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To assess the factors required for integration and expression of retroviral DNA, we have examined viral
DNA, RNA, and protein in NIH/3T3 mouse cells transformed by transfection with various forms of cloned Rous
sarcoma virus (RSV) DNA. Linear RSV DNA molecules, derived from circular DNA containing two long
terminal repeats (LTRs) and permuted by cleavage at the Sac restriction endonuclease site in the leader
sequence, were integrated near the ends of the linear molecule, with the LTRs on the 3' side of the src gene. In-
tegration of a subgenomic RSV DNA fragment containing the viral src gene without intact LTRs also occurred
near the ends of the linear molecule. Head-to-tail tandem arrays of RSV DNA species were observed in some
transformed cell lines that received fully digested DNA and in all cell lines that received DNA ligated to produce
oligomers before transfection. Closed circular RSV DNA, with one or two LTRs, integrated without apparent
specificity within several regions of the viral genome. After transfection with SacI-permuted RSV DNA still
linked to arms of the lambda bacteriophage vector DNA, bacteriophage sequences were joined to host DNA.
Transformed cell lines produced by transfection with the various forms of RSV DNA produced similar levels of
viral src protein, although the efficiency of successful transformation varied by at least two orders of
magnitude. Analyses of viral polyadenylated RNA, together with the patterns of viral DNA in transformed
cells, indicated that viral DNA can be integrated and expressed without regard to LTR sequences, with
adjacent host DNA presumably supplying signals required for the promotion and processing of functional src
mRNA.

Essential aspects of retrovirus replication include synthe-
sis of DNA from an RNA genome by reverse transcription,
integration of viral DNA into host cell DNA, and transcrip-
tion of viral genes from the integrated provirus (2, 27). After
infection of cells with retroviruses, a linear double-stranded
DNA, with terminally redundant sequences (long terminal
repeats [LTRs]) 300 to 1,200 base pairs (bp) in length, is
synthesized from the genomic RNA by RNA-dependent
DNA polymerase found in virions. A portion of the linear
DNA molecules in infected cells is converted to closed
circular forms, some with one copy and some with two
copies of the LTR. Proviral DNA is found integrated at
many sites in the host cell genome, maintains an orientation
that is colinear with the unintegrated linear viral DNA, and
contains a copy of the LTR at each end in covalent linkage to
cell DNA; however, the mechanism of retrovirus integration
has not yet been elucidated. Initiation of viral RNA synthe-
sis occurs in the leftward (upstream) LTR, and the addition
of polyadenylic acid [poly(A)] tails to viral RNA is signaled
by sequences in the rightward (downstream) LTR.
We have examined the efficiency of transformation and

the patterns of integration and viral gene expression after
transfection of nonpermissive NIH/3T3 mouse cells with
various forms of Rous sarcoma virus (RSV) DNA derived
from a circular molecule cloned in Escherichia coli (7). The
influence of the position of the LTR upon integration in the
absence of viral proteins that normally accompany the viral
genome into the cell and upon viral transcription was studied
by transfection with several forms of cloned RSV DNA (Fig.
1): (i) viral DNA linearized and permuted by cleavage at a
site located within the leader region of the RSV genome (Fig.
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1A); (ii) ligated tandem arrays of permuted linear RSV DNA
(Fig. 1B); (iii) recircularized viral DNA (Fig. 1C); (iv) a
subgenomic DNA fragment encompassing the viral src gene
(1,593 bp) and enhancer sequence (15) but lacking a com-
plete LTR (Fig. 1D); and (v) chimeric DNA consisting of the
permuted configuration of RSV DNA constrained within
bacteriophage X DNA (Fig. 1E).
Each of these forms of cloned RSV DNA was shown to

transform NIH/3T3 mouse cells, albeit at different frequen-
cies, and all transformed cells produced RSV src protein
indistinguishable from that found in cells infected with virus.
The LTRs of these forms of cloned retrovirus DNA were not
directly involved in integration into host cell DNA after
transfection. Whenever linear forms of retrovirus DNA were
used to transform cells, integration into cell DNA occurred
near the ends of the linear molecules. Closed circular forms
of retrovirus DNA were shown to integrate at several sites
within viral DNA. Examination of integration patterns and
viral RNA transcripts in cells transformed by each of these
forms of cloned RSV DNA revealed that the LTRs are not
obligatory for transcription ofRSV genes; cellular sequences
appear to play a role in initiation or processing or both of
viral transcripts in situations not allowing the use of viral
signals.

(Preliminary accounts of this work were presented at the
Cold Spring Harbor RNA Tumor Virus Meetings of 1980 and
1981).

MATERIALS AND METHODS
Cell culture and transfection. NIH/3T3 mouse cells, pro-

vided by G. M. Cooper, Sidney Farber Cancer Institute,
Harvard Medical School, Boston, Mass., were propagated in
monolayer culture in Dulbecco minimal essential medium
(DMEM) supplemented with 10% calf serum. Anderson et
al. (1) first described the use of these cells for studying
cellular transformation by DNA transfection. Coprecipitates
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FIG. 1. Forms of cloned RSV DNA used for transfection. The bold lines represent RSV DNA sequences. Open boxes represent LTR
regions; solid triangles above the LTRs indicate the direction of transcription. The open triangles show the locations of EcoRI cleavage sites,
and the unmarked arrows indicate the locations of Sacl cleavage sites. (A) 9.4-ki Sac-I permuted linear RSV DNA. The inset to the right is an
enlargement of the LTR region divided into U3 and R-U5 portions; the large arrows denote the direction of transcription. (B) Tandem arrays
of SacI-permuted linear RSV DNA. (C) Closed circular RSV DNA (9.4 kb). (D) Subgenomic (3-kb) EcoRI v-src DNA fragment, showing src
initiation and termination codons. (E) Chimeric AJRSV DNA containing a complete (9.4-kb) SacI-permuted RSV DNA.

