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Retroviruses without oncogenes often exert their neoplastic
potential as insertional mutagens of cellular proto-oncogenes.
This may be associated with the production of chimaeric
viral - host transcripts; in these cases, activated cellular genes
can be identified by obtainig cDNA clones of bipartite RNAs.
This approach was used in the analysis of chicken nephro-
blastomas induced by myeloblastosis-associated virus (MAV).
One tumor contained a novel mRNA species initiated within
a MAV LTR. cDNA cloning revealed that this mRNA en-
codes a protein of 189 amino acids, identical to that of nor-
mal human Ha-ras-1 at 185 positions, including positions
implicated in oncogenic activation of ras proto-oncogenes;
there are no differences between the coding sequences of
presumably normal Ha-ras cDNA clones from chicken lym-
phoma RNA and the tumor-derived cDNAs. The chimaeric
mRNA in the nephroblastoma is at least 25-fold more abun-
dant than c-Ha-ras mRNA in normal kidney tissue, and a
21-kd ras-related protein is present in relatively lare amounts
in the tumor. We conclude that a quantitative change in c-
Ha-ras gene expression results from an upstream insertion
mutation and presumably contributes to tumorigenesis in this
single case. Little or no increase in c-Ha-ras RNA or protein
was observed in other nephroblastomas.
Key words: myeloblastosis-associated virus-2(N)/insertional
mutation

Introduction
Retroviruses lacking oncogenes derived from conserved cellular
genes are often tumorigenic. Some of these viruses initiate the
neoplastic process by acting as insertional mutagens of proto-
oncogenes (Varmus, 1984). This phenomenon establishes that
proto-oncogenes participate in tumorigenesis, provides examples
of gene activation in vertebrate cells and opens avenues for the
identification of new proto-oncogenes.
To date two approaches have been used to identify proto-onco-

genes susceptible to insertional activation. The first uses
hybridization probes homologous to known oncogenes to seek
elevated expression and/or genomic rearrangements in tumors
(Hayward et al., 1981). This approach has revealed that inser-
tional activation of the proto-oncogene c-myc features in many
different types of tumors induced by a variety of non-defective
retroviruses (Noori-Daloii et al., 1981; Corcoran et al., 1984;
Neil et al., 1984; Steffen, 1984; Li et al., 1984). Insertional muta-
tions of c-erb-B and c-mos have been deduced in a similar man-

ner (Rechavi et al., 1982; Fung et al., 1983; Canaani et al.,
1983).
These results suggested a second approach to identify crucial

insertional lesions. If activation of a certain gene is pivotal in
tumor formation, then independent tumors of the same type will
exhibit proviruses integrated in the same region of the genome.
To show this, cellular sequences retrieved by virtue of physical
linkage to a provirus are used to seek genomic rearrangements
in other tumors. The process whereby a gene is cloned via its
linkage to a mobile genetic element was first used in the isola-
tion of the white locus from Drosophila melanogaster (Bingham
et al., 1981) and has been termed 'transposon tagging'. Several
putative proto-oncogenes, including int-1 (Nusse and Varmus,
1982), int-2 (Peters et al., 1983), Mlvi-1 (Tsichlis et al., 1983),
piml (Cuypers et al., 1984) and others (Lemay and Jolicoeur,
1984; Graham et al., 1985) have been identified using this type
of protocol.
With a view to defining novel targets for insertional mutation,

we have been investigating kidney tumors induced by the avian
retrovirus, myeloblastosis-associated virus (MAV) (Smith and
Moscovici, 1969). These nephroblastomas are particularly in-
teresting as they are histopathologically similar to human Wilms'
tumor (Ishiguro et al., 1962; Heine et al., 1962; Watts and Smith,
1980). We have sought rearrangements in nephroblastoma DNA
using probes for known oncogenes and the 'transposon tagging'
technique. Both approaches have yielded negative results. A third
approach has been more fruitful. Analysis of nephroblastoma
RNA revealed aberrant, viral transcripts in a subset of tumors,
consistent with provirally initiated transcription of host DNA se-
quences. Cloning of cDNA generated from one such chimaeric
transcript identified the c-Ha-ras gene as a target for proviral
activation. Nucleotide sequences reveal that the transcript encodes
a 21-kd protein apparently lacking the missense mutations en-
countered in transforming ras genes. We deduce that an inser-
tion mutation dictates a qualitative change in ras gene expression;
however, some pecularity of the insertional mutation has
prevented direct detection of the c-Ha-ras-linked MAV provirus.

Results
MA V-induced nephroblastomas are cloned outgrowths
Figure 1 shows the physical structure of a MAV provirus and
the map positions of molecular hybridization probes used in this
paper. The approximate composition of the two major transcripts
produced as a normal consequence of productive infection are
also shown. Analysis of host viral junction fragments derived
from tumor DNA was performed to determine whether the
tumors in our collection contained clonal cell populations, as
predicted if the tumors were induced by insertion mutations.
MAV contains at least two EcoRI sites in the central region of
the provirus (Souza and Baluda, 1980; Figure 1). Hence in a
digest of genomic DNA, each MAV provirus will generate two
viral-host DNA restriction fragments that may be detected using
LTR-specific hybridization probes (Figure 2A). If proviruses are
integrated randomiy into the chicken genome in a non-clonal cell
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Fig. 1. Structure of a MAV-type provirus and MAV mRNA. The LTRs are
shown as boxes with the U3 region striped and the U5 region in black. The
positions of hybridization probes are shown underneath the provirus. The
restriction map has been compiled from Bergmann et al. (1980), Souza and
Baluda (1980) and the unpublished data of D.Westaway. Therefore the
diagram represents a consensus MAV provirus. The HindruI site 1.2 kb
from the 3' end of the genome may not be present in all MAV isolates
(Bergmann et al., 1980). The U5 probe has been described previously
(Payne et al., 1981). A 0.85-kb EcoRI-XoI fragment, 'env', specific for 3'
regions of the MAV genome, was excised from a molecular clone of the
MAV provirus in nephroblastoma 880 (D.Westaway, unpublished). The
U3-specific probe is a 0.3-kb XhoI-Hindfll fragment from cloned AMV
DNA (Klempnauer et al., 1982). The approximate coordinates of the two
major proviral transcripts are shown. 'Ans designates the poly(A) tail. Bg =
Bgml; E = EcoRI; H = Hindu, S = Sad; X = XoI.

population, then a large number of variously sized EcoRI junc-
tion fragments will be generated; this will be manifest as a smear
of hybridization in a Southern transfer analysis (Southern, 1975).
However, if the tissue sample contains clonal populations of in-
fected cells, then discrete junction fragment bands will be seen.
(This method for assessing clonality in retrovirus-infected cell
populations has been discussed extensively elsewhere, e.g. Cohen
et al., 1979; Neel et al., 1981; Payne et al., 1981).
High mol. wt. DNAs were digested to completion, electro-

phoresed on an agarose gel, transferred to a nitrocellulose filter
and hybridized with a radiolabeled restriction fragment specific
for the U3 domain of the long-terminal repeat (LTR) (Gonda et
al., 1981; Klempnauer et al., 1982) (Figure 2B). This reagent
hybridizes only with the nucleic acid sequences of viruses derived
from the BAI-A stock of AMV. Thus uninfected chicken DNA
gives no signal with this probe (lane 1). Non-neoplastic tissue
from bird 1638 gives a smear of hybridization (lane 2), indicating
that these cells are chronically infected with MAV proviruses.
Nephroblastoma 1638 DNA gives a similar signal except that
bands of intense hybridization, characteristic of clonal cell popula-
tions, are also present. Discrete bands of hybridization are seen
in other nephroblastoma DNAs (Figure 2B, lanes 4-10).
Analogous results have been obtained for all the well-

