
JOURNAL OF VIROLOGY, Jan. 1990, p. 231-238
0022-538X/90/010231-08$02.00/0
Copyright © 1990, American Society for Microbiology

Molecular and Biological Properties of c-mil Transducing
Retroviruses Generated during Passage of Rous-Associated Virus

Type 1 in Chicken Neuroretina Cells
ALAIN EYCHtNE, CATHERINE BECHADE, MARIA MARX, DANIELLE LAUGIER,

PHILIPPE DEZELEE, AND GEORGES CALOTHY*
Institut Curie-Biologie, Centre Universitaire, 91405 Orsay Cedex, France

Received 5 June 1989/Accepted 13 September 1989

IC1, IC2, and IC3 are novel c-mil transducing retroviruses generated during serial passaging of Rous-
associated virus type 1 (RAV-1) in chicken embryo neuroretina cells. They were isolated by their ability to
induce proliferation of these nondividing cells. IC2 and IC3 were generated during early passages of RAV-1 in
neuroretina cells, whereas IC1 was isolated after six consecutive passages of virus supernatants. We sequenced
the transduced genes and the mil-RAV-l junctions of the three viruses. The 5' RAV-l-mil junction of IC2 and
IC3 was formed by a splicing process between the RAV-1 leader sequence and exon 8 of the c-mil gene. The 5'
end of IC1 resulted from homologous recombination between gag and mil sequences. Reconstitution
experiments showed that serial passaging of IC2 in neuroretina cells also led to the formation of a

gag-mU-containing retrovirus. Therefore, constitution of a U54leader-Ac-mil-ARAV-l-U3 virus represents
early steps in c-mil transduction by RAV-1. This virus further recombined with RAV-1 to generate a
gag-mil-containing virus. The three IC viruses transduced the serine/threonine kinase domain of the cellular
gene. Hence, amino-terminal truncation is sufficient to activate the mitogenic property of c-mil. Comparison of
the transforming properties of IC2 and IC1 showed that the transduced mil gene, expressed as a unique protein
independent ofgag sequences, was weakly transforming in avian cells. Acquisition ofgag sequences by IC1 not
only increased the rate of virus replication but also enhanced the transforming capacity of the virus.

Oncogenes of retroviruses arose by transduction of cellu-
lar proto-oncogenes (47) by viruses carrying only replicative
genes, such as avian leukosis viruses (ALV) (4). Generation
of an acutely transforming retrovirus not only requires the
transducing event but also involves several changes in both
viral and oncogenic sequences. Viral oncogenes differ from
their cellular homologs by base changes, loss of part of the
cellular gene sequences, or fusion to viral coding sequences
to create a hybrid protein (4). Transduction of oncogenes
generally deletes large portions of the replicative genes.
Therefore, transforming retroviruses are most often replica-
tion defective and need association with a helper virus. It is
generally assumed that integration of ALV in the vicinity of
a proto-oncogene constitutes the first step in retroviral
transduction. This and further events are difficult to investi-
gate during in vivo generation of transforming viruses.
We recently described a biological model for reproducible

in vitro transduction by ALV Rous-associated virus type 1
(RAV-1). We reported that serial passaging of RAV-1 on
chicken embryo neuroretina (NR) cells resulted in retroviral
transduction of cellular oncogenes which induce the prolif-
eration of these nondividing cells. We characterized a retro-
virus, IC10, which contains a new member of the mil-raf
gene family, designated Rmil (11, 30). Three other viruses,
IC1, IC2, and IC3, transduced c-mil sequences inserted
within different portions of the RAV-1 genome (29). IC2 and
IC3 were isolated during early passages of RAV-1 on NR
cells, whereas IC1 was isolated at later passages of culture
supernatants on these cells. Therefore, it appears that this
model system yields recombinant viruses containing proto-
oncogenes of the same family as that of murine sarcoma
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virus 3611, isolated by a procedure which included both in
vitro and in vivo experiments (40).

In this study, we characterized the content of transduced
c-mil sequences and the structure of the RAV-1-mil junc-
tions of IC1, IC2, and IC3 viruses. We report that early steps
in transduction involve a splicing process between the leader
sequence of RAV-1 and activated c-mil sequences. The
transduced sequences contain the serine/threonine kinase
domain of the cellular gene, which is sufficient to induce NR
cell proliferation. We also show that gag-mil-containing
retroviruses arise by further recombination between these
early viral forms and the RAV-1 genome. Acquisition of gag
sequences does not influence mitogenic activity but en-
hances the rate of replication and the transforming capacity
of c-mil transducing retroviruses.

MATERIALS AND METHODS

Cell cultures and viruses. NR cell cultures were prepared
from 7-day-old brown leghorn chick embryos (gs+ chf ) of
the Edinburgh strain as previously described (37). They were
maintained and subcultured in Eagle basal medium supple-
mented with 5 to 8% fetal calf serum.

