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Chicken syncytial viruses induce bursal lymphomas by integrating into the c-myc locus and activating myc
expression by 3’ long terminal repeat (LTR) promoter insertion. In contrast to wild-type proviruses, in which
transcription initiates predominantly in the 5’ LTR, these myc-associated proviruses exhibit a predominance of
transcription from the 3’ LTR and little transcription from the 5 LTR. Most of these proviruses contain
deletions within the 5’ end of their genome that spare the 5’ LTR. We report the identification of a 0.3-kb viral
leader sequence that modulates 5’ and 3’ LTR transcriptional activities. In the presence of this sequence,
transcription from the 5’ LTR predominates, but in its absence, the 3' LTR promoter becomes activated,
resulting in a high level of myc expression. This viral sequence does not behave like a classical enhancer; it
activates transcription only when located downstream from the promoter and in the sense orientation. In this
regard, it resembles the recently described human immunodeficiency virus RNA enhancer. This study suggests
that retroviruses contain internal sequences which directionally activate the 5’ LTR promoter to facilitate
transcription of the viral genome and that deletion of these sequences is one step in the activation of the 3' LTR

of myc-associated proviruses in avian bursal lymphomas.

In the proviral form, the retroviral genome is flanked by
two long terminal repeats (LTRs), a 5" LTR and a 3' LTR.
Despite the sequence identity of these two LTRs, they have
distinct functions in retroviral replication. The 5 LTR
serves as the sole promoter to transcribe the viral genome,
whereas the 3' LTR provides a polyadenylation signal to
define the end of the viral genome. Herman and Coffin have
reported that the promoter activity of the 5' LTR is at least
50 times higher than that of the 3’ LTR (34). Clearly,
therefore, the transcriptional activities of the two LTRs are
differentially modulated in the provirus. Several mecha-
nisms, including transcriptional interference, have been pro-
posed to explain this differential activity (16, 34, 51).

Although the 3" LTR promoter contributes little to the
transcription of viral genes, it does play a significant role in
proto-oncogene activation by nonacutely transforming ret-
roviruses. Activation of proto-oncogenes is a key step in
retrovirus-induced oncogenesis. Several mechanisms by
which retroviruses activate proto-oncogenes have been iden-
tified, including LTR promoter insertion and LTR enhancer
insertion (reviewed in reference 37). In LTR promoter
insertion, the proto-oncogene is transcribed from either the
5" or the 3' LTR promoter. Activation of a proto-oncogene
by transcription from the 3’ LTR is typified by avian leukosis
virus (ALV) and chicken syncytial virus (CSV) activation of
c-myc in chicken bursal lymphomas (25, 33, 50, 53). In these
tumors, the proviruses are integrated upstream of the c-myc
coding exons and in the same transcriptional orientation as
c-myc. The proviral 3' LTR initiates transcription of the
downstream myc sequences and thus eliminates cellular
regulation of myc expression.

Further analysis of these myc-activating CSV and ALV
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proviruses turned up two curious but consistent findings. (i)
Transcription from the 5’ LTR of these proviruses is reduced
to very low or undetectable levels (27, 33, 67). This tran-
scription pattern contrasts with that observed in replicating
retroviruses and suggests that up regulation of the 3' LTR
requires shutdown of the 5' LTR. (ii) These proviruses
frequently suffer large deletions which map to the leader-gag
region near the 5" LTR (27, 59, 67). If these deletions remove
viral sequences (e.g., enhancers) necessary for transcription
from the 5’ LTR, they could cause shutdown of the 5’ LTR
promoter.

We have previously isolated and characterized a CSV
provirus involved in c-myc activation (67). This provirus,
713, is inserted in the first c-myc intron in the same tran-
scriptional orientation as c-myc. It contains a deletion en-
compassing ~80% of the viral sequences but has two intact
LTRs. In the tumor, abundant truncated c-myc transcripts
linked to the 3' LTR were detected but no viral transcripts
from the 5' LTR were detected. When the 5° LTR was
isolated and linked to a chloramphenicol acetyltransferase
(CAT) construct, however, it was fully functional (57). The
inactivity of the 5" LTR in the tumor, therefore, was not due
to mutations within the LTR. This suggests that LTR activ-
ity can be modulated by surrounding viral and/or cellular
sequences and is consistent with findings on other systems,
such as ALV, Moloney murine leukemia virus, and gypsy (3,
11, 38, 41, 43, 46, 51, 64, 71). The identification of these
sequences is of fundamental importance for understanding
viral transcriptional regulation and viral interaction with host
genes.

