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Transduction of cellular oncogenes by retroviruses is thought to be a multistep process, involving
transcriptional activation of a cellular gene by upstream proviral integration and joining of cellular DNA to
retroviral transcriptional signals, followed by copackaging and recombination with a helper virus genome
during reverse transcription. To examine the molecular mechanism of the reverse transcriptase-mediated
recombination, we introduced into mouse fibroblast cells a variety of constructs in which the neo selectable
marker was joined to flanking retroviruslike or cell-like sequences. After superinfection and copackaging with
a replication-competent Mo-MuLV**?F virus, the formation of recombinant neo transducing viruses was
assessed in a second round of virus infection by the ability to confer G418 resistance to infected cells. OQur
results showed that recombinant neo proviruses were generated from neo RNA containing either a 5’ or 3’
retroviral end, implying that one recombination event with helper virus RNA was sufficient to incorporate the
neo gene into proviral DNA. Recombination occurred with an apparent frequency of 10~% to 10~° per
replication cycle in the absence of homology between the two recombining partners. This frequency, however,
increased at least 100-fold if homology was provided at the site of recombination. Our results support the
hypothesis that neo-transducing viruses arise via reverse transcriptase-mediated recombination of RNA rather
than by recombination proceeding through DNA intermediates. Unexpectedly, removal of the retroviral
packaging site W reduced the number of neo recombinants only slightly. Our data indicated that although
RNAs lacking the W site are poorly packaged into virions, those RNAs that are included in the virions undergo
frequent recombination, even if there is no selection for recombination. Many of the neo recombinants formed
with the ¥~ constructs had undergone additional recombinations and often incorporated the W site from the

helper RNA.

It is widely accepted that the transforming genes of
retroviruses, v-oncs, are derived from cellular counterparts,
c-oncs. Ordinarily, the acquisition of a cellular gene by a
retrovirus is an extremely rare event, but oncogenic retro-
viruses can be identified by their ability to transform cells
and to form tumors in vivo. Most likely, transduction is not
restricted to cellular oncogenes. Thus, a portion of the actin
gene was transduced with a v-fgr oncogene (29) and the
T-cell-receptor B chain has been transduced by the feline
leukemia virus (11).

Several models have been proposed to explain the origin
of transducing retroviruses. These are based on comparison
of the transducing viral genomes with the structures of the
parental virus and the cellular oncogene (4, 19, 37, 38). In the
prevailing model proposed by Swanstrom and colleagues
(37, 38), a nontransforming retrovirus integrates upstream
and in the same transcriptional orientation as the c-onc gene.
DNA rearrangement then joins the 5'-proximal domain of
the viral genome including the viral long terminal repeat
(LTR) and the packaging site to c-onc sequences. Transcrip-
tion of this unit results in a chimeric RNA which is copack-
aged as a heterodimer with the genome of a superinfecting or
coresident retrovirus. In a subsequent infection, recombina-
tion between the heterodimeric RNA molecules during re-
verse transcription generates a recombinant provirus con-
taining a portion of the c-onc gene and the 3’ end derived
from the helper virus. Coffin (8) has proposed that the
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recombination occurs by a variation of the copy-choice
model.

In this multistep model, two recombination events are
required to form an oncogene-transducing virus, the first
occurring at the DNA level, and the second at the RNA
level. Recombination between Harvey murine sarcoma virus
lacking the 3’ end of its genome and a helper virus (12) as
well as the transduction of c-fps by avian sarcoma virus (17,
18) provide support for this mechanism. In a variation of this
model, 5' retroviral and c-onc sequences can be joined by
readthrough transcription from the viral sequence into the
downstream cellular gene followed by aberrant splicing (30,
34). Copackaging of such transcripts with helper virus RNA
and the subsequent reverse transcriptase-mediated recombi-
nation could then produce functional transducing virus. The
acquisition of c-erbB by avian leukosis virus (25, 30, 32)
suggests that the latter mechanism can also account for the
formation of defective transforming viruses. Alternative
models proposed for the transduction of c-oncs involve
recombination during reverse transcription of readthrough
RNA (16), a variation of the displacement-assimilation
mechanism during plus DNA strand synthesis (19), and
recombination on the DNA level between c-onc and helper
virus sequences (14). Furthermore, Linial (20) has recently
demonstrated that cellular mRNAs can be packaged into
virions. It is still a mystery how such packaged mRNAs are
reverse transcribed after infection; nevertheless, recombina-
tion with a helper virus genome is required for the generation
of a transducing virus.

In this report, we examine the mechanism by which
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transducing viruses arise during reverse transcription of
copackaged RNAs. Variously modified retroviral constructs
carrying the dominant selectable neomycin resistance gene,
neo, were introduced into established mouse fibroblast cells.
The formation of neo-transducing retrovirus after infection
of such cells with wild-type virus allowed us to monitor the
recombination events that occurred during reverse transcrip-
tion in the next infection cycle.

MATERIALS AND METHODS

Vector constructions. (i) 5' LTR vectors. The structures of
the 5’ LTR vectors are diagrammed in Fig. 2. pM¥ *neo was
constructed by ligating a 2.4-kilobase (kb) EcoRI-Xhol frag-
ment of pMov9 (6) containing the 5’ end of Moloney murine
leukemia virus (Mo-MuLV) and 5’-flanking mouse se-
quences to a 1.5-kb Xhol-BamHI neo fragment derived from
pBRreo (36). pM¥~ neo was made from a 2.1-kb EcoRI-
Xhol fragment of pMov¥™ (24) joined to the 1.5-kb Xhol-
BamHI neo fragment.

pMY¥*'~neoSV were obtained by ligating the correspond-
ing EcoRI-BamHI fragments from pM¥*neo or pM¥ neo
with a 990-base-pair (bp) Bcll-EcoRI fragment of simian
virus 40 (SV40) (from nucleotides 2770 to 1782) containing
the SV40 large T polyadenylation site.

pM¥*'~neoAenvM were constructed by ligating the
EcoRI-BamHI fragments described above to the 2.9-kb
BamHI-Pst1 fragment of pMov9 containing the 3’ end of
Mo-MuLV and 3’-flanking mouse sequences and to the
3.6-kb Pstl-EcoRI fragment of pBR322.

pM¥*'~neoAenvSV were made by ligating the EcoRI-
Clal fragment derived from either pM¥ *neoAenvM (5.0 kb)
or pMV¥ " neoAenvM (4.7 kb) to the 990-bp Bcll-EcoRlI frag-
ment of SV40 (containing the large T polyadenylation site)
and to pBR322 DNA.

pMV¥ *'~“neoApBRSV were obtained by ligating the 5.1- or
4.8-kb EcoRI-Clal fragment from pM¥*neo or pM¥ ~ reo,
respectively, containing 1.3-kb pBR322 sequences at their 3’
ends to the 990-bp BclI-EcoRI fragment containing the SV40
large T polyadenylation site and to pBR322 DNA.

pPARVMY*neoSV was obtained by removing the EcoRV
fragment from pMY¥™*neoSV; this removes the 5'-flanking
mouse sequences and 215 bp of U3 LTR sequences up to
nucleotide 8032 (40). pARVMY *neo was made similarly
from pM¥ ™ neo.

