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Recombinant bacteriophage A clones from a cat genomic library derived from
placental DNA of a specific pathogen-free cat were screened to identify endoge-
nous feline leukemia virus (FeLV) sequences. Restriction endonuclease mapping
of four different clones indicates that there are a number of similarities among
them, notably the presence of a 6.0- to 6.4-kilobase pair (kbp) EcoRI hybridizing
fragment containing portions of sequences homologous to the gag, pol, env, and
long terminal repeat-like elements of the infectious FeLV. The endogenous FeLV
sequences isolated are approximately 4 kbp in length and are significantly shorter
than the cloned infectious FeLV isolates, which are 8.5 to 8.7 kbp in length. The
endogenous elements have 3.3- to 3.6-kbp deletions in the gag-pol region and
approximately 0.7- to 1.0-kbp deletions in the env region. These deletions would
render them incapable of encoding an infectious virus and may therefore be
related to the non-inducibility of FeLV from uninfected cat cells and the
subgenomic expression of these endogenous sequences in placental tissue. It
appears that there is conservation in the ordering of restriction sites previously
reported in the proviruses of the infectious FeLVs in sequences corresponding to
the pol and env boundary as well as the region spanning the env gene of the
endogenous clones, whereas a greater divergence occurs among restriction sites
mapped to the gag and part of the pol regions of the infectious FeLV. Such
deleted, FeLV-related subsets ofDNA sequences could have originated either by
germ-line integration of a complete ecotropic virus followed by deletion, or by
integration of a preexisting, defective, deleted variant of the infectious virus.

Feline leukemia virus (FeLV) is a replication-
competent type C retrovirus which is horizontal-
ly transmitted in domestic cats and has been
implicated as a causative agent in naturally
occurring leukemias and lymphomas of this spe-
cies (12). Although the majority of cats with
leukemias and lymphomas demonstrate virus-
positive status, approximately one-third of these
spontaneous lymphoid tumors do not contain
infectious FeLV or detectable FeLV antigens
(13, 15).
FeLV, like other mammalian replication com-

petent retroviruses (4), contains three genes,
gag, pol, and env (in the canonical order 5' to 3'
of the genomic RNA), which code for the inter-
nal structural proteins, reverse transcriptase,
and the virion envelope proteins (gp7O anc
pl5e), respectively (4, 32). On the basis of data
obtained with Moloney murine leukemia virus, it
is estimated that the positions of gag, pol, and
env genes on the 8.5-kilobase pair (kbp) DNA of
Snyder-Theilen FeLV, subgroup B (ST-FeLV-
B), are 1.0 to 3.2 kbp, 3.2 to 5.5 kbp, and 5.5 to

7.5 kbp, respectively, flanked by 0.49-kbp re-
gions of long terminal repeat (LTR) (14, 30).

Cellular DNA from a normal cat is known to
contain sequences partially homologous to the
genome of the horizontally transmitted FeLV (1,
3, 28). These endogenous sequences are present
in multiple copies in the cat genome and appear
to be arranged as discrete genetic elements in
nontandem fashion (18). There is evidence indi-
cating that a portion of the infectious FeLV
genome is absent in these endogenous se-
quences (27). This latter observation correlates
with the fact that these sequences are not induc-
ible as infectious viral particles (3). Further-
more, it has been reported that the sequences at
the 3' end of the exogenous FeLV genomes
studied so far (22, 30), notably the unique 3' (U3)
region of the LTRs, are different from the endog-
enous FeLV-related sequences in domestic cat
DNA (7).
Endogenous FeLV-related sequences are ex-

pressed as virus-specific RNA species in certain
virus-negative lymphomas and in normal placen-
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tal tissue in the absence of any FeLV-related
gag protein detectability (24, 25). RNA gel anal-
ysis of the heterogeneous species of polyadenyl-
ate-selected RNA from the steady-state RNA
pool of the placenta was found to contain se-
quences primarily homologous to the FeLV env
region (6). To study the sequence organization
and complexity of the various endogenous
FeLV-related information present in cat DNA
with respect to the exogenously acquired FeLV
genome, and to explain the noninducibility of
FeLV from uninfected cat cells and subgenomic
expression of the endogenous elements, we con-
structed a phage library of placental DNA from a
specific pathogen-free (SPF) cat and screened
for FeLV-related sequences. We now describe
the cloning of these endogenous sequences in a
recombinant phage vector and the characteriza-
tion of some of these sequences by restriction
mapping and Southern blotting.

MATERIALS AND METHODS
Cat tissues. Placental tissues of cats maintained in a

FeLV-free colony were kindly provided by J. Rojko
and E. Hoover of the Ohio State University, Colum-
bus, Ohio.

Preparation of placental and AJ1DNA for cloning.
Tissue DNA was extracted according to the method of
Koshy et al. (18). Briefly, minced tissues were homog-
enized and protein digested with 200 ,ug of proteinase
K per ml in the presence of 1.0% sodium dodecyl
sulfate for 3 to 5 h at 37°C. Further deproteinization of
DNA with phenol-chloroform was followed by exten-
sive dialysis against a Tris-EDTA buffer. DNA was
partially cleaved with the restriction endonuclease
Mbol, and the fragments 17 to 22 kbp in size were
isolated by rate zonal centrifugation on a sucrose
gradient and checked by gel electrophoresis according
to the procedure described by Maniatis et al. (20).
Lambda vector Jl was previously constructed (J. I.

Mullins, unpublished data) and derived from XL47.1
(19). XJ1 was propagated on KH802 cells by the liquid
culture procedure described by Blattner et al. (5).
Phage and phage DNA were purified by the methods
of Tiemeier et al. (34). Phage DNA was digested with
BamHI and separated on a sucrose gradient as de-
scribed by Maniatis et al. (20).

Construction and identification of hybrid phage. Li-
gation of BamHI-digested phage arms and size-select-
ed placental DNA fragments was carried out according
to the procedures described by Maniatis et al. (20). In
vitro packaging of chimeric DNA into phage particles
was done according to the procedures of Hohn and
Murray (17) and Collins and Hohn (8), with modifica-
tions by Mullins et al. (22). Using this method, we
obtained a packaging efficiency of 1.3 x 106 PFU per
,ug of inserted eucaryotic DNA. Assuming an average
size of 20 kbp for the insert in the cat DNA library and
a genome size of 3 x 109 base pairs, only 1 in 150,000
plaques will be expected to carry a particular single
copy sequence. Thus, recombinant phage representing
roughly eight genome equivalents were obtained in our
cat placental DNA library.