of DNA and calcium were prepared by the method of
Graham and Van der Eb (10), using HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid)-buffered saline. A
0.5-ml volume of precipitate, containing a total of 10 ,ug of
DNA, was applied directly to a 60-mm plastic tissue culture
dish containing ca. 500,000 NIH/3T3 cells in 5 ml ofDMEM
with 10%o fetal calf serum. We found that when the DNA-
calcium coprecipitate was added to DMEM containing calf
serum (several lots were tested), a massive precipitate
formed immediately that was toxic to the monolayer of NIH/
3T3 cells. When fetal calf serum was used instead of calf
serum in DMEM during transfection, a very fine precipitate
was observed, and the cells appeared to be healthy. The
tissue culture dishes containing the DNA-calcium coprecipi-
tate were incubated 6 to 8 h at 37°C in a CO2 incubator (95%
air, 5% C02), the medium was removed by aspiration, and
the cell monolayers were treated at room temperature with 1
ml of an adjuvant consisting of a 15% glycerol solution made
up in HEPES-buffered saline (3, 23). After 4 min, the
glycerol solution was removed by aspiration, and 5 ml of
DMEM containing 10% calf serum was added. The monolay-
ers were placed in a 37°C CO2 incubator and fed with fresh
growth medium every 2 days. Low-power microscopy (x40)
was used to detect foci of transformed cells. A focus
consisted of a compact area of large, rounded and refrac-
tile cells growing on a background of flat, untransformed
NIH/3T3 cells (5). Transformed foci were first noticed at 12
to 14 days and were counted at 20 to 24 days after transfec-
tion. Colonies of transformed cells containing more than 100
cells were picked with a drawn-out Pasteur pipette, trans-

ferred to microtiter wells, and propagated. For single-cell
cloning, transformed cells originating from one colony were
trypsinized and seeded at one cell per well and propagated;
microscopic observation was used to identify microtiter
wells containing cells originating from a single cell.

Preparation of cellular and cloned viral DNAs. High-molec-
ular-weight cellular DNA was prepared by resuspending
cultured cells at 106/ml in a buffer containing 20 mM Tris-
hydrochloride (pH 7.6), 10 mM EDTA, 100 mM NaCl, 0.5%
sodium dodecyl sulfate, and 200 ,ug of pronase (Calbiochem-
Behring; stock solution at 10 mg/ml in 10 mM Tris-hydro-
chloride [pH 7.61-10 mM EDTA and predigested for 2 h at
37°C) per ml. After incubation at 37°C for 2 h (or overnight at
room temperature), the DNA was deproteinized by extrac-
tion three to four times with an equal volume of a 1:1 phenol-
chloroform mixture (preequilibrated with an aqueous solu-
tion containing 100 mM Tris-hydrochloride (pH 7.6), 10 mM
EDTA, and 0.01% f-mercaptoethanol). After the final ex-
traction, the NaCl concentration was adjusted to 300 mM;
then 3 volumes of cold ethanol (-20°C) was layered on top,
and the tube was capped and inverted rapidly 8 to 10 times to
collapse the DNA fibers. The DNA was recovered as a pellet
after a low-speed centrifugation (2,000 to 5,000 x g for 10
min). Occasionally, instead of the centrifugation step, the
DNA was spooled on a glass rod. The DNA precipitate was
resuspended in water, and an equal volume of a solution
containing 50 mM Tris-hydrochloride (pH 7.6) and 20 mM
EDTA was added; to this, pancreatic RNase (stock solution
at 10 mg/ml in water pretreated at 80°C for 30 min or boiled
for 10 min) was added to a final concentration of 100 ,ug/ml.
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After incubation at 37°C for 1 h, predigested pronase was
added to a final concentration of 100 ,ug/ml, and incubation
was continued at 37°C for 1 h. Two extractions were
performed with equal volumes of a 1:1 phenol-chloroform
mixture as described above; these extractions were followed
by two extractions with chloroform. The final aqueous phase
was adjusted to 300 mM NaCl, and the DNA was precipitat-
ed with cold ethanol (see above). After two washes with cold
70% ethanol, the DNA precipitate was allowed to drain and
then resuspended in sterile glass-distilled water at a final
DNA concentration of 500 ,ug/ml. High-molecular-weight
NIH/3T3 cell DNA prepared in this fashion was passed twice
through a 22-gauge syringe before use as carrier DNA for
transfection.
The preparation of chimeric phage (Xgt * WES)-RSV

DNA is described by DeLorbe et al. (7). This DNA was
digested with Sacl, and the 9.4-kilobase (kb) linear RSV
DNA was separated from the large phage vector arms by
rate-zonal centrifugation in sucrose gradients. This purified
RSV DNA was digested with EcoRI, and the 3-kb DNA
fragment encoding the v-src gene was cloned into the EcoRI
site of Agt - WES (W. DeLorbe, unpublished data). This
cloned phage-RSV src chimeric DNA was used as a source
of the 3-kb v-src DNA fragment. After digestion of this
chimera with EcoRI, the 3-kb src DNA fragment was
separated from the phage vector DNA by rate-zonal sedi-
mentation in sucrose gradients (described above). Closed
circular RSV DNA was prepared by ligating purified Sacl-
permuted linear RSV DNA at a low DNA concentration (5
,ug/ml) in 10 mM Tris-hydrochloride (pH 7.6)-10 mM NaCl-
10 mM MgCl2-5 ,ug of ethidium bromide per ml with 100 U of
T4 DNA ligase at 4°C for 18 h (19). After the reaction, the
DNA solution was adjusted to 300 mM NaCl (with a 4 M
NaCl stock solution) and 10 mM EDTA (with a 0.25 M stock
solution) and extracted four times with equal volumes of n-
butanol (previously saturated with water). Closed circular
DNA was separated from other DNA forms by two extrac-
tions with acid-phenol (29). Analysis by agarose gel electro-
phoresis revealed that more than 90% of this DNA was in the

TABLE 1. Efficiency of transformation by forms of RSV DNA
No. of foci per 60-mm dish,

each containing the
Form of RSV DNA' following amt of RSV DNA Rescuable

(>±g)b: viruse
0.001 0.01 0.1 dlOd

9.4-kb SacI-permuted linear 2 12 17 8 + and -
DNA (A)

Tandem arrays of Sacl- 10 16 15 9 + and -
permuted linear DNA (B)

Closed circular DNA (two 1 9 12 ND ND
LTRs) (C)

Subgenomic 3-kb v-src DNA 0.3 3 11 2 ND
fragment (D)

Chimeric X/RSV DNA (E) 0 0 3 2
Proviral DNAf ND ND ND 2 +

a The letters in parentheses after the first five forms of RSV DNA
correspond to sections A through E, respectively, of Fig. 1; see the legend to
Fig. 1 for more detailed descriptions of forms.

b The number of foci per 60-mm dish given here is the average from two or
three experiments; six to eight dishes per form of DNA were used in each
experiment. Each dish was seeded with 500,000 NIH/3T3 mouse cells 1 day
before transfection as detailed in the text.