(ii) 5’ SV40 vectors. The structures of the 5' SV40 neo
vectors are shown in Fig. 4. pSV¥ " neo was constructed by
ligating the Ball-BamHI fragment of pM¥ " neo containing
Mo-MuLV sequences from nucleotides 212 to 1560 and 1.5
kb of neo sequences to the 340-bp Pvull-HindIIl fragment
from pSV2neo containing the SV40 promoter and the 2.7-kb
fragment from pBR322. pSV¥ ™ neo was obtained by ligating
the 2.4-kb HindlII-BamHI fragment from pMW¥ ~neo, which
extends from the ¥~ site to the end of the neo sequence, to
the 340-bp fragment from pSV2neo containing the SV40
promoter region and to the 2.7-kb segment from pBR322.

pSV¥*+'~neoSV were obtained by ligating the 4.0- or
3.6-kb EcoRI-Xhol fragment from the 5’ half of either
pSV¥*neo or pSV¥ neo, respectively, to the 2.5-kb Xhol-
EcoRI fragment containing the neo and SV40 large T poly-
adenylation sequence from the 3’ half of pM¥*neoSV.

The constructs pSV¥*'~neoAenvM were derived by ligat-
ing the 5.5- or 5.1-kb EcoRI-BamHI fragment containing the
SV40 promoter and neo sequences from pSV¥ '~ neo to the
2.9-kb fragment from pM¥*neoAenvM containing Aenv,
LTR, and 3’-flanking mouse sequences.
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Cell culture and electroporation. NIH 3T3 and XC cells
were maintained in Dulbecco modified Eagle medium sup-
plemented with 10% calf serum. The Mo-MuLV*“?F pro-
ducer clone 3T3/supF was obtained from R. Jaenisch. NIH
3T3 cells were electroporated essentially as described by
Chu et al. (5). Approximately 5 x 10° cells were suspended
in 1 ml of HEPES-buffered saline (1x HBS is 20 mM HEPES
[pH 7.05], 137 mM NacCl, 5 mM KCl, 0.7 mM Na,HPO,, 6
mM glucose) and mixed with 0.1 or 1 pg of linearized
plasmid DNA and 500 pg of salmon sperm carrier DNA.
Electroporation was performed at 270 V, and the cells were
plated in culture medium. Cells were allowed to express the
transformed phenotype for 48 h and then split 1:20 into
Dulbecco modified Eagle medium supplemented with 10%
calf serum and 0.5 mg of G418 per ml. Primary (I°) G418-
resistant colonies were isolated 10 to 12 days later and grown
up for further analysis.

Virus infections and virus assays. Cells obtained from I°
G418" colonies were infected with Mo-MuLV*“PF helper
virus (33) at a multiplicity of infection of about 3 by over-
laying 5 x 10° cells (seeded the day before in culture medium
supplemented with 4 pg of Polybrene per ml) with S ml of
culture supernatant from 3T3/supF which had been filtered
through sterile filters (0.45-um pore size; Syrfil-MF; Nucle-
pore Corp.). After 4 h, S ml of culture medium was added,
and 3 days later, 5 ml of the infected culture supernatant was
harvested, filtered, and used to infect fresh NIH 3T3 cells
(split 1:20 the day before) in the presence of Polybrene (4
pg/ml). With some constructs, cells from I° clones were
randomly subcloned in parallel 3 days after infection with
Mo-MuLV**?F_ Supernatant from these clones was used to
infect NIH 3T3 cells as described above. The formation of
recombinant virus genomes was assayed by trypsinizing the
cells 2 days later and seeding them onto two large plates
(14-cm diameter) in culture medium supplemented with 0.5
mg of G418 per ml. Secondary (II°) G418" clones were
isolated about 10 days later. Mo-MuLV*“PF helper virus titer
was determined by the XC plaque assay (35). For this, NITH
3T3 cells were plated at a density of 5 X 10° cells per well in
24-well dishes. Culture supernatants were serially diluted
from 10~ to 10°, and 0.2 ml of each dilution was used for
infection. Six days later, cells were subjected to the XC
assay. Supernatants from II° G418" clones were analyzed for
infectious and neo-containing virus by infecting NIH 3T3
cells with serial dilutions (10~ to 10™°) of filtered superna-
tants. Helper virus titers were determined by the XC plaque
assay, and the titers of neo-containing virus were measured
by selecting the infected cells in G418.

DNA preparation and Southern analysis. The preparation
of high-molecular-weight DNA, agarose gel electrophoresis,
and Southern hybridization were performed by standard
procedures (22) with Zetabind membranes (AMF/Cuno). A
1.5-kb BamHI-HindlIIl neo fragment from pBRneo (36), a
221-bp Avall fragment from pMW¥™*neoAenvM containing
Mo-MuLV ¥ sequences from nucleotides 312 to 532, or a
220-bp EcoRI fragment from pVSUII (21) containing the
bacterial supF tRNA suppressor gene was labeled with
[a-32P]dCTP by the hexamer method as described previously
(10).

Slot-blot analysis of virion RNAs. Supernatants from I°
G418 clones (80 ml) were harvested and filtered before and
after superinfection with Mo-MuL V*“PF helper virus. Virion
RNA was prepared by the following method (L. Donehower
and H. Varmus, unpublished data). Supernatants were cen-
trifuged for 1.5 h at 25,000 rpm and 4°C in an SW28 Beckman
rotor. The pelleted virus was lysed in 150 pl of buffer A (10
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mM Tris [pH 7.5], 200 mM NaCl, 10 mM EDTA, 0.5%
sodium dodecyl sulfate) and extracted twice with phenol-
chloroform (1:1) and once with ether. The ether was re-
moved by warming the open tubes for 5 min to 60°C, and the
solution was made 2.2 M with formaldehyde and incubated
for 15 min at 60°C. Aliquots of virion RNA were adjusted to
10x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) and spotted onto Nytran membranes (Schleicher &
Schuell) with a slot-blot apparatus (Beckman Center re-
search shop). The filters were hybridized with a 32P-labeled
220-bp EcoRI supF fragment from pVSUII (21) or a 1.5-kb
BamHI-HindIII neo fragment from pBRneo (36).

Molecular cloning of recombinant retroviral fragments.
High-molecular-weight DNA (60 pg) was digested to com-
pletion with Xbal and BamHI endonucleases. DNA aliquots
(10 pg) were analyzed on a 1% agarose gel, transferred to
Zetabind filters, and hybridized with a 32P-labeled neo probe
as described above. The fragment sizes were determined by
running in parallel ADNA digested with EcoRI and HindIII
or with BstEIl endonucleases. To isolate restriction frag-
ments for cloning, we electrophoresed 50 pg of digested
DNA on a preparative gel, and 6-mm segments of the gel
corresponding to the determined fragment sizes were ex-
cised. The DNA was purified by the glass powder method
(39) and dissolved in 20 pl of TE (10 mM Tris [pH 7], 1 mM
EDTA). A 10-pl sample was added to a large molar excess
(0.5 pg) of Xbal-BamHI-digested vector DNA [pBS KS(+);
Stratagene] and ligated overnight in a total volume of 50 pl.
After heat inactivation (10 min, 70°C), the total ligation
mixture was used to transform 500 pl of competent recA
mutant E. coli DHSa (15) [transformation efficiency of 5 X
107 to 10 x 107 colonies per pg of pBS KS(+) DNA]. The
transformed bacteria were plated on Luria broth agar con-
taining 50 pg of kanamycin per ml. Between 2 and 13
colonies were obtained from each ligation.