Wild-type MH2 (RAV-1) was recovered from quail em-

bryo fibroblasts cotransfected with pMH2-Hd (7) and helper
pRAV-1 DNA. PA200-MH2 (RAV-1) is a spontaneous vari-
ant of MH2 (RAV-1) carrying a large deletion of the 3'
portion of the v-myc oncogene, which was previously char-
acterized (2, 28). We used virus obtained from NR cells
cotransfected with a PA200 DNA clone and helper pRAV-1
DNA. IC1, IC2, and IC3 are novel c-mil transducing retro-
viruses which were recently isolated (29). Virus produced by
NR cells transfected with IC1 or IC2 molecular clones and
RAV-1 DNA was used in this study.
NR cultures were transfected with cloned DNAs by the
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FIG. 1. Sequenced regions of IC1, IC2, and IC3 proviruses. The genetic organization of molecular clones of IC1, IC2, and IC3 proviruses
is presented. Restriction sites used to subclone fragments containing c-mil and adjacent RAV-1 sequences into the Bluescript vector are
indicated. Arrows indicate the sequenced portions of proviruses. Solid boxes represent 3' noncoding sequences of the c-mil gene. Hatched
boxes represent lambda vector arms.

calcium phosphate method of Graham and Van Der Eb (15)
as previously described (29). Virus was collected when cell
proliferation became evident.

Assay of viral infectivity. NR cells were infected as previ-
ously described (37). The mitogenic activity of IC viruses
was quantitated by infecting NR cells with serial 10-fold
dilutions of virus. The mitogenic titer was defined as the
reciprocal of the highest dilution inducing cell proliferation
after one subcultivation and is expressed as mitogenic units
per milliliter.
Measurement of NR cell growth and anchorage indepen-

dence. NR cells were infected with undiluted virus. When
proliferation became evident in infected cultures, cells were
passaged twice and seeded at a low density in 60-mm dishes.
Cells were counted at various intervals.
For the anchorage-independent growth assay, infected NR

cells were subcultured twice and suspended in agar-con-
taining medium at concentrations ranging from 1 x 105 to 3
x 105 cells per 60-mm dish. Solid medium was minimal
essential medium containing 0.70% agar, 10% tryptose phos-
phate broth, 2% heat-inactivated chicken serum, and 8%
fetal calf serum. Single-cell suspensions were prepared in the
same medium containing 0.35% agar.

Protein labeling and immunoprecipitation. Labeling ofNR
cells with [35S]methionine and preparation of cell lysates
were done as previously described (38). mil proteins were

immunoprecipitated with either anti-gag or anti-mil (9) rab-
bit antiserum. Immunoprecipitates were treated as previ-
ously described (37) and analyzed by electrophoresis in
sodium dodecyl sulfate-polyacrylamide gels (27).
DNA purification and restriction enzyme analysis. High-

molecular-weight DNA was purified from NR cells by stan-
dard procedures (16). DNAs were digested to completion
with EcoRI restriction endonuclease under the conditions
recommended by the supplier (New England BioLabs, Inc.),
fractionated by electrophoresis in 1% agarose gels, and
transferred to nitrocellulose filters in 6x SSC (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate) by the method of
Southern (45). Hybridization was performed by the method
of Wahl et al. (51) with probes radioactively labeled by nick
translation (41). The v-mil-specific probe was the 1.1-kilo-
base-pair (kbp) BamHI-HpaI v-mil fragment of the pMH2BS
molecular clone (7).

DNA sequencing. The sequenced portions of IC viruses are
described in Fig. 1. The sequence was determined as fol-
lows. The SmaI-PvuII blunt-ended restriction fragment of
IC1 virus and the PstI restriction fragments of IC2 and IC3
viruses (Fig. 1) were subcloned into the SmaI and PstI sites
of the Bluescript vector (Stratagene), respectively. Appro-
priate blunt-ended restriction fragments of these clones were
subcloned into the SmaI site of the M13mp8 bacteriophage
vector (31), and the nucleotide sequence was determined by
the dideoxy chain termination method (42).

RESULTS AND DISCUSSION

Characterization of IC viruses. IC1, IC2, and IC3 are
replication-defective retroviruses generated during serial
passaging of RAV-1 in chicken NR cells. They were isolated
by their ability to induce sustained proliferation of these cells
(29). Restriction analysis of molecular clones showed that
these viruses transduced c-mil sequences recombined within
different portions of the helper genome. IC1 and IC2 contain
the entire env gene but differ by the amount of their gag
sequences. IC3 contains the entire pol and env genes but
lacks, like IC2, most of the gag gene. IC2 was isolated from
NR cells infected at the second passage of RAV-1, whereas
IC1 was isolated at the sixth passage of culture supematants
in the same experiment. IC3 was isolated at the second
passage of RAV-1 on NR cells in an independent experi-
ment. IC2 and IC3 encode a 41-kilodalton mil-specific pro-
tein (p4lmi), whereas the mil gene of IC1 is expressed
through a P68gag-mil fusion protein.

