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ABSTRACT We constructed a retrovirus vector in which
all viral transcriptional signals are deleted during provirus
formation. This vector would be safer and more useful in
gene-transfer experiments. Construction of this vector involved
the deletion of all of the U3 sequence except for 10 base pairs,
required for integration, from the right-side long terminal
repeat. We found that this deletion resulted in an inability to
propagate virus efficiently. When we inserted sequences con-
taining all of the signals for polyadenylylation of simian virus
40 late mRNA at the end of our vector, we were able to
propagate virus efficiently. This result indicates that there are
sequences in U3 upstream from AAUAAA that are essential for
3' processing of viral RNA.

There is considerable interest in using retrovirus vectors to
introduce genes into the somatic cells of humans and into the
germ line of animals. There are three inherent problems with
using retrovirus vectors for gene therapy. The first is that
there is potential for spread of vector virus in infected
organisms and for spread to other organisms. The second is
that there is the possibility of insertional activation of cellular
oncogenes by viral transcriptional sequences in a target
organism (1, 2). The third is that in cells in which stage-
specific, tissue-specific, and/or inducible regulation is re-
quired, the viral transcriptional signals can interact with an
inserted promoter that is being used to control a gene of
choice (3-5).
Most retrovirus vectors are defective for retrovirus-encod-

ed genes. They are packaged either by using helper virus or
helper cells. Helper cells encode the viral gene products but
the helper virus RNA is encapsidation-minus, so it is not
packaged (6, 7). Therefore, vector virus stocks made from
helper cells do not contain helper virus. However, there is
still the possibility that endogenous retroviruses could supply
helper functions and allow the spread of vector virus.
One way to overcome these problems is to design a

retrovirus vector in which the viral transcriptional signals are
lost during virus replication. With such a vector there could
be no interaction between the viral transcriptional signals and
those of an inserted promoter. Moreover, if an internal
promoter were placed 3' to the left-side R, the attachment site
attR+, the primer-binding site (PBS), and the encapsidation
sequence (E) (see Fig. 1), spread of the vector even in the
presence of endogenous helper virus would not be possible,
since these sequences are essential for virus replication and
would not be transcribed in the target cell.
We have constructed a spleen necrosis virus (SNV)-based

retroviral vector in which the viral transcriptional signals are
not present in the provirus in target cells. During the course
of this work we found that there were sequences in U3
required for 3' RNA processing. This result explains why 3'
RNA processing occurs at the 3' end of the right-side R but
not at the 3' end of the left-side R.

MATERIALS AND METHODS
Nomenclature. hygro refers to the hygromycin gene (8).

Plasmids have a small p before their name (e.g., pJD214Hy),
whereas virus made from those plasmids does not (e.g.,
JD214Hy).

Constructions. AU constructions were made by standard
techniques (9). pJD214Hy has already been described (10).
pJD217Hy was made by deleting the Sac I-Ava I fragment
(SNV map units 7.747-8.127) from the right-side long termi-
nal repeat (LTR) and replacing it with an Xho I linker. These
procedures resulted in a deletion of the entire U3 except for
10 base pairs (bp) at the 5' end, which includes the left-side
attachment site. It should be noted that in the left-side LTR,
the 10 bp of U3 remaining in the right-side LTR were deleted.
Thus, there is no homology between the two U3s of the left
and right sides. pJD217SVHy was constructed by inserting
the 565-bp Nde I-Hind1II fragment from pSV2-neo (11)
containing the simian virus 40 (SV40) early promoter into the
Xba I site ofpJD217Hy. pJD220Hy was made by inserting the
220-bp BamHI-HindIII fragment containing the SV40
poly(A) site as described by Wickens and Stephenson (12)
into the BamHI site at the 3' end of U5 in pJD217Hy.
pJD220SVHy was constructed by inserting the 220-bp Bam-
HI-HindIII fragment into the BamHI site of pJD217SVHy.

Cells. D17 dog cells and D17-C3 dog helper cells were
grown as described (13, 14). The D17-C3 dog cell line is a D17
Rev-A helper cell line that supplies trans functions for
packaging of defective Rev without production of replication-
competent helper virus (6). Selection for hygromycin-resis-
tant cells was done in the presence of hygromycin at 100
,ug/ml (Eli Lilly).

Transfections and Virus Assay. Transfections were done by
the calcium phosphate precipitation method (15, 16). Virus
titers were obtained as described (10, 13).

