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ABSTRACT Tandem repeats of the transactivation re-
sponse element (TAR) of the human immunodeficiency virus 1
(HIV-1) were generated using a specially constructed "tan-
demizing" plasmid, pGem-Tan. This plasmid exploits the
rotational nonequivalence ofAva I restriction sites to generate
multiple copies ofan inserted sequence. Twelve tandem repeats
of the TAR were then placed in sense and antisense orientations
behind a strong human T8-actin gene promoter. The TAR
constructs were transfected with an appropriate HIV-1-driven
reporter and tat gene expression plasmids into NT2/D1 cells,
a pluripotential human embryonic teratocarcinoma cell line.
Twelve tandem TAR repeats in the sense orientation sup-
pressed 85-90% of the transactivating function of the virus-
encoded tat protein, whereas the antisense construct or con-
structs containing single copies of TAR in either sense or
antisense orientations were relatively ineffective. The suppres-
sion was specific for reporter gene constructs containing an
intact HIV-1 long terminal repeat: Reporter genes driven by
other promoters or by an HIV-1 long terminal repeat lacking
the TAR were not suppressed. Suppression of activation by tat
required transcription into RNA: Similar constructs containing
the TAR repeats but lacking a eukaryotic promoter failed to
suppress tat activation. In the absence of tat, the TAR DNA
stimulated 2- to 5-fold the expression of gene constructs driven
not only by the HIV-1 long terminal repeat but also by the
human (3-actin gene and the simian virus 40 promoters.

Expression of the AIDS virus (human immunodeficiency
virus 1; HIV-1) genome is autostimulatory. The product of
the viral gene tat (transactivator) greatly stimulates viral gene
expression by acting on the viral transactivation response
element (TAR), which is part of the long terminal repeat
(LTR) and occurs at the beginning of all HIV-1 transcripts (1).
It is not known whether the tat protein acts directly on TAR
or causes a cellular factor to do so.
The ability to prevent stimulation ofTAR by tat might yield

insights into the mechanism of this stimulation and also
provide a concrete basis for the proposed anti-AIDS therapy
of "intracellular immunity" (2). One possible method of
inhibiting the tat-TAR interaction is to provide an excess of
TAR "decoys": TAR sequences (DNA or RNA) that com-
petitively bind factors mediating transactivation and prevent
them from acting (3, 4).
A problem in the use of TAR decoys may be the inability

to put enough copies into a target cell to be effective. A
solution is to assemble maiy copies of the TAR in a head-
to-tail tandem array and insert them as a single transcripticnal
unit-ideally behind a strong promoter. We have constructed
an array of 12 TAR copies behind a strong promoter, the
human 3-actin gene promoter, and have shown that the

transcripts so produced in human cells can indeed interfere
with the tat-TAR interaction in vivo.

MATERIALS AND METHODS
Plasmids. pGem-Tan, the plasmid used for generating

tandem arrays ofthe TAR, is a derivative ofplasmid pGEM-2
(Promega). The multiple cloning site was altered with the use
of a synthetic oligonucleotide and is shown in Fig. LA. The
rest of the plasmid is unchanged. To construct the TAR
12-mer, we modified a published technique (6) to generate
tandem repeats that exploited the dyad asymmetry of Ava I
cleavage sites. These were incorporated into the synthetic
oligonucleotide with a HincII site for blunt-end insertions.
The starting monomer unit was a 100-base-pair (bp) fragment
from the plasmid pU3RIII, which contains the U3 and part of
the R region of the HIV-1 LTR driving the bacterial chlor-
amphenicol acetyltransferase (CAT) gene (7). The fragment
containing TAR was excised by Pvu II and HindIII cleavage
at positions -19 and +81, respectively, from the transcrip-
tion start site. The fragment was then blunt-ended with the
Klenow fragment of DNA polymerase I. The transfer of a
single TAR-containing element into the HincII site of pGem-
Tan also yielded a plasmid containing the fortuitous insertion
of three copies in head-to-tail orientation. We then used a
modification of the Hartley-Gregori technique (6) to create a
head-to-tail tetramer of this trimer. The modification con-
sisted of omitting the dideoxynucleotide-blocking step: in-
stead, we digested pGem-Tan with both Ava I and Xba I and
followed this with the tandem additions of the TAR trimers.
Klenow polymerase was used to make all ends blunt and the
ends were then sealed with T4 DNA ligase. The final product,
pGT/TAR-12, is shown in Fig. 1B. The TAR 12-mer was then
transferred in sense or antisense orientations to other plas-
mids (Fig. 1 C and D).
The high-level expression vector pHPAPr-1 (5) contains