Sequence analysis of transduced c-mil genes in IC viruses.
To determine the content of transduced sequences in IC
viruses, we subcloned provirus portions containing the mil
gene (Fig. 1) into the M13mp8 vector and sequenced them by
the dideoxy chain termination method of Sanger (42). Se-
quences were compared with those of a chicken c-mil cDNA
(26) and the v-mil gene of MH2 (48). Reconstitution of the
c-mil gene is presented in Fig. 2. The organization and
numbering of c-mil exons is based on (i) the complete coding
sequence of a chicken c-mil cDNA (26), (ii) the structure of
the carboxyl part of the chicken cellular gene (24), and (iii)
the numbering of exons proposed for the human c-raf-1 gene
(5).
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FIG. 2. Molecular organization of c-mil sequences transduced in IC1, IC2, and IC3 viruses. The nucleotide sequences of the mil genes of

the IC1, IC2, and IC3 proviruses are compared with those of the chicken c-mil cDNA and of the v-mil gene of MH2 virus. Exons are indicated
by vertical lines and are numbered according to the human c-raf-1 gene. Open and solid triangles indicate incomplete exons and termination
codons, respectively. Open circles designate point mutations leading to an amino acid substitution, and solid circles designate silent point
mutations.

IC2 and IC3 transduced 1,501 and 1,129 base pairs (bp) of
c-mil sequences, respectively. In both viruses, transduced
sequences begin at nucleotide 1 of exon 8 of the cellular
gene, corresponding to nucleotide 907 of the c-mil cDNA
(26). They both retain the stop codon of the c-mil protein and
3' noncoding sequences of the cellular gene: 391 bp in IC2
(29) and 19 bp in IC3. The transduced mil sequences encode
a 369-amino-acid protein with a calculated molecular weight
of 42,411. This result is in agreement with the detection by
immunoprecipitation of a mil protein with an apparent mo-
lecular weight of 41,000 in NR cells infected with either
virus.
IC1 contains 1,342 bp of c-mil sequences which begin at

nucleotide 4 of exon 10 of the cellular gene, that is, at
nucleotide 1066 of the c-mil cDNA (26). It also contains the
stop codon of the cellular gene and the same 391 bp of
downstream noncoding sequences as in IC2. IC1 carries the
smallest coding portion of the c-millc-raf gene activated by
in vivo amino-terminal truncation (5, 12, 23, 33, 44, 46, 50).
This sequence encodes a protein that has a calculated
molecular weight of 36,079 and that is expressed as a
P68f5ag-mi fusion protein in ICl-infected cells.
When compared with the corresponding sequences of the

chicken c-mil cDNA, the coding portions of the transduced
c-mil genes in IC viruses did not have base mutations leading
to amino acid substitutions. In contrast, the v-mil gene of
MH2 carries five base mutations corresponding to four
amino acid changes (48). Only one silent mutation (C to T)
was detected in the coding region of IC2 and IC3 at position
945 relative to the c-mil cDNA sequence, and one base
change (T to C) was detected in the 3' noncoding region of
IC3 at position 2030 relative to the same sequence. No
mutation was found in the mil sequence of ICL.

In summary, all three IC viruses, like MH2, transduced
the carboxy-terminal part of c-mil, which contains the
serine/threonine kinase domain (24). Therefore, it is likely
that the activation of this gene in retroviruses resulted from
its NH2-terminal truncation. Our data also confirm previous
results showing that the induction of NR cell proliferation
does not require mutation of the carboxy-terminal portion of
c-mil (10).

5' RAV-1-mil junctions in IC viruses. To determine the
structures of recombination sites between c-mil and the

RAV-1 genome, we sequenced junction fragments in IC
viruses and compared these sequences to those of the
RAV-1 genome (11) and of the chicken c-mil locus (28).

In IC2 and IC3, the splice donor site of the RAV-1 leader
sequence (17) was linked to the splice acceptor site of exon
8 of c-mil (Fig. 3A). There was no homology in this region
between exonic or intronic sequences of c-mil and RAV-1,
except for the AGG intron-exon consensus sequence (34).
Therefore, it is likely that 5' recombination in IC2 and IC3
genomes involved a splicing process which provided these
viruses with all signals important for viral replication and
expression (8, 19, 25).
The 5' recombination site of IC1 was located about 758

bases downstream from the AUG initiation codon of gag and
around nucleotide 8 of c-mil exon 10 (Fig. 3B). This junction
allowed an in-frame fusion of the two genes. In this region,
we detected a strong homology (8 of 9 bases) between gag
and mil sequences. Furthermore, this junction site did not
contain splice boundaries. This result suggested that the 5'
junction of IC1 was generated by homologous recombination
between gag and mil sequences.

3' mil-RAV-1 junctions in IC viruses. We previously re-
ported that IC2 transduced 391 bp of 3' noncoding sequences
belonging to the c-mil locus (29). Sequencing data confirmed
that these 391 nucleotides were also present in IC1 and that
both viruses had identical mil-env junctions (Fig. 4A). The
recombination site was located about 31 bases upstream
from the env gene of RAV-1 (6). Since c-mil sequences
beyond these 391 bp are not known, it is difficult to speculate
about the mechanisms of mil-env recombination in both
viruses.
The sequence of the 3' recombination site in IC3 was

compared with those of the 3' regions of the c-mil locus (24)
and of Rous sarcoma virus (43). Recombination took place
19 bases downstream from the c-mil termination codon and
5 bases upstream from that of the gag gene (Fig. 4B). There
was no sequence homology in this region between c-mil and
the viral gag-pol junction, assuming that the latter is well
conserved in RAV-1. However, by comparing these se-
quences around the recombination site, we found a pair of
8-bp inverted repeats in the gag-pol junction of Rous sar-
coma virus (Fig. 4B). This structure could allow the forma-
tion of a hairpinlike configuration reinforced by the T to C
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A
gag splice

RAV-1 ..GTGGATCAAGCATGGAAGCCGTCATAAAG4TGATTTCGTCCGCGT..
***************************** **

IC2/IC3 ..GTGGATCAAGCATGGAAGCCGTCATAAAG GATGCAATTCGAAACC..

