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Table 1. Hybridization of MuSV or M-MuLV [3H]cDNA to A\-m1
and A-HT-1 DNA

% hybridization
with cDNA probe
Nucleic acid [BH]MuSV [*H]M-MuLV

A-ml 75* 35

A-HT-1 70 74

HMW virion RNA (MuSV) 100t 39
HMW virion RNA

(M-MuLV) 81 100

Calf thymus DNA 0 0

Each hybridization mixture contained in 0.05 ml: 0.01 M Tris-HC],
pH 7.4;0.75 M NaCl; 2 mM EDTA; 0.05% sodium dodecyl sulfate; 2.5
ug of calf thymus DNA; 1100 or 1400 trichloroacetic acid-insoluble
cpm of cDNAM.musv or cDNAM.MuLy, respectively; and 0.2 ug of
sonicated hybrid phage DNA. The reaction mixtures were heated at
95°C for 5 min, quenched at 4°C, incubated at 66°C, and digested with
S1 nuclease (15). Computations include background correction of 4.8%
¢DNAMmyusv and 5.0% cDNAM.muLy- Sheared calf thymus DNA and
high molecular weight m3-MuSV (P323) or M-MuLV (Moloney 1869)
RNA served as negative and positive controls.

* Values were normalized to the homologous nucleic acid.

* [3BH]cDNAMmysv was prepared from m3MuSV(FeLV) and contained
c¢DNA homologous to the helper virus RNA. Also, the m3MuSV may
contain additional sequences in common with MuL.V not present
in either m1 or HT-1MuSV (1, 8, 9).

stranded loops should localize the MuSV-specific sequences.
We suggest that the single-stranded tails protruding from each
end of the MuSV sequences define nonhomologous flanking
cellular sequences. This analysis and restriction endonuclease
digestion (see below) indicates that both m1 and HT-1 are in-
tegrated at the same site on the MuSV provirus but at different
sites in the host chromosome. By measuring the lengths of the
single- and double-stranded regions and by knowing the sizes
of the m1 and HT-1 cloned EcoRI fragments, we interpreted
the heteroduplex as depicted in Fig. 2 bottom. The m1 frag-
ment contains 5.2 kb of MuSV sequences flanked by about 0.3
and 1.5 kb of cellular DNA. The HT-1 fragment carries 6.7 kb
of MuSV sequences including 0.7- and 0.8-kb segments not
present in A-m1. The 6.7-kb HT-1 MuSV sequences are flanked
by 3.3 and 2.3 kb of cellular sequences. .

In experiments to be presented elsewhere, we hybridized
M-MuLV virion RNA to A-m1 and A-HT-1 DNA and were able
to orient the MuSV DNA sequences with respect to the 8’ and
5’ ends of virion RNA. These studies showed that the cloned
fragments do indeed carry the entire genome of m1 and HT-1,
that the integrated sequences are collinear with the virion RNA,
and that the presumptive flanking cellular sequences do not
hybridize to virion RNA. In addition, both cloned fragments
transform cells after transfection and are rescuable with helper
leukemia virus (D. Blair, personal communication).

Results of analysis of A-m1 and A-HT-1 by cleavage with
various restriction enzymes support our conclusion that both
MuSV fragments have integrated at the same region in the viral
DNA but into different cellular DNA sequences. We con-
structed a physical map of the cloned MuSV fragments, by
using heteroduplex and restriction enzyme data, indicating the
flanking cell DNA sequences and the regions of homology of
ml and HT-1 (Fig. 2). The pairs of Sac I and Xba Isites found
in both cloned fragments were of particular interest. These sites
are near what we define from heteroduplex analysis as the cell
DNA-proviral DNA junction sequences and are suggestive of
a direct repeated sequence at or near each end of the integrated
viruses. Such direct repeats have been demonstrated in unin-
tegrated as well as integrated avian retroviruses (22-24) and
in M-MuLV DNA synthesized in vitro (25). In the latter study,
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Fi1G. 2. Heteroduplex and restriction map analysis of A-m1 and
A-HT-1 (Top) Heteroduplex between purified 7.0-kb A-m1 and 12.3
kb A\-HT-1 EcoRI fragments. Fragments were mixed, denatured,
neutralized, reannealed, and spread as described by Tiemeier et al.
(18). (Center) Diagram of hetéroduplex. HT-1 MuSV regions deleted
in ml are indicated by the dashed line loops. The nonhomologous
single-stranded DNA ends represent the 5" and 3’ host flanking se-
quences. Length is shown in Bottom. (Bottom) Physical maps of in-
tegrated m1 and HT-1 MuSV sequences cloned in A. The diamond
symbol shows approximate locations of HT-1 sequences deleted in
ml. The adjacent nonhomologous host flanking sequences of the
cloned EcoRI fragments are represented by open bars (m1) and
hatched bars (HT-1). Restriction sites: 0, Bgl II; X, Xho I; 1, Xba ;
V, SacI; |, HindIIl.

the M-MuLV terminal repeated sequences were direct, about
0.6 kb long, and contained an Sac I and an Xba I site about 100
base pairs apart. We find the Xba 1/Sac I fragments from both
A-m1 and A\-HT-1 to be about 120 base pairs long. The fine-
structure restriction map of these clones will be documented
elsewhere. There is significant correlation between the map
deduced by Gilboa et al. (25) and the M-MuLV portions of both
A-MuSV clones.