NIH/3T3 cell DNA was used as the carrier.
d No carrier cell DNA was applied.
+, Infectious RSV recovered after cocultivation of transfected mammali-

an cells with chicken embryo cells; -, no infectious RSV recovered.
f DNA (10 pLg) from NIH/3T3 cells containing one RSV provirus.

closed circular configuration (P. A. Luciw, unpublished
data).

Preparation of 32P-labeled probes and analysis of cellular
DNA, RNA, and protein. To prepare 32P-labeled probe
representative of the whole genome (RSVrep probe), cloned
linear RSV DNA was denatured by boiling for 3 min in a
solution containing 5 mM Tris-hydrochloride (pH 7.6)-l mM
EDTA in a polypropylene tube. The denatured DNA was
then incubated with calf thymus primers, [ot-32P]dCTP, and
reverse transcriptase (supplied by J. Beard) as described by
Shank et al. (21). A probe specific to the gag region was
made by using as template the 1.3-kb BamHI DNA fragment
obtained by agarose gel purification of a BamHI digest of the
cloned linear SacI-permuted RSV DNA. The 3-kb src DNA
fragment purified as described above was used as template
for probe for the v-src gene. 32P-labeled RSV-U5 probe was
made in the endogenous reaction with purified PR-C virus,
and 32P-RSV-U3 probe was made by purified reverse tran-
scriptase from a purified RSV (Schmidt-Ruppin [SR]-A
strain) RNA template and oligodeoxythymidylic acid primer
(21). Integration patterns in cellular DNA were analyzed by
gel electrophoresis and Southern blotting as detailed by
Hughes et al. (12). Poly(A)-containing RNA was prepared
from transformed cells and analyzed by agarose gel electro-
phoresis and blotting to nitrocellulose membranes (16).
Immunoprecipitation of metabolically labeled viral gene
products was performed as described by Oppermann et al.
(17).

RESULTS

Efficiency of transformation of NIH/3T3 mouse cells with
cloned RSV DNA. Table 1 presents the efficiencies of forma-
tion of transformed cell foci after transfection of NIH/3T3
mouse cells with the several forms of cloned RSV DNA
illustrated in Fig. 1. Cellular DNA from an NIH/3T3 trans-
formed mouse cell harboring one copy of RSV provirus (ca.
0.1 pg of RSV DNA per ,ug of cellular DNA) was used as a
standard for comparisons; ca. 10 to 20 foci per plate were
generally observed by using 20 ,g of cellular DNA with five
proviruses per cell (data not shown). SacI-permuted cloned
linear RSV DNA in the presence of carrier DNA was ca.
1,000-fold less efficient in inducing focus formation than was
proviral DNA, on the basis of number of viral DNA mole-
cules. Saturation for focus formation per 5 x 105 cells
occurred at 10 to 15 foci, suggesting that only a small number
of cells were competent to assimilate DNA and undergo
transformation.
The relatively low transformation efficiency of SacI-per-

muted linear RSV DNA might be due to the fact that the viral
LTRs are not properly positioned in relation to the viral
genes for efficient integration or transcription or both. To
bracket the viral genes with LTR sequences, tandem arrays
of the SacI-permuted linear RSV DNA were made in vitro
with T4 DNA ligase. Electrophoretic analysis on agarose
gels showed that the tandem arrays were composed of four
to six unit molecules; as expected, 50% of the units in the
tandem array were joined in a head-to-tail arrangement (viral
genes now flanked by LTRs as in a normal provirus), with
the remainder equally represented as head-to-head and tail-
to-tail arrangements (data not shown). The transfection
efficiency was approximately fivefold greater on a mass
basis for tandem arrays than for SacI-permuted linear RSV
DNA. On a molar basis, tandem arrays are ca. 25 times more
efficient in transformation than are monomers of Sacl-
permuted linear RSV DNA but still ca. 50-fold less efficient
than proviral DNA.

MOL. CELL. BIOL.
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FIG. 2. Analysis of RSV polypeptides in transformed NIH/3T3 mouse cells. (A) Transformed NIH/3T3 cells, normal NIH/3T3 cells, and
chicken embryo fibroblasts infected by SR-A virus were labeled in vivo with 32p,. Cell extracts were prepared and immunoprecipitated with
tumor-bearing rabbit sera. These immunoprecipitates were electrophoresed on polyacrylamide gels. Polypeptides in the region of the gel
corresponding to 60 kilodaltons (kd) were recovered and treated with V8 protease, and the digestion products were electrophoresed on
polyacrylamide gels. Molecular weight positions were determined by coelectrophoresing proteins of known molecular weight. The cell line
and form of transfecting DNA, if any, of each lane are, respectively: A, S-d, Sacl-permuted linear; B, RSV-infected chicken embryo
fibroblasts; C, L-8, tandem arrays of SacI-permuted linear; D, E-e, 3-kb v-src fragment; E, uninfected NIH/3T3; F, Sc-2, closed circular
DNA; G, X-C, chimeric A/RSV. (B) Cell line S-d (lane A) and RSV-infected chicken embryo fibroblasts (lane B) were labeled in vivo with
[35S]methionine. Cell extracts were prepared and then immunoprecipitated with tumor-bearing rabbit sera and the immunoprecipitates were
electrophoresed on polyacrylamide gels. A polypeptide at 76 kilodaltons in each sample was recovered and then treated with papain, and the
digestion products were electrophoresed on polyacrylamide gels along with marker proteins of known molecular weight.