CHK c-mil ........... TGGTATTTTCTCTGTTTTAGGATGCAATTCGAAACC..
intron <I> exon 8

B
RAV-1 (gag) ..ACCCGCCTGGACCCCTC-TGGAGCCAAAATTGATCACAA....

***************** ****
IC ..ACCCGCCTGGACCCCTCGTGGACAAAGAGATTCTAGTTA....********* *****************
CHK c-mil ..AAATAAAATTAG CTCGTGGA AAAGAGATTCTAGTTA....

exon 9 <> exon 10

FIG. 3. Nucleotide sequences of 5' recombination junctions. The sequences of the 5' RAV-1-c-mil junctions of IC2 and IC3 (A) and IC1
(B) proviruses were compared with those ofRAV-1 and the chicken (CHK) c-mil gene. Nucleotide homologies are indicated by asterisks. The
vertical line indicates the recombination site in IC2 and IC3. The initiation codon of the leader sequence of RAV-1 is underlined. The box
indicates homology between gag and mil sequences. A hyphen was added to the RAV-1 gag gene to align sequences.

mutation which is located 5 bases upstream from the 3'
recombination site and which introduces a GC pair instead of
the expected GU pair. However, we cannot exclude the
possibility that this mutation resulted from, rather than
contributed to, the recombination between c-mil and RAV-1
sequences.

Mitogenic and transforming properties of IC viruses. We
previously reported that PA200, a spontaneous mutant of
MH2 with a large deletion in the v-myc gene, efficiently
induced NR cell proliferation but caused only limited in vitro
transformation (2, 3). This virus encodes a gag-mil fusion
protein. The availability of viruses, such as IC2 or IC3,
which express the mil gene product as a unique protein made
it possible to study the mitogenic and transforming proper-
ties of this gene in the absence of gag sequences.
NR cells infected with IC1 or IC2 were passaged twice to

select for growing cells and were subsequently seeded at a
low density for a study of their growth curves (Fig. 5B).
Growth kinetics of NR cells infected with either virus were
similar, indicating that the addition ofgag sequences to c-mil
did not influence the growth rate of infected NR cells.

However, the presence of gag sequences strikingly in-
creased the rate of IC virus replication. IC1 replicated with
a much higher efficiency than did IC2, since virus titers
produced by chronically infected NR cells usually reached
107 mitogenic units per ml, as compared with about 104
mitogenic units per ml for IC2.

Proliferating NR cells infected with either IC1 or IC2
remained flat and adherent to the substrate. They were
indistinguishable by morphology from PA200-infected cells.
Cultures of NR cells expressing only the mil gene were
devoid of round refringent cells, unlike those infected by
MH2, which expressed both the v-mil and v-myc oncogenes
(data not shown). NR cells transformed by MH2 formed
large and numerous colonies in soft agar-containing medium
(Fig. 5A, panel a), whereas NR cells infected with IC1 or
PA200 gave rise to much smaller colonies (Fig. SA, panels b
and c). In contrast, NR cells infected with IC2 were unable
to grow in soft agar (Fig. 5A, panel d).
Our data on the transforming properties of retrovirally

activated mil protein in the absence of gag sequences
strengthen our previous conclusions that the mil oncogene is

A

ICl/IC2

RAV-1

.. GCATTTGAGGAAAGAAAGATGAGGCGAGCCCTCTTTTTGCAGGCATTT.

.. ATGAGGTGACTAAGAAAGATGAGGCGAGCCCTCTTTTTGCAGGCATTT.
-s. env

B
stop

CHK c-mil -. TTTTTTAGGATTGTGCTCCCCTTCCCTTAATCTCTCCAGTGATG....
********************* *****

IC3 ..TTTTTTAGGATTGTGCTCCCCCTCCCTATTTATAGGGAGGGCCA....