RESULTS

Experimental scheme. The aim of our experiments was to
examine the mechanism of recombination between two
copackaged RNA molecules during reverse transcription
(Fig. 1). One of the recombination partners was provided by
a series of mRNAs that contain the dominant selectable
marker neo. The DNA templates for these mRNAs (see Fig.
2 and 4) were introduced into mouse NIH 3T3 cells under
conditions that lead to a limited number of integrations.
G418-resistant (G418") transformants were isolated, and the
structure of the integrated sequences was confirmed by
Southern analysis. To be certain that the primary (I°) G418"
clones selected for further analysis did not contain tandemly
integrated copies of the transfected DNA, we analyzed the
cellular DNA in addition by digestion with Xhol endonucle-
ase, which cuts once at the 5’ border of the neo sequence
(see Fig. 2 and 4). Three I° G418" clones from each construct
were selected which contained either a single copy (27 of 54
I° clones) or a few, non-tandemly integrated copies (27 of 54
I° clones). Cells from these clones were infected with Mo-
MuL V*“PF helper virus, a replication-competent Mo-MuLV
containing the bacterial suppressor gene supF in the U3
region of the LTR (33). Virus produced by the infected I°
clones was harvested 3 days later and used to infect fresh
NIH 3T3 cells. G418" colonies arising from this infection
(secondary [II°] clones) score the recombinants formed
between the superinfecting Mo-MuLV*“?F viral RNA and
the neo mRNA transcribed from the integrated neo genes in
the I° G418" cells. The recombinant proviral DNA contained
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FIG. 1. Experimental scheme. NIH 3T3 cells were transfected
by electroporation with DN A containing various constructs capable
of expressing neo-containing RNA. Primary (I°) G418" clones were
selected and infected with Mo-MuLV**?F helper virus. Three days
later, supernatant from these infected cultures was harvested and
used to infect fresh NIH 3T3 cells. Virus particles in the supernatant
are likely to contain either two copies of the helper virus RNA
genome or, with a lower frequency, particles containing one helper
virus and one neo-containing RNA. Viruses containing two different
RNAs represent the precursors for the formation of a recombinant
provirus. Recombinant proviruses containing the neo marker can be
detected by selecting G418-resistant cells (secondary [II°] G418"
colonies).
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in the II° clones was characterized by restriction enzyme
digests and Southern blotting as well as by analysis of
proviral transcripts. In addition, supernatants from the II°
clones were assayed for production of Mo-MuL V*“PF helper
and neo-transducing viruses. In some cases, the structure of
the recombinant proviruses was examined after molecular
cloning.

neo mRNAs transcribed from viral LTR participate in
recombination with helper virus. First we examined recom-
bination between Mo-MuLV**?F viral RNA and neo mRNA
produced by the modified viral genomes shown in Fig. 2.
These constructs contain the neo gene flanked at the 5’ end
by the retroviral LTR sequences necessary for viral tran-
scription, the primer binding site for initiation of minus DNA
strand synthesis during reverse transcription (40), and about
1 kb of gag sequences. These constructs contain an LTR
(MY *'~neoAenvM), no polyadenylation site (M¥*'~"neo
and ARVMY *neo), or the SV40 early-region polyadenyla-
tion sequence (M¥*'~neoSV and ARVM*neoSV) 3’ to the
neo gene. The region ¥ which spans nucleotides 212 to 563
in the viral genomic RNA has been implicated in the encap-
sidation (24) and dimerization (40) of viral RNA. To examine
whether packaging plays a role in the formation of neo
recombinant proviruses, we compared constructs which
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FIG. 2. Structure and derivation of recombinant 5’ LTR neo vectors. These vectors contain 5’ Mo-MuLV sequences up to the Xhol site
at nucleotide 1560 (40) which includes the LTR, the primer-binding site (pbs), and 995 bp of gag sequences. In addition, they carry a 1.5-kb
fragment containing the bacterial neo gene. Most constructs were generated in two forms: with (¥*) or without (¥~) the ¥ site. The
restriction sites important for constructing the neo vectors as well as the length of fragments are indicated. Symbols: , LTR; , neo
gene; ——, Mo-MuLV DNA sequences; AMMAAAA, pBR322 sequences; , SV40 sequences.

differ only by the presence (¥*) or absence (¥~) of the ¥
site. Some constructs contain about 1.1 kb of env sequence
(M¥*'~neoAenvSV) or 1.3 kb of pBR322 sequence (M¥*/~
neoApBRSV) between the neo coding sequence and the 3’
end. These were used to test whether a region of homology
between the defective neo virus and the helper virus genome
would affect recombination. The constructs ARVMWY * neo
(without a polyadenylation site; not shown in Fig. 2) and
ARVMY* neoSV contain a 215-bp deletion of the 5’-most U3
sequences (up to the EcoRYV site at nucleotide 8032) in the
viral LTR. This deletion includes sequences necessary for
integration, but the TATAA and CCAAT sequences of the
viral promoter are retained. In each of the constructs men-

tioned above, a single recombination event between the
superinfecting Mo-MuLV*“?F genomic RNA and the reo
mRNA is necessary and sufficient to produce a G418"
integration-competent virus. However, with constructs lack-
ing the packaging site ¥, a second recombination event is
required to generate high-titered neo-transducing virus. The
construct which contains an authentic Mo-MuLV 3’ end in
addition to the sequences necessary for plus DNA strand
synthesis, polyadenylation, and proviral integration (M¥*/~
neoAenvM) serves as a positive control. In this case, recom-
bination is not required because packaging of the genomic
viral RNA and reverse transcription are sufficient to gener-
ate II° G418" clones.
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Each plasmid DNA was linearized and transfected into
mouse NIH 3T3 cells, and I° G418" clones were selected (see
Materials and Methods). The transformation efficiencies
were similar for all constructs, with the exception of pM¥ */~
neo, which lack a polyadenylation site and yielded 5- to
10-fold fewer transformants (data not shown). This is possi-
bly due to a requirement for integration of the construct
upstream from a cellular polyadenylation site. Three G418"
I° clones from each transfection, containing single or low
copy numbers of the integrated constructs in nontandem
array as determined by Southern analysis (data not shown),
were infected with Mo-MuL V*“PF helper virus at a multiplic-
ity of infection of about 3. Three days later, culture super-
natants were harvested and used to infect fresh NIH 3T3
cells.

The titers of helper virus and neo-transducing virus (see
Materials and Methods) from three I° clones of each type are
summarized in Table 1. Without infection by helper virus,
the culture supernatants from each of the I° clone cells were
negative in the XC plaque assay and unable to transduce
G418". By contrast, after infection with Mo-MuLV*“?F the
culture supernatants generated both XC plaque-forming vi-
rus and G418" II° clones. Although the titers of the helper
virus were the same in all cases and similar to that of the
Mo-MuLV**?¥ producer clone, there were striking differ-
ences in the frequency of G418" clones (Table 1). Thus,
between 0.5 x 10° and 1 X 10 G418F colonies per ml were
obtained from I° clones containing the transfected control
plasmid pM¥ *neoAenvM. The titer of neo-transducing virus
produced by I° clones with the construct lacking the pack-
aging site (pMY¥ " neoAenvM) is about 10~ “-fold that of the
control. This result is expected due to the inefficiency of
packaging of the ¥~ viral RNA (23).