The 3-kb EcoRI fragment containing v-src was about two-
to eightfold less efficient than the SacI-permuted linear RSV
DNA. Transformation efficiency was markedly reduced
when the SacI-permuted RSV DNA was presented to cells
as a chimeric DNA still linked to bacteriophage DNA.
Transformed cell lines contain pp6Ov-Sr. To validate the

claim that the foci were caused by expression of RSV DNA,
transformed NIH/3T3 mouse cell lines made by transfection
with each form of cloned RSV DNA were examined for
production of viral proteins. pp6 src was tentatively identi-
fied by immunoprecipitation with antisera from tumor-bear-
ing rabbits (data not shown) and more rigorously identified
by partial digestion with V8 protease (Fig. 2A; 17). The
products of pp60v-src from each transformed mammalian cell
line are indistinguishable from the products of pp6Ovsr's from
chicken cells infected with SR-A virus (Fig. 2A, lane B). In
some transformed mouse cell lines, immunoprecipitation
with antisera from tumor-bearing rabbits revealed a protein
that coelectrophoresed with Pr76gag (data not shown). Anal-
yses of papain digestion products demonstrated that the 76-
kilodalton protein from mouse cells transformed by Sacl-
permuted linear RSV DNA was indistinguishable from
Pr76gag made in chicken cells infected with SR-A-2 virus
(Fig. 2B). Thus the gag gene, beginning 113 bp from the Sacl
site (11), appears to be intact and expressed in this cell line
(see below). Other viral proteins (processed gag proteins,
env glycoproteins, Pr180gag-p,1 and processed products of
pol) were not detected.

Organization of RSV DNA in cells transfected with SaI-
permuted linear RSV DNA. High-molecular-weight DNA

from each of 17 independent NIH/3T3 mouse cell lines
transformed by transfection with SacI-permuted linear RSV
DNA in the presence of carrier cell DNA was analyzed by
restriction enzyme digestions and annealing with viral
probes. Eleven cell lines contained multiple integrated
copies of the SacI-permuted RSV genome. Six cell lines
were found to harbor a single copy of integrated RSV DNA
(data not shown). A detailed analysis of one such cell line
(S-d) is presented below. In each of these six cell lines,
integration occurred near the ends of the linear SacI-permut-
ed RSV DNA. The SacI site in the RSV genome was not
restored at either end of the integrated RSV DNA molecule.
The junction fragments (joining of the RSV genome to cell
DNA) were unique to each cell line, indicating that integra-
tion involved different locations in cell DNA in each cell line.
In one transformed cell line, ca. 900 bp from the 3' end of the
SacI-permuted RSV DNA (including both LTRs) was de-
leted in the integrated RSV DNA.

Undigested DNA from cell line S-d did not demonstrate
the presence of any free RSV-specific DNA (data not
shown). Digestion with KpnI, a restriction endonuclease that
cleaves RSV DNA once, approximately in the middle of the
genome, produced two RSV-specific DNA fragments of 6.5
and 7.0 kb (Fig. 3A), demonstrating that one copy of the
RSV genome is integrated in cell line S-d. The 6.5-kb DNA
fragment contains sequences from the right end of the RSV
genome since it anneals with RSV-src probe (Fig. 3B).
Digestion with SacI produced a single RSV-specific DNA
fragment of 11 kb (Fig. 3C), implying that at least one of the
Sacl sites is absent. (The faint, slowly migrating band in this

s-
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bands: 15, 3.6, and 3.0 kb (Fig. 3D). An
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FIG. 3. Pattern of integrated RSV DNA in
transformed with SacI-permuted linear RSV D
weight DNA from cell line S-d was digeste
restriction endonucleases, and the digestion pi

phoresed on agarose gels and blotted by the j

Southern (22). Several 32P-labeled probes wer
sent specific regions of the RSV genome. The
were derived from the migration pattern of i
produced by EcoRI digestion of DNA from ma
ed with RSV. Shown here is a schematic dr
(heavy line) integrated into mouse cell DNA (I
boxes represent LTRs; solid triangles above ti
direction of transcription. Symbols for rest]
sites: R, EcoRI; B, BamHI; K, KpnI; S,
distances between selected restriction endonui
pairs. The restriction endonuclease(s) and RSM
are, respectively: A, Kpnl, rep; B, KpnI, si
EcoRI, rep; E, EcoRI, gag; F, EcoRI plus Sac
Sacl, gag; H, EcoRI, R-U5; I, EcoRI plus Sa

n.) Digestion with also observed with RSV-U5 probe. Thus, the RSV DNA in
)be showed three cell line S-d is integrated as a SacI-permuted linear DNA
nealing with RSV- molecule (Fig. 3) in marked contrast to the typical provirus
.b DNA fragment structure, with LTRs flanking viral genes, observed in cells
The 3.0-kb EcoRI infected with virus.
probe (data not Attention was next focused on the ends of the integrated

linear RSV DNA. Digestion with a mixture of EcoRI and
ization of the inte- Sacl and annealing with RSV rep probe showed that the 12-
ucture of a normal kb DNA fragment produced by EcoRI digestion alone was
an products with a reduced to 2.8 kb (Fig. 3D and F); this 2.8-kb DNA fragment
1R. RSV-U5 probe anneals with probe to RSV gag-specific probe (Fig. 3G).
ating that the two Thus, the left end of the integrated RSV DNA has not
NA have remained retained the Sacl site. Digestion with BamHI and annealing
fragment at 15 kb is with RSV rep probe and RSV gag-specific probe demon-

strated the presence of a 1.3-kb DNA fragment encoding gag
sequences (data not shown). These results show that integra-
tion of the left end of the SacI-permuted linear RSV DNA

H I occurred between the Sacl site and the proximal BamHI
site; presumably the entire gag gene remained intact since
Pr76gag was present in this line (Fig. 2B). To focus on the
right end of the integrated RSV DNA, we analyzed the
digestion products produced by both EcoRI and SacI with

_3.0 kb RSV-U5 probe (Fig. 31). The 330-bp DNA fragment, ob-
served previously, confirms that the two LTRs remain
joined to each other. The 700-bp DNA fragment represents
the joining of the right end of the SacI-permuted RSV DNA
to cell DNA; this fragment represents, at most, 320 bp of
viral DNA; the remainder is cell DNA up to a cellular Sacl
site. The viral junction lies between the Sacl site at the right
end of unintegrated RSV DNA and the proximal EcoRI site.

-O--0.7 kb The diagram in Fig. 3 shows the organization of integrated
RSV DNA in cell line S-d. As might be anticipated, no
infectious virus was rescued by cocultivating chicken em-
bryo fibroblasts with this line or with any of the six trans-
formed cell lines containing one integrated copy of the Sacl-

-.o_0.3 kb permuted RSV genome (Table 1). The manner in which these
permuted genomes are expressed to produce pp6Osrc will be
considered in a subsequent section.

