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A series of replication-competent Moloney murine leukemia virus vectors was constructed in which each
vector contained a mutant dihydrofolate reductase (DHFR) cDNA insert in the U3 region of the viral long
terminal repeat. Two of the resulting viruses, MLV (murine leukemia virus) DHFR*-5 and MLV DHFR*-7,
were able to stably transfer methotrexate resistance to infected fibroblast cells upon multiple rounds of virus
replication and in the absence of drug selection. Cell lines producing recombinant virus with high titers were
established, which indicated that the insert did not grossly interfere with viral replication functions. These
vectors should be useful for introducing and expressing foreign genes in vivo in tissues and whole animals in
which virus spread is needed for efficient infection.

Most retroviral vectors described to date are replication
defective and are propagated through the use of wild-type
virus or helper-virus-free packaging cell lines which provide
all of the functions in trans necessary for encapsidation of a
recombinant genome. In the latter case, the virus generated
is able to efficiently infect cells and stably integrate the viral
genome yet is unable to spread to adjacent uninfected cells
(20). Although for most applications the use of such helper-
free recombinant virus is adequate and, in fact, desirable,
one can envisage situations in which the ability of a recom-
binant virus to spread from cell to cell might be advanta-
geous. In particular, such vectors might provide a powerful
means of directly introducing foreign DNA sequences into
somatic cells in vivo.
Most of the replication-competent vectors constructed so

far have been derived from the avian Rous sarcoma virus. In
most cases, the foreign DNA sequences were inserted in
place of the coding region for src, which is dispensable for
virus replication (7, 11, 15). Other vectors, based on the
replication-competent avian spleen necrosis virus, have
been constructed and enable the introduction of foreign
sequences downstream from the coding sequences for env
(8). A third series of vectors, derived from Moloney murine
leukemia virus (Mo-MLV) has been described in which a
bacterial suppressor tRNA gene was inserted into the U3
region of the viral long terminal repeat (LTR). These M-
MuLVSUP vectors replicate at high efficiency and permit the
facile recovery of provirus genomes and associated flanking
host sequences (17, 24).
To determine whether replication-competent Mo-MLV-

based vectors could for the expression of protein-coding
sequences could also be generated, we constructed a number
of recombinant retroviral genomes in which a mutant murine
dihydrofolate reductase (DHFR) cDNA (27) was introduced
into the viral LTR sequences. Here, we describe both the
transmission characteristics of such genomes as well as their
ability to express the DHFR* gene and confer methotrexate
resistance on infected cells.
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MATERIALS AND METHODS
Construction of plasmids and replication-competent MLV

(murine leukemia virus) DHFR* vectors. pSV2-based expres-
sion vectors for DHFR* were constructed by inserting a
HindIll-linkered, 660-base-pair (bp) cDNA fragment of a
mutant DHFR* from the Fnu4HI site to the BglII site (27)
into the HindIII-BglII sites of pSV2 DHFR (29). pSV2
DHFR* vectors containing the human P-globin poly(A) site
were obtained by inserting a 225-bp EcoRI-AhalIl fragment
from the human 3-globin gene into the XhoI-linkered HpaI-
BamHI sites or the XhoI-linkered BglII-BamHI sites of
pSV2 DHFR*.

3' LTR intermediate constructions were obtained by in-
serting BamHI-linkered fragments containing the DHFR*
cDNA alone or with simian virus 40 (SV40) promoter and
intervening sequences and/or the human 3-globin poly(A)
site from the pSV2 DHFR* vectors into the BamHI site of
pLTR subclones (24) at position 7911 (26) in either orienta-
tion. Replication-competent MLV DHFR* vectors were
reconstructed by ligating a 8.5-kilobase (kb) EcoRI-ClaI
fragment from pMov9, containing the 5' end of Mo-MLV, to
a ClaI-PstI fragment from the pLTR DHFR* subclones and
a 3.6-kb PstI-EcoRI fragment of pBR322. All plasmid con-
structions were performed by standard procedures (18).