In this report, we show that the lack of detectable tran-
scripts from the 5’ LTR of provirus 713 is due to inhibition of
transcriptional initiation within the 5’ LTR. This inhibition is
caused by deletion of the viral leader sequence and by
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promoter interference from the 3’ LTR. It is not caused by
the genetic background of the tumor or by the surrounding
myc sequences. The 254-bp CSV leader sequence immedi-
ately downstream of the primer-binding site (PBS) enhances
transcription from the 5' LTR in the sense orientation but
not in the antisense orientation. Enhancement of transcrip-
tion from the 5' LTR leads to a concomitant decrease in
transcription from the 3' LTR of provirus 713. Thus, down
regulation of transcription from the 5' LTR by deletion of the
CSV leader may affect c-myc activation by the 3’ LTR of
provirus 713.

MATERIALS AND METHODS

Plasmid construction. Plasmid p713myc was constructed
by cloning the entire insert from A713 between the Smal and
Sstl1 sites in vector pPGEM-4Z (Promega, P2161). The Clal
site in myc exon 3 was deleted, and the Smal sites in myc
intron 1 were converted to Clal sites by insertion of the Clal
linker sequence CATCGATG.

Plasmid p713GH was constructed by inserting the Clal-
Clal fragment from p713myc upstream of a bovine growth
hormone cDNA. This fragment contains provirus 713 as well
as flanking myc intron sequences. The bovine growth hor-
mone cDNA was kindly supplied by F. Rottman, Depart-
ment of Molecular Biology and Microbiology, Case Western
Reserve University.

Plasmid p5'LTR was derived from the Clal-Clal fragment
of p713myc. The viral sequences between the BamHI sites in
provirus 713 were deleted, leaving a solo LTR flanked by
myc intron sequences. This LTR contains 475 bp from the 5’
LTR and 35 bp from the 3’ LTR. This LTR and the adjoining
myc intron sequences were then inserted upstream of the
bovine growth hormone cDNA to construct plasmid
p5'LTR-GH.

To prepare plasmid p5S'LTRenv, the 5' LTR of provirus
713 and the adjoining inverted env sequences and myc intron
sequences were isolated from the Clal-Clal fragment of
p713myc (as a Clal-Hincll fragment). This 5'LTRenv frag-
ment was then inserted upstream of the bovine growth
hormone cDNA to construct plasmid p5'LTRenvGH.

Viral sequences were restored to the 5’ end of provirus 713
by inserting the sequences at the BamHI site in the 5' LTR.
The viral sequences restored to provirus 713 were obtained
from spleen necrosis virus clone pB101 (5). The 1.4-kb and
0.3-kb fragments are 1,381 and 327 bp, respectively. The
1.4-kb fragment extends from the BamHI site in the 5’ LTR
to the first BamHI site in gag. The 0.3-kb fragment extends
from the BamHI site in the 5" LTR to the Sall site in the
leader.

A CSV proviral clone was kindly provided by D. Robinson
(Department of Molecular Biology and Microbiology, Case
Western Reserve University). This provirus was inserted
into pS'LTR to add the myc intron sequences which flank
provirus 713. Provirus CSVAOQ.3 was constructed by insert-
ing the linker sequence GAT CCG GAC TGA ATC CGT
AGT ATT TCG GTA CAA CAT TTG GGG GCT CGT CCG
GGA TG between the BamHI site in the 5’ LTR and the Sall
site in the leader. This deleted the viral sequences between
the PBS and the Sall site.

CAT gene expression plasmid pSVCAT,,, was purchased
from Promega (28). This plasmid has the simian virus 40
(SV40) promoter driving transcription of the CAT gene and
the SV40 polyadenylation signal terminating transcription.
Because the SV40 enhancer elements are deleted from the
promoter in pSVCAT,,, (pPSVOCAT), this vector can be
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used to assess the abilities of sequences to enhance tran-
scription from the SV40 early promoter. The BamHI-Sall
fragment from the spleen necrosis virus leader sequence was
inserted in the sense and antisense orientations at the Bg/II,
Stul, or BamHI site. The Bgl1I site is 139 bp upstream of the
transcription initiation site; the Stul site is 46 bp downstream
of the initiation site; the BamHI site is downstream of the
polyadenylation site—1,695 bp downstream of the initiation
site.