All recombinant phage were grown on KH802 cells,

and the library was amplified by subconfluent plate
lysis as described by Maniatis et al. (20). The library
was repeatedly screened for endogenous FeLV-relat-
ed sequences, using a hybridization probe specific to
the env region of the infectious Gardner-Arnstein
FeLV, subgroup B (GA-FeLV-B). In situ plaque hy-
bridizations were carried out as described previously
(2, 19). Positive plaques were purified, and large-scale
preparations of phage were obtained (5, 22). Phage
DNA was purified by the methods of Tiemeier et al.
(34).

Preparation of hybridization probes. We obtained
ST-FeLV-B DNA in AgtWes * XB (30) as a gift from C.
Sherr of the National Cancer Institute. Subgenomic
probes of FeLV were derived from cloned DNAs (see
Fig. 1). The env gene region, representing sequences
encoding gp7O but not plSe, of the GA-FeLV-B was
the 1.7-kbp XhoI to SacII fragment of the plasmid
clone pBHM-i derived from XHF49 (22); the gag-pol
region was the 5.2-kbp XhoI fragment of plasmid clone
pKHM-1 derived from XHF52; the gag-specific region
was the 5' 2.8-kbp Xhol to Kpnl fragment of pKHM-1;
the pol-specific region was the middle 1.5-kbp KpnI
fragment and 3' 0.9-kbp KpnI to XhoI fragment of
pKHM-1; and the U5 region of the infectious FeLV
LTR was represented in the 0.55-kbp 3' SmaI to
EcoRI fragment from the XHF60 (22) clone containing
half of the GA-FeLV-B LTR (38 bases R, 72 bases U5)
plus 3' flanking human sequences cloned into the
plasmid pKHR-9 (7). The plasmid pKHR-9 was pro-
vided by A. Roach and N. Davidson. The endogenous
FeLV probe used in genomic DNA studies consisted
of the 6.0-kbp EcoRI fragment of XCF-14 derived from
the SPF cat placental DNA library and subcloned into
pBR322. All hybrid DNAs were digested with an
excess of appropriate restriction endonucleases, indi-
cated above, and the digestion products were electro-
phoretically separated on agarose gels. DNA bands
were visualized by direct staining with ethidium bro-
mide, and desired fragments were purified by electro-
elution onto dialysis membranes as described by Yang
et al. (35). Nick-translated probes were prepared by
the procedure of Mullins et al. (22), using [32P]dCTP as
the radiolabeled substrate, with specific activities of
about 2 x 108 dpm per ,g of input DNA.

Restriction endonuclease analysis. All DNAs were
digested with restriction endonucleases according to
the manufacturers' recommendations (Bethesda Re-
search Laboratories or New England Biolabs). One
microgram of DNA was digested for 3 h at 37°C in 30
RI of an assay buffer containing 4 U of restriction
endonuclease. Digested DNA samples were mixed
with 6 ,ul of stop reaction buffer (100 mM EDTA [pH
8.2], 25% glycerol, and 0.05% bromophenol blue), and
the samples were loaded directly onto gels. Electro-
phoresis was conducted in 0.7% agarose gels in 40 mM
Tris-acetate (pH 7.8)-S5 mM sodium acetate-1 mM
EDTA. Gels were run at 55 mA for 12 to 24 h. The gels
were then soaked in ethidium bromide (1 ,ug/ml) and
photographed under UV illumination. The electropho-
retic standard used was HindlIl digests of bacterio-
phage A DNA. Transfer of DNA to nitrocellulose and
filter hybridizatiins were carried out according to the
general procedure of Southern (31), with modifications
by Mullins et al. (22). All hybridizations were done for
16 to 24 h with 105 dpm of 32P-labeled FeLV nick-
translated probe per ml for restriction mapping.
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FIG. 1. Construction of FeLV env, gag-pol, and U5-specific hybridization probes. Open boxes represent the

FeLV proviral sequence derived from the indicated A clone. Dotted lines indicate pBR322 or pKC7 vector
sequences. The subgenomic probes were obtained by gel purification of the indicated restriction fragments.
Lengths are given in kilobase pairs, and RI is the EcoRI cleavage site.

RESULTS

Isolation and cloning of recombinant phage
containing endogenous FeLV-related sequences.
The modified lambda cloning vector AJ1 has a
cloning capacity of approximately 8.6 to 23.8
kbp (Mullins, unpublished data). Therefore, to
ensure inserts approximately 20 kbp in length,
we used MboI-digested SPF placental DNA,
selecting conditions for digetion which maxi-
mized the generation of fragments in this size
range. The digested DNA was size-fractionated
on a sucrose gradient and checked by gel elec-
trophoresis. Fragments 17 to 22 kbp in size were
pooled, dialyzed extensively against 10 mM Tris
(pH 7.5)-10mM NaCl-1 mM EDTA, and precip-
itated in ethanol. Size-fractionated placental
DNA was ligated to the purified end fragments
of BamHI-digested XJ1 and packaged in vitro as
described above. A total of 1.3 x 106 recombi-
nant phage were amplified by subconfluent plate
lysis, replated, and screened with a hybridiza-
tion probe specific to the env region of the
infectious GA-FeLV-B (XhoI-SacII fragment of
the plasmid pBHM-5 [22]). We obtained a total
of 26 FeLV env-positive clones from the ampli-
fied phage preparation, denoted XCF-1 through
XCF-26. We purified and analyzed the DNA
from four clones by restriction mapping tech-
niques, using subgenomic probes to the env,

gag-pol, and U5 regions of the infectious GA-
FeLV-B. These four clones were selected from
the 26 original isolates on the basis of their
strong hybridization with the 32P-labeled nick-
translated FeLV env-specific probe. Many of
the remaining clones exhibiting light and vari-
able hybridization have not been further charac-
terized.