Cell culture, DNA transfection, and virus infection. NIH
3T3 and q{2 cells (19) were maintained in Dulbecco modified
Eagle medium supplemented with 10% calf serum. DNA
transfections were performed by the method of Graham and
van der Eb as modified by Parker and Stark (21). Virus
harvest from transiently transfected %i2 cells and virus infec-
tion were performed as described by Cepko et al. (3).
Transfected tJ2 cells and virus-infected NIH 3T3 cells were
grown for 2 days to allow expression of transformed pheno-
type and then split 1:10 into Dulbecco modified Eagle
medium containing 10% dialyzed calf serum and 0.25 ,uM
methotrexate (Lederle Laboratories, Pearl River, N.Y.).
For passage of virus and titration of methotrexate resis-

tance, NIH 3T3 cells were plated at a density of 5 x 104 cells
per well in 24-well petri dishes; for the XC assay, density
was 0.5 x 104 cells per well. Virus supernatant was filtered
through 0.45-pum-pore-size membrane filters (Nalgene Lab-
ware Div., Nalge/Sybron Corp., Rochester, N.Y.) and seri-
ally diluted from 10-1 to 10-5; 0.2 ml of each dilution was
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used for infection. After 2 days, cells from one well were
transferred into methotrexate selection medium; cells from a
parallel well were passaged three times without metho-
trexate selection to allow virus spread. For analysis of
infectious virus titer, the cells were subjected to an XC
plaque assay (25) 5 to 6 days after virus infection. NIH 3T3
populations infected with the highest virus dilution and still
producing infectious, methotrexate-resistant virus were used
for further virus passage or single-cell cloning by endpoint
dilution, without or with methotrexate selection.

Southern hybridization and analysis. Agarose gel electro-
phoresis and Southern hybridization were performed by
standard procedures (18), using Zetabind membranes (AMF/
Cuno) for DNA transfer. A 660-bp DHFR* cDNA fragment
or the pMu3 plasmid (24) was nick translated by standard
procedures (18).
RNA preparation and Northern (RNA) hybridization anal-

ysis. Total cellular RNA was prepared by the method of
Chirgwin et al. (4) as described by Cone et al. (5). Samples (5
,ug) of RNA were electrophoresed on formaldehyde-agarose
gels as described elsewhere (5). Gels were transferred to
nitrocellulose filters (Schleicher & Schuell, Inc., Keene,
N.H.), and the filters were hybridized by using a nick-
translated 660-bp DHFR* cDNA fragment or a 1.38-kb HpaI
fragment of pMoV9, containing the env region of Mo-MLV,
as a probe.
S1 nuclease analysis. S1 nuclease analysis was performed

essentially as described by Hentschel et al. (10), using 1 pRg
of total cellular RNA and 5 Rg of yeast tRNA as carrier for
each reaction. Either a 32P-5'-end-labeled 840-bp SspI-
BamHI fragment or a 32P-5'-end-labeled 1,300-bp SspI-ScaI
fragment, each from a pLTR subclone containing an SV40
promoter-DHFR* cDNA insert, was used as a probe. Hy-
bridization was performed with an RNA concentration of 0.5
p.g/jl at 52°C for 18 h. The hybrids were digested with 30 U
of S1 nuclease (Boehringer Mannheim Biochemicals, Indi-
anapolis, Ind.) for 1 h at 37°C. Protected DNA fragments
were analyzed by electrophoresis through 7% polyacryl-
amide-urea gels.

Analysis of DHFR protein. Protein was extracted from
approximately 5 x 107 cells by threefold freezing and thaw-
ing of the cell pellets in 200 RI of 50 mM potassium
phosphate, pH 7.5, and centrifugation at 100,000 x g at 4°C
for 1 h in a TLA-100 rotor (Beckman Instruments, Inc.,
Fullerton, Calif.). The supernatants (S-100) were stored in
liquid N2. The amount of protein was determined by using
the protein assay of Bio-Rad Laboratories, Richmond, Calif.
Endogenous DHFR protein was separated from the mu-

tant DHFR* by isoelectric focusing, using thin-layer 8%
urea-polyacrylamide gels with carrier ampholytes (5% [voll
vol] 3/10 Ampholite, 2% [vol/vol] 8/10.5 Ampholite; Pharma-
cia Fine Chemicals, Piscataway, N.J.) in a horizontal elec-
trophoresis cell (Bio-Rad). Samples (10 PA) of S-100 super-
natants were applied with filter paper strips (Schleicher &
Schuell), and isoelectric focusing standards with a pl range
of 4.6 to 9.6 (Bio-Rad) were run in parallel as markers.
Electrophoresis was at 10W (constant power) for 45 min and
950 V (constant voltage) for 1.5 h, using 0.1 N NaOH as the
cathode buffer and 0.1 N H3PO4 as the anode buffer. The
isoelectric point is 8.0 to 8.5 for the endogenous DHFR
enzyme and is more basic for the mutant enzyme because
of the substitution of an arginine for a leucine residue
(9, 27).