RSV PrC .. TGCAGGGCCTAGGGCTCCGCTTGACAAATTTATAGGGAGGGCCA....
gag:

FIG. 4. Nucleotide sequences of 3' recombination junctions. The sequences flanking the 3' c-mil-RAV-l junctions of IC1 and IC2 (A) were
compared with that of the env region of RAV-1. The sequence of the 3' c-mil-RAV-1 junction of IC3 (B) was compared with those of the
chicken (CHK) c-mil gene and the gag-pol region of the Rous sarcoma virus (RSV) Prague C (PrC) strain. The termination codons of the mil
and gag genes are underlined. Nucleotide homologies are indicated by asterisks. Arrows indicate the complementary inverted sequences.
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FIG. 5. Mitogenic and transforming properties of IC viruses. (A)

Anchorage-independent growth of virus-infected cells. NR cells
were infected with MH2 (a), PA200 (b), IC1 (c), and IC2 (d).
Cultures were passaged twice and subsequently seeded in soft
agar-containing medium. Colonies were observed 10 to 14 days
later. (B) Growth kinetics of virus-infected NR cells. Control and IC
virus-infected NR cells were subcultured once and then seeded at a

density of 6 x 10' cells per 60-mm dish. Medium was renewed daily,
and cells were counted at the indicated times.

a weakly transforming gene in avian cells (3). Fusion with
gag sequences not only increased the replicative ability of IC
viruses but also enhanced their transforming capacity. The
added gag sequences provide these viruses with an addi-

tional packaging signal located 150 bp downstream from the
ATG start codon of the virus (39) and with cis-acting
enhancer elements located about 900 bp downstream from
the site of transcription initiation (1). While the presence of
these signals should obviously improve the rate of virus
replication, their role in increasing the transforming proper-
ties of mil-containing viruses is unclear.

Generation of gag-mil-containing IC viruses. IC2 and IC3
were isolated during early passages of RAV-1 on NR cells,
whereas IC1 was isolated after six virus passages. To
investigate the relationship between these early and late
isolates, we serially passaged virus produced by NR cells
cotransfected with a molecular clone of IC2 and RAV-1
DNA on fresh cultures. DNA extracted from cells infected at
each virus passage was digested with EcoRI, blotted, and
hybridized to a v-mil-specific probe (Fig. 6A). All infected
NR cells contained, besides the chicken c-mil fragments, the
3.1-kbp EcoRI fragment corresponding to the 5' portion of
the IC2 genome (29). However, EcoRI digestion of DNA
from NR cells infected at the sixth passage of culture
supernatants generated an additional 4.3-kbp fragment
which also hybridized to a gag-specific probe (data not
shown).
NR cells infected at each virus passage were labeled with

[35S]methionine. Cell lysates were immunoprecipitated with
either gag- or mil-specific antiserum, and immune com-
plexes were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (Fig. 6B). All infected cultures
contained the p41mi' protein, whereas only lysates of cells
infected at the sixth virus passage contained a 93-kilodalton
hybrid protein immunoprecipitated by both anti-mil and
anti-gag antibodies.
These results showed that recombination between IC2 and

RAV-1 genomes took place during multiple cycles of virus
replication in NR cells and generated a new gag-mil-con-
taining virus encoding a gag-mil hybrid protein. Since IC1
and IC2 contain the same 3' env-mil junction site and were
isolated during the same experiment, we conclude that IC1
was generated by recombination between IC2 and RAV-1
genomes.
Mechanism of c-mil transduction. There have been several

reports on in vivo transduction of proto-oncogenes, includ-
ing src (13, 18, 22), fps (35), erbB (21, 32), and fos (36), by
ALV. A general model for a multistep transduction of
proto-oncogenes by ALV has been proposed (49). It relies
upon the study of retroviruses which achieved their final and
stable structure through multiple passages in vivo and in
vitro. Our experimental system of in vitro transduction
enabled us to determine the genetic structure of c-mil-
containing viruses generated at different stages during serial
passaging of RAV-1 on NR cells.

IC2 and IC3, which are the first viruses detected in
RAV-1-infected NR cells, could represent early forms in the
transduction process. The 5' ends of these viruses were

generated by joining the regular splice donor site of the
RAV-1 leader sequence to the acceptor site of c-mil exon 8.
Similar structures were recently described in the 5' ends of
two viruses which transduced the c-src gene (13, 22). It is
possible that the transduction of c-mil proceeded by the
integration of RAV-1 provirus upstream of exon 8 of c-mil
and the cotranscription of viral and c-mil sequences. These
cotranscripts could be formed by either the deletion of 3'
viral sequences (49) or the generation of readthrough tran-
scripts (20) escaping cleavage and polyadenylation at the
normal site in the 3' long terminal repeat and extending into
the truncated c-mil gene. A splice junction could then occur
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FIG. 6. Generation of gag-containing viruses. (A) Southern blot analysis of DNAs from IC2-infected NR cells. DNA was extracted from
uninfected NR cells (NR) and from proliferating NR cells infected with serially passaged molecularly cloned IC2 virus (NR1 to NR6). Samples
(10 ,.g) were digested with EcoRI, electrophoresed on 1% agarose gels, blotted on nitrocellulose filters, and hybridized to a radioactive v-mil
probe. The sizes of the DNA fragments are expressed in kilobases. (B) Synthesis of mil-specific proteins in IC2-infected NR cells. Uninfected
NR cells (NR) and NR cells infected with serially passaged cloned IC2 virus (NR2 to NR6) were metabolically labeled with [35S]methionine.
Cell extracts were immunoprecipitated with either anti-gag or anti-mil antiserum prepared in rabbits as indicated. The products of the reaction
were run on an 8.5% polyacrylamide gel.

