sequences of the CC5d and CV5d genomes revealed
no typical N-linked glycosylation sites. The exact nature of the
apparent glycosylation is now under investigation. The heter-
ogeneity of the CC5d and CV5d proteins was not due to
mixture of viruses with different deletions, since biologically
purified viruses derived from single colonies also gave rise to
identical patterns of multiple protein bands. As expected,
VCros codes for a P69 ros protein which is expected to be 6 aa
larger than the P68 of UR2 (Fig. 6). All c-ros recombinants and
UR?2 proteins were capable of in vitro autophosphorylation
and phosphorylation of an exogenously added substrate, a
bacterial lysozyme polypeptide fragment (25) (Fig. 6B and C).
When the autoradiographs were subjected to densitometry
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FIG. 6. Protein analysis of c-ros X v-ros recombinant viruses.
Protein extracts from equal numbers of [*H]Leu-labeled infected CEF
were divided into triplicate aliquots and subjected to direct immuno-
precipitation with anti-ros (A) or in vitro kinase assay following
immunoprecipitation without (B) or with (C) 1 ng of exogenously
added bacterial lysozyme carboxyl polypeptide fragment. CC, CV, and
VC represent CC5d, CV5d, and VCros, respectively; C represents
uninfected CEF.

tracing and the values for the kinase assay were adjusted for
protein amount, no significant difference in specific PTK
activity was founded (Fig. 6 and other data not shown).
Therefore, the difference in transforming and tumorigenicity
among the viruses cannot be accounted for by different PTK
activities of the ros proteins.

We next examined the stability of the c-ros chimera proteins.
The VCros protein was found to have a half-life similar to that
of UR2 P68%%¢*, which is about 30 to 40 min (20). By contrast,
the half-lives of CC5d and CV5d are somewhat longer; in
particular, the T,,, of the CC5d protein appears to be more
than 60 min (Fig. 7). Because P68°“¥"°° is a membrane-bound
protein (20), we examined the possible effect of the 3-aa
difference in the TM domain of c-ros proteins on their mem-

| cc T cv T vC T—UR2—
0" 30" 60" 120° 240° 0" 30" 60°120°240° 0 30° 60" 1207240° 0" 30" 90°
Kd

97-

- WBEE L 5 (T T

o

43- - - -~ - e

35S—Met

FIG. 7. Stability of the c-ros recombinant proteins. Infected CEF
were pulsed with [3°S]Met for 20 min and then chased for the time
periods indicated (in minutes). Total proteins were extracted, immu-
noprecipitated with anti-Ros, and analyzed on an SDS-9% polyacryl-
amide gel. The 40-kDa protein apparently is a cellular protein
precipitated by either protein A or our anti-Ros serum. CC, CV, and
VC represent CC5d, CV5d, and VCros, respectively.
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FIG. 8. Membrane association of the recombinant c-ros virus pro-
teins. (A) Equal numbers of infected and control CEF labeled with
[*H]Leu were Dounce homogenized, and the extracts were separated
into membrane-rich P100 and cytosolic S100 fractions by differential
centrifugation. Aliquots of each fraction were analyzed by direct
immunoprecipitation with anti-Ros (top) or by in vitro kinase assay
following immunoprecipitation (bottom). (B) Cell surface localization
of the viral proteins was detected by biotin labeling and chemilumi-
nescence detection as described in Materials and Methods. Normal
and infected CEF were transferred and seeded at a density of about 5
X 10° cells per 10-cm-diameter dish 1 day prior to the experiment.
SRC x ROS encodes an nonprotruding membrane-associated Src-
Ros chimera protein (23) and was included as a control for demon-
strating intactness of the membrane and nonpermeability of biotin
during the treatment. CC, CV, and VC represent CC5d, CV5d, and
VCros, respectively.

brane association. Our data showed that like UR2 v-ros and
VCros proteins, which contained the 3-aa insertion, the vast
majority of the CC5d and CV5d proteins lacking the 3-aa
insertion were associated with membrane-rich fractions of
infected cell extracts (Fig. 8A). The kinase activity was also
associated mostly with the membrane-bound proteins. Using
biotin labeling of cell surface proteins, we found CC5d and
CV5d proteins to be expressed on the cell surface as abun-
dantly as the UR2 protein was (Fig. 8B). The UR2 P685&7>¢
was previously shown to be associated with phosphatidylinos-
itol 3’ kinase (PI3K) activity (12). We- also examined the
association of c-ros chimeric proteins with PI3K. Our data
showed that there was no significant difference among the
CC5d, CV5d, VCros, and v-ros proteins in the ability to
associate with the PI3K activity (data not shown). Therefore,
the weaker transforming potency of CC5d and CV5d cannot be
attributed to the instability, differential subcellular localization,
or association with PI3K of their encoded proteins.