Cell culture and transfections. D17 cells are an immortal-
ized canine cell line derived from a lung metastasis of an
osteosarcoma (ATCC CCL183) (58). This cell line is permis-
sive for expression of reticuloendotheliosis viruses (2, 70).
The D17 cells were grown in a 1:1 mixture of M199 and
Dulbecco modified Eagle medium (low glucose) with 5%
fetal bovine serum, 1% penicillin-streptomycin (GIBCO 600-
S507SAE), and 1% amphotericin B (Fungizone; GIBCO 600-
5295AE). The cells were grown at 37°C in a 5% CO,
atmosphere.

For stable transfection of D17 cells, a confluent plate of
cells was split into 12 plates at 16 h before transfection.
These cells were then transfected with both the plasmid
DNA (60 pg/15-cm-diameter plate) and SV2neo' DNA (20
ng/15-cm-diameter plate) by using the calcium phosphate
precipitation method (29). The transfected cells were then
selected with G418 (800 pg/ml; GIBCO 860-1811), and the
resistant colonies were pooled.

Chicken embryo fibroblasts were grown in a 1:1 mixture of
M199 and Dulbecco modified Eagle medium (low glucose)
with 5% fetal bovine serum, 1% chicken serum, 1% penicil-
lin-streptomycin (GIBCO 600-5075AE), and 1% amphoteri-
cin B (GIBCO 600-5295AE). The cells were grown at 37°C in
a 5% CO, atmosphere.

RNA isolation and Northern (RNA) blotting. RNA was
isolated from cells either by pelleting through a cesium
chloride cushion or by the acid guanidinium thiocyanate-
phenol-chloroform extraction method (12, 13). mRNA was
isolated from total RNA prepared by one of these methods.
The mRNA was isolated by using oligo(dT) cellulose to bind
the mRNA (4).

For Northern analysis, mRNA was fractionated on dena-
turing (formaldehyde) agarose gels and transferred to nitro-
cellulose (44). The nitrocellulose blots were then baked at
80°C for 1 to 2 h and subsequently hybridized with the
appropriate probe.

Nuclear run-on assays. Nuclei were isolated from stably
transfected D17 cells by the methods of Greenberg and
Bender and Groudine et al. (30, 31). The isolated nuclei were
stored at —70°C.

The run-on assays and hybridization of the run-on prod-
ucts were done as described by Linial et al. (40).

RNA secondary-structure analyses. Potential RNA second-
ary structures were derived by analysis of RNA sequences
as described by Zuker and Stiegler, with modifications
described by Turner et al. (68, 72).

CAT assays. The CAT plasmids were linearized by Sall
digestion before transfection. Chicken embryo fibroblasts
were cotransfected with the CAT plasmid (10 pg/10-cm-
diameter dish) and with human growth hormone (hGH)
plasmid pXGHS (5 wng/10-cm-diameter dish) by calcium
phosphate precipitation. At 48 h after transfection, the cells
were harvested for CAT assays and the medium was har-
vested for hGH assays. The CAT activity in the extracts was
analyzed by the liquid scintillation method (49). The CAT
activity levels were adjusted for transfection efficiency by
using the results of the quantitation of hGH in the medium.
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FIG. 1. Restriction endonuclease map of a wild-type CSV pro-
virus and myc-associated provirus 713. The lambda clone from
which provirus 713 was isolated is shown in the upper diagram. The
arrows above the LTRs indicate the transcriptional activities of the
respective LTRs. Colinear homologous regions of the two provi-
ruses are connected by dashed lines. About 80% of the CSV viral
sequences are deleted from provirus 713. Provirus 713 also contains
a portion of the env gene in the antisense orientation (HE).
Abbreviations: Bm, BamHI; C, Clal; E, EcoRl; H3, HindIII; Hc,
Hincll; Sc, Sacl; Sm, Smal; Sl, Sall; ex1, ex2, and ex3, exons of
the c-myc locus; SD, splice donor site; ATG, initiation condon of the
viral gag gene.

The medium harvested from the cells for hGH assays was
filtered through a 0.45-pm-pore-size filter to remove any
debris. The amount of hGH in the medium was quantitated
by using reagents supplied by Nichols Institute Diagnostics
(hGH transient gene expression assay system 40-2205) (63).