Restriction endonuclease analysis of cloned en-
dogenous FeLV DNA. A restriction endonucle-
ase cleavage map of the four selected clones was
prepared by digesting endogenous FeLV hybrid
DNA with various restriction endonucleases,
separating the DNA fragments by agarose gel
electrophoresis, transferring the DNA fragments
to nitrocellulose filters, and hybridizing the
DNA to the various GA-FeLV-B subgenomic
nick-translated probes. Samples of the results
obtained by using each of these probes with
clone XCF-14 are shown in Fig. 2; they were
interpreted as follows. EcoRI digestion generat-
ed a single hybridizing DNA fragment of 6.0 kbp
which hybridized to the nick-translated GA-
FeLV-B env-specific probe (Fig. 2A, lane 3),
gag-pol-specific probe (Fig. 2B, lane 3), and U5-
specific probe (Fig. 2C, lane 3). Because the
endogenous FeLV-related sequences (18, 21)
have been reported not to contain internal
EcoRI cleavage sites, this 6.0-kbp hybridizing
fragment was interpreted to represent the endog-

I..

xhpl

VOL . 46, 1983

X!r 11.7 see I-sme I
I am=I I i

I R 1

0.55 9=7.1SIC. 0 -T



a 3 e 6 7 8
A

2 3 4 5 6 7 8

a~~..a_
_b _b _m

_ _

- _

I.-

2 3 4 5 6 7

a A _

0o

FIG. 2. Restriction digests of clone XCF-14 DNA and hybridization to env, gag-pol, and U5-specific probes.
A preparation of XCF-14 DNA was subjected to restriction digestion, gel electrophoresis, Southern blotting,
hybridization, and autoradiography as described in the text. The left panel shows the ethidium bromide staining
pattern after electrophoresis on a 0.7% agarose gel. (A) Southern blot of the gel on the left probed with nick-
translated 32P-labeled FeLV env-specific DNA fragments. (B) Duplicate blot of the gel on the left which was

hybridized with an FeLV gag-pol-specific probe. (C) Southern blot of another gel probed with 32P-labeled GA-
FeLV B U5-specific fragment. Lanes (for A, B, and C): 1, BamHI; 2, BamHI-EcoRI; 3, EcoRI; 4, EcoRI-
HindIII; 6, BglII-HindIII; and 7, HindIll. For A and B: 5, EcoRI-BglII; 8, BglII. For C only: 5, EcoRI-HindIII-
BglII. The far left lane of the left panel shows the positions of the fragments in a Hindlll digest of wild-type
DNA used as a molecular weight marker.
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enous FeLV-related element. This 6.0-kbp
EcoRI hybridizing fragment apparently con-
tained sequences homologous to the major viral
protein-encoding genes of the infectious FeLV
as well as sequences related to the U5 region of
the LTRs. Based upon the length estimates for
the infectious GA-FeLV-B (22) and ST-FeLV-B
(30) genomes, this endogenous FeLV-related
element appeared to contain a significant dele-
tion of sequences.

Digestion with EcoRI and BamHI (lane 2)
produced two fragments of 2.9 and 2.3 kbp
which hybridized to both the FeLV env-specific
(Fig. 2A) and U5-specific (Fig. 2C) probes.
Hybridization with the gag-pol-specific probe
produced only the 2.9-kbp band (Fig. 2B). Be-
cause the sum of the two fragments, 2.9 and 2.3
kbp, was less than the total 6.0-kbp EcoRI
fragment, BamHI must have cleaved the EcoRI
fragment twice internally, and the fragment 0.8
kbp in length, representing the balance of the
EcoRI-BamHI digestion products, does not con-
tain endogenous FeLV-related sequences. We
assumed that the endogenous FeLV element
represented in clone XCF-14 contained se-
quences related to the viral genes gag, pol, and
env in the canonical order 5' to 3' of the genomic
RNA. Hence, the 2.3-kbp fragment which hy-
bridized to both env-specific and U5-specific
probes but failed to hybridize to the gag-pol
probe represents sequences which are 3' in
orientation (with respect to viral RNA) to the
2.9-kbp fragment. Cleavage with BamHI alone
(lane 1) yielded two fragments, 5.2 and 2.3 kbp,
which hybridized to both the env-specific (Fig.
2A) and the U5-specific (Fig. 2C) probes, but
only one frgament of 5.2 kbp, which hybridized
to the gag-pol-specific probe (Fig. 2B). The 5.2-
kbp BamHI fragment must represent 5'-related
sequences which are subsequently cleaved by
EcoRI to the 2.9-kbp fragment (Fig. 2B, lane 2).
The 2.3-kbp BamHI fragment containing env-
and U5-related sequences must be the same
internal 2.3-kbp fragment seen in the EcoRI-
BamHI digestion pattern. Hence, we confirmed
that the 2.9- and 2.3-kbp EcoRI-BamHI frag-
ments are oriented 5' and 3', respectively, and
represent contiguous sequences related to the
infectious GA-FeLV-B genome. The 0.8-kbp
EcoRI-BamHI fragment which lacks sequences
homologous to the infectious FeLV genome is
situated at the far 3' end of the 6.0-kbp EcoRI
hybridizing fragment. The EcoRI sites are there-
fore contained in sequences flanking the endoge-
nous FeLV element rather than within the LTR
element itself. This is in contrast to the structure
of the infectious ST-FeLV-B genome (30) in
which EcoRI sites are present in the LTRs.

Digestion with EcoRI and HindIll (lane 4)
yielded a fragment of about 4.0 kbp which

hybridized to all three FeLV subgenomic
probes. Hybridization with the U5-specific
probe (Fig. 2C) produced an additional 2.0-kbp
band. Because the 4.0- and 2.0-kbp fragments
make up the total 6.0-kbp EcoRI band, HindIII
must cleave the EcoRI fragment only once inter-
nally. The ability to visualize both fragments
with a probe specific to the LTR-related ele-
ments suggested that these endogenous FeLV
sequences are flanked by LTRs. Furthermore,
sequences related to the viral structural genes of
the infectious FeLV are contained in the 4.0-kbp
EcoRI-HindIII fragment and therefore contain
considerable sequence deletions. The orienta-
tion of these two fragments was determined by
the BamHI-HindIII digestion pattern (data not
shown), in which we observed a 5.2-kbp band
that hybridized to all three subgenomic probes, a
1.1-kbp band which hybridized to the env-spe-
cific probe, and a 1.3-kbp band which hybridized
to the U5-specific probe. Because the 5.2-kbp
fragment observed in the BamHI digest alone
reappeared in the BamHI-HindIII double diges-
tion, the HindlIl site must be located 3' relative
to the 5'-most BamHI site. Hence, the 4.0- and
2.0-kbp EcoRI-HindIII fragments are located 5'
and 3', respectively, relative to the exogenous
FeLV RNA genome.