the human f-actin gene promoter followed by a multiple
cloning site and simian virus 40 3' processing signals.
pU3RIII carries the HIV-1 3' LTR driving the CAT gene as
described above. For convenience in identification, this
plasmid is here named pHIVCat. pSVtat [originally termed
pPL12 (8)] contains the simian virus 40 early promoter
driving the HIV-1 tat gene. pHJBAPr-1-CAT is similar to
pH,3APr-1 but carries the human (3-actin promoter driving the
CAT gene (5). pH/3/AStat contains the HIV-1 tat gene from
pCV-1 (8) inserted in antisense orientation in pHf3APr-1 (Fig.
1C). pHf/a-10 contains 10 tandem repeats ofa 171-bp cloned
monomer unit of African green monkey component a-DNA
(9). To make pATAR4CAT, the HIV-1 LTR in pHIVCat was
digested with HindIII and Sac I, blunted with S1 nuclease,

Abbreviations: CAT, chloramphenicol acetyltransferase; HIV-1,
human immunodeficiency virus 1; LTR, long terminal repeat; TAR,
transactivation response element.
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FIG. 1. Construction and maps of plasmids. (A) pGem-Tan was constructed by cleaving pGEM-2 (Promega) with HindIl and Xba I. A
synthetic duplex oligonucleotide with compatible ends was inserted between these sites and the result was confirmed by sequencing. The multiple
cloning sites and the locations and orientations of the SP6 and T7 promoters are shown. (B) The construction of pGT/TAR-12, a derivative of
pGem-Tan containing 12 tandem repeats of the HIV-1 TAR region. (C) The TAR 12-mer from pGT/TAR-12 was inserted into pHBAPr-1 (5)
to create pH,8/TAR-12 and pHB/ASTAR-12 in which sense and antisense transcripts are driven by the human B-actin promoter. Monomer copies
ofTAR (nucleotides -19 to +79 relative to the transcription start site in the HIV-1 LTR) were inserted into pHBAPr-1 to create pHB/TAR and
pHf3/ASTAR. (D) The TAR 12-mer was inserted into the HindIII site of pBR322 to create pBR/TAR-12. This plasmid does not contain a

eukaryotic promoter. (E) pATAR4Cat. The entire U3 region and the first 33 nucleotides ofthe R region ofthe HIV-1 LTR are included as shown,
but sequences responsible for tat responsiveness were removed. The diagrams are not drawn to scale. A, Ava l; B,BamHl; E, EcoRI; Hc, HincIl;
H, Hind111; S, Sac I; X, Xba

and religated. Nucleotides 33-80 containing one-half of the
potential stem-loop sequences of TAR were removed (Fig.
1E). This plasmid shows no response to transactivation by
tat.

Cells and DNA Transfections. The pluripotential human
embryonic teratocarcinoma cell line NT2/D1 (10) was used in
these studies. DNA transfections by the calcium phosphate
procedure and CAT assays in the linear ranges of time of
incubation and protein concentration were carried out as
described (11). CAT relative specific activities were calcu-
lated in nmol of chloramphenicol converted to acetylated
forms per min per mg of protein. Labeling of DNA by
nick-translation, Northern blot transfers, and preparation of
single-stranded RNA probes with SP6 polymerase were
according to standard procedures (12).