Potential substrates of c-ros chimera proteins and UR2
P68%°7°5 were compared by *2P; labeling (data not shown) and
Western blotting (Fig. 9) with using various anti-P-Tyr anti-
sera. Both types of experiments showed that there were
distinctive P-Tyr protein patterns for cells infected with CC5d
and CV5d versus UR2 or VCros. A tyrosine-phosphorylated



6460 ZONG ET AL.

RSV UR2 VC Cv CC C

FIG. 9. Cellular substrates of c-ros recombinant proteins. Equal
numbers of infected or control CEF were treated for 12 h with 50 pM
vanadate before extraction. Total unlabeled protein extracts were
analyzed by Western blotting with a polyclonal anti-P-Tyr serum (23).
The RSV-infected CEF were included in parallel for comparison and
also for demonstrating the effectiveness of the anti-P-Tyr serum. CC,
CV, and VC represent CC5d, CV5d, and VCros, respectively.

protein band of about 88 kDa detected in UR2- and VCros-
infected cells was not seen in CC5d- and CV5d-infected cells.
Instead, proteins of 60, 75, and 120 to 140 kDa were more
prominent in CC5d- and CV5d-infected cells than in UR2- and
VCros-infected cells. Similar results were obtained with use of
monoclonal anti-P-Tyr antibodies PY20 and 4G10 (data not
shown). Compared with RSV-transformed cells, ros-trans-
formed cells contain much less P-Tyr proteins, confirming our
previous observation for the RPTK versus cytoplasmic PTK
oncogenes (23). The result for RSV-infected cells (Fig. 9) also
demonstrated the capability of our polyclonal anti-P-Tyr serum
to recognize efficiently the P-Tyr proteins. Therefore, differ-
ential phosphorylation of cellular proteins represents the only
biochemical property found to be different among the CC5d
and CV5d versus UR2 and VCros proteins; however, the
biological significance of those differentially phosphorylated
proteins remains to be elucidated.

DISCUSSION

Our data show that native or 5’ internally deleted c-ros
protein is unable to transform CEF. A native RPTK normally
requires ligand binding for its activation. Addition of the ligand
to cells overexpressing an RPTK or coexpression of the RPTK
and its cognate ligand is usually required to promote cell
transformation. Therefore, it is not surprising that expression
of native c-ros cannot lead to cell transformation. Its low
abundance of expression and weak kinase activity most likely
account for its lack of cell transformation ability. Internal
deletion of 1,661 aa in the EC domain appears to constitutively
activate the c-ros, as the ppcros protein is expressed in COS
cells (Fig. 3) and CEF (data not shown) has a kinase activity
indistinguishable from that of UR2 v-ros. The ppcros protein is
very stable, membrane bound, and expressed on the cell
surface (data not shown) as is the UR2 P68%°¢°*, The reason
for its failure to transform CEF is currently unclear.

Our results also indicate that 5’ truncation and joining of the
remaining 3’ region of c-ros to viral gag as in CCros and CVros
is insufficient to activate the cell-transforming potential irre-
spective of the 3’ sequence alteration. However, this potential
can be manifested if the sequence immediately upstream of the
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TM domain is deleted. This result corroborates our previous
observation for IR (35) and IGFR (26, 27). In those studies, we
found that deletion of the sequence immediately upstream of
the TM domain of the Gag-IR and Gag-IGFR fusion proteins
resulted in enhancement of their cell-transforming activity and
activation of tumorigenicity. The current result further
strengthens our hypothesis that sequences immediately up-
stream of the TM domains of these related RPTKs have a
negative effect on their transforming potency. In the cases of
Gag-IR and Gag-IGFR, relief of this negative effect was
correlated with a severalfold increase of their PTK activity.
Deletion of the EC sequences upstream of the TM domain of
CCros and CVros results in greatly increased abundance,
stability, efficiency of membrane association, and kinase activ-
ity of CC5d and CV5d proteins. The reason for the negative
effect of the EC sequence on the CCros and CVros proteins is
unclear. We speculate that the sequence immediately up-
stream of the TM domain has a modulatory effect on the
conformation and signal transduction of an RPTK. In the cases
of epidermal growth factor and platelet-derived growth factor
receptors, ligand binding has been shown to trigger oligomer-
ization and activation of these receptors (43). For IR and
IGFR, in which the resting receptors already exist as dimeric
molecules (10, 42), ligand binding was proposed to further
stabilize the complex and activate the kinase activity (43).
However, none of those models excludes the possibility that
the extracellular signal can be transmitted through the recep-
tor molecule via conformational changes or may affect inter-
action of the receptor with some other membrane protein(s).
Sequences immediately upstream and downstream of the TM
domain could be involved in controlling those changes and/or
interaction. It has been shown that mutations of certain amino
acids, particularly the positively charged residues, in the vicin-
ity of the TM domain of a TM molecule could drastically affect
its membrane-anchoring stability and even revert its mem-
brane orientation (19, 33). Deletion of the sequences immedi-
ately upstream of the TM domains of the CCros and CVros
proteins may release the physical constraint of these TM
molecules and render them constitutively active in kinase
activity.