Direct repeated sequences should be substrates for the E. coli
general recombination system (26). Homologous intramolecular
recombination would delete the MuSV DNA between the re-
peated sequences, leaving one repeat between the flanking
cellular sequences. Indeed, this process occurs during growth
of A-m1 and A\-HT-1 in the rec* E. coli host. We noted, in
addition to the major EcoRI fragment in each hybrid, minor
EcoRI fragments at 2 and 6 kb for A-m1 and A-HT-1, respec-
tively. These minor bands are the sizes expected if the MuSV
genome had been excised from the major fragments. The minor
bands also hybridized with cDNApy.muLv, indicating the
presence of some viral sequences. Phages carrying these deleted
fragments were isolated by CsCl gradient centrifugation or
EDTA tieatment of lysates (27). Subsequent analysis by re-
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striction endonuclease digestion and heteroduplex formation
indicated that they contained a single MuSV terminal repeat
between both cellular flanking sequences (unpublished data).
Although we cannot rule out other mechanisms for such site-
specific recombination from these experiments, we suggest that
both A-m1 and A-HT1 carry, at each end of the complete MSV
sequences, short, direct repeats of MuSV DNA that may be
substrates for general recombination.

Identification of Cellular EcoRI Fragments Containing
the MuSV Integration Site. To begin analysis of the MuSV
integration site, we looked for an EcoRI fragment in normal
mink cells that would hybridize with the mink host portions of
a nick-translated A-HT-1 probe (Fig. 3A). Strong hybridization
was observed only with a 5.6-kb fragment eluting early from
the column. This is consistent with our estimate that 5.6 kb of
the 12.3-kb A HT-1 represented host sequences. With frac-
tionated HTMF cell DNA, the 12.3-kb fragment, representing
the integrated MuSV genome, hybridized intensely (Fig. 3B),
but we again observed hybridization to a 5.6-kb fragment
similar to that observed in normal mink DNA. This fragment
was not detected with the cDNAm.muLv probe (Fig. 1B). If we
assume that the 5.6-kb fragments of both the normal and the
transformed cells are the same, this fragment could contain the
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Fi1G. 3. Identification of the HT1 MuSV integration site. Cell
DNA was fractionated and hybridized as in Fig. 1 except that
the hybridization probe was prepared by nick-translation (28) of
A-HT-1 DNA (5 X 107 cpm/ug). Only the first half of RPC-5 chro-
matography column fractions are presented. No hybridization was
observed in the later fractions. (A) Normal mink lung cell DNA,
showing hybridization with a 5.6-kb EcoRI fragment. (B) HTMF
DNA showing hybridization with 12.3-kb fragment containing the
HT-1 provirus (cf. Fig. 1B) and 5.6-kb sequence as in A above. (C)
MIMS DNA showing hybridization with the 7.0-kb fragment con-
taining the m1 provirus (cf. Fig. 1C) and the 5.6-kb sequences as in
A. The additional 5.4-kb fragment hybridizing in the MIMS DNA is
unexplained.
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HT-1 integration site. It is not clear why this fragment is still
present in HTMF cells. One trivial explanation could be that
the uncloned HTMF cells contain a population of normal cells.
However, its appearance could also represent sites where viral
DNA had been lost through homologous recombination similar
to what we observed in E. coli. Alternatively, if these cells are
diploid for the chromosome carrying the normal fragment,
MuSV could be integrated into one homolog and not the other.
The presence of mink related cell src sequences in the 5.6-kb
fragment can be excluded because it did not hybridize with the
A-m1 probe (not shown).

A strong indication that the flanking cellular sequences for
integrated m1 and HT-1 are different comes from a reciprocal
hybridization experiment (Fig. 3C). Here, nick-translated
A-HT-1 was hybridized with MIMS DNA fractionated by
RPC-5 chromatography. The 7-kb band carrying the m1 MuSV
genome was readily apparent, but no detectable hybridization
was discernible in the 12.3-kb region where integrated HT-1
MuSV was found in HTMF DNA. Predictably, the 5.6-kb
fragment defining the HT-1 integration sequences was again
detected in the MIMS cell DNA. The hybridization with the
5.4-kb fragment in this DNA is not currently understood. When
the experiments described in Fig. 3 were performed with A-m1
probe, we observed no hybridization with the 5.6-kb fragment
(not shown). Thus, as indicated in the heteroduplex analysis
(Fig. 2), the flanking host sequences, and therefore the inte-
gration sites for m1 and HT-1 MuSV, are nonhomologous.

The virtual absence of any other regions of hybridization
when the cloned HT-1 fragment is used as probe underscores
the unique nature of the fragment in the transformed genome.
The many faint bands seen with the cDNApm muLv probe (see
Fig. 1) were absent when nick-translated cloned DNA was used
as probe. The 12.3-kb (HTMF) and 7.0-kb (MIMS) fragments
seem to contain the only detectable MuSV sequences in the
transformed mink lung cells.