documented instances of insertion mutations by retroviruses
without oncogenes. We therefore attempted to define a target for
insertional lesions. However, analyses of tumor DNAs with a
number of onc-specific probes, including myc, src, erb-A and
-B and yes, failed to reveal any novel tumor-specific restriction
fragments (data not shown). We then performed a 'transposon
tagging' experiment by cloning the single provirus and its flank-
ing host DNA from tumor 880. However, 18 other tumors tested
did not exhibit rearrangements in a 30-kb interval flanking the
unique provirus (D.Westaway, unpublished; Nusse et al., 1984a).
These negative results do not per se exclude the insertional muta-
tion hypothesis; they can be rationalized by multiple and/or large
genetic targets for mutations that predispose to tumor formation.
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Fig. 2. Southern blot analysis of MAV-induced nephroblastomas. Panel A
shows the- origin of the junction restriction fragments which are detected
with LTR-specific hybridization probes. A provirus is shown with the LTRs
designated by open rectangles. Host DNA sequences are denoted by a zig-
zagged line, and restriction endonuclease cleavage sites by arrows. Panel B
shows the Southern transfer analyses with EcoRI (lanes 1, 2, 3) and BgII
(lanes 4-10) digests of genomic DNA electrophoresed on agarose gels and
transferred to nitroceliulose. Both of the restriction enzymes cleave within
the central region of MAV proviruses. Filters were hybridized with a
U3-specific probe. Positions of 8.7- and 4.7-kb size markers were deduced
by re-hybridization of the filter with radiolabeled clone 34 (see below). A
HindlII digest of phage lambda DNA was co-electrophoresed as a size
marker, for the right-hand filter. Lane 1: uninfected chicken liver DNA.
Lane 2: control (heart) DNA from bird 1638. Lane 3: nephroblastoma
1638 DNA. Lanes 4-10: nephroblastomas 1620, 1641, 1643, 1646, 636/1,
854, 193.

Identification of aberrant proviral transcripts in two nephro-
blastomas
We sought another feature of some insertional mutations: the pro-
duction of aberrant virus-related transcripts. All of the tumors
in our collection harbor the conventional 7.8- and 3.3-kb species
of viral RNA (Figures 1 and 3). However, at least two tumors,
890 (Figure 3, lanes 1 and 2) and 1638 (lanes 3 and 4), contain
additional, smaller RNA species which are detected by a virus-
specific hybridization probe. The small RNAs, 1.2 kb (lane 3)
and 1.4 kb (lane 1), were detected with a US-specific probe but
not with a U3-specific probe (lanes 2 and 4), implying that these
transcripts are not terminated via a proviral polyadenylation
signal. Similar transcripts containing only the US sequences for
proviral DNA are frequently generated from provirally activated
c-myc loci in which the proviral LTR and c-myc share the same
transcriptional orientation (Hayward et al., 1981; Payne et al.,
1982).
We sought to establish the chimaeric nature of the 1.2- and
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Fig. 3. Two nephroblastomas harbor aberrant viral transcripts.
Polyadenylated RNA (5 ILg) was isolated from tumor 890 (lanes 1 and 2)
and 1638 (lanes 3-5), subjected to electrophoresis, transferred to
nitrocellulose and annealed sequentially with probes for U5 (lanes 1 and 3)
and U3 (lanes 2 and 4). Lane 5 shows annealing to probe H from cDNA
clone 34 (see below). Very small RNA species detected in lane 4) reflect
slight degradation of this RNA sample. These species are not apparent in
lane 3, presumably because degraded RNAs containing U5 sequences are
not selected by oligo(dT) chromatography. Radiolabeled HindEl fragments
of phage lambda DNA were co-electrophoresed as size markers.
Approximate sizes are shown in kilobases. Panel B shows the structure of
cDNA clone 34 obtained from nephroblastoma 1638 RNA. U5-related
sequences are shown in black. The open rectangle indicates an open reading
frame (see Figure 8). The 341-bp Hinfl fragment 'probe H' extends from
nucleotides 313- 654 of clone 34 (Figure 8) and is shown by a solid bar.
The scale bar represents a length of 200 nucleotides.

1.4-kb RNAs. Two strategies seemed feasible. The first was to
obtain genomic clones of the proviruses (plus flanking sequences)
that direct the synthesis of these transcripts. However, tumors
1638 and 890 both contain multiple MAV proviruses (Figure 2,
lane 3; unpublished data). We therefore adopted the more direct
approach ofcDNA cloning. The 1.2-kb RNA of nephroblastoma
1638 was selected for this purpose.
Cloning of cDNA transcribed from the novel RNA in nephro-
blastoma 1638
Approximately 130 000 cDNA clones were prepared from
poly(A)+ RNA from nephroblastoma 1638 as described in
Materials and methods. These clones were amplified and screened
with a radiolabelled probe specific for the U5 domain of avian
retroviral LTR. Of 10 phage identified in this way, six contain-
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Fig. 4. Clone 34 contains cellularly derived sequences homologous to v-Ha-
ras. Panel A shows the result of hybridization of probe H (described in
Figure 3) to a nitrocellulose filter containing a dotted array of viral
oncogene restriction fragments (a generous gift from M.Schwab). Two
dilutions of each fragment, equivalent to 300 and 60 ng, are shown. Panel
B shows an analysis of chicken DNA (Southern, 1975). Normal chicken
DNA (10 ,g) was digested to completion with EcoRI, divided in two,
electrophoresed and transferred to generate duplicate nitrocellulose filter
strips. One strip was annealed with a radiolabelled probe prepared from the
whole 1.05-kb clone 34 EcoRI fragment. Under the conditions used here
this probe does not detect viral sequences in genomic DNA, presumably
because U5 sequences constitute <8% of the probe fragment. The other
strip was annealed with the v-Ha-ras-specific fragment (Ellis et al., 1980).
Annealing protocols were identical for all the filters (40% formamide,
3 x SSC, 37°C) and the filters were washed in 1 x SSC, 0.1% SDS at
53°C.
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Fig. 5. Analysis of tumor RNAs with a Ha-ras-specific probe derived from
cDNA clone 34. The figure is a composite obtained from three separate
analyses of polyadenylated RNAs of species related to probe H (see text and
Figure 3). Samples within each panel were electrophoresed on the same gel
and hybridized and autoradiographed for the same lmgth of time. Some
RNA samples (lanes f and h, lanes i and 1, indicated by arrows) are
present on more than one gel, allowing the different panels to be compared.
Each lane contains S ug of poly(A)+ RNA. Ne, nephroblastoma; lane a,
Nel638; lane b, Ne890; lane c, Ne209; lane d, Ne2905, lane e, Ne2916;
lane f, lane 1, Ne2922; lane g, Ne196; lane i, lane 1, Ne854; lane j, chick
embryo fibroblasts; lane k, Ne880; lane m, normal kidney. Approximnate
sizes are shown in kilobases.