EcoRI-HindIII-BglII digestion (Fig. 2C, lane
5) of XCF-14-cloned DNA produced two frag-
ments 4.0 and 1.7 kbp in length which hybridized
to the U5-specific probe. Cleavage with EcoRI
and BglII (Fig. 2A and B, lane 5) yielded a single
hybridizing fragment of 5.7 kbp. These results
locate the BglII site 0.3 kbp from the 3' EcoRI
site and suggest that the 1.7-kbp hybridizing
HindIII-BglII fragment is located at the 3' end of
the 6.0-kbp EcoRI fragment. In addition, there is
the 0.3-kbp BglII-EcoRI fragment, which does
not hybridize with any of our subgenomic FeLV
probes. The restriction endonuclease cleavage
mapping results described above are consistent
with the interpretation that the nonhybridizing
region of cloned XCF-14 DNA is located at the 3'
end of the 6.0-kbp EcoRI hybridizing fragment
and to the right of the 3' BamHI cleavage site.

Using the EcoRI and BamHI cleavage sites
located above as points of reference, we used
digestion with additional combinations of re-
striction enzymes to develop the physical map of
XCF-14 cloned DNA. The data obtained by
hybridization of quadruple blots were used to
determine the extent of the various subgenomic
regions in this clone. These results are summa-
rized in Table 1. Briefly, the SstI cleavage site
located approximately 1.7 kbp from the 5' EcoRI
site appears to delineate the boundary between
the gag-specific region and sequences related to
the U5 portion of the infectious FeLV LTR as
the 5' 1.0-kbp SstI fragment hybridizes solely to
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TABLE 1. DNA fragments from endogenous cloned
FeLV XCF-14 homologous to GA-FeLV-B

Restriction Fragment Labelingb
enzymes size (kbp)' U5 Gag Pol Env

EcoRI-SstI 4.3 + + + +
1.0 + - - -

BamHI-SstI 2.3 + - - +
1.0 + - - -
1.3 - + + +

EcoRI-XhoI 2.8 + + + +
1.0 - - '- +
2.2 + - - -

BamHI-XhoI 2.8 + + + +
1.0 - - - +
1.4 + - - -

EcoRI-KpnI 2.3 + + + +
2.7 + - - +

BamHI-KpnI 1.6 + + + +
0.7 - _ _ +

a Sizes offragments labeled after hybridization with
various DNA probes (see Fig. 1 for map position of
probes).

b +, Detectable hybridization; -, undetectable hy-
bridization.

the U5-specific probe (Table 1; Fig. 3). The gag
and pol-related sequences are confined to the
middle 1.3-kbp SstI-BamHI fragment, although
additional hybridization of this fragment to the
env-specific probe indicates that the env gene-
related sequences extend into this fragment as
well. Based upon earlier results by Sherr et al.
(30) on the size estimates for the various regions
of the ST-FeLV-B genome, we concluded that
these endogenous sequences are deficient in
some portion of the gag-pol region. Sherr et al.
(30) estimated the gag-pol region to be approxi-
mately 4.5 kbp, whereas our restriction maps
indicated the same region to be less than 1.3 kbp
in length. This finding represents a significant
deletion of sequences in this region and appears
to account for a major difference in length be-
tween the infectious FeLV genomes and the
endogenous FeLV-related sequences described
in these clones.
The extent of the env-specific region of the

endogenous FeLV element is illustrated in the
XhoI cleavage pattern. Cleavage of XCF-14
DNA with EcoRI and XhoI (see Table 1) yielded
a 2.8-kbp fragment which hybridized to all four
subgenomic FeLV probes, a 1.0-kbp fragment
which hybridized to only the env-specific probe,
and a 2.2-kbp fragment which hybridized to the
U5-specific probe. Since double digestion with
XhoI and BamHI did not alter the 2.8-kbp frag-
ment, this fragment must be located within the
2.9-kbp BamHI fragment described earlier. The
1.0-kbp XhoI fragment which hybridizes to the
env-specific probe strongly suggests that the
XhoI cleavage site located approximately 3.8

kbp from the 5' EcoRI site represents the bound-
ary between the env gene region and sequences
related to the LTR-like elements of the endoge-
nous FeLV DNA. Furthermore, the 1.4-kbp
BamHI-XhoI fragment (Table 1) seen with the
U5-specific probe confirms that LTR-related
sequences flank the portion of the endogenous
FeLV clone containing elements homologous to
portions of the viral genes gag, pol, and env.
Cleavage with BamHI and KpnI confirms that
the env-related sequences extend through the
region 5' of the second XhoI site as the 0.9-kbp
fragment, which from earlier experiments was
determined to be generated from the 5' BamHI
cleavage site and the KpnI site located 3.6 kbp
from the 5' EcoRI site, hybridized only to the
env-specific probe. Hence, restriction endonu-
clease cleavage mapping results are consistent
with the interpretation that the env-related se-
quences of the clone XCF-14 are located from
approximately 2.7 to 3.8 kbp from the 5' EcoRI
cleavage site. Based upon the length estimates
of the env gene of the infectious ST-FeLV-B
(30), which was determined to be approximately
2.0 kbp, these results indicate a deletion of env-
related sequences in our endogenous clone.
However, it should be noted that the hybridiza-
tion probe used to map the env gene consists of
sequences spanning the gp7O but not the pl5e
protein-encoding region of the env gene. The
size estimate for the env-related sequences in
our endogenous clone may, therefore, represent
a minimum estimation of its total length.
Comparison of endogenous FeLV sequences

among different loci in cat DNA. A comparison of
the restriction maps constructed for the four X
DNA clones obtained from the cat genomic
library is seen in Fig. 3. There was a high degree
of homogeneity among the cloned sequences
within the EcoRI fragment, as illustrated by
conservation of several restriction sites. For
example, all four clones contained an SstI re-
striction site approximately 1.8 kbp from the 5'
EcoRI site, two internal BamHI cleavage sites,
an internal Hindlll site located approximately 4
kbp from the 5' EcoRI site, and two internal PstI
sites located near the middle of the EcoRI frag-
ment separated by approximately 0.4 kbp. Two
internal SmaI cleavage sites appeared at posi-
tions approximately 2 and 4.9 kbp from the 5'
EcoRI site, and two internal XhoI cleavage sites
and a single KpnI site were mapped near the
internal HindlIl cleavage site in all clones.
There appeared to be a conservation of SmaI
and KpnI cleavage sites within the 5' LTR-
related elements, although this homogeneity in
structure was less apparent in the 3' LTR-
related sequences of the endogenous FeLV
clones studied. The use of various subgenomic
probes to the GA-FeLV-B indicated that all
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FIG. 3. Comparison of the restriction maps of endogenous FeLV DNA sequences in four A clones.
Restriction sites were mapped after digestion with the enzyme indicated alone or with either EcoRI or BamHI,
and the fragments were analyzed by gel electrophoresis and Southern transfer techniques. The orientation of the
restriction maps is from 5' to 3' with respect to viral RNA. Double lines correspond to the EcoRI fragment
containing the endogenous FeLV sequences; they are used to aid in orientation. Single lines indicate cat cellular
flanking DNA sequences. Clone XCF-14 also shows the approximate location of subgenomic regions which were
assigned according to hybridizations employing the FeLV gag, pol, env, and U5-specific probes described in the
text.