We conclude from these data that HT-1 and m1 MuSV in-
tegrated into different regions of the mink genome and, for
HT-1, integration may have been a simple reciprocal recom-
bination event.

DISCUSSION

We have isolated the integrated proviral DNA forms of two
defective transforming murine retrovirus genomes by cloning
fragments of transformed cell DNA in phage A. These methods
present powerful tools for further analysis of retrovirus mo-
lecular biology. For example, we show here how one can
compare viral genomes in cases in which it could not be done
easily before by conventional methods. In addition, we dem-
onstrate that one can determine unique sites of integration in
the virus and in the cellular DNA.

Because they are defective, MuSV virions can be produced
in quantity only under certain conditions. For example, only
MuSV 124, which is produced in large excess over the helper
virus, has previously been physically mapped in any detail (12,
29, 30). Our heteroduplex analysis (Fig. 2) represents the direct
comparison of two MuSV isolates. It is of interest that, even
though these defective genomes have been propagated sepa-
rately for years in the presence of unrelated helper viruses and
in heterologous hosts, they have maintained substantial ho-
mology both in DNA sequence and in genome organization.
We might have expected more divergence because the only
consistent selective pressures were for cellular transformation
and ability to grow with helper virus. It has been demonstrated
previously that, although m1 can express the pP60828 poly-
protein (8), the HT-1 variant can not. We were surprised to find
the HT-1 genome to be about 1.5 kb larger than m1 and to show
homology in the region predicted to encode the P60 product.
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Further work is needed to understand why no immunologically
reactive product seems to be made from this virus.

Several features of the integrated MuSV variants are note-
worthy. First, in the whole complex array of EcoRI fragments
derived from the transformed cell genome, only one EcoRI
fragment contained MuSV sequences in either m1- or HT-1
transformed mink lung cells. Second, each viral DNA had been
inserted by using what appears to be the same region of the
proviral DNA. Although not documented here, both integrated
MuSV sequences are collinear with virion RNA (unpublished
data). Third, the flanking cellular sequences of each integrated
MuSV were quite dissimilar as determined by heteroduplex
analysis and by hybridization. Finally, each integrated genome
was bracketed by a short direct repeat of MuSV sequences.

Convincing evidence exists for both multiple and preferred
sites for avian and mammalian retrovirus integration (24,
31-35). For the MuSV variants used here, at least two distinct
sites in the mink genome can be identified, and only direct se-
quence analysis will reveal local similarity in the actual inte-
gration sites. It is important to note that the m1-transformed
mink-cells were isolated from a single focus, and progeny cells
were repeatedly cloned before we extracted DNA. The pres-
ence of a single m1 MuSV copy might not be surprising. On the
other hand, the HTMF cells were obtained by mass infection,
with no cell cloning. After about 20 weekly cell passages with
selection for transformed cells, the MuSV specific sequences
were found only in the 12.3-kb fragment. It is likely that other
MuSV integration sites were available but were used infre-
quently, caused slower growth, or rendered the cell inviable.
Also, the provirus may rapidly excise from other integration
sites, possibly through selective pressure of virus or host.

The two forms of MuSV studied here have integrated by
using the same regions of the viral genome. A significant feature
of this region is the direct repeat found bracketing the inte-
grated proviral DNA. The presence of direct repeats implies
that excision-could be expected to occur by homologous re-
combination. One might expect MuSV-transformed cells to
yield a class of nontransformed revertants with only the repeat
sequence remaining. The direct repeats of integrated proviral
MuSV DNA could be generated during integration or during
synthesis. One example of integration could occur by homolo-
gous recombination of a circular MuSV DNA genome bearing
a single copy of the repeat with an identical repeat on the host
genome. We can exclude this model because we have cloned
in phage A the 5.6-kb normal mink fragment (Fig. 3) repre-
senting the HT-1 MuSV host flanking sequences and it does not
contain the 600 bp repeat (unpublished data). Another possi-
bility would involve the presence of both direct repeats on the
integrating MuSV DNA molecule so that integration occurs at
the joint between the repeats. The host DNA site then need not
carry the repeated sequences and the recombination process
need not involve homologous recombination. Both forms of
recombinantion are site specific with respect to the viral ge-
nome. The mechanisms to promote such site specific recom-
bination is not known and could involve both virus- and host-
specified elements. Circular forms of avian retrovirus DNA
carrying one or two repeating sequences have been described
(22, 23) and it is likely that the 600-base-pair direct repeat ob-
served by Gilboa et al. (25) for M-MuLV DNA synthesized in
vitro is present in the 9-kb circular proviral DNA molecules
found in vivo (36).

Note Added in Proof. Using a specific ““src” probe derived from
A-HT-1, we have isolated from normal mouse cell DNA a 140-kb
EcoR1 fragment containing a 1.0-kb region colinear by heteroduplex
mapping and restriction endonuclease analyses to MuSV “src.” The
fragment bears no homology to the M-MuLV portion of MuSV and
does not transform cells in culture.
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