Eleven additional transformed cell lines were found to
contain multiple copies of integrated RSV DNA. Restriction
endonucleases that cleave RSV DNA only once (KpnI,

F.--4----+'--/HpaI, and Sall) were used to digest high-molecular-weight
t S' K R DNA from these cell lines. Each of these digestions yielded a
R K R genome-length 9.4-kb RSV DNA fragment as well as several0.7

15 other RSV species (unpublished data). These patterns are
consistent with integration of a tandem array(s) containing
units of the SacI-permuted RSV DNA joined together in a

---- - head-to-tail fashion. No DNA fragments were seen that
would have been characteristic of a head-to-head or tail-to-

an NIH/3T3 cell line tail joining (see below). In 9 of these 11 cell lines, digestion
NA. High-molecular- with Sacl revealed the presence of a major RSV DNA
d with a variety of species at 9.4 kb; thus, SacI-permuted linear RSV DNA
roducts were electro- molecules were directly ligated to each other inside the cell.
method described by In two cell lines possessing tandem arrays, Sacl digestion
positions of markers produced RSV DNA fragments greater than 9.4 kb; in these
tSV DNA fragments cell lines, RSV sequences at the ends of the SacI-permuted
Lmmalian cells infect- linear RSV DNA molecules were probably lost before or
awing of RSV DNA during intracellular ligation.
light lines). The open Transformed lines containing tandem units of RSV DNA
he LTRs indicate the yielded infectious RSV after fusion with permissive chicken
riction endonuclease cells (Table 1). To determine the consequences of the
Sacl. The molecular integration pattern on the structure of these viruses, we

V probe for each lane examined the structure of proviral DNA in the chicken cells
rc; C, Saf, rep; D, infected with each of these viruses. The Sacl site was
*I, rep; G, EcoRI plus present in viruses recovered from the cell lines containing
icI, R-U5. tandem arrays of RSV DNA units joined at intact SacI sites

MOL. CELL. BIOL.



EXPRESSION OF SEVERAL MOLECULAR FORMS OF RSV DNA 1265

A B C D

kb

3.0....
kb

FIG. 4. Pattern of integrated RSV DNA in an NIH/3T3 mouse

cell line transformed by tandem arrays of the SacI-permuted RSV
genome. High-molecular-weight DNA was prepared from cell line
L8 and analyzed as described in the legend to Fig. 3. RSV,rp probe
was used to detect RSV DNA in the following restriction endonucle-
ase digest: lane A, Sacl; lane B, KpnI; lane C, HpaI; lane D, Sall.

(P. Luciw, J. M. Bishop, and H. E. Varmus, unpublished
data). In contrast, the Sacl site was absent in the virus
rescued from the two cell lines that appeared to have lost the
Sacl site at the point ofjoining of two Sacl linear RSV DNA
molecules (unpublished data). The physiological effects of
these presumed deletion mutations in the leader sequence
have not been further studied.

Integrated DNA in cells transformed with tandem arrays of
RSV DNA. The integrated tandem arrays in 12 cell lines
transformed with SacI-permuted RSV DNA molecules ligat-
ed in vitro with T4 DNA polymerase were compared with
the tandem arrays in the transfecting DNA species. The
analysis ofDNA from one such cell line, L8, with restriction
enzymes that cleave RSV DNA once shows an integrated
tandem array composed of the SacI-permuted RSV genome
joined head to tail (Fig. 4). The fragments predicted to result
from head-to-head or tail-to-tail joinings (e.g., a 5-kb Sall
fragment) were not observed, although these made up one-
half of the joinings in the tamdem arrays prepared in vitro.
Similar restriction endonuclease mapping studies with five
other cell lines revealed integrated tandem arrays composed
only of head-to-tail joinings of the SacI-permuted RSV DNA
molecules.

Virus was rescued by cocultivation with permissive chick-
en cells from 11 of 12 transformed NIH/3T3 mouse cell lines
made after transfection with tandem arrays, including cell
line L8 (Table 2). The one transformed cell line that did not
yield rescuable virus contained only a fragment of the RSV
SacI-permuted DNA (unpublished data).

Integration of closed circular RSV DNA after transfection.
The experiments presented thus far indicate that the LTRs
do not dictate the site of integration within permuted linear
RSV DNA molecules during transfection. Supercoiled retro-
viral DNA molecules have been identified in tissue culture
cells infected with virus and may represent a precursor to
proviral DNA (27). Cloned SacI-permuted linear RSV DNA,
containing two complete copies of the LTR sequence (25),
was converted to a closed circular configuration in vitro with
T4 DNA ligase. The transformation efficiency of NIH/3T3
mouse cells with closed circular RSV DNA was approxi-
mately one focus per nanogram of RSV DNA, a value similar
to the transformation frequency obtained with SacI-permut-
ed linear RSV DNA (Table 1).

Restriction enzyme digestions showed that each of nine
cell lines transformed with closed circular DNA contained
several copies of complete or incomplete RSV DNA linked
to high-molecular-weight cell DNA. Analysis of DNA in
these cell lines with probes for RSV LTR sequences demon-
strated that at least some of the inserted DNA molecules in
each cell line contained an intact LTR circle junction (Table
1). Digestion ofDNA from cell line Sc-2 with KpnI yielded at
least eight DNA bands (Fig. SA), none of which migrated at
genome length; thus this cell line appears to contain multiple
copies of integrated RSV DNA, not arranged as a tandem
array. Digestion of high-molecular-weight DNA from cell
line Sc-2 with PvuI, an enzyme that cleaves RSV DNA once
within the LTR, also yielded several DNA fragments, again
none of 9.4 kb (Fig. 513). In contrast, PvuI digestion of
integrated RSV proviruses in cells infected with RSV pro-
duces a fragment at 9.4 kb (Fig. SC). Attention was directed
to the role of the LTR sequence in integration of supercoiled
RSV DNA in cell line Sc-2. Digestion of high-molecular-
weight DNA with EcoRI and annealing with RSVrep probe
revealed a complex pattern (Fig. SD). To focus specifically
on the RSV LTR sequence, the EcoRI digest was annealed
with RSV-U5 probe. Notably, a DNA fragment of 330 bp
was observed (Fig. SE). Thus, the tandem LTRs remained
intact in at least one copy of integrated RSV DNA. These