ed cDNA fragments apparentdy derived from normal proviral
transcripts as they also hybridized with a MAV env gene probe.
These phage were discarded. Of the remaining clones, the phage
with the largest cDNA insert, XgtlO (clone 34), was purified for
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Fig. 6. Western blot analysis of c-Ha-ras proteins. Protein extracts from
kidney tumors 196 or 1638, normal kidney tissue or EJras-transfected rat
embryo fibroblasts were electrophoresed on a 15% polyacrylamide gel and
transferred to nitrocellulose as described in Materials and methods. Ha-ras-
related proteins were detected by incubating the filter with a polyclonal
antiserum against denatured c-Ha-ras protein followed by [125I]protein A.
The filter was exposed to film for 36 h. The position of the EJras protein is
shown by an arrow. Track 1: 1300 ug total protein from normal kidney.
Track 2: 1300 jig total protein from kidney tumor 196. Track 3: 80 ug

total protein from 1638 kidney tumor. Track 4: 20 itg total protein from
EJras-transfected REFs. Track 5: 20 ug total protein from 1638 kidney
tumor.

further analysis. By digestion of the 1.05-kb EcoRI insert frag-
ment of this phage with Hinfl, we generated a 240-bp fragment
that did not anneal with U5 probe and was presumed to repre-

sent part of the host sequence in a chimaeric mRNA (probe H)
(Figure 3, panel B). This fragment was radiolabelled and used
to re-examine a nitrocellulose filter strip containing RNA from
nephroblastoma 1638 (Figure 3, lane 5). Probe H detects a

transcript of 1.2 kb, indicating that clone 34 is an authentic copy
of the RNA detected with U5 probe. As anticipated, probe H
does not anneal with genome-sized or env viral mRNAs.
Sequences within clone 34 share homology with the transform-
ing gene of Harvey sarcoma virus (v-Ha-ras)
cDNA clone 34 was tested to see whether it contained sequences

related to known oncogenes. Radiolabeled probe H was anneal-
ed to a 'dot-blot' containing an array of purified viral oncogene-

specific restriction fragments. The v-Ha-ras clone BS-9 (Ellis
et al., 1980) gave an intense signal (Figure 4A). We extended
this observation by annealing duplicate Southern transfer filters
of uninfected chicken liver DNA under identical hybridization
conditions with radiolabeled probe H and BS-9 (Figure 4B). The
two probes detect identically sized restriction fragments in an

EcoRI digest (8.7 and 4.7 kb). The smaller EcoRI fragment has
been observed in a previously published analysis of chicken DNA
with the v-Ha-ras probe (Ellis et al., 1981). (Detection of the
additional 8.7-kb fragment may reflect the less stringent
hybridization conditions used here.) We conclude that the aber-
rant transcript in tumor 1638 is a hybrid MAV/c-Ha-ras mRNA.
Erpression ofc-Ha-ras mRNA in nephroblastomas and non-neo-

plastic tissue
We have assessed expression of c-Ha-ras in normal avian tissue
and in other nephroblastomas (Figure 5). Polyadenylated RNAs
were fractionated by electrophoresis, transferred to nitrocellulose
and hybridized to radiolabeled probe H as described above. A

Fig. 7. Structure of cDNA clones homologous to c-Ha-ras mRNAs isolated
from nephroblastoma 1638 and the bursal lymphoma cell line R2B. The
coordinates of cDNA clones are indicated by open boxes. The structures of
the R2B and 1638 Ha-ras mRNAs deduced from these clones are shown in
the center of the figure. The truncated nature of the U5 domain in the 1638
RNA is indicated by a wavy vertical line. An adjacent block of five
nucleotides in the 1638 mRNA which is not homologous to the MAV LTR
or R2B Ha-ras sequences is represented by black shading. ORF = open
reading frame. bp = base pairs. Neph. = nephroblastoma. The composite
total length of the R2B cDNA (1018 nucleotides) is very similar to that of
the 1638 cDNA (998 nucleotides). However, the corresponding mRNAs
differ by -200 bp (Figure 5). We conclude that we have failed to clone the
5' extremity of the R2B mRNA; this segment is indicated by a dashed line.

1.4-kb c-Ha-ras mRNA is detected in all samples (except 1638
RNA) including non-neoplastic kidney (lane m) and embryo fibro-
blasts (lane j). Densitometric analysis (not shown) indicates this
mRNA is expressed as a 3- to 5-fold higher steady-state level
in eight nephroblastomas than in normal kidney. The 1.2-kb
MAV-ras mRNA in tumor 1638 is at least 25-fold more abun-
dant than c-Ha-ras mRNA in normal kidney.
The 1.4-kb transcript from nephroblastoma 890 detected with

U5 probe may also contain sequences from c-Ha-ras, as probe
H detects a single 1.4-kb transcript in poly(A)+ RNA (Figure
5, lane b). However, this is also the size of the putative wild-
type c-Ha-ras mRNA. Lack of further material from tumor 890
has precluded a definitive appraisal of this possibility.

A 21--kd c-Ha-ras-related protein is overexpressed in tumor 1638
Tumor 1638 was analyzed serologically to determine the type
and abundance of Ha-ras protein encoded by the activated allele.
Crude protein extracts from tumor 1638 (Figure 6, lanes 3 and
5), normal chicken kidney tissue (lane 1), tumor 196 Oane 2)
and rat embryo fibroblasts transfected with the mutant c-Ha-ras-1
allele derived from the human bladder carcinoma cell line EJ
(Parada et al., 1982) (lane 4) were electrophoresed on 15% acryl-
amide gels, electroblotted onto nitrocellulose and incubated with
a polyclonal antisera raised against denatured human c-Ha-ras-1
protein (a gift from Art Levinson). Tumor 1638 contains an abun-
dant cross-reactive 21-kd protein species which migrates more

rapidly than the mutated c-Ha-ras protein in the EJ-transfected
cells. Tumor 196 and normal kidney which contain smaller
amounts of ras poly(A) + RNAs (Figure 4, lanes g and m) con-

tain less Ha-ras-related protein. The c-Ha-ras-related proteins
identified in normal kidney and tumor 196 extracts have the same
electrophoretic mobility as the c-Ha-ras protein identified in
nephroblastoma 1638 extracts. We conclude that tumor 1638 con-

tains abundant levels of an apparently normal c-Ha-ras protein.
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Fig. 8. The nucleotide sequence of c-Ha-ras cDNA clones. These sequences

are numbered with respect to the Ha-ras open reading frame, nucleotide 1

corresponding to the A of the ATG codon. The first part of the 1638 cDNA
sequence has been aligned with the sequence of an AMV LTR. The AMV
sequence has been presented in the form anticipated for a provirus; hence
the terminal dinucleotide (TT) of the unintegrated LTR has been omitted.
Boundaries of the U3, R and U5 domains are indicated above the nucleotide
sequence. Vertical bars indicate homology. Underlinings indicate deviations
from the AMV sequence also observed in a MAV-2(N) sequence.

Nucleotide -131 of the 1638 sequence corresponds to the putative LTR
'cap site'. Codons for amino acids which differ from the normal human Ha-
ras-I sequence are underlined. Five nucleotides, CCTGA, of uncertain
origin in the 1638 cDNA are displayed in lower-case letters. The probable
polyadenylation signal, AGTAAA, is underlined. Double-underlined
nucleotides in the untranslated region are assigned tentatively as the
sequencing gels yielded compressions at these positions.

This is presumably encoded by the chimaeric 1.2-kb transcript.