I° clones expressing neo RNAs with nonretroviral 3’ ends
and therefore requiring recombination with the helper virus
also produced G418 clones, but at about 1073 to 10~ the
frequency obtained with the positive control pMY¥* neoA
envM. Continuous passage of cells from superinfected I°
clones did not change the number of neo-transducing virus in
the supernatant (data not shown). About the same number of
G418" II° clones were obtained regardless of whether the
constructs contain or lack a polyadenylation site (compare
pM¥*neo and pMV¥* neoSV), possibly due to usage of an
endogenous polyadenylation site downstream from the inte-
grated MY * neo. When Aenv sequences were included 3’ to
the neo gene, the number of II° G418" clones increased about
100-fold (compare pMY¥*neoAenvSV with pM¥ " neoSV,
Table 1). We surmise that the homology between the env
regions in the helper virus and neo RNAs contributes to the
increased frequency of neo transduction. However, the
inclusion of ApBR sequences of about the same length at this
position also increased the number of II° G418" clones about
10-fold (compare pMY¥*neoApBRSV with pM¥ " neoSV),
indicating that an increase in the length of RN A within which
a productive recombination can occur accounts for some of
the effect.

Recently, DNA recombination rather than reverse tran-
scriptase-mediated RNA recombination has been proposed
as a possible mechanism for the transduction of c-oncs (13,
14). Experimental evidence showed that transforming
Harvey murine sarcoma virus was not, or was very ineffi-
ciently, recovered with constructs lacking a 3’ LTR and in
which the U3 region of the 5’ LTR was truncated, whereas
Harvey murine sarcoma virus was efficiently recovered from
a construct containing an intact 5 LTR. The U3 deletion
removed the inverted repeat sequence required for integra-
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TABLE 1. Virus production from primary G418" clones®

Virus production

C ~MuLVs«PF +MuLVs«PF
onstruct
XC G418" XC titer G418"
titer titer (10%) titer
MV¥*neoAenvM 0 0 1 5 x 10°
5 x10°
1 x 10°
MV~ neoAenvM 0 0 2 17
34
29
MV¥* neo 0 0 3 11
16
6
MY~ neo 0 0 2 1
0
2
MVY*neoSV 0 0 3 6
5
7
MV~ neoSV 0 0 2 1
1
1
ARVMVY*neo 0 0 1 0
12
4
ARVMVY ™" neoSV 0 0 1 2
5
7
MV¥*neoAenvSV 0 0 1 1,320
508
38
MY~ neoAenvSV 0 0 1 33
29
6
MY *neoApBRSV 0 0 1 47
36
69
MY " neoApBRSV 0 0 1 1
2
1
Control (Mo-MuLV*#P¥ 2 0
producer)

“ Primary G418" clones (three from each construct) were superinfected with
Mo-MuLV*“PF helper virus as described in Materials and Methods. Superna-
tants were harvested 3 days later and titered for the presence of helper virus
by the XC plaque assay (35) and for recombinant virus by selection in
Dulbecco modified Eagle medium supplemented with 10% calf serum and 0.5
mg of G418 per ml (see Materials and Methods). The titers are given as
numbers of XC plaques or G418" colonies per ml. The XC titers are shown as
an average number from three different clones. Undiluted supernatants from
I° clones before superinfection with Mo-MuLV*“PF were assayed for the
presence of helper and neo virus.

tion of retroviral DNA (J. Murphy and S. Goff, personal
communication) but did not affect transcription from the
promoter of the LTR. Therefore, tandemly integrated DNA
could be transcribed but could not generate transduced
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FIG. 3. RNA slot-blot analysis from packaged RNA. Virion
RNA from I° G418" clones was prepared before (— Mo-MuLVs#°F)
or after (+ Mo-MuLV*“F) superinfection with helper virus as
described in Materials and Methods. Either undiluted or diluted
samples were spotted onto Nytran membranes. The filters were
hybridized with 107 cpm of a 3?P-labeled 1.5-kb neo fragment or with
107 cpm of a 3?P-labeled 220-bp supF fragment.

integrated Harvey murine sarcoma virus without additional
recombination with helper virus RNA during reverse tran-
scription. In contrast, when we examined similar constructs
in which 215 bp was deleted from the 5’ end of the LTR U3
region (pPARVMY¥*neo and pARVMWY¥*rneoSV), the fre-
quency of II° G418" clones was essentially the same as that
obtained with pM¥ " neoSV (Table 1). Therefore, this con-
trol experiment provides further support that transduction of
neo in our experimental design results from recombination
between the copackaged neo and helper virus RNA.

With some constructs, I° clone cells were randomly sub-
cloned 3 days after superinfection with Mo-MuLV*s“’F
helper virus. Southern analysis of DNA from 32 subclones (8
from each I° clone) showed that the structure of the inte-
grated constructs remained unchanged; moreover, the
clones did not contain any additional or new neo copies.
Furthermore, the majority of these clones produced high
titers of helper virus (32 of 32), as well as neo-transducing
virus (25 of 32) with similar frequencies as observed for the
corresponding I° clones before subcloning (data not shown).
This result indicates that recombinant neo viruses did not
arise by rare, illegitimate recombination between the inte-
grated neo construct and the superinfecting helper virus on
the DNA level or by recombination with helper virus during
reinfection of I° clone cells.

Deletion of the packaging signal in the various constructs
lowered the number of neo recombinant proviruses (Table
1). However, the frequencies were only 5- to 50-fold lower
than those obtained with the respective ¥* constructs. This
was unexpected because of the marked difference in neo
transductions found with the control constructs containing
or lacking the ¥ site (pM¥*neoAenvM and pM¥ neoA
envM, Table 1). This surprising result might be explained if
the mRNA transcribed from the ¥~ constructs is copack-
aged with the helper RNA genomes at a much higher than
expected frequency. This could increase the likelihood of
forming neo proviral DNAs in the subsequent infection.
However, measurements of the amount of neo and helper
RNA contained in virus particles in the supernatants of
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infected I° clones did not support that possibility (Fig. 3). As
expected from the similar helper virus titers in such super-
natants (Table 1), the amount of Mo-MuLV*“?F RNA is
about the same for each of the infected I° clones. More
importantly, the virion particles in the supernatant from each
of the infected clones carrying the ¥~ constructs contained
about 103-fold-lower levels of neo RNA compared with their
¥™* counterparts, a result similar to that observed with the
control constructs M¥*'~neoAenvM (Fig. 3). This result
indicates that the unexpectedly high frequency of neo trans-
duction with the ¥~ constructs is not due to their more
efficient packaging. Moreover, this finding indicates that
¥*neo recombinants are not formed in the I° clones because
such recombinants would have been efficiently packaged in
the released virus.

neo mRNAs transcribed from the SV40 promoter serve as
substrates for recombination. We next examined whether neo
transcripts lacking 5’ LTR sequences recombine with helper
virus RNAs to produce neo-transducing virus. The con-
structs used to create the I° G418" clones contained the SV40
early region promoter in place of the Mo-MuLV LTR (Fig.
4). The SV40 promoter sequences were joined to Mo-MuLV
sequences just beyond the primer-binding sequence and,
therefore, included the ¥ site, about 1 kb of the viral gag
sequences, and the neo gene; comparable constructs lacking
the ¥ site were made as mentioned in Materials and Meth-
ods. The 3’ ends of these constructs contained the Mo-
MuLV LTR, the SV40 early region polyadenylation site, or
no polyadenylation sequences.