Protein was blotted onto nitrocellulose filters (Schleicher
& Schuell) by the method of Burnette (2). The filters were
incubated with rabbit anti-DHFR antiserum (a gift from S.

Srimatkandada and J. Bertino) and horseradish peroxidase-
conjugated anti-rabbit antiserum (Organon Teknika, Mal-
vern, Pa.). The blots were developed for 30 to 60 s in 1 part
chloronaphthol (3 mg/ml in methanol) to 5 parts 50 mM Tris-
200 mM NaCl (pH 7.4)-3.4 ,ul of 3% H202 per ml.

RESULTS

Construction of replication-competent MLV DHFR* vec-
tors. To facilitate the analysis of replication-competent
recombinant genomes, we chose to introduce a 660-bp
murine DHFR* cDNA that encodes a methotrexate-resistant
enzyme (27). We and others have previously shown that by
using the appropriate eucaryotic transcriptional signals, the
gene encoding this enzyme can be used as a dominant-acting
selectable marker in mammalian cells (27; H. Stuhlmann and
R. C. Mulligan, unpublished results). Because insertion of
exogenous DNA sequences into most regions of the Mo-
MLV proviral genome would necessarily disrupt essential
viral gene expression, we chose to introduce the DHFR*
cDNA and associated sequences into the viral LTR at
position 7911 (26), since several groups have previously
shown that insertions of a bacterial suppressor tRNA gene at
that location do not affect virus transmission and replication
(17, 24). The sequences introduced into the Mo-MLV ge-
nome (Fig. 1) included the DHFR* cDNA sequence alone as
well as chimeric transcriptional units containing the cDNA
linked to SV40 transcriptional sequences, intervening se-
quences, and/or the human P-globin poly(A) site. Each of
these latter constructs was shown to yield methotrexate-
resistant colonies after transformation of cells with both
pSV2-based vectors and the 3' LTR intermediate construc-
tions (data not shown). To facilitate the final retroviral
constructions, each segment was first introduced into a
plasmid containing only the 3' viral LTR in both transcrip-
tional orientations; subsequently, the chimeric LTR was
transferred to a plasmid containing an intact Mo-MLV
proviral genome (see Materials and Methods). Although the
resulting construction contained the foreign sequences only
in the 3' LTR, transmission of the viral genome would be
expected to result in proviruses containing the sequences in
both LTRs (30). All constructions (with the exception of
pMLV DHFR*-8, carrying a 660-bp DHFR* insert in the
opposite-sense orientation in the 3' LTR) gave rise to
methotrexate-resistant colonies upon transfection into NIH
3T3 cells (Fig. 1).

Production of infectious virus and stability of MLV-DHFR*
virus upon replication in tissue culture. To determine whether
the recombinant proviruses could give rise to infectious
virus capable of faithfully transmitting the inserted se-
quences, each construct was introduced into tP2 cells by
DNA transfection. Virus was harvested from the superna-
tant 1 day posttransfection as described previously (3) and
used to infect NIH 3T3 cells. This procedure for isolating
virus was used because virus harvest from transiently trans-
fected 4;2 cells should minimize the possibility of generating
wild-type virus resulting from recombination between the
LTRs during DNA transfection. After 2 days in nonselective
medium, the 3T3 cells were transferred to medium supple-
mented with dialyzed calf serum and 0.25 ,uM methotrexate
in order to assess expression of the mutant DHFR* cDNA.
In addition, q2 cells transfected with the recombinant pro-
viruses were directly selected for methotrexate resistance
(Table 1). Although all constructs (with the exception of
pMLV DHFR*-8) gave rise to methotrexate-resistant colo-
nies upon transfection of q2 cells, only three constructs
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FIG. 1. Structure and infectivity of recombinant MLV DHFR* genomes with inserts in the U3 region of the viral 3' LTR. Numbers for

fragments represent length in base pairs. The right-hand column shows average numbers of methotrexate (Mtx)-resistant NIH 3T3 colonies
per plate from two independent transfections for each construct. Arrows above the constructs indicate orientations of the inserts with respect
to that of the LTR. , Faint methotrexate-resistant colonies.