Nucleotide sequences ofc-Ha-ras cDNAs denrvedfrom nephro-
blastoma 1638 and a lymphoma cell-line
The complete sequence of the nephroblastoma 1638 cDNA clone
34 was determined. To appraise whether somatic missense muta-
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Fig. 9. Comparison of the predicted amino acid sequence of the 1638/R2B
cDNAs with normal human c-Ha-ras and c-Ki-ras gene sequences. A dash
indicates homology to the nephroblastoma Ha-ras sequence. The c-Ha-ras-l
sequence is from Capon et al. (1983a) and the c-Ki-ras-2 (using exon 4B)
sequence is from Capon et al. (1983b) and McCoy et al. (1984). A gap of
one codon has been introduced to align the carboxy terminus of the c-Ki-
ras-2/4B sequence.

tions feature in the pathogenesis of nephroblastoma 1638, we
isolated and sequenced cDNA clones homologous to (presum-
ably) normal chicken c-Ha-ras mRNAs. The latter cDNAs were
derived from the bursal lymphoma cell line R2B (Chen et al.,
1983) which contains 1.4-kb Ha-ras mRNAs (unpublished results
of D.Westaway). The coordinates of these clones are summarized
in Figure 7.
The 5' termini of R2B- and 1638-derived cDNAs are unrelated

until nucleotide -44 (Figure 8). To demonstrate the proviral
origin of the 5' terminus of the 1638 cDNA, we have aligned
this area with sequences from the AMV LTR (Klempnauer et
al., 1982; Rushlow et al., 1982). The 5' extremity of clone 34
is defined by decameric EcoRI 'linker' sequences followed by
a synthetic dC homopolymeric tract, the result of dG addition
to the first cDNA strand by terminal deoxynucleotidyl transferase.
This is flanked on the 3' side by one residue (G) of unknown
provenance (nucleotide -132). Immediately adjacent to this are
sequences homologous to the R and U5 domains of an LTR avian
retroviral genome. Homology extends from the putative transcrip-
tion initiation site, the 'cap' nucleotide, to a position 17 nucleo-
tides upstream of the normal 3' boundary of the LTR. There are
four nucleotides within this block of homology (nucleotides -62,
-58, -52, -51) which differ from the AMV U5 sequence.
These are underlined. However, these changes are also observ-
ed in the U5 sequence of a cloned MAV-2(N) LTR (K.-H.Klemp-
nauer and D.Westaway, unpublished results). Hence the position
of divergence between the AMV and the 1638 cDNA sequence
has been placed between nucleotides -49 and -50. Five nucleo-
tides of uncertain origin occur before homology with the R2B
cDNA commences. These nucleotides occur at positions -46
to -50 in the 1638 sequence, and are shown in lower-case letters.
Why does the 1638 cDNA contain a truncated U5 sequence?

The sequence around the breakpoint of homology between the
AMV LTR and the cDNA is (in the intact LTR) unrelated to
the sequence of a consensus splice donor site, AG/GTRAG
(Sharp, 1981). Therefore, the 'missing' U5 nucleotides of clone
34 cannot readily be attributed to a splicing event. Nor can the
missing nucleotides be ascribed to a deletion generated in ml3
subcloning as this region of the clone has also been sequenced
by the chemical degradation method, using a plasmid subclone.
Two possibilities remain. Either the provirus linked to c-Ha-ras
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Fig. 10. Seeking a disrupted c-Ha-ras allele in nephroblastoma 1638 DNA.
Digests of non-neoplastic (heart) or nephroblastoma DNA from bird 1638
were fractionated on 1% agarose gel and transferred to nitrocellulose filters,
and hybridized with the Ha-ras-specific clone C4C described in Figure 7.
Lanes a, c, e, g, i = non-neoplastic control (heart) DNA from bird 1638.
Lanes b, d, f, h, j = nephroblastoma 1638 DNA. Lanes a and b =

HindUl; lanes c and d = HpaI, lanes e and f = KpnI; lanes g and h =

PstI; lanes i and j = Pvull.

is defective, or a small deletion occurred during cDNA cloning.
Clone 34 and the R2B ras mRNA are almost perfectly con-

cordant from nucleotide -44 to 866. In the R2B ras mRNA se-
quence this area includes 44 nucleotides of a putative
5'-untranslated region followed by an 189-codon open reading
frame, and a 299-nucleotide 3'-untranslated region. The clone
34 coding region differs from the R2B sequence at one position;
the R2B sequence TCCCCA at nucleotides 326-331 is replac-
ed by TCCCA. The sequence of clone 34 would predict termina-
tion at a TAG triplet at nucleotides 425 -427, resulting in an

- 17-kd protein. However, Western blot analysis demonstrates
only a 21-kd ras protein in nephroblastoma 1638 (Figure 6). This
single nucleotide discrepancy probably represents a deletion
generated during reverse transcription of the chimaeric transcript.
To verify this interpretation, additional cDNA clones were
generated from nephroblastoma 1638 RNA (Figure 7). All four
analyzed contain the sequence TCCCCA. We conclude that the
R2B and chimaeric Ha-ras mRNAs encode identical 21-kd Ha-
ras proteins.
Predicted amino acid sequence of the chicken c-Ha-ras protein
The predicted amino acid sequence deduced from the open
reading frames of the R2B and 1638 cDNAs has been aligned
with amino acid sequences from germline alleles of human c-
Ha-ras-I and c-Ki-ras-2 (using exon 4B) (Figure 9). Only four
codons differ between the chicken and human c-Ha-ras-1 se-

quence; these do not include codon variants at positions 12, 13
or 61 which are characteristic of transforming ras alleles isolated
via transfection of NIH/3T3 cells (Tabin et al., 1982; Reddy et
al., 1982; Taparowsky et al., 1982; Capon et al., 1983a, 1983b;

Sukumar et al., 1983; Yuasa et al., 1983; Fasano et al., 1984;
Bos et al., 1985). Two of these codons (183, 188) lie at the car-
boxy terminus, an area that is poorly conserved between the Ha-
ras-related genes of different species (Powers et al., 1984;
Neuman-Silberberg et al., 1984). The remaining two codons at
121 and 127 are positions at which human c-Ha-ras-l and c-Ki-
ras-2 differ. These results provide a further illustration of the
evolutionary conservation of ras genes.
Attempts to define a c-Ha-ras-linked proviral insertion
The anticipated template for the chimaeric transcript in nephro-
blastoma 1638 is a provirally disrupted chicken c-Ha-ras gene.
We have sought evidence for such a structure by the analysis
of genomic DNA. High mol. wt. DNAs from nephroblastoma
1638 and non-neoplastic control tissue were digested to comple-
tion with a variety of restriction endonucleases, electrophoresed
on agarose gels and transferred to a nitrocellulose filter. This
filter was hybridized with radiolabeled copies of the R2B cDNA
clone C4C. (This clone contains the most complete copy of the
mRNA's 5'-untranslated region.)

In none of the pair-wise gel loadings (Figure 10, lanes a -j)
can we detect a ras-related fragment present in the tumor sam-
ple but not present in the control tissue. Similar negative results
have been obtained with other nephroblastoma DNAs (not
shown). The use of a variety of restriction enzymes in this ex-
periment makes it unlikely that a trivial explanation (e.g., co-
migration or poor transfer to nitrocellulose of excessively large
or small restriction fragments) underlies the failure to detect a
somatically rearranged c-Ha-ras allele.

