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The onc gene (v-fes) of the acutely transforming feline sarcoma virus (Snyder-
Theilen strain) has homologous cellular sequences (c-fes) in all vertebrate species,
including humans. We isolated from a human DNA library recombinant phages
containing overlapping c-fes sequences. The human c-fes locus spans a region of
3.4 kilobases and contains 1.4 kilobases of DNA homologous to the viral onc
sequence interspersed with three intervening sequences.

Feline sarcoma viruses (FeSVs) are type C
retroviruses that cause fibrosarcomas in cats
and transform cultured fibroblasts of different
mammalian species. Three isolates of FeSV
have been identified: the Snyder-Theilen (ST)
strain (25), the Gardner-Arnstein strain (10), and
the Sarma-McDonough strain (13). These virus-
es are replication defective; their gene order is
5'-Agag-onc-Aenv-c region-3' (22, 23). The onc
genes of FeSV are thought to be derived from
normal vertebrate DNA. The ST and Gardner-
Arnstein strains have, in fact, acquired the same
set of cat cellular sequences (c-fes) (1, 8, 28).
Three avian sarcoma viruses, Fujinami strain,
PRC II, and UR-I (14, 24) have recovered the
chicken cellular gene homologous to the cat c-
fes.

The transformation-specific proteins of the
FeSVs are fused gag-onc polypeptides which
exhibit associated tyrosine protein kinase activi-
ty (2, 20). Although the nature and the role of the
c-fes protein product are not known, they are
likely to be similar to those of the v-fes gene in a
manner analogous to other characterized onc
gene products (15, 17, 21, 31).

Total human DNA digested with EcoRI and
hybridized with 32P-labeled ST-FeSV-pBR322
recombinant plasmid (pFeSV) discloses one hy-
bridizing band of 14 kilobases (kb), suggesting
that the human c-fes gene is confined to a single
locus (Fig. 1, lane a). To study the structure and
arrangement of c-fes in more detail, we screened
a human Alul-Haelll DNA library (11) by using
pFeSV as a probe. Plating 6 X 10° recombinant
phages (corresponding to the equivalent of about
two genomes), we isolated five clones (3), three

of which, A-N-15, A-N-17, and A-N-26, were
analyzed further. Since the DNA library had
been constructed by ligating DNA fragments to
Charon 4A vector arms with artificial EcoRI
linkers, digestion of the recombinant phages
with EcoRI regenerates the vector arms and the
insert DNA in one or more pieces, depending on
the natural EcoRI sites present in the insert. In
the N-15, N-17, and N-26 clones, EcoRI generat-
ed fragments of 14 and 2 kb, 10 and S kb, and
8.4, 2.5, and 2 kb, respectively. In each case
only the larger fragment hybridized to pFeSV
(Fig. 1, lanes c, f, and h). N-15 contained the
entire 14-kb EcoRI fragment detected in total
genomic DNA. When digested with Sacl, hu-
man DNA yielded three fragments of 4, 2.5, and
0.8 kb that hybridized to pFeSV (Fig. 1, lane b).
The same three fragments were generated by
Sacl digestion of the N-15 and N-26 clones,
suggesting that all of the c-fes coding sequences
are present in these two recombinants (Fig. 1,
lanes g and i). Sacl digestion of N-17 yielded the
2.5- and 0.8-kb fragments, whereas the 4-kb
fragment was replaced by a higher-molecular-
weight band of 20.8 kb (Fig. 1, lane d). Sacl and
EcoRI codigestion converted the latter band to a
1-kb fragment detected by pFeSV, suggesting
that N-17 contains only this fraction of the 4-kb
Sacl fragment in human DNA (Fig. 1, lane e).
However, N-17 may still contain most of the
coding c-fes sequences. N-17, radiolabeled by
nick translation, detected all of the restriction
fragments of ST-FeSV that contain v-fes se-
quences (data not shown).

For orientation and mapping of the three c-fes
clones, three probes were used in Southern blot
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FIG. 1. Autoradiograms of DNA samples. High-
molecular-weight human placenta DNA and purified
phage DN As were digested under standard conditions
with the restriction enzymes EcoRI and Sacl (2 U of
enzyme per pg of DNA) and were electrophoresed on
0.8% agarose gels. The DNA was transferred to nitro-
cellulose filters and hybridized to 3?P-nick-translated
pFeSV (18, 26, 29). The length of the DNA fragments is
expressed in kilobases. Lanes: genomic DNA digested
with EcoRI (a) and Sacl (b); N-17 clone DNA digested
with EcoRI (c), Sacl (d), and EcoRI-Sacl (e); N-15
clone DNA digested with EcoRI (f) and Sacl (g); and
N-26 clone DNA digested with EcoRI (h) and Sacl (i).
The construction of pFeSV by using the FeSV insert
purified from A-ST-FeSV was according to standard
protocols (4, 12).