Sequencing of CC5d and CV5d reveals that they have the
same gag-ros junction as does the UR2 v-ros, apparently
resulting from deletion mediated by the 21-nucleotide repeats
present in the CCros and CVros constructs, leaving only one
copy of the repeat (Fig. 1B). This finding is consistent with a
model that we proposed previously for the generation of src
deletion mutants during reverse transcription (34) and is also
consistent with the observation of reproducible generation of
the CC5d and CVS5d from independent transfection experi-
ments with CCros and CVros as well as the identity of deletion
junction in independent PCR clones of the CC5d and CV5d
DNAs. The fact that it requires 4 to 5 weeks or five to six
passages to select and amplify the transforming CC5d and
CV5d variants indicates that the parental CCros and CVros
are nontransforming. The direct repeats apparently promoted
the deletion event. Without them, a longer period of time for
the generation of transforming variants would most likely be
required and the variants would likely to be heterogeneous in
their deletions.

The VCros virus is as potent as UR2 (VVros), whereas
CC5d is only weakly transforming and tumorigenic. The ap-
parent difference between the two is the 3-aa insertion in the
TM domain. This result suggests that the 3-aa insertion in the
TM domain may have a profound positive effect on the
biological activity of the VCros and UR2 proteins. However, at
present, we cannot exclude the possibility that some additional
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TABLE 2. Summary of the biological and biochemical properties of various c-ros and v-ros variants
Transforming activity Properties of ros proteins
Virus .
A S Kinase Membrane Surface
In vitro In vivo activity” association? localization® T (h)
Ufcros - ND + ++ ND 1
Uppcros - ND ++++ ++++ Yes 8
UR2 ++++ ++++ ++++ ++++ Yes 1,1.5-2.0
VCros ++++ ++++ ++++ ++++ Yes 1
CCros - ND + ++ ND 05
CVros - ND + ++ ND 0.75
CC5d + + +4+++ ++++ Yes 25
CVs5d + +++ ++++ ++++ Yes 1.5

“ CEF-transforming potential as measured by morphological changes and colony-forming ability of the infected cells as represented by the data shown in Fig. 5.

» Tumorigenicity in newly hatched chicks as shown in Table 1. Those with no CEF-transforming activity were not tested for tumorigenicity (ND).

< In vitro activity in autophosphorylation and phosphorylation of the added exogenous substrate as shown in Fig. 3, 4, and 6, as well as the ability to promote tyrosine

phosphorylation of cellular proteins in the infected or transfected cells as illustrated in Fig. 9 and other data not shown.

4 Cofractionation with the P100 fractions as shown in Fig. 3, 4, and 8 and other data not shown.

¢ Assessed by biotin labeling as illustrated in Fig. 8 and additional data for ppcros and VCros proteins not shown. Because of the very low level expression of fcros,
CCros, and CVros proteins, their surface localization analysis by biotin labeling was not successful.

/ Determined by pulse-chase labeling as shown in Fig. 3, 4, and 7 and additional data for the ppcros protein not shown. Half-lives of the UR2 v-ros protein were
estimated to be about 1 h in CEF and 1.5 to 2.0 h in COS cells, as shown in Fig. 7 and 4, respectively. .

mutation(s) is present in CC5d and CV5d which has a down-
modulatory effect. A single charged amino acid mutation in the
TM domain of the proto-oncogene neu is responsible for its
oncogenic activation (1). However, none of the additional 3 aa
in the TM domains of VCros and UR2 is charged. It would be
interesting to determine how deletion of the 3 aa from UR2
P68“67* would affect its biochemical and biological proper-
ties.

A comparison of CC5d and CV5d indicates that the 3'-end
alteration has only a mild enhancing effect on in vitro cell-
transforming activity. Surprisingly, CV5d is nearly as potent as
UR2 and VCros in tumorigenicity. Further mutation(s) of
CV5d in vivo could be responsible for the observed tumorige-
nicity. The carboxyl alterations in CV5d may have enhanced
this propensity, since CC5d appears unable to attain potent
tumorigenicity through mutation(s) as readily as CV5d can.

Whereas CC5d, CV5d, VCros, and UR2 display a wide
spectrum of cell-transforming potency, the PTK activities of
their encoded proteins appear to be indistinguishable (Table
2). This finding indicates that some factor(s) other than the
kinase activity must play an important role in determining the
transforming potency of an oncogenic PTK protein. Our data
show that all of those ros proteins are membrane associated,
expressed equally well on the surface, and equally capable of
associating with PI3K (data not shown). CC5d and CV5d
proteins have a longer half-life and higher steady-state level
than those of VCros and UR2. The difference in P-Tyr
substrate patterns in the CC5d- and CV5d-infected cells versus
the VCros- and UR2-infected cells represents the only detect-
able difference among these viruses. The reason for this
difference and its biological significance needs to be eluci-
dated.
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