TABLE 2. Summary of integrated forms of transfected DNA
Form of No. of Characteristics of integrated Examples

transfected lines
DNA a studied RSV DNA shown

A 6 Single copy joined near S-d (Fig. 3)
ends; Sacl sites lost

2 Head-to-tail tandems
without Sacl sites

9 Head-to-tail tandems with
Sacl sites

B 11 Head-to-tail tandems with L8 (Fig. 4)
Sacl sites

1 Subgenomic fragment of
RSV DNA

C 9 Multiple copies, varied Sc-2 (Fig. 5)
insertion sites in viral
DNA

D (without 2 Two copies inserted in
carrier head-to-tail
DNA) arrangement, with

EcoRI site at junction
1 Two copies, head to tail

without EcoRI site
3 Multiple head-to-tail

insertions
D (with 1 Single copy inserted near E-e (Fig. 6)

carrier ends
DNA)

5 Multiple copies, some
head to tail

12 Multiple copies, no
tandems

E 1 Insertion within X-C
bacteriophage DNA
arms

a See the legend to Fig. 1 for definition ofDNA forms used for transfection;
the letters here correspond to sections in Fig. 1.
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results show that cell line Sc-2 does not harbor any RSV
DNA insertions similar in structure to proviruses in cells
infected with virus. Annealing of the PvuI digest of cell line
Sc-2 (Fig. 5B) with RSV-U5 probe also demonstrated a 330-
bp DNA fragment, representing the junction of two LTR
sequences (data not shown).
Transformation of NIH/3T3 mouse cells with a subgenomic

RSV DNA fragment in the presence and absence of carrier
DNA. All of the forms of cloned RSV DNA used to transfect
cells in the previous experiments contained a complete LTR
as well as intact gag, pol, env, and src genes. To study the
requirements for expression of viral src, we prepared a 3-kb
subgenomic DNA fragment (produced by EcoRI digestion of
cloned SacI-permuted RSV DNA); this fragment contains a
complete src gene, the splice acceptor site preceding src,
and part of the first RSV LTR.
The transformation efficiency after transfection of NIH/

3T3 cells with this fragment was about one-fourth of that
obtained with the SacI-permuted RSV DNA (Table 1). An
analysis of the integration pattern in one transformed cell
line, E-e, is presented here. No free RSV DNA was detected
in undigested DNA from cell line E-e (Fig. 6A). Digestion
with Sacl, a restriction endonuclease that does not cleave
within the 3-kb fragment, yielded one band at 8 kb, suggest-
ed a single insertion (Fig. 6B). Digestion with EcoRI yielded
one band at 12 kb (Fig. 6C), implying that at least one
terminal EcoRI site was lost. A restriction endonuclease,
BglI, that cleaves only once within the 3-kb src DNA

D E
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9.4 kb--
1..

A B C D E F G H

9.4 kb -p-

3.0 kb--

oh
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FIG. 6. Integrated RSV DNA in an NIH/3T3 cell line trans-
formed by transfection with the subgenomic (3-kb) EcoRI RSV
DNA fragment encoding v-src. High-molecular-weight DNA was
prepared from cell line E-e and analyzed as described in the legend
to Fig. 3. Probe specific to v-src was used for annealing to the
following restriction endonuclease digestions: lane A, undigested;
lane B, Sacl; lane C, EcoRI; lane D, BgIl; lane E, EcoRI plus BglI;
lane F, SmaI; lane G, PvuII; lane H, HindIl plus EcoRI; lane I, PvuI
plus EcoRI. The schematic drawing shows integrated RSV DNA
(heavy line) in host cell DNA (light lines) along with several
restriction endonuclease sites (R, EcoRI; H, Hindlll; P, PvuI). The
numbers represent distances between restriction endonuclease sites
in kb pairs.

_ * ----.3 kb
-rF

FIG. 5. RSV DNA in a cell line transformed by closed circular
form of cloned RSV DNA. The pattern of integrated RSV DNA in
transformed cell line Sc-2 (lanes A, B, D, and E) was analyzed as
described in the legend to Fig. 3. Shown here are the following
restriction endonuclease digests analyzed with probes to RSV
sequences: lane A, KpnI, RSVrep probe; lane B, PvuI, RSVrep
probe; lane D, EcoRI, RSVr,p probe; lane E, EcoRI, R-U5 probe.
Lane C contains a PvuI digest ofDNA from an RSV-infected mouse
cell containing a normal provirus, detected with RSVrep probe.

molecule, produced two bands at 8 and 11 kb (Fig. 6D).
These two bands represent the joining of each end of the 3-
kb src DNA fragment to cellular or carrier DNA. Thus, cell
line E-e contains one integrated copy of the 3-kb src DNA
molecule. Analysis with each of two restriction endonucle-
ases that cleave several times within the 3-kb src DNA
fragment, SmaI and PvuI, demonstrated the expected inter-
nal DNA fragments (Fig. 6E and F); no rearrangements were
detectable within the inserted RSV DNA fragment. The
HindIII site, 100 bp from the left end, and the PvuI site, 200
bp from the right end, are present, since a digestion with a
mixture of HindIII and PvuI yielded a 2.7-kb DNA fragment
(Fig. 6G). Digestion with a mixture of HindIlI and EcoRI or
with a mixture of PvuI and EcoRI yielded a major DNA
fragment in each case that was larger than 3 kb (Fig. 6H and
I), indicating that an EcoRI site was not present at either end
of the integrated fragment.
The integration pattern was examined in each of a total of
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18 transformed cell lines made by transfecting with nano-
gram amounts of the 3-kb RSV src DNA species. In addition
to cell line E-e shown above to contain one integrated copy,
14 transformed cell lines contained between two and approx-

imately five integrated copies. The remaining three cell lines
had many, perhaps as many as 20, integrated copies (data
not shown). Of the total of 17 cell lines with multiple copies,
5 were found to possess tandem arrays; the 3-kb src DNA
units in these tandem arrays were invariably joined in a
head-to-tail orientation (data not shown).