Table 2 shows that none of the G418" I° clones produced
neo-transducing virus without infection with the helper
virus. Even after infection, the neo RNAs that are unable
to serve as templates for reverse transcription because
they lack the primer-binding sequence and, in addition,
sequences necessary for plus DNA strand initiation
(SV¥*neo, SV¥*neoSV) failed to produce G418" II°
clones. By contrast, neo RNAs lacking the 5’ site for
initiating minus DNA synthesis but containing the charac-
teristic retroviral 3’ end (SV¥*neoAenvM) underwent re-
combination with the infecting viral RNA. Here too, neo
RN A s lacking the ¥ site still underwent recombination with
the helper viral RNA, albeit at about one-fourth the effi-
ciency of the comparable ¥* construct.

We rationalize these results as follows. Although
SV¥*neoAenvM may be copackaged with the helper viral
RNA, only the helper RNA can serve for initiation of minus
DNA strand synthesis. However, once initiated on the
helper viral RNA, reverse transcription can continue at the
3’ terminus of the neo RNA after intermolecular strand
transfer (31). Under these circumstances, only a single
recombination event is needed to incorporate the neo se-
quence between two LTRs in the proviral DNA. By con-
trast, the neo RNAs transcribed from the two constructs
lacking the 3’ LTR are unable either to prime the minus-
strand DN As or to accept the minus DNA strand initiated on
the helper RNA. Accordingly, minus DNA strand synthesis
could only continue at the 3’ end of the helper RNA, and two
recombinations would be needed to acquire the neo gene.
We conclude that the failure to detect recombinants with the
I° clones containing SV¥ " neo and SV¥*neoSV constructs
stems from the low probability of two recombinations
needed for the acquisition of the neo sequence into a proviral
DNA. In addition, the inefficiency with which minus-strand
DNA initiated at the 5’ end of the helper RNA can be
transferred to the 3’ end of that RNA may contribute to the
inability to detect recombinant neo viruses (31).
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genomes. To provide an estimate of the number of neo-
containing genomes per G418" II° clone, we digested cellular
DNAs with Xhol endonuclease, which cleaves the recombi-
nant genomes once at the 5’ junction between the viral and
neo sequences (Fig. 2). The Xhol digests of three G418" II°
clones from each of three independent I° clones obtained by
transformation with the pMY¥*neoAenvM construct showed
that each contained one or at most two copies of the neo
provirus; moreover, these were integrated at different chro-
mosomal locations (data not shown).

Information about the recombinant proviral structures
was obtained by Xbal endonuclease digests of the G418" II°
clone DNAs. Xbal endonuclease cleaves proviral DNA in
each LTR; consequently, the length of the neo-containing
fragment is diagnostic of the recombination events that gave
rise to each G418" II° clone. As expected, the Xbal digests of
DNA from the MY " neoAenvM-derived I° and II° clones
contained the same-sized neo-containing fragment (Fig. 5).
This follows because copackaging of the M¥*neoAenvM
RNA with the helper virus is all that is required to transfer
G418 to the II° clones; i.e., recombination is not necessary
to produce neo-transducing virus.

The same analysis was done with G418" II° clones result-
ing from recombination between the helper virus RNA and
RNA transcribed from the integrated M¥*neoSV se-
quences. Judging from the number of neo-containing frag-
ments produced by Xhol endonuclease cleavage of 24 G418"
II° clone DNAs derived from three independent I° clones
(data not shown), we surmise that each contains only one or
at most two recombinant proviruses per genome. Recombi-
nant G418 II° clones referred to above should contain the
neo sequence flanked by two LTRs, and therefore, Xbal
endonuclease digests should yield neo fragments that differ
in size from one another depending on where the recombi-
nation occurred. Moreover, the neo fragments from the II°

TABLE 2. Virus production from primary G418" clones®

Virus production

C —MuLV*“rF +MuLVs«PF
onstruct
XC G418 XC titer G418"
titer titer (10%) titer
SV¥*neoAenvM 0 0 9 30
16
13
SV¥~neoAenvM 0 0 4 4
6
6
SV¥*neo 0 0 5 0
1
0
SVV¥ ™ neo 0 0 12 0
0
0
SV¥*neoSV 0 0 6 0
0
0
SV¥ " neoSV 0 0 7 0
0
0
Control (Mo-MuLV*“PF 2 0
producer)

2 Primary G418 clones (three from each construct) were analyzed for virus
production before and after superinfection with Mo-MuL V*“PF helper virus as
described in Materials and Methods. Production of helper virus was deter-
mined by the XC plaque assay (35), and recombinant neo virus was detected
by selection in Dulbecco modified Eagle medium supplemented with 10% calf
serum and 0.5 mg of G418 per ml. The titers are given as numbers of XC
plaques or G418" colonies per ml. The XC titers shown represent the average
number from three different clones.
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FIG. 5. Southern blot analysis of DNA from II° clones derived
from M¥*neoAenvM. High-molecular-weight DNA (10 pg) was
digested to completion with Xbal endonuclease, separated on 1%
agarose gel, and transferred to Zetabind filters. A DNA, digested
with EcoRI and HindIII endonucleases, was run as a size marker in
parallel. The filter was hybridized with 107 cpm of a 3?P-labeled
1.5-kb neo fragment. Top: Lanes labeled A to I represent Xbal
digests of 10 ug of DNA from three sets of II° clones. The lanes
marked I° associated with each set show the Xbal digests of the I°
clone DNA from which each set of II° clones was obtained. The
arrow indicates the position of the expected Xbal fragments. Bot-
tom: Schematic structure of MW*neoAenvM proviral DNA. The
arrows indicate the locations of the Xbal and BamHI cleavage sites
and the sizes of the expected fragments in the I° clone DNA.

clones should differ from those of their I° progenitors. Figure
6 shows the digests of three sets of eight II° clones, each set
being derived from an independent I° clone. Clearly, the
sizes of the recombinant viral sequences differ from one
another and from the I° clones from which they derive. This
finding indicates that the II° clones have independent origins
and that the recombinations do not occur at hot spots.
Similar analyses were done on multiple G418" II° clones
originating from I° clones transformed with pM¥*neo,
pMY¥*neoApBRSV, ARVMY¥*neo, and ARVMWY¥ ™ neoSV
(data not shown). In each case, the neo-containing fragments
generated by Xbal endonuclease digestion differed in size
from one another and from those in similar digests of I° clone
DNA, indicating that here too each II° clone had an inde-
pendent origin, probably due to recombination at different
locations. In addition, Northern (RNA) analysis of total
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cellular RNA from several I° and II° G418" clones supported
these conclusions. Distinct neo RNA species, which differed
in size among different II° clones and from the I° clones,
were found, indicating that there were multiple independent
recombination events during the formation of the G418" II°
clones (data not shown).

We next tested whether the recombinant neo proviruses in
II° clones had acquired the 3’ LTR from the Mo-MuL V*“"¥
helper virus genome. The blots shown in Fig. 6 were
rehybridized with a *?P-labeled supF fragment derived from
the U3 region of the Mo-MuLV*“?F LTRs (33). Most of the
II° clone digests contained a complex array of supF-positive
bands, indicating that they contained many (10 to 15) helper
provirus copies per genome. However, almost all the neo-
containing Xbal fragments cross-hybridized with the supF
probe (data not shown). This result is consistent with the
notion that the recombination between the helper virus RNA
and the neo transcripts occurred during reverse transcrip-
tion.