RESULTS

The structure and expression of provirus 713 in the B-cell
lymphoma. As reported previously, provirus 713 is inserted
in the first c-myc intron in the same transcriptional orienta-
tion as c-myc (Fig. 1) (67). The structure of provirus 713 was
deduced by DNA sequencing and restriction enzyme map-
ping. The provirus has a deletion which removes ~80% of
the internal viral sequences, including the gag gene, the pol
gene, and part of the env gene. Both LTRs, however, are
intact. The 5’ end of the deletion lies 18 nucleotides down-
stream of the 5’ LTR and coincides with the 3’ end of the
PBS. In addition to this deletion, the provirus contains an
inversion of a portion of the env gene.

The transcriptional expression of provirus 713 contrasts
with that of an intact CSV provirus (67). With an intact CSV
provirus, abundant transcription from the 5’ LTR was de-
tected and little transcription from the 3' LTR was detected;
however, with the 713 provirus, no transcription from the 5’
LTR was observed but abundant transcription from the 3’
LTR was seen. The abundant transcripts from the 3’ LTR
were linked to myc exons II and III and resulted in overex-
pression of myc transcripts in the tumor cells.

Expression pattern of provirus 713 in nonlymphoid cells. To
determine whether the unusual transcription pattern of pro-
virus 713 was imposed on it strictly by the B-cell environ-
ment, provirus 713 transcription was assessed in D17 cells, a
canine osteosarcoma cell line (58). D17 cells were used (i)
because reticuloendotheliosis viruses (of which CSV is one)
replicate and express efficiently in this cell line (2, 70), (ii)
because D17 cells are nonlymphoid, and (iii) because the
avian v-myc probe does not cross-hybridize to canine c-myc
under stringent conditions. To facilitate this study, the insert
from lambda 713 was transferred into plasmid vector pPGEM-
4Z, resulting in the construct p713myc. p713myc was trans-
fected into D17 cells, and the transcription pattern of provi-
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FIG. 2. Northern blot analysis of D17 cells stably transfected
with p713myc. The map of p713myc is shown in the diagram at the
top. Poly(A) RNA was isolated from untransfected D17 cells (lane
D17) or from p713myc-transfected D17 cells (lane 713) and blotted
and hybridized to the three probes indicated. If full-length viral
transcripts were transcribed from the 5’ LTR, a 2.7-kb band would
be expected on hybridization with the 713V probe (arrow). The
RNA level in each lane was monitored by subsequent hybridization
of each filter with a glyceraldehyde phosphate dehydrogenase
(GAPDH) probe. Abbreviations: Bm, BamHI; H3, HindIll; Hc,
Hincll; Sc, Sacl. The numbers to the left of the leftmost gel are sizes
in kilobases.

rus 713 was analyzed by Northern blot hybridization with a
CSV LTR probe, an internal viral probe (713V), and a v-myc
probe. As shown in Fig. 2, the transcription pattern of
provirus 713 in D17 cells is similar to that observed in the
tumor, i.e., a paucity of viral genomic transcripts and a large
amount of myc and LTR transcripts. Thus, the lack of 5’
LTR transcription is not restricted to the B-cell lymphoma
environment and can be reproduced in vitro.

Expression of provirus 713 in a non-myc environment. The
unusual transcription pattern of provirus 713 could also be
dictated by the c-myc locus. The c-myc locus contains a
complex array of transcriptional regulatory elements near
the first exon-intron junction which might influence proviral
transcription (7, 8, 65). To test this possibility, the 713
provirus was removed from the myc locus and cloned
upstream of a bovine growth hormone cDNA (GH). This
construct, p713GH, when transfected into D17 cells, exhib-
its a transcription pattern similar to that observed with
p713myc—a poverty of viral genomic transcripts and a large
amount of GH and RUS transcripts (Fig. 3, 713V and GH).
The sizes of the GH transcripts are consistent with the
notion that transcription originates in the 3’ LTR, and this
assumption is confirmed by hybridization with the down-
stream intron fragment (panel I). Thus, the abundance of
transcripts from the 3' LTR and the lack of transcripts from
the 5’ LTR are determined not by the myc locus but
apparently by provirus 713 itself.