RESULTS

Ineffectiveness of Single Copies of Sense or Antisense TAR
Elements in Blocking tat Transactivation. The expression of
CAT activity driven by the HIV-1 LTR in transient trans-
fection experiments with pHIVCat was greatly increased by
cotransfection with pSVtat. This plasmid expresses tat ac-
tivity under the control of the simian virus 40 early gene
promoter (8). In NT2/D1 cells, the addition of 1 A&g of pSVtat
to 1 ,ug of pHIVCat increased the CAT activity of the cell
extracts 100- to 200-fold when compared to cells similarly
transfected with 1 ,ug ofpHIVCat in the absence oftat (results
not shown). To determine conditions for blocking this trans-
activation, we inserted single copies of the HIV-1 TAR in
both sense and antisense orientations behind the human
f3-actin gene promoter in pHJ3APr-1 to yield the plasmids
pHf/TAR and pHf/ASTAR (Fig. 1C). We also inserted a
single copy of the tat gene in the antisense orientation in
pHPAPr-1 to yield pHf3/AStat. Fig. 2A shows that none of
these plasmids inhibited transactivation of the HIV-1 LTR
although they were present in 8-fold excess over pHIVCat
and pSVtat.

Effect of Tandem TARs in Sense or Antisense Orientations
in Blocking tat Transactivation. We then assembled a head-
to-tail tandem array of 12 TARs inserted in the sense orien-
tation behind the human f-actin promoter in pHf3APr-1 (Fig.
1C). The resultant plasmid, pHf3/TAR-12, was used to drive
transcription of the 12 tandem TAR sequences. We then
compared the effect of tat transactivation of pHIVCat in the
presence of 8 ,ug of pHB/TAR-12 or in the presence of an
equal amount of the vector pH,/APr-1. The results, repeated
in 13 experiments, showed consistent inhibition of85-90% of
the tat-TAR interaction as revealed by CAT assays (Fig. 2B).
The TAR 12-mer sequence was also inserted in the an-

tisense orientation in pH.3APr-1 to yield pH3/ASTAR-12
(Fig. 1C). In cotransfections with pSVtat, pHB/ASTAR-12
showed only weak (40%o) inhibition of tat transactivation of
pHIVCat (Fig. 2B). These findings indicate that the orienta-
tion of the TARs relative to the promoter is important for
inhibition and that transcription might be required.
To test further the need for transcription, we inserted the

TAR 12-mer into the HindIII site of pBR322 and tested the
resultant plasmid pBR/TAR-12 (Fig. 1D) in excess amounts
in cotransfection assays with pHIVCat and pSVtat. The
12-mer in this case did not inhibit tat transactivation at all
(Fig. 2C). pBR/TAT-12 is not expected to be transcribed in
mammalian cells in the absence of a eukaryotic promoter. A
Northern blot transfer of RNA from NT2/D1 cells trans-
fected with pBR/TAR-12 detected no TAR-containing RNA
(Fig. 3A). Thus, the untranscribed tandem DNA copies of
TAR were ineffective in blocking tat transactivation.

Specificity of tat-TAR 12-mer Interaction. A transcript
containing 12 copies of the TAR would probably have much
secondary structure. Under some circumstances, such RNA
secondary structure can be a strong general inhibitor of
translation (13). Therefore, it was necessary to determine
whether inhibition by pH,8/TAR-12 was specific for the
tat-TAR interaction. Accordingly, we compared the effects
ofpH,3/TAR-12 when cotransfected in excess with pSV2Cat,
pHBAPr-1-Cat, or pHIVCat in the absence of pSVtat. We
also tested pATAR4Cat, a derivative of pHIVCat that does

pGem-Tan

pGT/TAR-12

Proc. Natl. Acad Sci. USA 87 (1990)



Proc. Natl. Acad. Sci. USA 87 (1990) 5819

0..CL

A x

0-

I
L-a.

C

0

C

0L-
O-0

*

04-

40

- (A
I- I

0M. 0o.
_ _

CL Of

Ol-

'C
I
0

csJ

VCM

z I I
0. W. 0.)