S1 Nuclease Mapping. RNA isolation and S1 nuclease
mapping were performed as described (17-19). Probes were
3' end-labeled with [a-32P]dCTP (Amersham) and Klenow
fragment of DNA polymerase I according to published
protocols (9). For each sample, 10 ,ug of total cellular RNA
was used.

RESULTS
Rationale of the Experiment. Fig. 1 diagrams the experi-

mental design. The basic idea is to delete the enhancer and
promoter sequences, which are present in U3, from the
right-side LTR of the plasmid DNA. This vector DNA is then
used to transfect helper cells. Viral transcription begins at R
on the left side. Virus is harvested from the transfected helper
cells, and target cells are infected. Since the right-side U3
from the plasmid will supply the sequences for both U3
copies in the resulting provirus, the transcriptional signals

Abbreviations: SV40, simian virus 40; LTR, long terminal repeat;
SNV, spleen necrosis virus; PBS, primer-binding site; E, encapsida-
tion sequence; TU, transforming units.
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FIG. 1. Experimental design. Described are the steps involved in going from the plasmid DNA to the provirus in the target cell in which
the inserted gene is transcribed from the internal promoter. Helper cells are transfected with the vector DNA. Viral RNA is transcribed in the
helper cells; the viral RNA is packaged, and virions are released. The virus stocks are harvested and used to infect target cells. Proviruses are
formed in the target cells, and the inserted gene is transcribed by the internal promoter. The boxes with the diagonal lines represent structural
gene sequences. The stippled boxes represent inserted promoter sequences. Transcription initiation sites are indicated by arrows. The open
boxes with U3, R, and U5 represent LTR sequences. The inverted triangles represent deleted U3 sequence. The thin lines represent pBR322
sequences. The jagged lines represent chromosomal sequences. pro, Promoter; PPT, polypurine tract; attR', the sequence that will form the
right side of the attachment site; attL+, the sequence that will form the left side of the attachment site; attL-, the original provirus left-side
attachment site that was deleted; and attR-, the original right-side attachment site that was deleted.

originally deleted from the right side of the plasmid DNA will
be deleted from both sides of the resulting provirus.

Characterization of Constructions. Fig. 2 diagrams the
vectors we used for this study. In all cases we used the hygro
gene as the selectable marker. In the experiment described in
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Fig. 2, we transfected the vector DNA into D17-C3 dog
helper cells, harvested virus 5 days posttransfection, infected
D17 cells, selected for hygromycin resistance, and obtained
a virus titer in TU/ml. pJD214Hy served as our positive
control vector in which the viral enhancer and promoter
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FIG. 2. Constructs and titers. The boxes with the diagonal lines represent hygro gene sequences. SVpro refers to the SV40 early gene
promoter. The open boxes with U3, R, and U5 represent LTR sequences. The inverted triangles indicate U3 deletions. Xho I indicates that an
Xho I linker replaced deleted U3 sequences. The boxes with vertical lines and polyA above them refer to the SV40 late mRNA poly(A) sequences.
attR+, attL+, attR-, and attL- are the same as in the legend to Fig. 1. Titers obtained with virus generated from the different vectors are indicated
in transforming units (TU)/ml on the right.
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sequences were not deleted. JD214Hy virus gave a titer of 3
x 104 TU/ml (Fig. 2).
pJD217Hy has the viral transcriptional sequences deleted

from the right-side LTR, but it does not contain an internal
promoter to drive expression of the hygro gene in the target
cells. With JD217Hy virus we obtained a low titer (Fig. 2).
The titer obtained with JD217Hy virus represents back-
ground expression since there is no internal promoter to drive
the expression of hygro (see Discussion).
pJD217SVHy has the right-side LTR enhancer and pro-

moter deleted and has the SV40 promoter inserted to tran-
scribe the hygro gene in the D17 target cells (Fig. 2). With
JD217SVHy virus we obtained a very low titer, 180 TU/ml,
compared to JD214Hy, 3 x 104 (Fig. 2). We had expected a
titer close to that of JD214Hy, but the titers obtained with
JD217SVHy were the same as the background levels ob-
tained with pJD217Hy (Fig. 2). This result led us to believe
we were deleting U3 sequences important for propagation of
the vector. It had been hypothesized that 3' RNA processing
occurs at the end of R on the right-side LTR but not on the
left-side LTR because sequences in U3 are required for 3'
RNA processing (20, 21). Since U3 sequences from the
right-side LTR, but not the left-side LTR, are present in the
viralRNA (Fig. 1),3' RNA processing only occurs at the right
side. We believed that with JD217SVHy, 3' RNA processing
was not occurring at the end ofR so the viral RNA was either
too big to be efficiently packaged (22) or was unstable,
leading to degradation (23).
To test this hypothesis, we inserted a 220-bp fragment
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containing all of the sequences required for polyadenylyla-
tion of SV40 late mRNA at the end of our U3-deleted vectors
(Fig. 2). pJD220SVHy, which uses the SV40 early promoter
to drive hygro expression in infected target cells, gave titers
close to that of pJD214Hy (Fig. 2). pJD220Hy gave a low
background equivalent to that of pJD217Hy (Fig. 2).