Mechanism of 5 LTR suppression in provirus 713. The lack
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FIG. 3. Northern blot analysis of D17 cells stably transfected
with p713GH. Poly(A) RNA was blotted and then hybridized to the
three probes indicated. The RNA level in each lane was monitored
by subsequent hybridization of each filter with a glyceraldehyde
phosphate dehydrogenase (GAPDH) probe. Abbreviations: Bm,
BamHI; H3, HindIll; Hc, Hincll; Sc, Sacl. The numbers to the
right of the rightmost gel are sizes in kilobases.
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of detectable transcripts from the 5’ LTR could be secondary
to RNA instability, a transcriptional elongation block, or
suppression of transcriptional initiation. To test these possi-
bilities, a nuclear run-on experiment was conducted by using
nuclei prepared from D17 cells stably transfected with
p713myc. As shown in Fig. 4B, the p713myc sequences were
divided into four probes: a myc probe, an LTR probe, and
two internal viral probes (V1 and V2). These probes were
hybridized with nascent RNAs labelled with [a-*?PJUTP.
Because only nascent RNAs are labelled, this experiment
assayed the quantity of new RNAs being synthesized and
was independent of RNA stability. Furthermore, because
the quantity of transcripts labelled is proportional to the
number of polymerases loaded on the template, an elonga-
tion block is manifested by an abrupt drop in RNA synthesis
between adjacent template sequences. As shown in Fig. 4A,
an abundance of transcripts was detected from the LTR and
myc regions but few were detected from the V1 and V2
regions. The results, after correction for the sizes of the
blotted DNA fragments, are summarized in Fig. 4B. The
sensitivity of these transcripts to a-amanitin confirms their
synthesis by RNA polymerase II. These data suggest that
the lack of detectable transcripts from the 5’ LTR is most
likely due to suppression of transcriptional initiation. While
the above-described experiment does not rule out RNA
instability as an additional factor, the severity of suppression
at the initiation level suggests that it is the primary cause.
Modulation of transcription from 5 and 3’ LTRs. The
preceding data suggest that the suppression of the 5’ LTR
promoter is at the level of transcriptional initiation; how-
ever, sequencing of the 5" LTR revealed no structural defect
(67). To confirm that the 5’ LTR of provirus 713 is function-
ally competent, the 5' LTR was inserted upstream of the GH
gene (pS'LTR-GH) and checked for the ability to drive
transcription of GH (Fig. 5). The 5’ LTR is fully competent
to direct transcription of the GH gene. This confirms the
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FIG. 4. Nuclear run-on analysis of D17 cells stably transfected with p713myc. The probes used for this assay are diagrammed in panel A.
V1 and V2 are internal viral probes which contain little of the LTR sequence. The LTR probe contains the U3, R, and US5 regions (Sacl to
BamHI). The myc probe contains exons 2 and 3. (A) Results of hybridization of run-on groducts to probes. Denatured probes (5 pg of plasmid
DNA) were immobilized on nitrocellulose and then hybridized with 107 cpm of [a->?P]JUTP-labelled RNA per ml. Synthesis of nascent
transcripts was inhibited by addition of a-amanitin (2 wg/ml) to the nuclear run-on reaction. (B) Quantitation of hybridization results. The
results were quantified by scanning densitometry and then adjusting for the number of UTP molecules per probe. These results are normalized
to the hybridization to the plasmid vector alone (gem-4)—i.e., each unit on the ordinate of the graph equals the absorbance of gem-4.
Abbreviations: Bm, BamHI; H3, Hindlll; Hc, Hincll; Sc, Sacl.
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FIG. 5. Northern blot analysis of D17 cells stably transfected
with p5S'LTRenvGH or p5’'LTR-GH. Poly(A) RNA from each cell
line was blotted and then hybridized to the probes indicated. The
RNA level in each lane was monitored by subsequent hybridization
of each filter with a glyceraldehyde phosphate dehydrogenase
(GAPDH) probe. Abbreviations: Bm, BamHI; H3, HindIII; Hc,
Hincll; Sc, Sacl. The numbers to the right of the rightmost gel are
sizes in kilobases.

fidelity of the 5' LTR and suggests that 5’ LTR transcription
is regulated by other viral sequences.