(pMLV DHFR*-3, -5, and -7), all containing the insert in
sense orientation with respect to the LTR, were able to
transmit infectious, methotrexate-resistant virus to 3T3
cells. No virus was produced from recombinant vectors
carrying the insert in the opposite sense orientation in the
LTR. The reasons for the lower transfection efficiencies in
qf2 cells (in comparison with 3T3 cells) are not clear.
We next examined the stability of infectious virus upon

multiple rounds of replication in NIH 3T3 cells. For this
study, six single methotrexate-resistant 3T3 colonies derived
from the original transient harvest infection were expanded.
Virus produced by these clones was then used to infect 3T3
cells at extremely low multiplicity of infection (see Table 1
footnote). After spread of the virus through the culture, the

cycle of infection at low multiplicity and virus spread was
repeated two more times without drug selection. After each
passage, the supernatant of infected 3T3 populations was
analyzed for methotrexate-resistant virus as well as for
replication-competent virus by an XC plaque assay (25).
MLV DHFR*-3 virus containing a 1.2-kb insert with SV40
promoter, DHFR* cDNA, and the 3-globin poly(A) site was
unstable upon passage in 3T3 cells, and no infectious,
methotrexate-resistant virus could be detected after the first
virus passage (Table 1). In contrast, some methotrexate-
resistant 3T3 clones infected with transiently produced MLV
DHFR*-5 virus gave rise to stable methotrexate-resistant
virus in three rounds of virus infection, and in all cases MLV
DHFR*-7 virus, containing only the DHFR* cDNA insert,

TABLE 1. Passage of methotrexate resistance phenotype and stability of replicating MLV DHFR* viruses"

No. of resistant No. of resistant Fraction of clones Virus titer from 3T3 clones after 3rd passage
tP2 colonies/ 3T3 clones stably

Transfecting DNA 10 ,Lg of after transient transmitting
transfected harvest infectious No. of resistant No. of XC
DNA infection resistant virus colonies/mI plaques/mi

pMLV DHFR*-1 4 0
pMLV DHFR*-2 3 0
pMLV DHFR*-3 9 8 0/6
pMLV DHFR*-4 2 0
pMLV DHFR*-5 13 15 2/6 1x104-5x105 1x106-2x107
pMLV DHFR*-6 6 0
pMLV DHFR*-7 4 11 6/6 1X104-5X104 2x105-2x106
pMLV DHFR*-8 0 0
Control 0 0

" Recombinant viral DNA was transfected in P2 cells. Virus supernatants from transiently transfected cells were used to infect NIH 3T3 cells. Presented are
average numbers of methotrexate-resistant colonies per plate from three independent experiments. The fraction of NIH 3T3 clones stably transmitting infectious,
methotrexate-resistant virus was determined by threefold repeated infection of 3T3 cells with serial virus dilutions in the absence of methotrexate selection and
spread throughout the cell population. Parallel plates were tested for methotrexate-resistant virus and XC-positive virus (see Materials and Methods). After the
third virus passage, single-cell clones were isolated by endpoint dilution in the absence of methotrexate, and the supernatants were analyzed for
methotrexate-resistant virus and XC titer. Shown are the average titers from six clones each.
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transmitted infectious virus with a stable methotrexate re-
sistance phenotype.
DNA was isolated from 3T3 populations at each virus