clones contained an env (gp7O) region approxi-
mately 1.0 to 1.3 kbp in length and a gag-pol
region of approximately 0.9 to 1.2 kbp, and that
they were flanked by LTR-like elements. EcoRI
sites appeared to be present in sequences flank-
ing the endogenous FeLV-related elements, as
well as 5' XhoI and 3' BamHI, BglII, and PstI
restriction sites. Hence, there was considerable

conservation of restriction sites among the vari-
ous clones representing some of the multiple
gene loci of the endogenous FeLV sequences.
The four DNA clones were also distin-

guished as discrete genetic loci due to variations
in their restriction maps. For example, although
each clone appeared to contain a single EcoRI
hybridizing fragment, this fragment varied from
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6.0 to 6.4 kbp in length. An internal SalI site and
an SstI site located 0.8 kbp from the 5' EcoRI
cleavage site were present in clones XCF-5 and
XCF-14 but were absent from clones XCF-4 and
XCF-19, and an internal SmaI site located 1.3
kbp from the 5' EcoRI site was present in all
clones but XCF-19. Although there was some
clustering of restriction sites in 5' flanking se-
quences, there was also a divergence present in
the sequences flanking the EcoRI fragment, indi-
cating different sites of occurrence of the endog-
enous FeLV elements in the cat genome.
Comparison of endogenous FeLV sequences

with the infectious FeLV. There are several natu-
ral FeLV isolates which have been described,
and restriction maps have been deduced for two
subgroup B isolates. These are the ST-FeLV-B
(30) and GA-FeLV-B (22). The composite map
for these two infectious FeLV isolates is shown
in Fig. 4. Although there is significant homology
between these two isolates, they differ in overall
length: ST-FeLV-B is 8.5 kbp and GA-FeLV-B
is 8.7 kbp. The ST-FeLV-B LTRs contain EcoRI
sites which are absent in the GA-FeLV-B DNA.
The most significant difference observed be-
tween the endogenous FeLV sequences and the
infectious FeLV was in the overall length of the
virus-related elements. Although the infectious
FeLV isolates varied from 8.5 to 8.7 kbp in
length, the four clones of the endogenous FeLV
sequences studied to date appeared to be ap-

proximately 4.0 kbp in length, including the
flanking LTR sequences. The latter estimates
were based upon the results of Southern blot
analysis, using various subgenomic probes as
well as homology to the known infectious FeLV
LTR structure.
A more detailed comparison of the restriction

cleavage sites present in the endogenous and
exogenous FeLV revealed several important
similarities (Fig. 3 and 4). For example, there
was homology to the endogenous FeLV in the
region located approximately 5.5 to 6 kbp from
the 5' end of the exogenous FeLV genome. In
this region, we noted internal BamHI and XhoI
cleavage sites and two internal PstI sites imme-
diately flanking the BamHI site and separated by
about 0.4 kbp. This same pattern of restriction
enzyme cleavage sites was observed in the en-
dogenous FeLV sequences at a position approx-
imately 3 kbp from the 5' EcoRI cleavage site; it
corresponds to the boundary between gag-pol
and env genes as judged by estimates of the
location of these regions using subgenomic
FeLV hybridization probes. Furthermore, we
observed a similarity in the region approximate-
ly 1.0 kbp from the 3'-internal PstI site in which
a KpnI and HindIII site appeared to be present
in the infectious ST-FeLV-B at a position ap-
proximately 7.2 kbp from the 5' end of the RNA
genome. A similar pattern was noted in the
endogenous FeLV sequences at a position ap-
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FIG. 4. Restriction maps of cloned infectious FeLV DNA. GA-FeLV-B was isolated and mapped by Mullins
et al. (23), and ST-FeLV-B was cloned and mapped by Sherr et al. (30).
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proximately 4.0 kbp from the 5' EcoRI site; this
corresponds to the region spanning the env gene.
Hence, consistent with the finding of length
estimates of the various subgenomic regions, we
observed a conservation of restriction sites in
the region corresponding to both the 3' end of
the putative pol gene and the env gene of the
infectious FeLV genome in our endogenous
FeLV clones.
There were notable differences in the restric-

tion maps of the infectious and endogenous
FeLV, and these divergences were seen in the
KpnI and PstI cleavage sites located 3.8 and 4.0
kbp, respectively, from the 5' end of the infec-
tious FeLV genome. These two sites were not
seen in any of the four endogenous FeLV
clones. Similarly, the BgIII site located 1.8 kbp
from the 5' end of the infectious FeLV genome
and the single BamHI cleavage site located 2.1
kbp from the 5' end of the infectious ST-FeLV-B
were also absent from the endogenous clones
studied to date. These four restriction sites can
be mapped to the gag and part of the pol regions
of the infectious FeLV; they confirmed the
results of restriction analyses indicating the
presence of deletions in the gag-pol region of the
endogenous FeLV sequence. Additionally, we
consistently observed a BamHI and Bglll site
within 1.0 kbp of the 3' EcoRI site in all four
clones analyzed. These two sites are located
outside the LTR-like elements, explaining why
we failed to demonstrate hybridization of se-
quences in this region to the various FeLV
subgenomic probes.

Significantly, there appeared to be a partial
conservation of LTR structure between the en-
dogenous and the infectious FeLV sequences.
KpnI and SmaI sites can be mapped within the

env probe

1 2 3 4

.Ak~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

23.8-

9.4-

6.6-

4.3-

5' LTR-like elements. Although these cleavage
sites are indicative of the positions within the
LTRs, we do not yet have a definite boundary
established for the extent of the LTRs in our
endogenous clones.