Ns z
CY

0rm m.o

(4) (4)

FIG. 2. Inhibition of the tat-TAR interaction by sense or antisense TAR RNA. NT2/D1 cells were transfected with 1 Ug of pHIVCat plus
1 ,ug of pSVtat plus 8 ug of the indicated plasmid per dish. Cells were harvested after 44 hr and CAT activities in nmol of chloramphenicol
acetylated per min per mg of protein were measured. Results of separate experiments are expressed relative to standard controls [8 ,ug of
pHf3APr-1 (A and B) and 8 gg of pBR322 (C)]. The 100%o activity varied among experiments but averaged about 20 nmol of chloramphenicol
acetylated per min per mg of protein for both standard controls (pHl3APr-1 and pBR322). Standard deviations are indicated by error bars and
the number of separate determinations is indicated by numbers in parentheses below the histograms. (A) Transfection with 8 ,ug of pHI8APr-1
(control), pHf3/TAR, pHB/ASTAR, or pH//AStat. (B) Transfection with 8 ,ug of pHPAPr-1 (control), pH,3/TAR-12, or pHB/ASTAR-12. (C)
Transfection with 8 ,ug of pBR322 (control) or pBR/TAR-12.

not respond to tat because of deletion of one-half of the
stem-loop sequence of TAR. This plasmid was tested in the
presence and absence of pSVtat. Table 1 shows that pH,8/
TAR-12 did not inhibit expression of any of these plasmids
when compared with the parent vector pHBAPr-1 and that
there was, on the contrary, a small but reproducible stimu-
lation (1.5- to 4-fold) of all promoters. Thus, the inhibitory
effect of pHB/TAR-12 seen in Fig. 2B is specific for the
tat-TAR interaction. pHO/ASTAR-12 also stimulated heter-
ologous promoters (pSV2Cat; data not shown).

Since both pHP/TAR-12 and pHB/ASTAR-12 inhibited
transactivation, it seemed possible that any transcribed mul-
timeric sequence might do this. To rule this out, we con-
structed a plasmid, pH,/a-10, that carries 10 tandem copies
of a 171-bp primate satellite DNA repeat (9) driven by the
,3-actin promoter and tested its effect on transactivation. This
plasmid had no effect on tat transactivation (data not shown).
Hence, inhibition by pH,/TAR-12 and pHS/ASTAR-12 is
probably sequence specific.
The general stimulatory effect ofpHf3/TAR-12 on cotrans-

fected genes was unexpected and judged worthy of further
investigation. To learn whether transcription was necessary
for this effect, we cotransfected 1 ,ug of pSV2Cat, pHBAPr-
1-Cat, pHIVCat, or pATAR4Cat with 9 ,g of either pBR/
TAR-12 or the parent vector pBR322. Under these condi-
tions, the CAT activity of all four of these plasmids was
stimulated 2- to 5-fold by cotransfection with pBR/TAR-12
(Table 2). The results indicated that the untranscribed DNA
copies of the TAR 12-mer were sufficient for stimulation.

Northern Blot Analysis of TAR 12-mer Transcripts. To
verify that inhibition by the TAR 12-mer expression construct
required transcription, NT2/D1 cells were transfected with
pH,8/TAR-12, pH,8/ASTAR-12, or pBR/TAR-12. RNA was
prepared from the cells 65 hr later and analyzed by Northern
blot transfer using the TAR 12-mer insert as probe. Fig. 3A
shows that pHB/TAR-12 and pHj3/ASTAR-12 were effi-
ciently transcribed, whereas no detectable RNA was tran-
scribed from pBR/TAR-12. For unknown reasons, steady-
state levels of RNA transcribed from pHP/ASTAR-12 were
lower than those derived from pH,3/TAR-12. We tested the
strand specificity of the transcripts using radioactively la-
beled single-stranded RNA probes derived from the TAR
12-mer inserted in both orientations behind the SP6 promoter
of pGEM-2. The Northern blots shown in Fig. 3B demon-
strated that pHP/TAR-12 produced mainly sense transcripts,
whereas pH,8/ASTAR-12 produced mainly antisense tran-
scripts.