To determine whether recombination at homologous sites
was favored, we analyzed the Xbal fragments from II°
clones derived from the constructs MY¥* neoAenvSV and
SV¥*neoAenvM. Most of the recombinant proviruses ap-
peared to result from recombinations within the homologous
region. Thus, 22 of 24 of the neo-containing Xbal fragments
from the II° clones derived from the I° clones containing the
MY *neoAenvSV construct were the same size, although
they differed from the fragment cleaved from the I° clone
DNA (data not shown). Similarly, 20 of 24 neo fragments
from the II° clones generated from the SVV¥*neoAenvM
construct were the same size but different from the ones
obtained from their corresponding I° clone DNA. This
suggests that most of the recombinations occurred within the
sequences flanking the neo gene, that is, within Aenv, or
within sequences upstream of neo, respectively (see Fig. 2
and 4).

Because the recombinant neo proviruses in II° G418"
clones have acquired a retroviral 3’ end from Mo-MuL V*“PF
virus, they should produce recombinant neo virus at higher
titers than did the I° clones. We found that the II° clones
produced about the same titers of helper virus as the I°
clones but that there was considerable variation in the
amounts of neo virus (between 10 and 10° G418" colonies
per ml). We presume that this variation in the neo virus titer
is due to the variation in expression of the different proviral
integration sites and possibly to the variations in the struc-
ture of each recombinant.

Role of ¥ sequence in retroviral recombination. We have
already noted that I° clones containing the MY " neoAenvM
construct yielded high levels of neo-transducing virus after
infection with the helper Mo-MuLV*“?F (Table 1). More-
over, there was a nearly 10* to 10°-fold reduction in the
production of neo-transducing virus when the ¥ site was
removed (Table 1). The explanation for this seems quite
straightforward. The neo RNA transcribed from the
MY *neoAenvM construct can be packaged into virions for
transduction of the II° clones. Furthermore, recombination
is not needed to form a neo-containing proviral DNA; the
dispensability of recombination is supported by the finding
that Xbal endonuclease digestion of these I° and II° clone
DNAs generates the same neo-containing fragment (Fig. 5).
By this reasoning, the markedly reduced frequency of neo-
transducing viruses in I° clones containing the corresponding
V¥~ construct stems from the very inefficient packaging of
V¥~ RNA into virions (Fig. 3). Because recombination is not
needed to produce MV~ neoAenvM proviruses, we expected
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FIG. 6. Southern blot analysis of DNA from II° clones derived from MW¥*neoSV. Digestions, electrophoretic separations, and
hybridizations were performed as described in the legend to Fig. 5. Top: Xbal digests of 10 pg of DNA from three sets of II° clones (lanes
A to H), each set being derived from different I° clones. Bottom: Schematic structure of integrated M¥*neoSV DNA in I° clones and
predicted structure of the recombinant provirus in II° clones, indicating the positions of the Xbal restriction sites and the probe used for

hybridization.

to find the same size neo-containing fragments in the corre-
sponding II° and I° G418" clones. But this is not the case, as
the Xbal endonuclease digests of six of nine II° clones
derived from Mo-MuLV*“*F.infected I° clones containing
the MY~ neoAenvM construct contained either smaller or
larger neo fragments than those obtained from their I° clone
source (Fig. 7). In a second experiment (data not shown), in
which 20 II° G418" clones were obtained after Mo-MuL V*“PF
infection of two different MV~ neoAenvM I° clones, 12
yielded neo fragments after Xbal endonuclease digestion
that were different in size from their I° clone progenitors.
These results suggest that retroviral RNAs lacking a ¥
sequence undergo frequent recombination during reverse
transcription and that such events are detectable even in the
absence of selection.

To determine whether there was a hot spot for this
V¥~ -related hyper-recombination, we compared the struc-
tures of the neo-containing proviral DNA in the II° clones
derived from the M¥* neoAenvM and MY " neoAenvM con-
structs (Fig. 8). After digestion with Xbal and Bcll endonu-
cleases, the ¥* construct yielded neo-containing fragments
of 2.1 and 2.75 kb from the 5’ and 3’ halves, respectively,
while the ¥~ version generated 1.7- and 2.75-kb fragments
from the same regions (Fig. 8A, bottom). Three II° clones
and their I° clone progenitor derived from MY *neoAenvM
produced the expected size fragments, indicating that all
retained the structure of the MY neoAenvM DNA. How-
ever, three of the five II° clones derived from the
MY~ neoAenvM construct yielded neo-containing fragments
from the 5’ half that differed in size from the expected 1.7 kb,

from each other, and from the fragment produced by the I°
clone DNA (Fig. 8A). By contrast, all the II° clones and their
I° progenitor produced the expected 3'-specific 2.75-kb frag-
ment. To further identify the recombination site, we digested
the same II° and I° clone DNAs with HindIII and Bcll (Fig.
8B). Here we focused specifically on the region between the
HindlIIl restriction site created by the removal of the ¥
sequence (24) and the Bcll restriction site at the 5’ end of the
neo coding sequence (Fig. 8B, bottom). Instead of the 1.3-kb
fragment characteristic of the M¥~neoAenvM DNA in the I°
clone, each II° clone yielded different size fragments. These
results suggest that both homologous and nonhomologous
recombinations took place at the 5' end of the MV~ neoA
envM between the ¥ site and the neo gene.

When DNA from MY~ neo- and MY " reoSV-derived II°
clones was digested with Xbal and Bcll endonucleases, five
of seven of the recombinant proviruses produced neo-con-
taining fragments that differed in length from the 1.7 kb
characteristic of the 5’ end of the constructs (data not
shown). Thus, in these cases, in which recombination at the
3’ end is needed for the provirus to acquire the neo se-
quence, recombination often occurs at the 5’ end as well.

To locate the recombination hot spot at the 5' end more
precisely, we cloned the 5’ segment of several proviral
genomes from II° clones derived from the MY~ neoAenvM
constructs. Cellular DNA was digested with Xbal and
BamHI endonucleases, and the appropriate size neo-con-
taining fragment was identified by Southern blot hybridiza-
tion with a 3°P-labeled neo fragment (Fig. 9A). DNA en-
riched for the 5’ Xbal-BamHI fragment was purified from a
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FIG. 7. Southern blot analysis of DNA from II° clones derived
from MV " neoAenvM. Digestions, electrophoretic separations, and
hybridizations were performed as described in the legend to Fig. S.
Top: Lanes labeled A to I show the Xbal endonuclease digests of
DNA from three sets of II° clones. The lanes marked I° associated
with each set contain the digests of the I° clone DNA from which
each set of II° clones was derived. The arrow indicates the position
of the expected Xbal fragment. Bottom: Schematic structure of
MV~ neoAenvM proviral DNA, the relevant restriction sites, and
the expected sizes of fragments in I° and II° clone DNAs.

preparative gel, ligated to vector DNA [Bluescript KS(+)]
cut with Xbal and BamHI, and transfected into highly
competent recA mutant E. coli (strain DHS5a), and neo
clones were selected for kanamycin resistance. We readily
obtained bacterial clones from II° clones C, E, L, and H
(Fig. 9A). Restriction enzyme analysis showed that the
plasmid DNA recovered from the bacterial clones contained
the same size inserts as those identified in the II° clone
proviral DNA digests (Fig. 9A). Furthermore, digestion of
the cloned proviral DNA inserts with Ddel or Avall (gener-
ating 10 or 8 fragments, respectively) showed that the insert
derived from II° clone E was identical to the 5’ end of
MY " neoAenvM and that the inserts from II° clones C, L,
and H were identical to the 5’ end of MY " neoAenvM (data
not shown). In each case, the size of the cloned Xbal-BamHI
fragment was in agreement with the restriction analysis of
the proviral DNA in the corresponding II° clones. We did not
recover any cloned plasmids containing inserts from II°
clones D and I, each of which yielded altered 5’ fragments of
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about 1.9 and 1.3 kb, respectively (Fig. 9A). This failure may
be due to the inactivation or deletion of the promoter of the
neo gene, a notion consistent with their smaller sizes.