Discussion
Seeking a target for insertional mutations in avian nephro-
blastomas
MAV-induced nephroblastomas appear clonal in tests of in-
tegrated proviruses (Figure 2), a phenomenon shared by many
well characterized instances of insertional mutation of oncogenes
(Fung et al., 1981, 1982; Neel et al., 1981; Payne et al., 1981;
Nusee and Varmus, 1982; Peters et al., 1983; Tsichlis et al.,
1983). Clonality has also been observed in avian nephroblastomas
induced by ring-neck pheasant virus (RPV) (Simon et al., 1984)
and MAV 2-(O) (Boni-Schetzler et al., 1985). Our strategies to
uncover specific insertional targets via the examination of
genomic DNA using probes for known oncogenes or the 'trans-
poson tagging' procedure have failed. However, a strategy focus-
ing on altered patterns of transcription has met with some success.
Two nephroblastomas contain small, novel transcripts which

anneal with viral U5 LTR probe but not with a probe that in-
cludes the proviral polyadenylation signal. Precedents from the
proviral activation of c-myc and c-erb-B suggested that these
RNAs may be derived from LTR-initiated transcription into
cellular sequences. We validated this hypothesis by obtaining
cDNA clones homologous to one of these transcripts. cDNA
nucleotide sequences reveal that the 1.2-kb RNA in nephro-
blastoma 1638 is initiated within a MAV LTR situated upstream
of a c-Ha-ras gene.

Proviral activation ofan avian ras gene in nephroblastoma 1638
We estimate that the chimaeric Ha-ras mRNA in nephroblastoma
1638 is 25-fold more abundant than its counterpart in normal
renal tissue (Figure 5). This is paralleled by an increase in ex-
pression of a 21-kd Ha-ras protein (Figure 6). Most other
characterized instances of ras gene activations in vivo appear to
involve missense mutations at codons 12, 13 and 61. Do such
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point mutations feature in the pathogenesis of nephroblastoma
1638? The cDNA sequence derived from the bipartite transcript
encodes amino acids at codons 12, 13 and 61 that are charac-
teristic of wild-type Ha-ras genes. Moreover, this predicted amino
acid sequence is completely congruent with one derived from
a Ha-ras cDNA isolated from the bursal lymphoma cell line R2B.
We conclude that the activated c-Ha-ras allele in nephroblastoma
1638 has not sustained missense mutations in the Ha-ras coding
sequence.

Is there evidence to suggest that augmented expression of a
Ha-ras gene bearing normal codons at 12, 13 and 61 has an im-
pact on the transformed phenotype? Several examples exist. Nor-
mal rat and human c-Ha-ras genes activated by murine leukemia
virus LTRs rendered NIH/3T3 cells tumorigenic in vivo (Chang
et al., 1982). Similar results are obtained when c-Ha-ras gene
dosage is increased by transfection (Pulciani et al., 1985). In
another instance, a transcriptionally activated normal human c-
Ha-ras gene was capable of rescuing early passage rodent cells
from senescence and also of converting 'immortalized' cells to
anchorage independence (Spandidos and Wilkie, 1984). Ampli-
fied Ki-ras alleles, encoding wild-type p21 proteins have been
identified in the murine adrenocortical cell line Y-1 (Schwab et
al., 1983; George et al., 1985). A Ki-ras amplification was also
observed in a human lung carcinoma (Pulciani et al., 1985).
We have yet to detect the Ha-ras-linked MAV provirus in

nephroblastoma 1638. Five different restriction endonucleases
were used for the analysis presented in Figure 10. With all of
these, DNA from nephroblastoma 1638 yields the same pattern
of hybridizing fragments as control DNA. A trivial explanation
is that cells harboring the insertional mutations are under-
represented in the tumor mass (i.e. insertional activation is a late
event) such that normal c-Ha-ras alleles predominate. Three
observations make this unlikely. First, the autoradiograms
presented in Figure 10 were deliberately overexposed to reveal
such submolar fragments. Second, proviral junction fragments
are seen in the same DNA when hybridized with an LTR-specific
probe (Figure 2, lane 3). Third, four independent biopsies of
nephroblastoma 1638 used to prepare poly(A)+ RNA (two
shown here, Figure 3, lane 5 and Figure 5, lane a) contain the
1.2-kb chimaeric transcript. One more likely explanation is that
the activating provirus is extensively deleted such that restric-
tion fragments derived from the disrupted c-Ha-ras allele can-
not be distinguished from their wild-type homologues. By analogy
with activated c-myc alleles, the minimum structure for an ac-
tivating provirus may be a single LTR (Westaway et al., 1984).
A ras allele bearing such an insertion will be revealed by using
restriction endonucleases which cleave within the MAV LTR.
Two such restriction enzymes, HindIH and HpaI (Klempnauer
et al., 1982; Rushlow et al., 1982) are included in our analysis
(Figure 10, lanes a- d). Another possibility is that the activating
provirus lies in an area of the chromosome that is not detected
by the radiolabeled cDNA clone C4C. For example, a proviral
insertion adjacent to a distant, normally cryptic, splice donor site
may go unnoticed. This model could also account for the five
nucleotides, CCTGA, of unknown provenance within the 1638
RNA.

Activated ras genes and nephroblastomas
This is the first report of an activated c-Ha-ras gene in a nephro-
blastoma. Nine other MAV-induced nephroblastomas examined
by us do not appear to harbor transcriptionally activated Ha-ras
genes (Figure 5). Thus tumor 1638 may be unique and does not
define an oncogene which is crucial for nephroblastomagenesis.

It is conceivable that the activation of another type of ras gene
is the common genetic event in MAV-induced kidney tumors.
However, an earlier attempt to define a chromosomal domain
which was disrupted in independent tumors failed (Nusse et al.,
1984a; D.Westaway, unpublished observations).
The c-Ha-ras gene is also unlikely to figure in the genesis of

the human nephroblastoma, Wilms' tumor. This tumor appears
to result from progression to homozygosity for recessive chromo-
somal lesions (Knudson and Strong, 1972; Riccardi et al., 1978;
Francke et al., 1979; Yunis and Ramsay, 1980; Huerre et al.,
1983; Fearon et al., 1984; Koufos et al., 1984; Orkin et al.,
1984), an observation that is incompatible with the dominant
nature of activated c-Ha-ras alleles.
An alternative strategyfor the identification ofinsertional lesions
in tumors
Crucial insertional mutations in tumor DNAs may be identified
using known oncogene probes or cellular restriction fragments
which abut novel proviral insertions. However, these strategies
can occasionally yield false negative results, e.g. if the inser-
tional 'target' gene is very large or does not share homology with
currently known oncogenes.
We have used an alternative strategy to identify the chicken

c-Ha-ras gene as a substrate for insertional activation. This ap-
proach depends upon the identification of candidate bipartite pro-
viral host transcripts in tumor RNA. Such species are encountered
at a reasonable frequency in some of the well-characterized in-
stances of insertional mutation (Neel et al., 1981, 1982; Payne
et al., 1981, 1982; Fung etal., 1983; Nusse et al., 1984b; van
Ooyen and Nusse, 1984; Muller and Muller, 1984; Varmus et
al., 1981; Wolf and Rotter, 1984). cDNA clones prepared from
such tumor RNA are screened with a probe specific for the LTR.
Recombinants derived from the normal proviral transcripts are
discarded. Barring cloning artefacts, the remaining recombinants
will be derived from chimaeric RNAs. This approach can be us-
ed when the tumor harbors multiple proviruses, e.g. nephro-
blastoma 1638 contains many MAV proviruses integrated in both
a clonal and non-clonal fashion (Figure 2, lane 3), but contains
only three abundant provirally related RNA species, the bipar-
tite MAV/c-Ha-ras mRNA and the usual genome-sized and env
mRNAs (Figure 3, lane 3).