In the experiments described earlier, the issue as to
whether the transfecting DNA species inserted into the
carrier DNA or directly into the recipient cell genome
remained unresolved, since carrier DNA from NIH/3T3 cells
was present. Six of six independent transformed cell lines
made by transfection with the 3-kb src DNA fragment in the
absence of carrier DNA were found to contain integrated
tandem arrays. Two of these six cell lines had an integrated
head-to-tail dimer of the 3-kb src DNA fragment; in both of
these cell lines the EcoRI site was present at the junction of
the two units in the integrated dimer (data not shown). Of the
remaining four cell lines, one contained an integrated head-
to-tail dimer; however, no EcoRI site was present at the
junction of the two units in the integrated dimer. The
remaining three cell lines presented complex patterns; each
had three or more integrated units of the 3-kb src DNA
fragment arranged in head-to-tail tandem arrays; there was
no evidence of head-to-head or tail-to-tail joining of the 3-kb
src DNA fragment in any of these six cell lines (see below).

Transfection with chimeric X/RSV DNA. The transfections
performed with the 3-kb RSV src DNA fragment in the
absence of carrier DNA demonstrated that the transfecting
DNA species could be inserted directly into the cell genome.
We asked next whether transformation of NIH/3T3 mouse

cells by transfection with cloned RSV DNA was absolutely
dependent upon certain kinds of DNA sequences directly
adjacent to viral DNA for expression of src, by transfecting
cells with SacI-permuted linear RSV DNA contained within
the cloning vector AgtWES - XB DNA (Fig. 1E) in the
absence of carrier DNA. Although the efficiency of transfor-
mation with intact recombinant DNA was considerably less
than with SacI-permuted RSV DNA freed of bacteriophage
DNA (Table 1), analysis of DNA from a transformed line,
X-C, showed that the integrated RSV DNA remained flanked
by extensive regions of X phage DNA. At least 4.6 kb of
vector DNA on the 5' side of the RSV DNA and at least 7.5
kb on the 3' side were intact (data not shown), with distal
sites in the vector presumably linked directly to chromo-
somal DNA.

Synthesis of viral RNA in NIH/3T3 mouse cells transformed
by transfection with various forms of cloned RSV DNA. In
cells infected with retroviruses, the LTRs and other viral
sequences regulate transcription of the provirus and process-

ing of transcripts. Each of the transformed cell lines de-
scribed above provides an opportunity to test current no-

tions about the role of viral signals in the regulation of viral
gene expression. The patterns of integration of cloned RSV
DNA in the transformed cells described above indicate that
the RSV LTR may be dispensable for controlling viral gene

expression under certain circumstances. Cellular (host or

carrier) DNA sequences adjacent to integrated viral DNA
could function to control synthesis of viral RNA in these
transformed cell lines.

Presented here are stable polyadenylated, virus-specific
transcripts in three cell lines transformed with cloned RSV
DNA: (i) the cell line S-d, which contains one integrated

copy of the SacI-permuted RSV genome, (ii) the cell line
E-e, which harbors one integrated copy of the 3-kb subgeno-
mic RSV DNA encoding src, and (iii) the cell line X-C which
has bacteriophage X DNA flanking the SacI-permuted form
of RSV DNA.

Analysis of gel-fractionated RNA from cell line S-d with
RSV src probe revealed two prominent closely spaced bands
at 3.1 and 2.8 kb and a faint band at 9 kb (Fig. 7B). Only the
9-kb mRNA hybridized with probe specific for RSV gag
sequences (Fig. 7C). Probe to RSV LTR-U3 sequences
detected all three species (Fig. 7D); however, probe to the
RSV LTR-U5 sequence hybridized to the 3.1-kb species and
faintly to the 9-kb mRNA (not visible in the figure) but not to
the 2.8-kb species (Fig. 7E). These findings are most readily
interpreted by proposing that the 2.8-kb RNA is polyadenyl-
ated at the signal provided by the first LTR 3' to src and that
the 3.1-kb RNA is polyadenylated at the signal provided by
the second LTR (Fig. 3). A candidate for RSV env mRNA
was not detected in these experiments. Patterns of viral
RNA in two additional transformed cell lines, each harboring
one copy of the SacI-permuted RSV genome, were very
similar to that in cell line S-d (data now shown). The ratio of
RSV gag mRNA to RSV src mRNA in these lines is similar
to that in RSV-infected mammalian cells harboring a normal
provirus (20).
RNA from cell line E-e, containing one integrated copy of

the subgenomic RSV DNA fragment (Fig. 6), shows a 7-kb
transcript that hybridizes with RSV-src probe (Fig. 7F).
Below, we consider the contribution of host cell sequences
to the termini of src mRNA in this cell line.

Cell line X-C has the SacI-permuted RSV DNA flanked
with bacteriophage X DNA. Hybridization of RNA from cell

A B C D E F

I"

GH I

FIG. 7. Analysis of poly(A)-selected RNA in transfected cells.
Poly(A)-containing RNA was prepared from chicken embryo fibro-
blasts infected with SR-A virus and from three transformed NIH/
3T3 cell lines. RNA was electrophoresed on agarose-formaldehyde
gels, transferred to nitrocellulose filters, and hybridized to RSV and
bacteriophage probes. Lanes: A, RNA from SR-A-infected chicken
embryo fibroblasts hybridized to RSV src probe; B through E, RNA
from cell line S-d hybridized to RSV src probe (lane B), RSV gag
probe (lane C), RSV-U3 probe (lane D), and RSV-U5 probe (lane E);
F, RNA from cell line E-e hybridized to RSV src probe; G throughI,
RNA from cell line X-C hybridized to RSV src probe (laneG), RSV-
U5 probe (lane H), and bacteriophage X probe (lane I). The solid
triangle shows the position of the normal 2.8-kb v-src mRNA, and
the open triangle indicates the position of 9-kb genomic viral RNA.
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line X-C with RSV-src probe shows a doublet at 3.1 and 2.8 kb
and a faint band at 9 kb (Fig. 7G). The 9-kb transcript also
hybridizes with RSV-gag probe (data not shown). RSV
LTR-U5 probe hybridizes to the 3.1- and 9-kb transcripts
(Fig. 7H; annealing to the 9-kb transcript is too faint to be
seen in the figure). Notably, no hybridization was observed
with bacteriophage X DNA probe (Fig. 71). The pattern of
viral transcripts observed in cell line X-C is thus similar to
that in cell line S-d described above.