DISCUSSION
We have demonstrated a method of increasing the concen-
tration of specific DNA orRNA sequences within transfected
cells by "tandemization" of a specific sequence, the HIV-1
TAR, behind a strong promoter. We have further shown that,
with this method, concentrations of HIV-1 TAR RNA can be
achieved that strongly inhibit transactivation of HIV-1 di-
rected gene expression by the viral tat gene product. Al-
though one copy of the TAR driven by the human f3-actin

Medical Sciences: Graham and Maio
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FIG. 3. Northern blot analysis of NT2/D1 cells transfected with
plasmids containing TAR 12-mer sequences. (A) NT2/D1 cells were
transfected with each plasmid at 10 Mug per dish, as indicated above
the corresponding lane. The cells were harvested 65 hr later, total
cellularRNA was extracted, and 25 Mg ofRNA from each sample was
separated in denaturing agarose gels. Northern blots were prepared
and probed with nick-translated double-stranded DNA prepared
from TAR 12-mer DNA. (B) NT2/D1 cells were transfected with
pHf3/TAR-12 or pHp/ASTAR-12 at 10 Mg per dish, as indicated.
Northern blots were prepared as in A and probed with radioactive
single-stranded RNA corresponding to antisense TAR 12-mer or to
sense TAR 12-mer. The RNA probes were prepared using SP6
polymerase and pGEM-2 derivatives in which the TAR 12-mer was
inserted in sense or antisense orientations with respect to the SP6
promoter. Arrowheads mark the positions of 18S and 28S rRNAs.

promoter was ineffective, 12 copies inhibited transactivation
85-90%o. The inhibition appeared to require the accumulation
ofTAR RNA, since the promoterless construct pBR/TAR-12
did not cause such an accumulation and showed no inhibitory
activity.
The inhibition was specific for the tat-TAR interaction.

This was shown by the lack of inhibition that pHf3/TAR-12
had (i) on pHIVCat in the absence of tat, (ii) on pATAR4Cat
in the presence or absence of tat, and (iii) on pSV2Cat and
pH/3APr-1-Cat. This specificity indicated that the mechanism
of inhibition did not involve the induction of a double-
stranded RNA-dependent kinase (dsl), a known translation
inhibitor (13). The induction ofdsl might be expected with the
TAR 12-mer expression construct, given the extensive sec-
ondary structure that should be present in the RNA. How-
ever, the separation between the mRNA cap site and the TAR
secondary structures provided by the transcribed regions of
the f3-actin promoter may suppress the dsl activity. Perhaps
this accounts for the apparent lack of dsI activity seen.
The specificity is puzzling since the tat protein is thought

more likely to act through cellular factors rather than directly
upon the TAR sequence itself (14, 15). What is the usual
function of these factors? Are some endogenous mRNAs

Table 1. Effect of pHf3/TAR-12 on HIV-1 and non-HIV-1
promoters in the absence of tat or of a functional TAR

CAT activity,
nmol per min
per mg of

Plasmids protein
pHIVCat (2 ,ug) + pHPAPr-1 (8 Mig) 0.16
pHIVCat (2 jug) + pHp/TAR-12 (8 Mg) 0.69
pATAR4Cat (2 Mug) + pHpGAPr-1 (8 Mg) 0.10
pATAR4Cat (2 ,ug) + pH,3/TAR-12 (8 ,ug) 0.19
pATAR4Cat (1 ,ug) + pSVtat (1 ug)
+ pHPAPr-1 (8 Mg) 0.08

pATAR4Cat (1 ,ug) + pSVtat (1 Mg)
+ pH/3/TAR-12 (8 Mg) 0.24

pSV2Cat (2 Mg) + pHfAPr-1 (8 ,ug) 0.36
pSV2Cat (2 ,.g) + pH,8/TAR-12 (8 /Lg) 0.53
pHf3APr-1-Cat (2 jig) + pH/BAPr-1 (8 Mg) 0.93
pHSAPr-1-Cat (2 Mg) + pH,3/TAR-12 (8 j&g) 2.55
pHIVCat (1 Mug) + pSVtat (1 Mug)

+ pHf3APr-1 (8 Mg) 25.2
pHIVCat (1 ug) + pSVtat (1 Mig)
+ pHf3/TAR-12 (8 Lg) 3.6
NT2/D1 cells were transfected with combinations of plasmids as

indicated. Cells were harvested 44 hr later and CAT activities were
determined. The values shown are the averages of two transfections.
The last pair of entries showing stimulation by tat is included for
comparison.