between the donor site of RAV-1 and the acceptor site of
c-mil exon 8, together with normal splicing between the
remaining 3' exons. cDNA clones corresponding to read-
through transcripts have been isolated during activation of c-
erbB in ALV-induced erythroblastosis (14). Transcription of
truncated c-erbB mRNAs was initiated in the 5' long termi-
nal repeat of the integrated RAV-1 provirus and was proc-
essed through a series of remarkable splicings in which the
splice donor site of the RAV-1 genome was linked to the
acceptor site of the truncated c-erbB mRNA. According to
this model, the early intermediate in the generation of IC2
and IC3 viruses could be a U5-leader-Ac-mil RNA.
The generation of a complete retrovirus genome requires

the acquisition of a U3 region. Analysis of the sequencing
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structures that could be formed between the gag-pci region of

RAV-1 and transduced c-mil sequences are shown.

data around the 3' c-mil-RAV-1 junction of IC3 showed the
presence of a stretch of 8-bp inverted repeats in the c-mil
gene and in the gag-pol junction of Rous sarcoma virus (Fig.
4B). Further computer analysis of c-mil and RAV-1 regions
participating in the 3' mil-RAV-1 recombination indicated
that additional secondary structures could be formed be-
tween RAV-1 and mil-containing RNAs (Fig. 7). Such struc-
tures could occur during the copackaging of RAV-1 and
U5-leader-Ac-mil RNAs. They would allow reverse tran-
scriptase to switch from one molecule to the other during
viral DNA synthesis and achieve recombination by adding 3'
viral sequences to the early viral RNA intermediate. The
role of similar secondary structures was postulated in the
generation of c-src transducing retroviruses (22).
The third virus described in this study, IC1, was isolated

after six passages of RAV-1 on NR cells. It contains gag
sequences fused to c-mil. We established that IC1 was
generated by further recombination between the IC2 and
RAV-1 genomes. Since most of the transducing viral ge-
nomes isolated in vivo harbor gag sequences fused to c-onc
genes, it is possible that these viruses also resulted from
secondary recombinations with parental nondefective ge-
nomes.

In conclusion, we have shown that the generation of
U5-leader-Ac-mil-ARAV-1-U3 viruses represents an early
step in the transduction of c-mil sequences in RAV-1-
infected NR cells. These viruses are unstable and further
recombine with RAV-1 to generate virions encoding gag-mil
fusion proteins. The newly acquired gag sequences are not
required for the expression of the mitogenic property of
transduced c-mil sequences. However, they confer upon the
viruses a replicative advantage and enhance their transform-
ing capacity.

ACKNOWLEDGMENTS

We thank Richard Jove for critical reading of the manuscript and
F. Arnouilh for assistance in its preparation.

This work was supported by the Institut National de la Sante et de
la Recherche Medicale (CRE 881004), the Association pour la
Recherche sur le Cancer, and the Fondation pour la Recherche

A

J. VIROL.



c-mil TRANSDUCING RETROVIRUSES 237

Medicale. Sequence data analysis was performed with the computer
facilities at CITI2 on a PDP8 computer with the help of the French
Ministere de la Recherch.

LITERATURE CITED
1. Arrigo, S., M. Yun, and K. Beemon. 1987. cis-Acting regulatory

elements within gag genes of avian retroviruses. Mol. Cell.
Biol. 7:388-397.

2. Bechade, C., G. Calothy, B. Pessac, P. Martin, J. Coil, F.
Denhez, S. Saule, J. Ghysdael, and D. Stehelin. 1985. Induction
of proliferation or transformation of neuroretina cells by the mil
and myc viral oncogenes. Nature (London) 316:559-562.

3. B6chade, C., G. Dambrine, T. David-Pfeuty, E. Esnault, and G.
Calothy. 1988. Transformed and tumorigenic phenotypes in-
duced by avian retroviruses containing the v-mil oncogene. J.
Virol. 62:1211-1218.

4. Bishop, J. M. 1983. Cellular oncogenes and retroviruses. Annu.
Rev. Biochem. 52:301-354.

5. Bonner, T. I., H. Oppermann, P. Seeburg, S. B. Kerby, M. A.
Gunnell, A. C. Young, and U. R. Rapp. 1986. The complete
coding sequence of the human rafoncogene and the correspond-
ing structure of the c-raf-1 gene. Nucleic Acids Res. 14:
1009-1015.

6. Bova, C. A., J. C. Olsen, and R. Swanstrom. 1988. The avian
retrovirus env gene family: molecular analysis of host range and
antigenic variants. J. Virol. 62:75-83.

7. Coil, J., M. Righi, C. de Taisne, C. Dissous, A. Gegonne, and D.
Stehelin. 1983. Molecular cloning of the avian acute transform-
ing retrovirus MH2 reveals a novel cell-derived sequence (v-mil)
in addition to the myc oncogene. EMBO J. 2:2189-2194.

8. Darlix, J.-L., P.-F. Spahr, P. A. Bromley, and J.-C. Jaton. 1979.
In vitro, the major ribosome binding site on Rous sarcoma virus
RNA does not contain the nucleotide sequence coding for the
N-terminal amino acids of the gag gene product. J. Virol.
29:597-611.