Materials and methods
Source of tunors
Three isolates of MAV were used for these studies. The first was MAV-2(N)
originally isolated by Ogura et al. (1974) and provided by Dr Ralph Smith. This
isolate was subjected to four cycles of plaque punfication as described by Moscovici
et al. (1976). This yielded a virus stock with a titre of 1 x 107 p.f.u./ml which
was injected into the metatarsus vein of day-old chicks. A second isolate was
the MAV-1 stock described by Smith and Moscovici (1969). The route of ad-
ministration was as above. The third isolate was prepared by infection of secon-
dary macrophages with a mixture of MAV-1 and MAV-2 (Moscovici and Vogt,
1968). The next day, 107 trypsinized macrophages were fused with inactivated
Sendai virus. Seven- and 14-day supematants of the cultures were harvested and
injected into 13-day-old embryos via the chorioallantdic vein. Chicken flocks
used were SPAFAS (MAV-1 and MAV-2) and Hyline or Line 6 [MAV-2(N),
MAV-1]. Host susceptibilities ranged from 70% (Hyline) to 100% (line 6).
Average age at sacrifice was 75 days.

Isolation of tissue RNA
Biopsies from tumors and normal organs (-1 g) were partially thawed, sliced
with a razor blade, suspended in 10 ml of4 M guanidinium isothiocyanate, 50 mM
Tris-HCl pH 7.6, 10 mM EDTA, 1% sarkosyl, 1% 2-mercaptoethanol, and
disrupted in a polytron mixer. The homogenate was then extracted with phenol/
chloroform/isoamyl alcohol (24:24:1) precipitated wtih alcohol, treated wtih Pro-
teinase K and re-extracted as described by Feramisco et al. (1982). Nucleic acids
were recovered by etianol precipitation and polyadenylated RNA selected by one
cycle of chromatography on oligo(dT)-cellulose (Aviv and Leder, 1972).

307



D.Westaway et al.

Isolation of high mol. wt. DNA
Approximately 1 g of tissue was partially thawed, minced with a razor blade and
resuspended in 10 ml of a 10 mM Tris-HCl pH 8.0, 25 mM EDTA, 200 itg/ml
proteinase K, and 25% v/v glycerol. The tissue was disrupted by several strokes
of a motor-driven Dounce homogenizer with a Teflon head. Fragments of con-
nective tissue were removed and SDS was added to a final concentration of 1%.
The solution was incubated at 53°C for 3 h, and extracted twice with an equal
volume of phenol:chloroform and twice with chloroform:isoamyl alcohol (24:1).
DNA was recovered by spooling after the additon of 2 volumes of ice-cold ethanol.
The dry DNA pellet was dissolved in TE (10 mM Tris-HCl, pH 8.0, 1 mM
EDTA) and incubated with RNase A (100 tg/ml) for 60 min at 37°C, followed
by Proteinase K (200 mg/ml, 60 min, 37°C). The solution was subjected to the
extraction procedures detailed above, ethanol precipitated and resuspended in TE
to a concentration of 250 ug/mi.
Molecular cloning
Nephroblastoma 1638 RNA was isolated as described above and subjected to
a further cycle of oligo(dT)-chromatography. Synthesis of double-stranded cDNA
followed the protocol of T.St.John (personal communication). Briefly, cDNA
was synthesized on oligo(dT)-primed RNA under standard conditions. The DNA
strands were tailed with dG residues and treated with RNase A. Second strand
synthesis by DNA polymerase I was primed with oligo(dC). The double-stranded
cDNA was methylated with EcoRI methylase and ligated to synthetic Eco linkers.
After digestion with EcoRI, double-stranded cDNAs were size selected on a 2%
agarose gel electrophoresed in Tris-acetate buffer. cDNA fragments >0.6 kb
were electroeluted, phenol-extracted, desalted, lyophilized and ligated to EcoRI-
digested Xgtio (Huynh et al., 1985). The vector DNA exhibited a basal clear
plaque frequency of 0.23 + 0.03 x 10-2 (N=4) after ligation and in vitro
packaging. Ligation of cDNAs to vector were carried out at four arbitrarily chosen
ratios yielding clear plaque frequencies between 10-2 and 0.3. Products of these
reactions were pooled and parental phage were counterselected by amplification
on the Hfl rk-mk+ strain NM514 (Murray, 1983, a gift from Peter Little). The
amplified progeny phage were replated on NM514 and screened by plaque hy-
bridization (Benton and Davis, 1977) with a radiolabelled U5-specific hybridiza-
tion probe. Phage which scored positive on duplicated plaque lifts were rescreened
with the 'env' hybridization probe shown in Figure 1. Phage which annealed
with U5, but not with 'env' probe were plaque purified and their DNA analyzed
(Cameron et al., 1977).
A second batch of cDNA was generated from 1638 RNA via an abbreviated

procedure. First strand synthesis was primed via a mixture of oligo(dT) and a
synthetic oligonucleotide dTTCTATGTAGGGGATCCCGTAACT complemen-
tary to codons 136-143. EcoRl linkers were removed from the double-stranded
cDNA by chromatography over an ion exchange column ('NACS', Bethesda
Research Laboratories). The resultant cDNA was cloned directly into Xgt10 as
described above, and phage screened without amplification using a probe excis-
ed from clone 34. The probe extended from the ClaI site (nucleotide 138) to
the NcoI site (nucleotide 330; Figure 8).

c-Ha-ras clones were isolated from a XgtlO cDNA library (a gift from Ling-
Chun Chen) prepared from RNA from the bursal lymphoma cell line R2B. The
library was screened with a radiolabeled PvuII-EcoRI fragment excised from the
1638-derived cDNA clone 34. Four overlapping clones were isolated and are
detailed in Figure 7.

DNA sequencing
The EcoRl insert of clone 34 was subcloned in the plasmid pUC8 (Vieira and
Messing, 1982) by standard procedures. This subclone was digested with EcoRI
and the 1.05-kb insert isolated by gel electrophoresis. This fragment was rendered
blunt-ended by treatment with the Klenow fragment ofDNA polymerase I (Drouin,
1980), and digested with AluI, HaeIH orRsaI. Fragments from these digests were
cloned into the SnaI site of the m13 vector mpl8 (Norrander et al., 1983). Se-
quencing was performed as described by Biggin et al. (1983). Additionally, clone
34 was sequenced via the chemical degradation method after radiolabeling at EcoRI,
NcoI and ClaI restriction sites (Maxam and Gilbert, 1980). Molecular clones deriv-
ed from the second batch of 1638 cDNA were subcloned direcdy into mpl8 cleaved
at the EcoRI site.
The EcoRI inserts from all four R2B-derived gtlO clones were subcloned directly

into the EcoRI site of the M13 vector mpl8. In addition, the EcoRI insert from
the clone C4C was subcloned into the plasmid pUC8. This pUC8 subclone was
used as a source of smaller fragments (EcoRI-PvulI, NcoI-EcoRV) which were
blunt ended with Escherichia coli DNA polymerase I and ligated into the SnaI
site of M13 mpl8 or EcoRI-ClaI which was ligated to the EcoRI-AccI-digested
M13 mpl8. Finally, the replicative form of the complete M13-C4C subclone
was purified, digested with XbaI and NcoI, blunt-ended and religated to form
an additional substrate for sequencing. All c-Ha-rms M13 subclones were sequenced
(in both orientations) using the dideoxy procedure. With the exception of 60
nucleotides in the R2B 5'-untranslated region, all sequences were determined on
both strands.