Compared with a wild-type CSV provirus, provirus 713
has undergone two major rearrangements: a large deletion
and inversion of an env fragment. To determine whether the
inverted env fragment suppresses transcription from the 5’
LTR, the 5’ LTR and the adjoining inverted env segment
were inserted upstream of the GH cDNA. The transcrip-
tional activity of this construct, p5S'LTRenvGH, was then
assayed in D17 cells. As shown in Fig. 5, the level of GH
transcription from p5'LTRenvGH is similar to that from
pS'LTR-GH. The inverted env sequence, therefore, has little
effect on the transcriptional activity of the LTR and appar-
ently does not affect the transcriptional inhibition of the 5’
LTR in provirus 713.

Alternatively, the transcriptional inhibition of the 5' LTR
in provirus 713 might be explained by deletion of cis regu-
latory elements. Sequences downstream of the transcrip-
tional initiation site regulate transcription in several retrovi-
ruses, including ALV, Moloney murine leukemia virus, and
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human immunodeficiency virus (3, 11, 17, 34, 41, 42, 61, 66,
71). To test this hypothesis, we first replaced provirus 713 in
p713myc with a full-length CSV provirus (Fig. 6). This clone,
pCSVmyc, produces much genomic and subgenomic viral
RNA (panel 713V, lane CSV) but a lower level of myc RNA
(panel myc, cf. lanes CSV and 713myc). This suggests that
an intact provirus is an ineffective insertional mutagen for
c-myc activation. Furthermore, this argues that the se-
quences deleted in provirus 713 are responsible for the high
5" LTR promoter activity. To identify the sequences respon-
sible, we inserted either a 1.4-kb BamHI fragment or a
0.3-kb BamHI-Sall fragment into provirus 713 (Fig. 6).
These insertions restored the 5’ viral sequences deleted in
provirus 713. These partially restored proviruses, 1.4(+)myc
and 0.3(+)myc, were then assayed for expression in D17
cells. Remarkably, in both cases, insertion of viral leader
sequences activated 5' LTR transcription (panel 713V). The
sizes of the major transcripts (arrows) are consistent with
initiation in the 5" LTR and 3’ processing near the poly(A)
signal in the 3’ LTR. [The origin of the background bands in
lane 0.3(+)myc is not clear and was not further investigated.]
The ability of the 0.3-kb element to restore 5’ LTR activity
was independently tested in the GH construct, and this
yielded corroborating results [lane 0.3(+)GH, panel 713].
Thus, restoration of 0.3 kb of the viral leader sequence to
provirus 713 is sufficient to increase the level of viral
transcripts initiated in the 5’ LTR.

Concomitant with the increase in transcription from the 5’
LTR, transcription of c-myc from the 3' LTR is down
modulated to a level similar to that observed with a wild-type
CSV provirus (panel myc). On the basis of densitometric
tracing, the down modulation is about 5- to 10-fold. An
inverse relationship between myc expression and viral
expression is evident in Fig. 6. This finding suggests that
transcription from the 5' LTR interferes with transcription
from the 3' LTR. Furthermore, inactivation of transcription
from the 5’ LTR appears to facilitate proviral expression of
the c-myc gene by 3’ LTR promotion.

Orientation and position dependence of the 5’ LTR-activat-
ing element. To determine whether the 1.4- and 0.3-kb viral
fragments contain a classical enhancer, these fragments
were assayed for orientation independence. The 1.4- and
0.3-kb fragments were inserted into the same site in provirus
713 but in the antisense orientation (Fig. 6). Surprisingly,
these fragments did not activate the 5’ LTR in the antisense
orientation [Fig. 6, panel 713V, lanes 1.4(—) and 0.3(—)] and
the myc expression directed by the 3' LTR remained high
[panel myc, lanes 1.4(—) and 0.3(—)]. Thus, the element
contained within the 1.4- and 0.3-kb fragments appears to be
a directional activator of 5’ LTR transcription and not a
classical enhancer.