9. Denhez, F., B. Heimnann, L. D'Auriol, T. Graf, M. Coquillaud, J.
Coll, F. Galibert, K. Moelling, D. Stehelin, and J. Ghisdael. 1988.
Replacement of lys 622 in the ATP binding domain of P1009'9`1
abolishes the in vitro phosphorylation of the protein and the
biological properties of the v-mil oncogene of MH2 virus.
EMBO J. 7:541-546.

10. Dozier, C., F. Denhez, J. Coil, P. Amouyel, B. Quatannens, A.
Begue, D. Stehelin, and S. Saule. 1987. Induction of proliferation
of neuroretina cells by long terminal repeat activation of the
carboxy-terminal part of c-mil. Mol. Cell. Biol. 7:1995-1998.

11. Eychene, A., M. Marx, P. Dezelee, and G. Calothy. 1989.
Complete nucleotide sequence of IC10, a retrovirus containing
the Rmil oncogene transduced in chicken neuroretina cells
infected with avian retrovirus RAV-1. Nucleic Acids Res.
17:1250.

12. Fukui, M., T. Yamamoto, S. Kaway, F. Mitsunobu, and K.
Toyoshima. 1987. Molecular cloning and characterization of an
activated human c-raf-1 gene. Mol. Cell. Biol. 7:1776-1781.

13. Geryk, J., P. Dezel6e, J. V. Barnier, J. Svoboda, J. Nehyba, I.
Karakoz, A. V. Rynditch, B. A. Yatsula, and G. Calothy. 1989.
Transduction of the cellular src gene and 3' adjacent sequences
in avian sarcoma virus PR2257. J. Virol. 63:481-492.

14. Goodwin, R. G., F. M. Rottman, T. Callaghan, H. S. Kung, P. A.
Maroney, and T. W. Nilsen. 1986. c-erbB activation in avian
leukosis virus-induced erythroblastosis: Multiple epidermal
growth factor receptor mRNAs are generated by alternative
RNA processing. Mol. Cell. Biol. 6:3128-3133.

15. Graham, F. L., and A. J. Van Der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-467.

16. Gross-Belelard, M., P. Oudet, and P. Chambon. 1973. Isolation
of high-molecular-weight DNA from mammalian cells. Eur. J.
Biochem. 36:32-38.

17. Hackett, P. B., R. Swanstrom, H. E. Varmus, and J. M. Bishop.
1982. The leader sequence of the subgenomic mRNAs of Rous
sarcoma virus is approximately 390 nucleotides. J. Virol. 41:
527-534.

18. Hagino-Yamagishi, K., S. Ikawa, S. Kawai, H. Hihara, T.

Yamamoto, and K. Toyoshima. Characterization of two strains
of avian sarcoma virus isolated from avian lymphatic leukosis
virus-induced sarcomas. Virology 137:266-275.

19. Harada, F., R. C. Sawyer, and J. E. Dahlberg. 1975. A primer
ribonucleic acid for initiation of in vitro Rous sarcoma virus
deoxyribonucleic acid synthesis. Nucleotide sequence and
amino acid acceptor activity. J. Biol. Chem. 250:3487-3497.

20. Herman, S. A., and J. M. Coffin. 1987. Efficient packaging of
readthrough RNA in ALV: implications for oncogene transduc-
tion. Science 236:845-848.

21. Hihara, H., H. Yamamoto, H. Shimohiza, K. Arai, and T.
Shimizu. 1983. Avian erythroblastosis virus isolated from chick
erythroblastosis induced by avian lymphatic leukemia virus
subgroup A. JNCI 70:891-897.

22. Ikawa, S., K. Hagino-Yamagishi, S. Kawai, T. Yamamoto, and
K. Toyoshima. 1986. Activation of the cellular src gene by
transducing retrovirus. Mol. Cell. Biol. 6:2420-2428.

23. Ishikawa, F., F. Takaku, M. Nagao, and T. Sugimura. 1987. Rat
c-raf oncogene activation by a rearrangement that produces a
fused protein. Mol. Cell. Biol. 7:1226-1232.

24. Jansen, H. W., and K. Bister. 1985. Nucleotide sequence
analysis of the chicken gene c-mil, the progenitor of the retro-
viral oncogene v-mil. Virology 143:359-367.

25. Katz, R. A., R. W. Terry, and A. M. Skalka. 1986. A conserved
cis-acting sequence in the 5' leader of avian sarcoma virus RNA
is required for packaging. J. Virol. 59:163-167.

26. Koenen, M., A. E. Sippel, C. Trachmann, and K. Bister. 1988.
Primary structure of the chicken c-mil protein: identification of
domains shared with or absent from the retroviral v-mil protein.
Oncogene 2:179-185.

27. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

28. Martin, P., C. Henry, F. Denhez, P. Amouyel, C. Bechade, G.
Calothy, B. Debuire, D. Stehelin, and S. Saule. 1986. Character-
ization of a MH2 mutant lacking the v-myc oncogene. Virology
153:272-279.