passage and analyzed for the presence of provirus copies by
KpnI restriction enzyme digestion and subsequent gel trans-
fer hybridization (Fig. 2A). With a 660-bp DHFR* cDNA
fragment used as a probe, the expected size for the internal
KpnI fragment containing the 3' LTR is 2.28 kb for MLV
DHFR*-5 and 1.94 kb for MLV DHFR*-7 (Fig. 2B and 2A,
lanes 9 and 17, respectively). MLV DHFR*-7-infected cell
populations showed the expected 1.94-kb fragment (Fig. 2A,
lanes 11 and 12). In contrast, distinct patterns of deletions in
the 2.28-kb KpnI fragment were detected upon passage of
MLV DHFR*-5 (Fig. 2A, lanes 2 and 3), although the
methotrexate resistance phenotype was retained, as shown
above. The same pattern of KpnI fragments was obtained
when pMu3, spanning the U3 region of the Mo-MLV LTR
(24), was used as a probe (data not shown). These results
indicate that a 660-bp DHFR* insert in the U3 region of the
wild-type Mo-MLV LTR is stable and gives rise to replica-
tion-competent virus (MLV DHFR*-7). In contrast, in the
case of MLV DHFR*-5, which also contained the SV40
promoter sequences, the virus became unstable upon repli-
cation and underwent discrete deletions, some of which gave
rise to replication-competent virus expressing the mutant
DHFR*. These findings were confirmed by using PvuII
restriction enzyme digests for the analysis of DNA (data not
shown).
To determine whether virus passaged nonselectively as

described above would give rise to methotrexate resistance,
single cell clones isolated after the third virus passage of
MLV DHFR*-5 and of MLV DHFR*-7 were used as a
source of virus. Virus supernatant was titered from six
clones each for methotrexate resistance and XC plaques.
High virus titers were obtained for MLV DHFR*-5 as well as
for MLV DHFR*-7 (Table 1). Furthermore, the virus titers
demonstrated single-hit kinetics (data not shown). For each
clone, the XC titer characteristically ranged from 20- to
50-fold higher than the respective methotrexate resistance
titer (see Table 1). Restriction enzyme analysis with KpnI
revealed that DNA from clones derived from infection with
both viruses carried multiple integrated proviruses, in some
cases between 10 and 15 MLV DHFR* copies per cell (Fig.
2A, lanes 4 to 8 and 13 to 16). The majority of provirus
copies in MLV DHFR*-7-infected clones showed the ex-
pected 1.94-kb KpnI fragment for the 3' LTR internal
fragment. This result was confirmed by PvuII digests of the
same DNA (data not shown). In contrast, KpnI and PvuII
digestion of DNA from MLV DHFR*-5-infected clones
revealed a small deletion of 50 to 100 bp in the 3' internal
fragments (Fig. 2A, lanes 4 to 8, and data not shown). More
detailed mapping by restriction enzyme analysis (not shown)
and Si mapping (see below) localized the deletion to the
SV40 promoter sequences present in the 1-kb insert of
pMLV DHFR*-5.

Expression of DHFR* from MLV DHFR* viruses. As
shown above, infectious methotrexate-resistant virus was
produced from cells infected with MLV DHFR*-5 and MLV
DHFR*-7. To determine the size and amount of viral mes-
sages, total cellular RNA was isolated and subjected to
Northern analysis. The filters were probed with a 660-bp
DHFR* cDNA fragment (Fig. 3A) or with an Mo-MLV-
specific env probe (Fig. 3B). Genomic and spliced env viral
RNAs were detected in all MLV DHFR*-5 and -7 clones at
high abundancies. The two RNA species ran with higher
molecular weights than did wild-type Mo-MLV RNA (Fig.

3B, lane a), consistent with the size of the inserts in U3. The
levels of viral RNA correlated roughly with the number of
proviral copies and the virus titers from the respective
clones. Selection for methotrexate resistance during single-
cell cloning did not increase the amounts of viral messages
(Fig. 3, compare lanes c and d with lanes e to g and lanes h
and i with lanes j to 1). Whereas wild-type Mo-MLV ex-
pressed about threefold-higher levels of genomic size com-
pared with spliced env mRNA, MLV DHFR*-5- and MLV
DHFR*-7-infected clones expressed similar levels of both
RNA species.
MLV DHFR*-5 contains an insert with SV40 promoter

sequences in front of the DHFR* cDNA. Therefore, tran-
scription of DHFR*, starting from the SV40 promoter and
using the viral LTR poly(A) site in R, should give rise to an
additional RNA species of 1.3 kb in length. However, no
transcripts of that size could be detected by Northern
analysis after hybridization to a DHFR* probe (Fig. 3A,
lanes c to g). It was possible that RNA transcription from the
SV40 promoter was substantially lower than that from the
viral LTR promoter and below the detection limit of the
Northern analysis. Alternatively, the 50- to 100-bp deletion
in the SV40 region (Fig. 2A) could have inactivated the
promoter function.
To distinguish between these possibilities, we performed