analyses. These probes were pFeSV and two
plasmid subclones of v-fes, S and Sg, which
represent two 500-base pair PstI fragments en-
compassing 80% of v-fes. The derivation of
these fragments from FeSV (Fig. 2A) has been
described previously (9). S; is proximal to the 5’
end of v-fes and is identified by the presence of
the restriction sites for Kpnl, Sall, and Sacl. Sg
is adjacent to Sy and covers most of the 3’ end of
v-fes. The DNA of N-15, N-17, and N-26 phages
was digested with various enzymes, and tripli-
cate filters were prepared for hybridization to
labeled pFeSV, S, and Sg. Figure 2B shows the
results of a PstI digestion of clone N-15 DNA.
The pFeSV detected bands of 1.8, 1.2, and 0.4
kb and a doublet at 0.6 kb (lane 1). Codigestion
with EcoRI did not change the pattern (data not
shown). The S probe only detected the 1.8- and
0.6-kb bands (lane 2), and Sg detected the 1.2-
and 0.6-kb bands (lane 3). The extra DNA
fragments detected exclusively by pFeSV are
derived from the extreme ends of v-fes beyond
the regions of S; and Sg. Codigestion experi-
ments with other enzymes enabled us to place
the 0.4-kb PstI band detected by pFeSV adja-
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cent to the 0.6-kb band hybridizing to S; . There-
fore, the 0.4-kb fragment contains the terminal
5' sequences of v-fes. A more detailed restric-
tion map of the three clones is shown in Fig. 3.

The internal EcoRI site present in the N-15
and N-17 clones corresponds to the 5’ end of the
14-kb genomic EcoRI fragment. N-15 overlaps
completely with N-17 and contains 4 kb of
additional sequences at the 3’ end. One of the
internal EcoRI sites of the N-26 clone corre-
sponds to the 3’ site of the genomic EcoRI DNA
fragment. N-26 overlaps the N-15 clone com-
pletely and overlaps N-17 only partially. Where-
as the complexity of v-fes is only 1.4 kb, the
complexity estimated by restriction mapping of
the human c-fes gene is 4.6 kb.

The human clone A-N-26 was used in hetero-
duplex formation (6) with A-FeSV since they
both have cloned inserts oriented 5’-3' with
respect to the left and right phage arms. The
other two human clones, A-N-15 and A-N-17, are
oriented 3’'-5’. Charon 4A, the A-N-26 vector,
and A\-WES, the FeSV vector, are homologous
along the 19.8 kb of the Charon 4A left arm (Ap).
The right phage arms (Ag) contain regions of
nonhomology and, due to their unequal length,
form a deletion loop. These heteroduplex fea-
tures of the \ vectors were seen in all heterodu-
plex molecules. An example is shown in Fig. 4A.
Heteroduplex comparisons of the two insert
sequences consistently showed certain features.
(i) The 3’-flanking sequences of the c-fes oppo-
site a segment containing 3'-viral helper-derived
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FIG. 2. (A) Restriction map of ST-FeSV (23). The
central box represents the v-fes gene. The two Pstl
fragments indicated were subcloned at the Ps:I site of
pBR322 as previously described (9). The stippled bar
indicates the 5’ PstI fragment (S;) of the v-fes gene,
whereas the solid bar indicates the 3’ Ps:I fragment
(Sr). (B) Autoradiogram of Pstl-digested N-15 DNA
hybridized with labeled plasmids pFeSV (lane 1), S¢
(lane 2), and Sy (lane 3).
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sequences and adjacent \-WES sequences form
a large substitution loop near Ar. (ii) A stem-
and-loop structure, suggesting the presence of
interspersed inverted repeat sequences, is
formed within the c-fes sequences of this substi-
tution loop. (iii) At the 5’ limit of this large
substitution loop there is a duplex region repre-
senting the 3’ homologous sequences of c-fes
and v-fes. Due to twisting of the hybrid mole-
cule, the 5' region of the c-fes-v-fes heterodu-
plex was, in most cases, uninterpretable. One
molecule, however, contains a break in the 3'-
flanking sequences of N-26, which allowed chain
relaxation and clear display of the entire c-fes-v-
fes duplex region (Fig. 4B and C). This region
contains three deletion loops which, most likely,
represent intervening sequences in c-fes toward
the 5’ end of the gene. A substitution loop
extending from the 3’ end of one c-fes-v-fes
duplex and A; is formed by 1.5 kb of the 5'-
flanking sequences of N-26 opposite 1.7 kb of 5'-
viral helper-derived sequences of FeSV and 1.5
kb of nonhybridized \-WES left arm. The mea-
surements of all elements of the heteroduplex
molecule are summarized in Fig. 4D. Regions
containing the A arms agree well with published
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maps and heteroduplex studies (7, 27, 30). The
total duplex length between c-fes and v-fes is
about 1.4 kb, which is in good agreement with
the reported size of v-fes (22, 23).