When plasmid DNA recovered from the bacterial clones
was digested with Xbal-BamHI endonucleases and probed
with a 32P-labeled fragment containing the ¥ sequence, only
the 3.2-kb fragments from clones C, L, and H and from the
pMV¥* neoAenvM control DNA hybridized strongly (Fig.
9B), confirming that these recombinants have acquired the
packaging site (see above). DNA from clone E showed the
same size 2.85-kb band of very low intensity as
pMV¥ " neoAenvM, indicating that clone E contains a neo
provirus which still lacks the packaging site (Fig. 9B). The
weak hybridization is due to weak cross-hybridization of the
probe with sequences flanking ¥. Further support for the
acquisition of the ¥ site by clones C, L, and H stems from
the finding that these II° clones produce consistently higher
titers of neo virus (10* to 10° G418" colonies per ml)
compared with those which have not acquired the ¥ site
(clone E, titer of 10Y/ml).

In summary, these results indicate that retroviral con-
structs lacking the ¥ sequences underwent frequent recom-
bination with helper virus RNA, leading to the acquisition of
the complete ¥ site in at least 50% of the cases. Although
recombination events were detected preferentially at the 5’
end of the neo RNA, they could have also occurred within
the neo gene or at the 3’ end. However, any recombination
event within the neo sequence or homologous recombina-
tions at the 3’ end would not have been detected.

DISCUSSION

Several mechanisms have been proposed for the genesis of
transducing retroviruses. The most widely accepted model,
proposed by Swanstrom and colleagues (37, 38) assumes that
the initial step involves rearrangement of cellular sequences
with those of an upstream integrated provirus, resulting in a
hybrid transcriptional unit in which 5’ retroviral sequences
are joined to 3’ cellular sequences. The incorporation of
cellular sequences into proviral DNA is presumed to occur
only after infection with wild-type virus when viral and
hybrid RNAs are copackaged into virions. Ostensibly,
recombinant proviral DNAs are formed during the next
round of infection by reverse transcriptase as it copies
sequences from each RNA. The experiments reported here
examine several of the parameters that influence the effi-
ciency of this reverse transcriptase-mediated recombination.

Cells transformed with a variety of different DNA con-
structs designed to produce retroviruslike or cell-like RNAs
containing the selectable neo gene provided potential part-
ners for recombination with a superinfecting helper virus.
One set of constructs produced RNAs with 5’ retroviral
termini and either a retroviral or cellular 3’ terminus; such
RNA s either included or lacked a viral sequence, ¥, that has
been implicated in highly efficient packaging of viral RNA
into virions (24). Additionally, cell lines were established
whose neo transcripts lacked retroviruslike 5’ ends but
contained either a retroviral or cellular 3’ terminus; here too,
the RNAs included or lacked the ¥ sequence. None of these
cell lines can transduce the neo gene to other cells sponta-
neously, but several generate rneo-transducing virus after
infection with wild-type Mo-MuLV*“?F, Our data indicate
that only those cells producing neo RNAs with either a viral
5’ or 3’ end are able to generate transducing virus. This
would be expected if reverse transcriptase is to jump once
between the two templates and thus incorporate the neo
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FIG. 8. Characterization of proviral DNA structure in II° clones derived from M¥ " neoAenvM. Cellular DNA (10 pg) from II° clones,
digested to completion with Xbal and Bcll endonucleases (A) or HindIIl and Bcll endonucleases (B), was separated on 0.8% agarose gels and
transferred to Zetabind filters. The filters were hybridized with 107 cpm of a 32P-labeled 1.5-kb reo fragment. (A) The left panel contains the
Xbal-Bcll endonuclease digests of three II° clones (lanes A, B, and C) and a I° clone derived from M¥*neoAenvM. The right panel shows
the digests of five II° clones (lanes A, C, D, E, and F) and a I° clone derived from M¥ " neoAenvM. (B) DNA from five II° clones digested
with HindIII and Bcll endonucleases (lanes A, C, D, E, and F) and a I° clone derived from MY “neoAenvM. The arrows beside each panel
indicate the positions of the fragments expected from the ¥* and ¥~ constructs. Bottom: Schematic structure of integrated M¥ *neoAenvM
and MY~ neoAenvM proviral DNA, showing the cleavage sites for Xbal, Bcll, and HindIll endonucleases, the expected fragment sizes, and

the probe used in the hybridization.

gene into a proviral DNA. Unexpectedly, the viral packaging
sequence ¥ can be deleted from the neo RNA without
drastically altering the frequency with which the neo se-
quence is incorporated into recombinant proviruses. Possi-
ble reasons for this finding are discussed later in this section.

Recombination between neo and helper virus RNA is not
dependent on homology. neo-transducing viruses arise with
an apparent frequency between 10~> and 10~3 when only
one recombination is needed between copackageable neo
and helper virus RNAs. These transduction frequencies are
minimal estimates because only those recombination events
that include the complete neo sequence in the proviral DNA
are scored. Any recombinations that occur within the neo
gene, or in regions required for its expression, are not
detected in our assay. It is possible that, due to reinfections,
the number of G418" clones overestimates the frequency of
recombination. However, we believe this to be unlikely,
since no new neo proviruses can be detected in randomly
subcloned I° clone cells, and since the structures of recom-
binant neo viruses in independent II° clones are different
from each other (see next section).

Our findings indicate that the recombinations leading to
the incorporation of the neo gene into proviral structures can
occur in regions where there is no apparent sequence ho-

mology between the two recombining partners. For exam-
ple, there is no sequence homology between MV neo or
MY *neoSV and Mo-MuLV at the 3’ ends where the recom-
bination must occur. Nevertheless, sequence homology at
the env region of MY *neoAenvSV increases the frequency
of neo transduction about 100-fold over that found with
MY *neoSV. Part of this effect seems to be due to the
increased distance separating the neo and SV40 polyadeny-
lation sequence because substituting an equal length of
pBR322 sequence produces a 10-fold increase in neo trans-
duction. This seems reasonable, as the recombination must
occur between neo and the SV40 polyadenylation site to
form a functional proviral neo sequence.