Analysis of tumor RIVAs
Polyadenylated RNA (5 ug) was ethanol precipitated and electrophoresed on 0.8%
agarose-formaldehyde gels and transferred to nitrocellulose filters after the method
of Thomas (1980), as described by Nusse and Varmus (1982).
Analysis of cellular DNA with restriction endonucleases
These techniques are described by Payne et al. (1981).
Source and preparation of molecular hybridization probes
The locations of proviral hybridization probe fragments are shown in Figures
1 and 2. Fragments were recovered as described by Westaway et al. (1984) and
were radiolabeled by random priming as described by Payne et al. (1981).
Western blot analysis of Ha-ras proteins
Small biopsies of frozen kidney tumors 196 or 1638 and normal kidney tissue
were pulverized in a Dounce homogenizer containing 20 mM Tris, pH 8.0, 1 mM
dithiothreitol (DTT), 1 mM EDTA and 1% aprotinin. A washed cell pellet from
one 9-cm dish of EJras transformed rat embryo fibroblasts was processed in the
same manner. The homogenates were centrifuged for 5 min in a microfuge and
a standard Bio-Rad protein determination was made on the supernatant. Aliquots
of the supematants containing 20 ag (tracks 1 and 2), 1300 ag (tracks 3 and 4)
or 80 ug (track 5) of total protein were mixed with an equal volume of 2 x sam-

ple buffer, boiled for 1 h and loaded onto a 2-mm thick 15% acrylamide gel.
Pre-stained high mol. wt. protein markers (BRL) were electrophoresed in parallel.

After electrophoresis, the gel was transferred directly to nitrocellulose using
a Bio-Rad trans-blot apparatus. After transfer the nitrocellulose filter was wash-
ed for - 1 h with several changes of phosphate-buffered saline (PBS) and PBS
plus 2% non-fat dry milk and 0.1% NP40 (PMN). The filter was then incubated
for 3 h with 5 ml of PMN solution containing 50 a1 polyclonal anti-p21 serum.

After washing for 1 h with several changes of PMN, the filter was again incubated
with 6 ml of the same containing 1.5 mCi [125I]protein A (Amersham, 30 mCi/mg)
for 1 h. All manipulations were performed at room temperature. After a final
wash as above, the filter was exposed to film.

Acknowledgements
We would like to thank Ling-Chun Chen, Carol Nottenburg, Karl-Heinz Klemp-
nauer, Christoph Seeger, Manfred Schwab, Mike Scott, Art Levinson, Jennifer
Bamett and J.Michael Bishop for invaluable gifts of reagents and advice. We
would also like to thank J.Marinos for punctilious secretarial assistance. This
work was supported by grants from the National Institutes of Health and the
American Cancer Society. H.E.V. is an American Cancer Society Research Pro-
fessor.

References
Aviv,H. and Leder,P. (1972) Proc. Natl. Acad. Sci. USA, 69, 1048-1052.
Benton,W.D. and Davis,R.W. (1977) Science, 1%, 180-182.
Bergmann,D.G., Souza,L.M. and Baluda,M.A. (1980) J. Virol., 34, 366-372.
Biggin,M.D., Gibson,T.J. and Hong,G.F. (1983) Proc. Natl. Acad. Sci. USA,

80, 3963-3965.
Bingham,P.M., Levis,R. and Rubin,G.M. (1981) Cell, 25, 693-704.
Boni-chetzler,M., Boni,J., Ferdinand,F.-J. and Franklin,R.M. (1985) J. Virol.,

55, 213-222.
Bos,J.L., Toksoz,D., Marshall,C.J., Verlaan-de Vries,M., Veeneman,G.H., van

der Eb,A.J., van Boom,J.H., Janssen,J.W.G. and Steenvorden,A.C.M. (1985)
Nature, 315, 726-730.

Cameron,J., Phillipsen,P. and Davis,R.W. (1977) Nucleic Acids Res., 4.
1429-1448.

Canaani,E., Dreazen,O., Klar,A., Rechavi,G., Ram,D., Cohen,J.B. and Givol,D.
(1983) Proc. Natl. Acad. Sci. USA, 80, 7118-7122.

Capon,D.J., Chen,E.Y., Levinson,A.D., Seeburg,P.H. and Goeddel,D.V.
(1983a) Nature, 302, 33-37.

Capon,D.J., Seeburg,P.H., McGrath,J.P., Hayflick,J.S., Edman,V., Levin-
son,A.D. and Goeddel,D.V. (1983b) Nature, 304, 507-513.

Chang,E.H., Furth,M.E., Scolnick,E.M. and Lowy,D.R. (1982) Nature, 297,
479-483.

Chen,L.-C., Courtneidge,S.A. and Bishop,J.M. (1983) Mol. Cell. Biol., 3,
1077-1085.

Cohen,J.C., Shank,P.R., Morris,V.L., Cardiff,R. and Varmus,H.E. (1979) Cell,
16, 333-345.

Corcoran,L.M., Adams,J.M., Dunn,A.R. and Cory,S. (1984) Cell, 37, 113-122.
Cuypers,H.T., Selten,G., Quint,W., Zijlstra,M., Maandag,E.R., Boelens,W.,
Van Wezenbeek,P., Melief,C. and Berns,A. (1984) Cell, 37, 141-150.

Drouin,J. (1980) J. Mol. Biol., 140, 15-34.
Ellis,R.W., DeFeo,D., Maryak,J.M., Young,H.A., Shih,T.Y., Chang,E.H.,

Lowy,D.R. and Scolnick,E.M. (1980) J. Virol., 36, 408-420.

308



Provirally activated nis gene

Ellis,R.W., DeFeo,D., Shih,T.Y., Gonda,M.A., Young,H.A., Tsuchida,N.,
Lowy,D.R. and Scolnick,E.M. (1981) Nature, 292, 506-511.

Fasano,O., Aldrich,T., Tamanoi,F., Taparowsky,E., Furth,M. and Wigler,M.
(1984) Proc. Natl. Acad. Sci. USA, 81, 4008-4012.

Fearon,E.R., Vogelstein,B. and Feinberg,A.P. (1984) Nature, 309, 176-178.
Feramisco,J.R., Helfman,D.M., Smart,J.E., Burridge,K. and Thomas,G.P. (1982)

J. Biol. Chem., 257, 11024-11031.
Francke,U., Holmes,L.B., Atkins,L. and Riccardi,V.M. (1979) Cytogenet. Cell

Genet., 24, 185-192.
Fung,Y.K., Fadly,A.M., Crittenden,L.B. and Kung,H.J. (1981) Proc. Natl. Acad.

Sci. USA, 78, 3418-3422.
Fung,Y.K.T., Lewis,W.G., Kung,H.J. and Crittenden,L.B. (1983) Cell, 33,
357-368.

George,D.L., Scott,A.F., Trusko,S., Glick,B., Ford,E. and Dorney,D.J. (1985)
EMBO J., 4, 1199-1203.

Gonda,T.J., Sheiness,D.K., Fanshier,L., Bishop,J.M, Moscovici,C. and
Moscovici,M.G. (1981) Cell, 23, 279-290.

Graham,M., Adams,J.M. and Cory,S. (1985) Nature, 314, 740-743.
Hayward,W.S., Neel,B.G. and Astrin,S.M. (1981) Nature, 290, 475-489.
Heine,U., de The,G., Ishiguro,H., Sommer,J.R., Beard,D. and Beard,J.W. (1962)

J. Natl. Cancer Inst., 29, 41-105.
Huerre,C., Despoisse,S., Gilgenkrantz,S., Lenoir,G.M. and Junien,C. (1983)

Nature, 305, 638-641.
Huynh,T., Young,R. and Davis,R.W. (1985) In Glover,D. (ed.), DNA
Cloning-A Practical Approach. IRL Press, Oxford and Washington, DC,
Vol. I, pp. 49-78.