S1 analysis of transcripts derived from the 3' end of the viral
genome. Total cellular RNA from 3T3 cells infected with
MLV DHFR*-5 and with wild-type Mo-MLV was used for
hybridization with two S1 probes (Fig. 4, bottom). Probe 1
hybridized to genomic and spliced env mRNA starting from
the 5' LTR and gave rise to a 237-bp protected fragment (Fig.
4, lanes bl and cl). Probe 2 should detect nonretroviral
transcripts originating from the SV40 early promoter in the
3' LTR, protecting Si fragments of 162 to 170 bp (for
early-early start sites) or 197 to 221 bp (for late-early start
sites) in length (1). In addition, transcripts from the 5' LTR
should protect a 680-bp Si fragment. However, hybridiza-
tion of RNA from MLV DHFR*-5-producing cells to probe
2 showed two distinct bands of 180 to 185 bp in length and no
protected fragment of 680 bp in length (Fig. 4, lane b2).
Therefore, the smaller fragments likely represented the 3'
boundary of the 50- to 100-bp deletion in the SV40 promoter
(see above) rather than new transcriptional start sites acti-
vated by an upstream deletion. This conclusion is supported
by the intensity of the 180- to 185-bp Si fragments, which
suggests that the corresponding SV40-promoted transcripts
would have been detectable by Northern analysis. Recent Si
mapping using both 5'- and 3'-end-labeled probes has delin-
eated a 40- to 65-bp deletion in the SV40 sequences encom-
passing the promoter, plus part of the 21-bp repeats (data not
shown). The two 72-bp repeats and at least one 21-bp repeat
remain intact.
The results from Si analysis suggest that in the case of

both MLV DHFR*-5 and MLV DHFR*-7, translation of the
mutant DHFR* must occur from what are essentially poly-
cistronic mRNAs (either the full-length genomic or spliced
viral RNAs). Since translation of sequences downstream
from open reading frames can occur, albeit often at low
efficiencies (14, 16, 22, 23), we were interested in determin-
ing the levels of DHFR* protein expressed in DHFR*-5 or
DHFR*-7 virus-infected cells.
For this analysis, a number of clones infected with the

DHFR* viruses (selected for methotrexate resistance or not)
were used. The virus-producing clones were analyzed di-
rectly for expression of DHFR protein. For this procedure,
cell extracts were run on an isoelectric focusing gel under
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FIG. 3. Expression of DHFR* and viral transcripts in infected NIH 3T3 cells. Total cellular RNA (5 ,ug) was prepared and subjected to

Northern hybridization analysis. Lanes: a, wild-type Mo-MLV-producing clone; b, uninfected 3T3 control; 1, clones infected with MLV
DHFR*-5 virus after the third virus passage (c and d, selected in 10 ,lM methotrexate; e to g, no methotrexate selection); 2, clones infected
with MLV DHFR*-7 virus after the third virus passage (h and i, selected in 0.3 ,uM methotrexate; j to 1, no methotrexate selection). The filters
were hybridized with 107 cpm of 32P-labeled probe of a 660-bp DHFR* fragment (A) or of a 1.38-kb HpaI fragment of pMov9 encompassing
Mo-MLV env (B). Size markers on the left indicate positions of rRNA.

conditions that allow separation of the endogeneous DHFR
from the introduced mutant DHFR* (see Materials and
Methods). The proteins were detected by Western blotting
(immunoblotting), using polyclonal rabbit a DHFR antibod-
ies and horseradish peroxidase-conjugated a rabbit antibod-
ies. Clones producing MLV DHFR*-5 virus produced about
10-fold-higher levels of the mutant DHFR* than of the
endogenous protein even without selection for methotrexate
resistance (Fig. 5, lanes d and e). In contrast, protein
expression was low in MLV DHFR*-7-infected cells when
no drug selection was applied and was increased at least
10-fold by methotrexate selection (Fig. 5, lanes a and b).