neo-transducing viruses arise by reverse transcriptase-me-
diated recombination. Several lines of evidence in this report
support the view that neo-transducing viruses arise by
reverse transcriptase-mediated recombination of RNAs
rather than by recombination at the DNA level. (i) The
structure of the one, or few, nontandemly integrated copies
of neo DNA in the I° clones we selected for study was the
same as that of the transfected construct, thus excluding the
possibility of recombination during or after transfection of
the input DNA. Moreover, the neo mRNA produced by
these I° clones was the same size as that expected from the
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FIG. 9. Southern blot analysis of DNA from II° clones derived
from pM¥ " neoAenvM and cloned proviral DNA inserts. (A) High-
molecular-weight DNA (10 pg) was digested to completion with
Xbal and BamHI endonucleases, separated on 1% agarose gels, and
transferred to a Zetabind filter. The filter was hybridized with 107
cpm of a 3?P-labeled 1.5-kb neo fragment. Lanes C, D, E, L, H, and
I show Xbal-BamHI endonuclease digests of DNA from II° clones.
Lanes marked I° contain the digests of the I° clone DNA from which
the respective II° clones were derived, lane 3T3 contains 10 pg of
digested DNA from NIH 3T3 cells, and lane p¥'~ contains 10 pg of
pMV¥ " neoAenvM DNA mixed with 10 pg of NIH 3T3 DNA. The
arrow indicates the position of the 2.85-kb Xbal-BamHI fragment
from pMV¥ " neoAenvM. (B) Plasmid DNA (100 ng) containing the
cloned Xbal-BamHI inserts from II° clones C, E, L, and H derived
from MV " neoAenvM was digested with Xbal and BamHI endonu-
cleases, separated on a 1% agarose gel, and transferred to a
Zetabind filter. As controls, Xbal-BamHI-digested plasmid DNA
(100 ng) from pM¥*neoAenvM (p¥*) and pMV¥ " neoAenvM (p¥ ™)
was run in parallel. The filter was hybridized with 5 X 10° cpm of a
32p_labeled 220-bp Avall fragment of pM¥*neo, containing ¥
sequences of Mo-MuLV from nucleotides 312 to 532 (40). The
arrows indicate the positions of the 3.2-kb Xbal-BamHI fragment
from pM¥*neoAenvM (upper) and the 2.85-kb Xbal-BamHI frag-
ment from pMY¥ ~neoAenvM (lower). Compare Fig. S and 7 (bottom)
for expected fragment sizes and probes used for Southern hybrid-
ization.

structure of the transfected neo DNA. Thus, with the
exception of the M¥* neoAenvM construct, the integrated
neo DNA in the I° clones does not exist in a proviruslike
form. (ii) No evidence could be found for the possibility that
the transducing neo virus resulted from rare recombinations
in the I° clones between the integrated neo DNA and the
superinfecting helper virus or from recombination with
helper virus during reinfection of the I° clone cells. Thus,
after random subcloning of I° clone cells 3 days after
infection with helper virus, the structure of the integrated
neo constructs remained unchanged; moreover, the clones
did not contain any additional or new neo copies. Further-
more, the majority of these clones produced high titers of
helper virus, as well as neo-transducing virus with frequen-
cies similar to those observed for the corresponding I° clones
before subcloning. (iii) The structures of the recombinant
neo DNA in independent II° clones differ from one another
and from the I° clone from which they originate, indicating
multiple independent recombination events during virus
replication rather than a rare preexisting recombinant
present in the I° clone. Moreover, the neo sequence in the II°
clones is flanked by viral LTRs. And, the fact that recombi-
nant proviruses contain the supF marker in their flanking
LTR shows that these derived from the infecting helper
virus. (iv) RNAs transcribed from the constructs
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ARVMY¥*neo and ARVMY*rneoSV, which retain the LTR
sequences essential for viral promoter function but lack the
sequences needed for proviral integration, are as proficient
in yielding neo recombinants as those with the complete 5’
LTR. This indicates that the recombinant proviruses in the
II° clones derived intact LTR sequences from the helper
virus, rather than via illegitimate recombination between neo
constructs during transfection, as has recently been sug-
gested (13, 14). (v) Finally, the likelihood of recombination
between two reverse-transcribed DNAs before integration
can be excluded, because the neo RNAs lack sequences
either for initiation of minus DNA strand synthesis at their 5’
end or for initiation of plus DNA strand synthesis at their 3’
end. These lines of evidence indicate that a reverse tran-
scriptase-mediated recombination is the most likely mecha-
nism to account for the transduction of the neo marker. This
conclusion concurs with earlier genetic studies indicating
that recombination between retroviruses does not occur in a
single infection; rather, recombination requires the copack-
aging of two RNAs into heterozygous virus particles and a
second round of virus replication (7, 41-43).

High levels of recombination with neo RNAs lacking the ¥
site. The most unexpected result in our study comes from the
examination of the role of the packaging site ¥ in recombi-
nation. Although RNAs from neo constructs with a deletion
of the ¥ sequence were packaged into virion particles at
least 103-fold less efficiently than their ¥* counterparts, the
number of recombinant neo proviruses was only severalfold
reduced. High levels of recombination with constructs lack-
ing ¥ were observed even in the absence of selection for a
recombination event and frequently resulted in the acquisi-
tion of the ¥ sequence. Even though double recombinations
appear to be extremely rare with RNAs containing the ¥
site, they do occur frequently in the ¥~ counterparts.
Perhaps, the high recombination frequency we observed
with ¥~ constructs explains the high frequency with which
wild-type virus appears from retroviral vector-producing
packaging cell lines which contain either ecotropic or am-
photropic ¥~ genomes (9, 26).

The packaging site ¥ spans a 350-bp region in the 5’ leader
sequence of Mo-MuLV (24). There is considerable evidence
indicating that the ¥ region contains cis-acting sequences
necessary for efficient retroviral encapsidation (24, 40). In
addition to ¥, retroviral sequences extending into the gag
coding region, as well as sequences from the US LTR, have
been shown to be important for efficient packaging of ge-
nomic RNA (1, 2, 27). The gag region is present in all our
constructs, and the US sequence is present in those con-
structs in which neo RNA is transcribed from a retroviral
LTR. Recent experimental evidence suggests that the ¥
region also has a role in dimerization of genomic RNA (40;
C. Roy and J. Darlix, personal communication; R. Alford
and J. Belmont, personal communication). The dimer link-
age structure functions to hold two genomic RNA strands
together at or near their 5’ termini in mature virion particles
(3, 28). Although both the encapsidation and the dimer
linkage structure have been localized to the ¥ region, the
precise nature of the sequences involved in each function is
unknown. For example, it remains to be established whether
the sequences responsible for packaging and dimer forma-
tion are distinctive, alike, or overlapping.

The finding that the lack of the ¥ site in one of the
copackaged virion RNAs results in an increased frequency
of recombination during reverse transcription could be ex-
plained if orderly retroviral reverse transcription requires
proper packaging of genomic RNA and specific interactions



VoL. 64, 1990

of the dimer linkage structure with nucleocapsid proteins.
Disruption of the RNA dimer linkage structure (by deletion
of ¥) could cause an aberrant organization of the two RNA
templates and might cause reverse transcriptase to switch
templates inappropriately more frequently. Recent studies
on the replication of spleen necrosis virus indicate that
reverse transcription involves both genomic RNA strands in
a highly orderly fashion (31). Additional information on the
role of the ¥ sequence could be obtained by analyzing the
effects of specific mutational alterations of the ¥ site on
recombination.

Mechanism of transduction by retroviruses. The results
presented in this study are consistent with the multistep
model for the transduction of cellular oncogenes as originally
proposed by Swanstrom and colleagues (37, 38). Our exper-
iments support the proposed second step, namely, a recom-
bination during reverse transcription of a copackaged retro-
viral genomic RNA with a hybrid RNA containing an LTR at
either the 5’ or 3’ end. Thus, RNAs in which the neo gene is
joined to 5’ retroviral sequences participate in recombination
with an infecting helper virus during reverse transcription.
Moreover, RNAs that are transcribed from a cell-like pro-
moter and have retroviral 3’ ends also participate in recom-
bination with a copackaged viral RNA. Because the absence
of a packaging sequence does not entirely preclude the
packaging of such cellular RN As, retrovirus-mediated trans-
duction of cellular oncogenes might also occur if the provirus
resides downstream from a cellular oncogene.
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