S1 Nuclease Mapping Indicated That 3' RNA Processing
Does Not Occur at the End of R with Our U3-Deleted Vectors.
We transfected D17 cells with the vectors described in Fig.
2, isolated total cellular RNA 48 hr posttransfection, and
analyzed the RNA with the probes indicated in Fig. 3.
pJD216NeoHy is a vector previously described (10) that
contains the same 3' end as pJD214Hy. For another study, we
established a D17 cell clone containing a single provirus copy
of JD216NeoHy (10). The RNA used in Fig. 3, lane 1, was
purified from this cell line. If 3' RNA processing occurred at
the end of R for RNA derived from pJD216NeoHy and
pJD214Hy, then a major 580-base protected fragment is
expected. This was the case as can be seen in Fig. 3, lanes 1
and 2. With an intact U3, 3' RNA processing occurred at the
expected place. If 3' RNA processing occurred at the end of
R for RNA derived from U3-deleted vectors pJD217Hy and
pJD217SVHy, then protection of a 140-base fragment would
be expected using probe B (Fig. 3). Protection of a 140-base
protected fragment was not observed (Fig. 3, lanes 3 and 4).
S1 nuclease analysis of RNA derived from U3-deleted vec-
tors pJD22OHy and pJD220SVHy, containing the inserted
SV40 poly(A) signal, showed that 3' RNA processing did not
occur at the end of R but occurred in the SV40 poly(A)
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FIG. 3. S1 nuclease mapping.
(Right) The probes used are desig-
nated A, B, and C. Probe A was
prepared from the 3' end of
pJD214Hy. Probe B was prepared
from the 3' end of pJD217Hy. Probe
C was prepared from the 3' end of
pJD22OHy. All probes were labeled
at the Cla I site as indicated. They
were then cut with Nde I as indicat-
ed. The large boxes represent the
right-side LTR from each vector.
The boxes with the diagonal lines
represent the 3' end of the hygro
gene. The dashed horizontal lines
represent pBR322 sequences. The
inverted triangles indicate the U3
deletions. The box with the vertical
lines and SV40 polyA above it rep-
resents the sequences required for
polyadenylylation of SV40 late
mRNA. The sizes of the full-length
probes and the expected sizes of
protected fragments are indicated in
bases (b). (Left) The origin of the
RNA used is indicated at the top of
each lane. The probe used in each
case is also indicated at the top of
the gel. The sizes of the markers
used are indicated in bases. a', b',
and c' refer to the positions where
protected fragments of 580, 140, and
370 bases would be expected. Bow-
ing of the gel occurred during elec-
trophoresis, so the 580-base band in
lane 2 appears to be running higher
than expected.
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sequence, as evidenced by the lack of a 140-base protected
fragment and the presence of a 370-base protected fragment
(Fig. 3, lanes 5 and 6).
The Proviral Structure of JD220SVHy in Infected D17 Cells

Had the Expected Structure. As can be seen in Fig. 2, we
inserted an Xho I linker in place of the deleted U3 sequence.
If the hypothesis we described in Fig. 1 was correct, then an
Xho I site should be present on both sides of the proviruses
in JD220SVHy-infected D17 cells. Therefore, Xho I-digested
genomic DNA from D17 cells infected with JD220SVHy
should give a 2.2-kilobase-pair (kbp) fragment if hybridized to
hygro-specific sequences. To test this hypothesis, we ex-
panded individual D17 cell clones infected with JD220SVHy,
isolated genomic DNA from the cell clones, digested the
genomic DNA with Xho I, electrophoresed the DNA on a 1%
agarose gel, blotted to nitrocellulose, and hybridized the blot
with a hygro-specific probe. Fig. 4 shows the analysis of
genomic DNA from 5 different JD220SVHy-infected D17 cell
lines. Each had a 2.2-kbp fragment when probed with
hygro-specific sequence (Fig. 4). We tested another 10 cell
lines, and they gave the same results (data not shown).