Demonstration of deleted endogenous FeLV
elements within cat placental DNA. To confirm
that the endogenous FeLV-related sequences
isolated in the cat genomic library existed in
normal cat DNA, we digested total cat placental
DNA with an excess of EcoRI and analyzed the
Southern blots with FeLV env-specific probe as
described above. Cleavage of the cat placental
DNA (Fig. 5, left panel) yielded several major
hybridizing fragments, including bands 6 to 7
kbp and larger in molecular weight. The pres-
ence of larger-molecular-weight bands is in
agreement with earlier findings by Koshy et al.
(18) and Mullins et al. (21), in which it was
reported that 10 to 12 bands 8 kbp and larger
were visible in cat genomic DNA digested with
EcoRI, using cDNA probes to the infectious
FeLV. We have now found, in addition, several
6- to 7-kbp bands, representative of the endoge-
nous FeLV, which hybridized with comparable
intensity to the FeLV env-specific probe as the
other higher-molecular-weight bands. It is not
clear at this time whether this difference from
earlier findings is related to the specificity of the
probes or to the nature of the tissues examined.
However, it is noteworthy that the existence of
EcoRI bands 6 to 7 kbp in length has also been
reported in other cat tissues and cell lines (J. I.
Mullins, J. W. Casey, J. B. Santon, K. B.
Burck, M. 0. Nicolson, and N. Davidson,
manuscript in preparation). Figure 5 also shows
the presence of a lower copy number of the 6- to
7-kbp bands in cat placental DNA from a house-

pCF-14 probe

1 2

WI
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U

FIG. 5. Restriction endonuclease digestion of household and SPF cat placental DNA. The left panel shows
the autoradiogram of a blot probed with an FeLV env-specific probe. The right panel represents the
autoradiogram of a blot probed with pCF-14 DNA fragments. Lanes: household cat placental DNA uncut (1) and
digested with EcoRI (2); SPF cat placental DNA uncut (3) and digested with EcoRI (4).
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hold domestic cat (lane 2) as compared with the
higher copy number observed in the DNA from
a cat raised in an SPF colony (lane 4). The
differences in banding patterns observed from
cat to cat appear to underscore the heterogene-
ity in the endogenous FeLV sequences among
individual cats.
The results obtained when the 6.0-kbp EcoRI

fragment from XCF-14 DNA was subcloned into
pBR322, used to generate a probe (pCF-14), and
hybridized to EcoRI-digested cat cellular DNA
are shown in Fig. 5, right panel. The 6.0-kbp
fragment of clone XCF-14 was clearly observed
to hybridize to several bands in the size range of
6 to 7 kbp as well as to other higher-molecular-
weight bands. The hybridization results ob-
tained when the env and pCF-14 probes were
used differed in that the predominance of higher-
molecular-weight bands did not appear to be as
pronounced when the latter probe was used.
This observation was interpreted to be the result
of two factors. First, the deleted endogenous
FeLV-related elements represented in the
clones described share the same extent of ho-
mology to the various size classes of provirus-
like elements which exist in the cat genome.
This is in contrast to the env-specific regions
defined by our gp7O hybridization probe, which
apparently possess greater homology to the
higher-molecular-weight EcoRI-digested hybrid-
ization bands. This finding suggests that the
DNA bands 6 to 7 kbp in length observed in cat
placental DNA are missing some portion of the
env gene-related region specified by the hybrid-
ization probe, and it is in concordance with the
results of restriction map analysis which con-
firms deletions mapped to the env gene of the
endogenous FeLV clones. Second, the pCF-14
probe consists of both sequences related to the
deleted endogenous FeLV element as well as the
conserved sequences immediately flanking this
element (Fig. 3, clone XCF-14). These flanking
cat sequences would be present in all of the
deleted proviral elements represented in the 6-
to 7-kbp bands but may be absent from the
higher-molecular-weight bands. Hence, a great-
er degree of hybridization to these lower-molec-
ular-weight bands can be attributed to homology
to these flanking sequences. The extent to which
these two factors contributed to the hybridiza-
tion pattern observed when the pCF-14 probe
was used could be further clarified by the gener-
ation of a probe specific to the deleted endoge-
nous FeLV element but lacking these flanking
sequences.

It is apparent that the deleted endogenous
FeLV elements observed in our genomic phage
library are present in cat DNA, but it is unclear
why the 8-kbp and larger EcoRI hybridizing
fragments were not found in the recombinant

clones studied to date. One possibility is that
these larger-molecular-weight bands are present
in our phage library as overlapping clones which
exhibit light or variable hybridization. Alterna-
tively, these sequences may have been selec-
tively lost during the amplification of the phage
library. These and other contentions remain to
be investigated.

DISCUSSION
Four distinct X clones were isolated by screen-

ing a cat genomic library derived from SPF
placental DNA with a hybridization probe spe-
cific to the env region of the infectious virus,
GA-FeLV-B (22). Restriction endonuclease
mapping indicated that there were a number of
similarities among the four cloned isolates, nota-
bly the presence of a 6.0- to 6.4-kbp EcoRI
hybridizing fragment containing portions of se-
quences homologous to the gag-pol, env, and
LTR-like elements of the infectious FeLV. We
also demonstrated that there was considerable
conservation in the ordering of restriction sites
previously reported to be present in the provi-
ruses of infectious FeLVs (22, 30) in the se-
quences corresponding to the pol and env
boundary as well as in the region spanning the
env gene of the endogenous FeLV, whereas a
greater divergence was found to occur among
restriction sites mapped to the gag and part of
the pol regions of the infectious FeLV. These
results are consistent with a previous report (21)
that sequences similar to the pol and env genes
are conserved in the cat DNA and present in
multiple copies. The presence of this type of
defective endogenous proviral sequences con-
taining significant deletions of internal proviral
genes has also been observed in the murine
system, in which it was reported that a X clone
isolated from mouse genomic DNA contained
two internal DNA sequence deletions, as com-
pared with the cloned ecotropic AKR-type mu-
rine leukemia virus (29).
The detection of incomplete endogenous

FeLV sequences in the cat genome may explain
why the expression of the endogenous FeLV-
related genes in domestic cat placental tissue is
limited to RNA species which contain env gene-
related sequences but are deficient in gag and
pol transcripts (6) and why FeLV-related gag
proteins could not be detected in placental tis-
sues (24, 25). It is clear that we cannot draw
conclusions about endogenous viral expression
based upon the characterization of a subset of
these elements. However, transcription of these
defective sequences containing a relatively larg-
er representation of the env gene would be
consistent with their observed subgenomic
expression. It would be important to define the
functional ability of these endogenous LTR se-
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quences in cat DNA, as well as the extent of
homology between the U3 region of the endoge-
nous LTRs and that of the infectious FeLV
LTRs, where the putative transcriptional pro-
moter is located (16, 33) to delineate the role of
these deleted endogenous sequences. We sug-
gest that the expression of FeLV-related tran-
scripts in virus-negative lymphomas in which
gag proteins are not detected may be, similarly,
the result of the induction of these endogenous
FeLV sequences deficient in gag-pol-related el-
ements.