29. Marx, M., P. Crisanti, A. Eychene, C. Bechade, D. Laugier, J.
Ghysdael, B. Pessac, and G. Calothy. 1988. Activation and
transduction of c-mil sequences in chicken neuroretina cells
induced to proliferate by infection with avian lymphomatosis
virus. J. Virol. 62:4627-4633.

30. Marx, M., A. Eychene, D. Laugier, C. B&chade, P. Crisanti, P.
Dezelee, B. Pessac, and G. Calothy. 1988. A novel oncogene
related to c-mil is transduced in chicken neuroretina cells
induced to proliferate by infection with an avian lymphomatosis
virus. EMBO J. 7:3369-3373.

31. Messing, J., and J. Vieira. 1982. A new pair of M13 vectors for
selecting either DNA strand of double-digest restriction frag-
ments. Gene 19:269-276.

32. Miles, B. D., and H. L. Robinson. 1985. High-frequency trans-
duction of c-erbB in avian leukosis virus-induced erythroblas-
tosis. J. Virol. 54:295-303.

33. Molders, H., J. Defesche, D. Miiller, T. I. Bonner, U. R. Rapp,
and R. Muiller. 1985. Integration of transfected LTR sequences
into the c-rafproto-oncogene: activation by promoter insertion.
EMBO J. 4:693-698.

34. Mount, S. M. 1982. A catalogue of splice junction sequences.
Nucleic Acids Res. 10:459-472.

35. Neel, B. G., L. H. Wang, B. Mathey-Prevot, T. Hanafusa, H.
Hanafusa, and W. S. Hayward. 1982. Isolation of 162 virus: a

rapidly transforming sarcoma virus from an avian leukosis
virus-induced sarcoma. Proc. Natl. Acad. Sci. USA 79:5088-
5092.

36. Nishizawa, M., N. Goto, and S. Kawai. 1987. An avian trans-
forming retrovirus isolated from a nephroblastoma that carries
the fos gene as the oncogene. J. Virol. 61:3733-3740.

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

38. Poirier, F., G. Calothy, R. E. Karess, E. Erikson, and H.
Hanafusa. 1982. Role of p60src kinase activity in the induction of
neuroretinal cell proliferation by Rous sarcoma virus. J. Virol.

VOL. 64, 1990



238 EYCHtNE ET AL.

42:780-789.
39. Pugatsch, T., and D. W. Stacey. 1983. Identification of a

sequence likely to be required for avian retroviral packaging.
Virology 128:505-511.

40. Rapp, U. R., M. D. Goldsborough, G. E. Mark, T. I. Bonner, J.
Groffen, F. H. Reynolds, and J. R. Stephenson. 1983. Structural
and biological activity of v-raf, a unique oncogene transduced
by a retrovirus. Proc. Natl. Acad. Sci. USA 80:4218-4222.

41. Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg. 1977.
Labeling deoxyribonucleic acid to high specific activity in vitro
by nick translation with DNA polymerase I. J. Mol. Biol.
113:237-251.

42. Sanger, F. 1981. Determination of nucleotide sequences in
DNA. Science 214:1205-1210.

43. Schwartz, D. E., R. Tizard, and W. Gilbert. 1983. Nucleotide
sequence of Rous sarcoma virus. Cell 32:853-869.

44. Shimizu, K., Y. Nakatsu, M. Sekiguchi, K. Hokamura, K.
Tanaka, M. Terada, and T. Sugimura. 1985. Molecular cloning
of an activated human oncogene, homologous to v-raf, from
primary stomach cancer. Proc. Natl. Acad. Sci. USA 82:
5641-5645.

45. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.

98:503-517.
46. Stanton, V. P., Jr., and G. M. Cooper. 1987. Activation of

human raf transforming genes by deletion of normal amino-
terminal coding sequences. Mol. Cell. Biol. 7:1171-1179.

47. Stehelin, D., H. E. Varmus, J. M. Bishop, and P. K. Vogt. 1976.
DNA related to the transforming gene(s) of avian sarcoma
viruses is present in normal avian cells. Nature (London)
260:170-173.

48. Sutrave, P., T. I. Bonner, U. R. Rapp, H. W. Jansen, T.
Patschinsky, and K. Bister. 1984. Nucleotide sequence of avian
retroviral oncogene v-mil: homologue of murine retroviral on-
cogene v-raf. Nature (London) 309:85-88.

49. Swanstrom, R., R. C. Parker, H. E. Varmus, and J. M. Bishop.
1983. Transduction of a cellular oncogene: the genesis of Rous
sarcoma virus. Proc. Natl. Acad. Sci. USA 80:2519-2523.

50. Tahira, T., M. Ochiai, K. Hayashi, M. Nagao, and T. Sugimura.
1987. Activation of human c-raf-1 by replacing the N-terminal
region with different sequences. Nucleic Acids Res. 15:4809-
4820.

51. Wahl, G. M., M. Stern, and G. R. Stark. 1979. Efficient transfer
of large DNA fragments from agarose gels to diazobenzyloxy-
methyl-paper and rapid hybridization by using dextran sulfate.
Proc. Natl. Acad. Sci. USA 76:3683-3687.

J. VIROL.