DISCUSSION
We have examined the assimilation and expression of

various forms of cloned RSV DNA presented by transfection
to nonpermissive NIH/3T3 mouse cells in culture. RSV LTR
sequences were found not to direct integration of any of the
forms of cloned RSV DNA. The integration patterns (Table
2) are in marked contrast to the structure of proviral DNA in
cells infected with virus, and they inevitably affect the
manner in which viral genes are expressed.

Effects of the form of RSV DNA upon RSV RNA. Linear
RSV DNA, permuted with respect to the Sacl site and
containing two LTR sequences, was found to integrate into
cell DNA near its ends. In six transformed cell lines harbor-
ing only one RSV DNA insertion in cell DNA, the LTR
sequences were downstream from the viral genes. Analyses
of viral mRNA in these transformed cell lines are consistent
with the notion that cellular sequences immediately up-
stream from the integrated RSV DNA provide both a signal
for initiation of transcription and part of the leader sequence
for gag and src mRNA molecules. Thus, the src message
may have a composite host-viral leader sequence spliced to
src sequences via the normal splice donor and acceptor sites
(11, 26). It is also possible that initiation of transcription of
viral genes in these cell lines occurs within the left-most RSV
DNA sequences or just upstream of the src gene. Resolution
of these issues will require a detailed analysis of the struc-
ture of the 5' ends of these viral transcripts, as well as
molecular cloning of host cell DNA adjacent to the 5' end of
the integrated RSV DNA. Poly(A) addition probably occurs
at LTR sequences located downstream from the viral genes
in cell lines transformed by SacI-permuted DNA. Approxi-
mately one-fourth of the stable poly(A)-containing src
mRNA appears to arise by reading through the first LTR into
the adjacent LTR.
The subgenomic 3-kb RSV EcoRI fragment encoding the

src gene contains the viral splice acceptor site upstream of
src and the first 176 bp of the U3 region of the LTR but not
the "TATA" box and the poly(A) addition signal of the
LTR (25). Downstream from the src gene in this 3-kb DNA
fragment is the "enhancer" element of RSV (15). Recent
experiments indicate that the 3-kb RSV EcoRI fragment can
induce sarcomas after direct injection into chicken wing
webs (9); removal of the RSV enhancer from this fragment
greatly reduces its ability to induce tumors in chickens (D.
Robinson, P. A. Luciw, and H. J. Kung, unpublished data).
Initiation of mRNA for pp6O0r5 in the cells transformed by
the 3-kb src fragment probably occurs in cell DNA upstream
of the integrated DNA. A mouse leader sequence could be
joined to the normal splice acceptor site for src mRNA,
located within the 3-kb src fragment, ca. 75 bp on the 5' side
of the src ATG (26). Mouse sequences probably also provide
a signal and a site for poly(A) addition since the viral poly(A)
addition sites are not located in the 3-kb src fragments.
Analyses of src mRNA synthesis in these transformed cell
lines revealed the presence of src transcripts much larger
than 3 kb (e.g., Fig. 7F), suggesting that the messages are

composites of RSV src sequences and NIH/3T3 mouse cell
DNA sequences from both sides of the unintegrated viral
DNA.
Transformed mammalian cells expressing pp6Osrc were

also obtained by transfecting NIH/3T3 mouse cells with the
SacI-permuted configuration of RSV DNA still contained
within the cloning vector DNA XgtWES. Viral transcripts
were readily detected in one such cell line (Fig. 7G to I); the
transcripts resembled those seen in cells transformed by
linear SacI-permuted DNA and did not anneal to K probes.
The manner in which these species are generated is not
known. It also remains to be determined whether the very
low transformation efficiency of this chimeric DNA is due to
the constraints imposed by the phage DNA on expression of
the src gene or to an inhibitory effect of phage DNA similar
to that described for biochemical transformation of tissue
culture cells by transfection (28).
To improve the expression of viral genes by flanking them

with LTR sequences as in natural infection, tandem arrays of
the SacI-permuted linear RSV DNA were prepared by
ligation with T4 DNA ligase in vitro, and we observed a
modestly increased efficiency of transformation (Table 1).
Preliminary analyses of RSV RNA transcripts in a cell line
transformed by transfection with tandem arrays revealed
that the viral messages were similar in structure to the
mRNA species in a cell line harboring a normal provirus
(data not shown).
Formation and stability of tandem arrays. Ligation and

recombination have been shown to occur between homolo-
gous and heterologous DNA molecules introduced into
eucaryotic cells by various methods (8, 13, 18, 24). We
observed tandem arrays containing only head-to-tail joinings
in many transformed cell lines made by transfection with
monomers of the SacI-permuted RSV DNA and monomers
of the 3-kb EcoRI DNA fragment encoding RSV src, with or
without carrier DNA (Table 2). Large inverted repeats are
unstable in bacteria due to the fact that replication cannot
proceed normally. The analysis of integrated tandem arrays
suggests that this may also be true in mammalian cells,
especially since only the head-to-tail configuration was ob-
served in cells transfected by a mixture of tandem arrays
formed in vitro and shown to have a 2:1:1 molar ratio of
head-to-tail, head-to-head, and tail-to-tail joinings before
transfection. Selection against inverted repeats could ac-
count, at least in part, for the fact that only a moderate
increase in transformation efficiency was observed when
tandem arrays made in vitro were compared to monomers of
the SacI-permuted RSV DNA.

Integration of transfected DNA and relationship to the
retrovirus life cycle. We have shown here that similar effi-
ciencies of transformation are obtained with permuted linear
and circular RSV DNA (Table 1) and that integration is not
mediated through interactions with the LTRs. Thus, linear
DNA is assimilated by recombination near the termini of
permuted molecules (Fig. 3), and integrative recombination
can occur at any of several sites in recircularized viral DNA,
including sites external to the LTRs (Fig. 5). Similar results
have been reported after microinjection of linear and circular
retroviral DNA (8, 15), after transfection with DNA directly
isolated from RSV-infected cells (4, 6), and after infection
with a simian virus 40 vector containing the LTRs of a
murine retrovirus (14). The failure of retroviral DNA intro-
duced by these heterodox methods to integrate in response
to sequences honored during natural infection implies that
viral proteins accompanying parental genomes may have an
essential role in the integrative mechanism.
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ADDENDUM IN PROOF

Panganiban and Temin (Cell 36:673-679, 1984) have re-
cently demonstrated that the probable precursor to the
provirus during infection is circular DNA with two tandem
LTRs.
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