Despite the large number of endogenous
FeLV-related sequences detected in cat DNA
by liquid and blot hybridization analysis, these
sequences remain noninducible as infectious vi-
ral particles (3). Previous studies by Okabe et al.
(27), involving hybridization kinetic analyses,
indicated that a portion of the FeLV genome is
not endogenous in cat cells; this is consistent
with our observations demonstrating deletions
in the various subgenomic regions of the endoge-
nous FeLV. Our analyses of the four different
LTR-containing endogenous FeLV proviruses
point to several structural features which are
bound to affect their expression as infectious
viral particles. For example, the endogenous
FeLV sequences isolated from the cat genomic
library are significantly shorter than the cloned
infectious FeLV isolates, the latter of which are
8.5 to 8.7 kbp in length (22, 30), as compared
with our clones, which are approximately 4 kbp
in length. All of the proviruses have 3.3- to 3.6-
kbp deletions in the gag-pol region and 0.7- to
1.0-kbp deletions in the env gene region (Fig. 3)
and would therefore be incapable of encoding an
infectious virus.
Although the proviral DNA segments present

in the different endogenous clones were related
to one another on the basis of similarities in
several internal restriction sites, a comparison of
the restriction maps of the flanking regions indi-
cates that these sequences are present at differ-
ent loci in the cat DNA (Fig. 3). The finding of
endogenous FeLV sequences at a number of
sites in the host genome is in agreement with the
results of Koshy et al. (18), which indicated that
the endogenous FeLV-related sequences con-
sisted of multiple, discrete, nontandemly ar-
ranged genetic elements. Such deleted, FeLV-
related DNA sequences could have originated
either by germ line integration of a complete
ecotropic virus-related DNA followed by dele-
tion, or by integration of a preexisting, defec-
tive, deleted variant of the infectious virus.
Furthermore, the degree of homogeneity ob-
served among the various cloned isolates argues
for their origin as a result of such a germ line
integration of an exogenous virus at a single or
limited number of chromosomal loci in a rela-

tively recent ancestor of the cat, followed by
gene duplication events and subsequent se-
quence divergence. This would be in contrast to
an origin invoking multiple random infections by
different strains of complete or deleted exoge-
nous FeLV. This argument is based upon the
presence of a larger degree of divergence among
the cloned infectious proviral DNAs as com-
pared with the divergence among the isolated
endogenous clones. The gene duplication model
for endogenous FeLV origin, although consis-
tent with distribution in certain, but not all, Felis
species (3) does not, however, strictly rule out
other mechanisms by which independently inte-
grated sequences may be conserved. For exam-
ple, homogeneity between pairs of relatively
closely linked endogenous sequences may be the
result of gene conversion mechanisms by which
similar sequences on homologous or nonhomol-
ogous chromosomes may occasionally pair up,
and any mismatch in sequences between them is
eliminated (11).
The homogeneity observed among the various

cloned isolates also extends into the flanking cat
cellular sequences. The conservation of these
flanking sequences is not inconsistent with the
model for endogenous FeLV origin as a result of
gene amplification. The presence of units of
gene amplification which are larger than the size
of the functional gene has been previously noted
with amplified CAD (10), DHFR (26), and myc-
related genes (9). Similarly, it appears that the
amplified units for the deleted endogenous
FeLV sequences extend beyond the limits de-
fined by the LTR-like elements.

Finally, we are able to confirm the presence of
these endogenous FeLV sequences represented
in the cat genomic library in normal cat DNA by
Southern blot analysis. We observed multiple
bands of FeLV env-related sequences present in
the EcoRI digestion of cat DNA, including
bands corresponding in size to our X clones (6 to
7 kbp). The presence of higher-molecular-weight
EcoRI hybridizing fragments, although not
found in the recombinant clones studied to date,
reflects the occurrence of other subsets of en-
dogenous sequences. Additional experiments
will be required to define these various types of
deletions or incompleteness that represent the
remnants of the original germ line infection of
FeLV now present in the genomes of domestic
cats.

ACKNOWLEDGMENTS

We are grateful to J. Rojko and E. Hoover for the supply of
SPF cat tissues, C. Sherr for the XST-FeLV-B clone, and N.
Davidson for the use of his laboratory for the initial construc-
tion of the cat genomic library.

This work was supported by Public Health Service grant
CA-26809 from the National Cancer Institute.

VOL. 46, 1983



840 SOE ET AL.

LITERATURE CITED

1. Baluda, M. A., and P. Roy-Burman. 1973. Partial charac-
terization of RD-114 virus by DNA-RNA hybridization
studies. Nature (London) New Biol. 244:59-62.

2. Benton, W. D., and R. W. Davis. 1977. Screening Xgt
recombinant clones by hybridization to single plaques in
situ. Science 196:180-182.

3. Benveniste, R. E., C. J. Sherr, and G. J. Todaro. 1975.
Evolution of type C viral genes: origin of feline leukemia
virus. Science 190:886-888.

4. Bishop, J. M. 1978. Retroviruses. Annu. Rev. Biochem.
47:35-88.

5. Blattner, F. R., B. G. Williams, A. E. Blechl, K. D.
Thompson, H. E. Faber, L. A. Furlong, D. J. Grunwald,
D. 0. Kiefer, D. D. Moore, J. W. Schumm, E. L. Sheldon,
and 0. Smithies. 1977. Charon phages: safer derivatives of
bacteriophage lambda for DNA cloning. Science 196:161-
169.

6. Busch, M. P., B. G. Devi, L. H. Soe, B. Perbal, M. A.
Baluda, and P. Roy-Burman. 1983. Characterization of the
expression of cellular retrovirus genes and oncogenes in
feline cells. Hemat. Oncol. 1:61-75.

7. Casey, J. W., A. Roach, J. I. Mullins, K. B. Burck, M. 0.

Nicolson, M. B. Gardner, and N. Davidson. 1981. The U3
portion offeline leukemia virus DNA identifies horizontal-
ly acquired proviruses in leukemic cats. Proc. Natl. Acad.
Sci. U.S.A. 78:7778-7782.