A synthesis of the restriction enzyme maps of
human c-fes clones and the heteroduplex be-
tween A\-N-26 and A-ST-FeSV (Fig. 4) enabled us
to arrive at the organization of the coding and
intervening sequences of the human c-fes locus
(Fig. 3, lower part). Starting from the 5’ end of
the v-fes-c-fes heteroduplex, there is a short
stretch of homology comprising sequences ho-
mologous to the 5’ terminus of v-fes (hatched
bar) and to part of S; (stippled bar). The first
intron, which measures 0.7 kb, maps between
the Kpnl site and the adjacent PstI site. This is
followed by two short stretches of homology
interrupted by a second intron of 0.4 kb. These
map between a Pstl site and a Sacl site. The
third intron, of 0.8 kb, maps between the same
Sacl site and a BamHI site. The long stretch of
homology after the third intron accounts for
sequences homologous to the remaining S; re-
gion, all of Sy (solid bar), and the 3'-terminal
sequences of v-fes (white bar). We searched also
for the presence of repetitive sequences in our
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FIG. 3. Restriction map of human c-fes clones. The hybridizing regions are highlighted by bars. The hatched
bar represents the sequences detected by the 5’-terminal sequences of v-fes; the stippled bar represents the
region detected by S; ; and the solid bar represents the region detected by Sg. The lower part shows a schematic
representation of the human c-fes locus constructed from restriction enzyme mapping and heteroduplex
analyses. The designations of areas corresponding to different regions of v-fes are as described above. The black
dots represent the approximate localization of sequences homologous to a member of the Alul family.
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FIG. 4. Heteroduplex of A-N-26 and A-ST-FeSV. Heteroduplex molecules were formed in 50% formamide at
32°C after total phage particle disruption and DNA denaturation in 0.1 N NaOH. DNA was spread in 50%
formamide onto a hypophase of 20% formamide, recovered on parlodian-coated copper grids, and rotary
shadowed with platinum-palladium (6). (A) Typical heteroduplex molecule. The left (A.) and right (\g) arms of
the vector are labeled. The substitution loop includes the 3’ end of both inserts. The 3'-cellular flanking region
(short, thin arrow) contains a self-annealed sequence and a loop. The opposing DNA strand includes both FeSV
and \-WES sequences. The 3’ region of the c-fes/v-fes duplex is clearly seen (long, thin arrow). Magnification:
main figure, X26,500; insert, x123,000. (B) Heteroduplex showing entire c-fes/v-fes region of homology and
three intervening sequences. Magnification: main figure, X26,500; insert, x123,000. (C) Tracing of the molecule
shown in (B); intervening sequences are designated is1, is2, and is3. (D) Summary of length measurements (in
kilobases) from 12 heteroduplex molecules (standard deviations are given) and the molecule shown in (B) (no

standard deviations are given). The region of onc gene homology is 1.4 kb long.

human clones by using, as a labeled DNA probe,
a plasmid containing a member of the Alul
family, designated BLUR 8 (19). The §’ side of
the c-fes clones contains two regions of homolo-
gy to the Alul repeat. These map at 1,600 and
4,000 nucleotides upstream from the 5’ end of
the c-fes gene (Fig. 3).

Another region of these sequences was found
at 1,000 nucleotides downstream from the 3’ end
of the c-fes gene. The N-26 clone may contain
even more regions of homology in its 3’-flanking
sequence. In summary, restriction enzyme map-
ping and heteroduplex studies confirm that we
have isolated human DNA fragments homolo-
gous to the entire 1.4-kb sequence of the onc
gene of ST-FeSV. The human c-fes locus, which
includes both coding and intervening sequences,

spans about 3.4 kb, with all three introns located
in the 5' half of the c-fes gene. The human c-fes
clones are similar in complexity to the cat c-fes
locus which we have mapped previously (9). We
compared the human c-fes gene to another hu-
man onc gene, c-sis, recently cloned in our
laboratory (5). The c-sis gene is homologous to
the onc gene of the simian sarcoma virus. We
found no sequence homology between the two
genes in any coding, intervening, or flanking
sequences, except for sequences of the Alul
repeat family found in both the human c-sis and
the human c-fes genes.

Many attempts have been made to ascertain
the role of cellular onc genes in cellular trans-
formation. The oncogenic potential of a DNA
sequence can be tested by transformation of



1018  NOTES

cultured cells at high efficiency. Thus far, molec-
ularly cloned cellular analogs of viral onc genes,
by themselves, do not seem to have transform-
ing activity. However, the mouse cellular gene,
c-mos, which is homologous to the onc gene of
Moloney murine sarcoma virus, can transform
fibroblasts in vitro when linked to an active viral
promoter (16). We are currently testing the
transforming capability of the cloned human c-
fes sequences by linking them to a variety of
viral promoters.
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lished results, J. V. Ingari for help in some of the restriction
mapping experiments, and Anna Mazzuca for help in the
preparation of this manuscript.
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