preceded by TAR-like sequences? If so, are there endoge-
nous tat-like genes that are activated under special circum-
stances? These questions await further investigation.
The data also showed that the TAR 12-mer had a slight but

reproducible stimulatory effect on CAT gene constructs
other than those regulated by the tat-TAR interaction. This
included constructs driven by the human f3-actin promoter
(pH,8APr-1-Cat) or by the simian virus 40 early promoter
(pSV2Cat) on the HIV-1 promoter after it was mutated to tat
unresponsiveness in pATAR4Cat and on pHIVCat when the
tat protein was absent. This effect, unlike the tat-TAR-
specific inhibition, did not appear to require RNA synthesis
because it was also induced by pBR/TAR-12, measured
relative to the control transfections with the vector pBR322.
The simplest interpretation is that the multiple TAR DNA
copies bound some general negative regulatory factor. At
least two proteins are known to bind to DNA sequences
included within the monomer unit (16) but because neither is
thought to be a general inhibitor, the observation remains
unexplained.
TAR elements inserted as either a monomer or 12 tandem

repeats in antisense orientations were relatively ineffective as
inhibitors of tat transactivation. Tandemization of antisense

Table 2. Effect of TAR 12-mer sequences on
heterologous promoters

CAT activity,
nmol per min
per mg of

Plasmids protein
pHIVCat (1 Mg) + pBR322 (9 Mg) 0.08
pHIVCat (1 Mug) + pBR/TAR-12 (9 Mug) 0.44
pATAR4Cat (1 Mug) + pBR322 (9 ,ug) 0.05
pATAR4Cat (1 Mug) + pBR/TAR-12 (9 Mg) 0.20
pSV2Cat (1 Mg) + pBR322 (9 Mug) 0.35
pSV2Cat (1 ug) + pBR/TAR-12 (9 Mug) 0.67
pHfBAPr-1-Cat (1 Msg) + pBR322 (9 ug) 0.26
pH,8APr-1-Cat (1 ,ug) + pBR/TAR-12 (9Mg) 1.16
NT2/D1 cells were transfected and CAT activities were deter-

mined 44 hr later as described in Table 1.

Proc. Natl. Acad Sci. USA 87 (1990)

Ao-

)lb- ""I,



Proc. Nat!. Acad. Sci. USA 87 (1990) 5821

TAR increased its inhibition (Fig. 2 A and B) but only to 40%,
whereas no inhibition was obtained with the antisense mono-
mer sequence. Northern blot analysis of RNA from cells
transfected with the TAR antisense 12-mer construct consis-
tently showed lower steady-state levels ofcognate RNA than
were obtained withRNA from cells transfected with the same
amount of the TAR 12-mer sense construct. The relative
ineffectiveness of the TAR 12-mer antisense RNA as an
inhibitor of the tat-TAR interaction may be related to this
observation. On the other hand, tat specificity depends upon
TAR sequence and structure; these would differ in the
antisense RNA transcripts from those normally encountered
and thus competition for essential transactivators such as tat
or for cellular factors induced by tat might not occur. It was
also expected that inhibition of expression through the for-
mation of RNA-RNA hybrids might take place. The relative
ineffectiveness of the antisense constructs as inhibitors sug-
gested that either the formation of intrastrand secondary
structure precluded RNA-RNA hybrid formation or suffi-
ciently high levels of antisense RNA were not achieved in
these experiments.
Exogenous DNA or RNA can selectively silence or down-

regulate gene expression by two general methods: competi-
tion (as described here) and antisense inhibition. Since both
methods require a large excess of inhibitory sequences over
target sequences, means of increasing the number of inhib-
itory sequences are valuable. The use of strong promoters
and the use ofmulticopy plasmids (17) are two solutions; here
we have described a third, that of assembling inhibitory
sequences in a tandem array. Since in both competition (15,
16) and antisense (18) inhibition short sequences of 20-40 bp
can be effective, arrays of up to 100 copies might eventually
prove feasible (6).