8. Collins, J. and B. Hohn. 1978. Cosmids: a type of plasmid
gene-cloning vector that is packageable in vitro in bacte-
riophage A heads. Proc. Natl. Acad. Sci. U.S.A. 75:4242-
4246.

9. Collins, S., and M. Groudine. 1982. Amplification of
endogenous myc-related DNA sequences in a human
myeloid leukemia cell line. Nature (London) 298:679-681.

10. de Saint Vincent, B. R., S. Delbruck, W. Eckhart, J.
Meinkoth, L. Vitto, and G. Wahl. 1981. The cloning and
reintroduction into animal cells of a functional CAD gene,
a dominant amplifiable genetic marker. Cell 27:267-277.

11. Dover, G. 1982. Molecular drive: a cohesive mode of
species evolution. Nature (London) 299:111-117.

12. Essex, M. 1975. Horizontally and vertically transmitted
oncornaviruses of cats. Adv. Cancer Res. 21:175-248.

13. Essex, M. 1980. Feline leukemia and sarcoma viruses, p.
205-209. In G. Klein (ed.), Viral oncology. Raven Press,
New York.

14. Hampe, A., M. Gobet, J. Even, C. J. Sherr, and F.
Galibert. 1983. Nucleotide sequences of feline sarcoma
virus long terminal repeats and 5' leaders show extensive
homology to those of other mammalian retroviruses. J.
Virol. 45:466-472.

15. Hardy, W. D., Jr., G. Geering, L. G. Old, E. de Harven,
R. S. Brody, and S. McDonough. 1969. Feline leukemia
virus: occurrence of viral antigen in the tissue of cats with
lymphosarcoma and other diseases. Science 166:1019-
1021.

16. Hayward, W., B. G. Neel, and S. Astrin. 1981. Activation
of a cellular onc gene by promoter insertion in ALV-
induced lymphoid leukosis. Nature (London) 290:475-
480.

17. Hohn, B., and K. Murray. 1977. Packaging recombinant
DNA molecules into bacteriophage particles in vitro.
Proc. Natl. Acad. Sci. U.S.A. 74:3259-3263.

18. Koshy, R., R. C. Gallo, and F. Wong-Staal. 1980. Charac-
terization of the endogenous feline leukemia virus-related
DNA sequences in cats and attempts to identify exoge-
nous viral sequences in tissues of virus-negative leukemic

J. VIROL.

animals. Virology 103:434-445.
19. Loenen, W. A., and W. J. Brammar. 1980. A bacterio-

phage lambda vector for cloning large DNA fragments
made with several restriction enzymes. Gene (Amst)
10:249-259.

20. Maniatis, T., R. C. Hardison, E. Lacy, J. Lauer, C.
O'Connell, D. Quon, G. K. Sim, and A. Efstratiadis. 1978.
The isolation of structural genes from libraries of eucary-
otic DNA. Cell 15:687-701.

21. Mullins, J. I., J. Casey, M. 0. Nicolson, K. B. Burck, and
N. Davidson. 1980. Integration and expression of FeLV
proviruses, p. 373-380. In W. D. Hardy, Jr., M. Essex,
and A. J. McClelland (ed.), Proceedings of the Third
International Feline Leukemia Meeting. Elsevier/North-
Holland Publishing Co., New York.

22. Mullins, J. I., J. W. Casey, M. 0. Nicolson, K. B. Burck,
and N. Davidson. 1981. Sequence arrangement and biolog-
ical activity of cloned feline leukemia virus proviruses
from a virus-productive human cell line. J. Virol. 38:688-
703.

23. Mullins, J. I., J. W. Casey, M. 0. Nicolson, and N.
Davidson. 1980. Sequence organization of feline leukemia
virus DNA in infected cells. Nucleic Acids Res. 8:3287-
3305.

24. Niman, H. L., M. Akhavi, M. B. Gardner, J. R. Stephen-
son, and P. Roy-Burman. 1980. Differential expression of
two distinct endogenous retrovirus genomes in developing
tissues of the domestic cat. J. Natl. Cancer Inst. 64:587-
594.

25. Niman, H. L., J. R. Stephenson, M. B. Gardner, and P.
Roy-Burman. 1977. RD-114 and feline leukemia virus
genome expression in natural lymphomas of domestic
cats. Nature (London) 266:357-360.

26. Nunberg, J. H., R. J. Kaufman, A. C. Y. Chang, S. N.
Cohen, and R. T. Schimke. 1980. Structure and genomic
organization of the mouse dihydrofolate reductase gene.
Cell 19:355-364.

27. Okabe, H., J. DuBuy, R. V. Gilden, and M. B. Gardner.
1978. A portion of the feline leukemia virus genome is not
endogenous in cat cells. Int. J. Cancer 22:70-78.

28. Quintrell, N., H. E. Varmus, J. M. Bishop, M. 0. Nicolson,
and R. M. McAllister. 1974. Homologies among the nucle-
otide sequences of the genomes of C-type viruses. Virolo-
gy 58:569-575.

29. Roblin, R., J. M. Young, R. J. Mural, T. E. Bell, and J. N.
lhle. 1982. Molecular cloning and characterization of
murine leukemia virus-related DNA sequences from C3H/
HeN mouse DNA. J. Virol. 43:113-126.

30. Sherr, C. J., L. A. Fedele, M. Oskarsson, J. Maizel, and G.
Vande Woude. 1980. Molecular cloning of Snyder-Theilen
feline leukemia and sarcoma viruses: comparative studies
of feline sarcoma virus with its natural helper virus and
with Moloney murine sarcoma virus. J. Virol. 34:200-212.

31. Southern, E. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol.
Biol. 98:503-517.

32. Stephenson, J. R., S. G. Devare, and F. H. Reynolds, Jr.
1978. Translational products of type-C RNA tumor virus-
es. Adv. Cancer Res. 27:1-53.

33. Temin, H. M. 1982. Function of the retrovirus long
terminal repeat. Cell 28:3-5.

34. Tiemeier, D. C., S. M. Tilghman, and P. Leder. 1977.
Purification and cloning of a mouse ribosomal gene frag-
ment in coliphage lambda. Gene (Amst) 2:173-191.

35. Yang, R. C.-A., J. Lis, and R. Wu. 1979. Elution of DNA
from agarose gels after electrophoresis. Methods Enzy-
mol. 68:176-182.