Ishiguro,H., Beard,D., Sommer,J.R., Heine,U., de The,G. and Beard,J.W. (1962)
J. Natl. Cancer Inst., 29, 1-39.

Klempnauer,K.-H., Gonda,T.J. and Bishop,J.M. (1982) Cell, 31, 453-463.
Knudson,A.G. and Strong,L.C. (1972) J. Natl. Cancer Inst., 48, 313-324.
Koufos,A., Hansen,M.F., Lampkin,B.C., Workman,M.L., Copeland,N.G.,

Jenkins,N.A. and Cavenee,W.K. (1984) Nature, 309, 170-172.
Lemay,G. and Jolicoeur,P. (1984) Proc. Natl. Acad. Sci. USA, 81, 38-42.
Li,Y., Holland,C.A., Hartley,J.W. and Hopkins,N. (1984) Proc. Natl. Acad.

Sci. USA, in press.
Maxam,A.M. and Gilbert,W. (1980) Methods Enzymol., 65, 499-595.
McCoy,M.S., Bargmann,C.I. and Weinberg,R.A. (1984) Mol. Cell Biol., 4,

1577-1582.
Moscovici,C. and Vogt,P.K. (1968) Virology, 35, 487-497.
Moscovici,C., Chi,D., Gazzolo,L. and Moscovici,M.G. (1976) Virology, 73,

183-189.
Muller,R. and Muller,D. (1984) EMBO J., 3, 1121-1127.
Murray,N.E. (1983) In Hendrix,R.W., Roberts,J.W., Stahl,F.W. and Weis-

berg,R.A. (eds), Lambda II, Cold Spring Harbor Laboratory Press, NY,
pp. 405.

Neel,B.G., Hayward,W.S., Robinson,H.L., Fang,J. and Astrin,S.M. (1981) Cell,
23, 323-334.

Neel,B.G., Gasic,G.P., Rogler,C.E., Skalka,A.M., Ju,G., Hishinuma,F.,
Papas,T., Astrin,S.M. and Hayward,W.S. (1982) J. Virol., 44, 158-166.

Neil,J.C., Hughes,D., McFarlane,R., Wilkie,N.M., Onions,D.E., Lees,G. and
Jarrett,O. (1984) Nature, 308, 814-820.

Neuman-Silberberg,F.S., Schejter,E., Hoffmann,F.M. and Shilo,B.-Z. (1984)
Cell, 37, 1027-1033.

Noori-Daloii,M.R., Swift,R.A., Kung,H.J., Crittenden,L.B. and Witter,R.L.
(1981) Nature, 294, 574-576.

Norrander,J., Kempe,T. and Messing,J. (1983) Gene, 26, 101-106.
Nusse,R. and Varmus,H.E. (1982) Cell, 31, 99-109.
Nusse,R., Westaway,D., Fung,Y.K., van Ooyen,A., Moscovici,C. and Var-

mus,H.E. (1984a) In Vande Woude,G.F., Levine,A.J., Topp,W.C., Wat-
son,J.D. (eds), Cancer Cells, Volume 2, Oncogenes and Viral Genes, Cold
Spring Harbor Laboratory Press, NY, pp. 205-210.

Nusse,R., Van Ooyen,A., Cox,D., Fung,Y.K.T. and Varmus,H.E. (1984b)
Nature, 307 131-136.

Ogura,H., Gelderblom,H. and Bauer,H. (1974) Int. Virol., 4, 69-76.
Orkin,S.H., Goldman,D.S. and Sallan,S.E. (1984) Nature, 309, 172-174.
Parada,L.F., Tabin,C.J., Shih,C. and Weinberg,R.A. (1982) Nature, 297,
474-478.

Payne,G.S., Courtneidge,S.A., Crittenden,L.B., Fadly,A.M., Bishop,J.M. and
Varmus,H.E. (1981) Cell, 23, 311-322.

Payne,G.S., Bishop,J.M. and Varmus,H.E. (1982) Nature, 295, 209-214.
Peters,G., Brookes,S., Smith,R. and Dickson,C. (1983) Cell, 33, 369-377.
Powers,S., Kataoka,T., Fasano,O., Goldfarb,M., Strathern,J., Broach,J. and

Wigler,M. (1984) Cell, 36, 607-612.
Pulciani,S., Santos,E., Long,L.K., Sorrentino,V. and Barbacid,M. (1985) Mol.

Cell. Biol., 5, 2836-1841.
Rechavi,G., Givol,D. and Canaani,E. (1982) Nature, 300, 607-610.

Reddy,E.P., Reynolds,R.K., Santos,E. and Barbacid,M. (1982) Nature, 300,
149-152.

Riccardi,V.M., Sujansky,E., Smith,A.C. and Francke,U. (1978) J. Pediatr., 61,
604-609.

Rushlow,K.E., Lautenberger,J.A., Reddy,E.P., Souza,L.M., Baluda,M.A.,
Chirikjian,J.G. and Papas,T.S. (1982) J. Virol., 42, 840-846.

Schwab,M., Alitalo,K., Varmus,H.E., Bishop,J.M. and George,D. (1983) Nature,
303, 497-501.

Sharp,P.A. (1981) Cell, 23, 643-646.
Simon,M.C., Smnith,R.E. and Hayward,W.S. (1984) J. Virol., 9, 1-8.
Smith,R.E. and Moscovici,C. (1969) Cancer Res., 29, 1356-1366.
Southem,E.M. (1975) J. Mol. Biol., 98, 503-517.
Souza,L.M. and Baluda,M.A. (1980) J. Virol., 36, 325-336.
Spandidos,D.A. and Wilkie,N.M. (1984) Nature, 310, 469-475.
Steffen,D. (1984) Proc. Natl. Acad. Sci. USA, 81, 2097-2103.
Sukumar,S., Notario,V., Martin-Zanca,D. and Barbacid,M. (1983) Nature, 306,
658-661.

Tabin,C.J., Bradley,S.M., Bargmann,C.I., Weinberg,R.A., Papageorge,A.G.,
Scolnick,E.M., Dhar,R., Lowy,D.R. and Chang,E.H. (1982) Nature, 300,
143-149.

Taparowsky,E., Suard,Y., Fasano,O., Shimizu,K., Goldfarb,M. and Wigler,M.
(1982) Nature, 30, 762-765.

Thomas,P.S. (1980) Proc. Natl. Acad. Sci. USA, 72, 5201-5205.
Tsichlis,P., Strauss,P.G. and Hu,L.F. (1983) Nature, 302, 445-449.
Van Ooyen,A. and Nusse,R. (1984) Cell, 39, 233-240.
Varmus,H.E. (1984) Annu. Rev. Genet., 18, 553-612.
Varmus,H.E., Quintrell,N. and Ortiz,S. (1981) Cell, 25, 23-36.
Vieira,J. and Messing,J. (1982) Gene, 119, 259-268.
Watts,S.L. and Smith,R.E. (1980) Infect. Immun., 27, 501-512.
Westaway,D., Payne,G. and Varmus,H.E. (1984) Proc. Natl. Acad. Sci. USA,

81, 843-847.
Wolf,D. and Rotter,V. (1984) Mol. Cell. Biol., 4, 1402-1410.
Yuasa,Y., Srivastava,S., Dunn,C., Rhim,J., Reddy,E. and Aaronson,S.A. (1983)

Nature, 303, 775-779.
Yunis,J.J. and Ramsay,N.K.C. (1980) J. Pediatr., 96, 1027-1030.

Received on 19 November 1985

309