DISCUSSION
We constructed a retroviral vector such that the viral tran-
scriptional signals are not present in an infected target cell.
This vector ensures that viral transcriptional signals cannot
interact with an inserted promoter that is being utilized for
stage-specific, tissue-specific, and/or inducible regulation of
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FIG. 4. Analysis of genomic DNA from JD220SVHy-infected
D17 clones. Five individual D17 cell clones infected with
JD220SVHy were expanded. Genomic DNA was isolated and
digested with Xho I; this was followed by electrophoresis on a 1%
agarose gel and blotting of the gel to nitrocellulose. The blot was then
hybridized with a 32P-labeled hygro-specific probe followed by
autoradiography. Markers are indicated in kbp. The arrow indicates
the bands seen. They are 2.2 kbp in size.

a gene of interest. Moreover, this vector ensures that there
will be no spread of vector virus in an infected host even in
the presence of endogenous helper virus. Essential cis-acting
sequences (such as the left-side R, the PBS, the attR', and
the E) will not be present in the mRNA transcribed from the
provirus because there will be no viral transcriptional signals,
and the internal promoter will be 3' to essential cis-acting
sequences (Fig. 1).
With JD22OHy and JD217Hy virus stocks, a small number

of background colonies was seen. No colonies were expect-
ed, since there was no internal promoter present in these
vectors to drive expression of the hygro gene. We have
thought of two possible explanations for this result. One is
that the proviruses integrated next to active cellular promot-
ers that drove hygro gene expression. Another explanation is
that recombination occurred between the helper cell se-
quences, which contain intact copies of the SNV LTR, and
the transfected vector. If the first explanation were correct,
then we would expect the Xho I site, inserted in place of the
deleted U3 sequence, to be regenerated on both sides of the
provirus, whereas if the second explanation were correct,
then Xho I sites would not be found on both sides of the
provirus. The second possibility seems more likely because
in 9 of 10 proviruses from JD220Hy-infected cells, the Xho I
site was not regenerated on both sides (data not shown).
While this work was in progress, Yu et al. (24) reported

construction of a murine leukemia virus-based retroviral
vector that would delete the viral enhancer and part of the
viral promoter. Their construction contains overlapping ho-
mology between the left-side U3 and the partially deleted
right-side U3, so that during growth of a helper cell line into
which their deleted vector was transfected, homologous
recombination could occur to reconstitute the right-side U3,
so that the vector would no longer be self-inactivating. Our
vector contains no overlapping homologies, so homologous
recombination between vector molecules to regenerate a
wild-type U3 on the right side is not possible. Furthermore,
insertional activation of a protooncogene by the viral LTR
will not occur with our vector.

Deletion of most of U3 appears to have resulted in a loss
of correct 3' end processing of viral RNA even though
AAUAAA, a sequence that is known to be essential for
polyadenylylation (23), was still present 17 bp from the end
of R (Figs. 2 and 3). Because normal 3' end processing was
not occurring at the end of R, we were not able to obtain virus
stocks with titers close to the titer of our control, JD214Hy.
The lack of normal 3' end processing might have resulted in
lower titers either because 3' end processing of viral RNA in
the transfected helper cells occurred in cellular sequences far
downstream from R, so the viral RNA was too large to be
packaged efficiently (22), or because without normal 3' end
processing viral RNA was unstable and rapidly degraded
(23). We feel that the second of these two possibilities is
more likely, since we detected very little JD217Hy- or
JD217SVHy-specific RNA during our S1 nuclease analysis
(Fig. 3, lanes 3 and 4). When we added a poly(A) site to the
vector at the end of U5, we were able to obtain higher titer
virus stocks (Fig. 2). However, the titer obtained with
JD220SVHy was still lower by a factor of 5 than that obtained
with JD214Hy (Fig. 2). One explanation is that the SV40
promoter is weaker by a factor of 5 than the SNV promoter
in D17 cells (25), and the difference in titer is a reflection of
the difference in promoter strength. Another explanation is
that in the target cells the SV40 poly(A) site is not present at
the end of the provirus, so that normal 3' end processing of
mRNA transcribed from the provirus in the target cell is not
occurring, resulting in mRNA instability.
The indication that sequences in U3 are important for

normal 3' RNA processing is important because it suggests
that retroviruses contain sequences upstream of the
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AAUAAA that are essential for normal 3' RNA processing.
It further suggests that 3' RNA processing occurs at the end
of the right-side R and not at the end ofthe left-side R because
U3 sequences from the right-side LTR, but not the left-side
LTR, are present in the viral RNA, so 3' RNA processing can
only occur at the right side.
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