This work was undertaken to determine whether high
levels of sense or antisense RNAs might interfere with
essential HIV-1 functions and prove useful in conferring
cellular immunity as an approach to gene therapy in AIDS.
Sense RNA transcripts of multiple TAR elements were
capable of blocking tat-mediated transactivation of gene
expression driven by the HIV-1 LTR, whereas the DNA
copies of the same elements were ineffective. The results
further indicated that these methods can be used to generate
tandem arrays of duplexed oligomers if these have appropri-
ate Ava I overhangs. This could be useful in Southwestern
transfers (protein blots probed with oligonucleotides) and
might facilitate, for example, the study ofimmunoglobin class
switch sequences. Finally, it is worth noting that the HincII
and Ava I sequences that separate the polymerized inserts do
not contain stop codons and will not shift the reading frame.

Thus, it might be possible to produce tandemly polymerized
protein segments with multiple copies of a functional site or
multiple slightly varying copies of a given epitope that can
result in increased immunogenicity (19).

Note. While this work was in progress, Takeshita et al. (20)
described a similar procedure for creation of tandem arrays
of entire genes.

We thank P. Andrews, L. Kedes, C. Rosen, and F. Wong-Staal for
the gifts of cells and plasmids; and F. Borriello, F. Brown, D.
McGovern, and E. Palmieri for help and suggestions. This work was
supported by National Institutes of Health Grants A127111,
2P30CAI3330-17, and 5T32CA09060.

1. Cullen, B. R. & Greene, W. C. (1989) Cell 58, 423-426.
2. Baltimore, D. (1988) Nature (London) 335, 395-396.
3. Perez-Stable, C. & Shen, C.-K. J. (1986) Mol. Cell. Biol. 6,

2041-2052.
4. Scholer, H., Haslinger, A., Heguy, A., Holtgreve, H. & Karin,

M. (1986) Science 232, 76-80.
5. Gunning, P., Leavitt, J., Muscat, G., Ng, S.-Y. & Kedes, L.

(1987) Proc. Natl. Acad. Sci. USA 84, 4831-4835.
6. Hartley, J. L. & Gregori, T. J. (1981) Gene 13, 347-353.
7. Sodroski, J., Rosen, C., Wong-Staal, F., Salahuddin, S. Z.,

Popovic, M., Arya, S., Gallo, R. C. & Haseltine, W. (1985)
Science 227, 171-173.

8. Arya, S. K., Guo, C., Josephs, S. F. & Wong-Staal, F. (1985)
Science 229, 69-73.

9. Maio, J. J. (1971) J. Mol. Biol. 56, 579-595.
10. Andrews, P. W. (1984) Dev. Biol. 103, 285-293.
11. Maio, J. J. & Brown, F. L. (1988) J. Virol. 62, 1398-1407.
12. Sambrook, J., Fritsch, E. & Maniatis, T. (1989) Molecular

Cloning:A Laboratory Manual (Cold Spring Harbor Lab., Cold
Spring Harbor, NY), 2nd Ed.

13. Edery, I., Petryshin, R. & Sonenberg, N. (1989) Cell 56,
303-312.

14. Gentz, R., Chen, C.-H. & Rosen, C. (1989) Proc. Natl. Acad.
Sci. USA 86, 821-824.

15. Gaynor, R., Soultanakis, E., Kubawara, M., Garcia, J. &
Sigman, D. S. (1989) Proc. Nat!. Acad. Sci. USA 86, 4858-
4862.

16. Jones, K. A., Luciw, P. A. & Duchange, N. (1988) Genes Dev.
2, 1101-1114.

17. Hambor, J. E., Hauer, C. A., Shu, H.-K., Groger, R. K.,
Kaplan, D. R. & Tykocinski, M. L. (1988) Proc. Nat!. Acad.
Sci. USA 85, 4010-4014.

18. Zamecnik, P. C., Goodchild, J., Taguchi, Y. & Sarin, P. S.
(1986) Proc. Natl. Acad. Sci. USA 83, 4143-4146.

19. Gendler, S., Taylor-Padimitriou, J., Duhig, T., Rothbard, J. &
Burchell, J. (1988) J. Biol. Chem. 263, 12820-12823.

20. Takeshita, S., Tezuka, K.-I., Takahashi, M., Honkawa, H.,
Matsuo, A., Matsuishi, T. & Hashimoto-Gotoh, T. (1988) Gene
71, 9-18.

Medical Sciences: Graham and Maio