Expression of the endogenous DHFR also appeared to be
increased in the presence of methotrexate.

DISCUSSION

We describe here the generation of replication-competent
Mo-MLV-derived vectors suitable for mammalian gene
transfer studies. These vectors contain a mutant DHFR*
cDNA (27) as a dominant selectable marker inserted into the
U3 region of the viral LTR, upstream from viral promoter
and enhancer. We show that two of the resulting viruses,
MLV DHFR*-5 and MLV DHFR*-7, could stably transmit

FIG. 2. (A) Southern blot hybridization analysis of NIH 3T3 cells infected with recombinant MLV DHFR* viruses. Genomic DNA (10
,ug), prepared from NIH 3T3 clones or populations, was digested to completion with KpnI. The filter was hybridized with 2 x 107 cpm of a

32P-labeled 660-bp DHFR* fragment. Lanes: 1, 3T3 clone 5 from transient harvest infection with MLV DHFR*-5, methotrexate selected; 2
and 3, second and third virus passages from clone 5, no methotrexate selection; 4 to 8, 3T3 clones A to E after the third virus passage, no

methotrexate selection; 9, uninfected 3T3 DNA mixed with 15 pg of pMLV DHFR*-5; 10, 3T3 clone 1 from transient harvest infection with
MLV DHFR*-7, methotrexate selected; 11 and 12, first and third virus passages from clone 1, no methotrexate selection; 13 to 16, 3T3 clones
A to D after the third virus passage, no methotrexate selection; 17, uninfected 3T3 DNA mixed with 15 pg ofpMLV DHFR*-7; 18, uninfected
3T3 control. Bands in lane 18 represent hybridization of the DHFR* probe with endogenous DHFR fragments. Markers indicate positions of
the internal KpnI fragment in pMLV DHFR*-5 (2.28 kb) and pMLV DHFR*-7 (1.94 kb). (B) Schematic diagram of integrated proviral DNA
derived from MLV DHFR*-5 and MLV DHFR*-7 infection, showing the restriction enzymes and probes used for Southern hybridization
analysis. , Proviral sequences; -, host DNA sequences.

a b

28S -

18S -

VOL. 9, 1989 105



106 STUHLMANN ET AL.

bo m

1353
1078 .
872 m
603 --

a b c d

1 2 1 2 1 2 1 2

_ 0
a0

310
281
271
234-

194 _

U

118 -

S.spi Clal Bam

nile,

HI Scal BamHI

SV40 DHFRA

Probe 1 BamHl
840 bp *

expected fragment -{ 237 bp
detected fragment t

Probe 2
1300 bp I

expected fragments r

detected fragment

expected fragment I-

-- 237 bp ScalSca

q 162-17Obp
} --1 197-221 bp

--4 180-185 bp

---- 680 bp

detected fragment
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RETROVIRAL VECTORS ENCODING METHOTREXATE RESISTANCE

a b c d e
Acidic

-endogenous DHFR

-mutant DHFR*

Basic
FIG. 5. Expression of DHFR protein in MLV DHFR*-infected

cells. Total cellular extract (30 to 40 ,ug of protein per lane) was
electrophoresed on an 8% urea-polyacrylamide isoelectric focusing
gel and transferred to a nitrocellulose filter. The filter was incubated
with rabbit anti-DHFR antiserum and horseradish peroxidase-con-
jugated anti-rabbit antiserum. DHFR-specific protein was detected
by immunostaining as described in Materials and Methods. Lanes:
a, 3T3 clone C after the third virus passage of MLV DHFR*-7, no

methotrexate selection; b, 3T3 clone after the third virus passage of
MLV DHFR*-7, selected in 0.3 ,uM methotrexate; c, 3T3 control; d,
3T3 clone E after the third virus passage of MLV DHFR*-5, no
methotrexate selection; e, 3T3 clone after the third virus passage of
MLV DHFR*-5, selected in 10 pLM methotrexate. Positions of the
endogenous and mutant proteins and of the cathode (-) and anode
(+) during isoelectric focusing are indicated.

the marker gene when propagated in vitro under nonselec-
tive conditions. Cell lines that produced titers as high as
those produced by wild-type Mo-MLV were established,
which indicates that the inserts do not interfere with the
replication function of the virus. However, viruses with
inserts carrying regulatory sequences [SV40 promoter, SV40
intervening sequence, and the 3-globin poly(A) site] in
addition to the DHFR* cDNA were less stable and either
generated no infectious virus or produced deleted, replica-
tion-competent variants, which outgrew the recombinant
virus upon replication in NIH 3T3 cells. We cannot distin-
guish whether this instability results from a packaging size
limit of the viral RNA, as has recently been suggested (8; S.
Goff, personal communication), or from interference of
nonviral regulatory sequences in close vicinity to viral
promoter and enhancer with vital functions. The discrete
deletions occurring in the SV40 promoter sequences upon
early passage ofMLV DHFR*-5 virus indicate that the latter
possibility may hold true, at least for this particular con-
struct.
Although MLV DHFR*-5 and -7 efficiently conferred

methotrexate resistance on infected cells, the titers were
consistently lower than measurements of virus titer obtained
by using the XC plaque assay. Although this result could
reflect the existence of a mixed population of viruses,
experiments involving the use of endpoint-diluted virus and
Si analysis suggest that this is unlikely. One possible expla-
nation for the discrepancy in titers is that although every
inserted recombinant provirus yields enough expression of
the viral proteins to give rise to an XC plaque, only a fraction
of integrants express enough DHFR* to confer resistance to
methotrexate.

The majority of single-cell clones isolated after low mul-
tiplicity of infection in the absence of methotrexate selection
contained multiple (15 to 20) provirus copies, compared with
the usual 1 to 5 copies per cell obtained with wild-type
Mo-MLV (6). A possible explanation for this result is that
the DHFR* insert interferes slightly with expression of the
enm gene, leaving the cells susceptible to superinfection until
the level of env gp7O expression blocks Mo-MLV receptors
on the cell surface.
Our data show that replication-competent, Mo-MLV-de-

rived vectors carrying inserts of at least 1 kb in length can be
generated and that they produce high titers of infectious
virus and are stable upon multiple rounds of virus replication
in vitro. Furthermore, insertion of a mutant DHFR* cDNA
allows efficient selection of infected fibroblast cells in vitro
for the dominant marker gene. Interestingly, the transcrip-
tional analysis of both MLV DHFR*-5- and MLV DHFR*-
7-infected cells suggests that the mutant DHFR* protein is
translated from viral messages in which the cDNA se-
quences are located close to the 3' end of the RNA. Several
examples of the translation of two or more proteins from a
single transcriptional unit have been demonstrated recently,
and a termination-initiation mechanism has been proposed to
account for translational reinitiation at an internal AUG (14,
16, 22, 23). Often, a decrease in translational efficiency of the
downstream sequences in a polycistronic message was found
(14, 16, 23). Although we have not directly compared the
efficiency of translation of polycistronic viral mRNAs with
that of other DHFR-containing RNAs, the data suggest that
significant amounts of DHFR* protein are produced (3 to 10
times higher than endogenous levels of DHFR protein).
Clearly, it will be important to determine whether such
vectors can be useful for transmitting and expressing all
cDNAs.
The availability of replication-competent vectors such as

those described here raises the possibility of transferring
genes into somatic cells in vivo at high efficiency. One of our
major interests is to use the vectors to introduce and express
foreign genes in somatic tissues of developing mouse em-
bryos. It has been shown that wild-type Mo-MLV can
replicate unrestricted in most somatic tissues when intro-
duced at the postimplantation stage between days 8 and 10 of
gestation (12, 13). However, replication-defective vectors
carrying a dominant selectable marker, either in combination
with a helper virus or alone, resulted in insertion of the
marker gene in only a small fraction of cells from different
organs, which indicates the need for virus spread (28; H.
Stuhlmann, R. Jaenisch, and R. C. Mulligan, unpublished
results). Thus, the vectors described here would greatly
increase the possibility of manipulating the embryo at early
stages of development. In addition, we are interested in the
possibility of using these viruses to transduce other somatic
tissues, perhaps in adult animals.
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