To test further whether these elements act in a position-
independent manner and on a heterologous promoter, the
0.3-kb fragment was inserted into plasmid pSVOCAT (Fig. 7)
(28). Because the SV40 enhancer elements are deleted from
pSVOCAT, this vector can be used to assess the abilities of
sequences to enhance transcription from the SV40 early
promoter. The 0.3-kb fragment was inserted in both orien-
tations at three different sites: one upstream from the tran-
scriptional start site (Bg/II), one immediately downstream
from the start site (SzuI), and one after the poly(A) signal
(BamHI). The CAT activity of these plasmids was assayed
after transfection into chicken embryo fibroblasts. As shown
in Fig. 7, the CSV leader sequence activates CAT expression
only when inserted immediately downstream from the start
site and in the sense orientation. An RNase protection
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FIG. 6. Northern blot analysis of transcription from provirus 713
derivatives with viral leader sequences inserted. Either 1.4-kb
(BamHI-BamHI) or 0.3-kb (BamHI-Sall) fragments of the 5’ viral
sequence were inserted at the 5" BamHI site of provirus 713 in either
the sense (+) or the antisense (—) orientation. Poly(A) RNA from
each cell line was blotted and then hybridized with a viral genomic
probe (713V) and a myc or GH probe. The RNA level in each lane
was monitored by subsequent hybridization of each filter with a
glyceraldehyde phosphate dehydrogenase (GAPDH) probe. Lane
CSV contained RNA from D17 cells transfected with pCSVmyc, a
p713myc-based plasmid in which provirus 713 was replaced by the
full-length CSV provirus. Abbreviations: Bm, BamHI; H3, HindIII;
Hc, Hincll; Sc, Sacl; S|, Sall. The numbers to the sides are sizes in
kilobases. sd, splice donor site.

experiment confirmed that the difference in CAT activity
was reflected by the level of CAT transcripts (data not
shown). These data confirmed the unusual position- and
orientation-dependent nature of the transcriptional element
within the 0.3-kb fragment.

Function of the 5’ LTR activating element in a wild-type
CSV provirus. The above data showed that the CSV leader
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FIG. 7. Effect of the 0.3-kb viral leader sequence on SV40 early
promoter activity in chicken embryo fibroblasts. The fragments
containing the SV40 promoter (SVpro) and polyadenylation site
(SV40polyA) are indicated. The SV40 enhancer elements are de-
leted from the promoter in pSVOCAT. The viral leader sequence
was inserted into this vector in both the sense (+) and the antisense
(—) orientations at the Bg/Il, Stul, and BamHI sites. The positions
of these sites relative to the mRNA start are indicated. Chicken
embryo fibroblasts were transfected with each construct. The effect
of the leader sequence on the SV40 promoter was quantitated by
liquid scintillation measurement of CAT activity in chicken embryo
fibroblast extracts. The results are adjusted for transfection effi-
ciency and normalized to the CAT activity of the pSVOCAT vector.
The plus and minus signs indicate, respectively, the sense and
antisense orientations of the 0.3-kb insert.

sequence is necessary for transcription from the 5’ LTR in a
deleted provirus. To test whether this holds true for the
wild-type CSV provirus as well, 254 bp of the leader se-
quence were deleted from a full-length CSV provirus. The 5’
end of the deletion coincides with the 3’ end of the PBS—the
same point at which the deletion in provirus 713 begins. The
3’ end of the deletion coincides with the Sall site in the
leader. Deletion of this sequence severely cripples the ability
of the 5" LTR to transcribe viral genes (Fig. 8). This suggests
that the 254-bp leader region is functionally important for
wild-type provirus transcription.

DISCUSSION

Retroviral proviruses are complex transcription units
which contain a promoter in each LTR. The modulation of
the relative transcriptional activity of these tandem promot-
ers is essential for viral replication and for activation of host
proto-oncogenes by promoter insertion. The mechanisms by
which proviruses regulate the LTR promoters are poorly
defined; however, a few studies have provided some clues to
the interactions between tandem promoters. In tandem
promoters, the transcriptional activity of one promoter fre-
quently interferes with the activity of the other. The pro-
moter occlusion model of transcriptional interference, which
was initially described in Escherichia coli, defines a unidi-
rectional form of transcriptional interference in which the
upstream promoter interferes with transcription from the
downstream promoter by blocking the access of RNA poly-
merase to the downstream promoter (1, 16, 32, 55, 69). The
epigenetic suppression model of transcriptional interference,
which was first proposed by Emerman and Temin to explain
the interaction between promoters of selectable genes, de-
scribes a bidirectional form of transcriptional interference in
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FIG. 8. Northern blot analysis of transcription from a wild-type
CSV provirus and a CSV provirus with a deleted leader sequence
(CSVAO0.3). The deletion begins immediately 3’ of the PBS and
extends to the Sall site (SI). Poly(A) RNA from stably transfected
D17 cells was blotted and then hybridized with a viral genomic
probe (713V). The number on the left are sizes in kilobases.

which the selected promoter interferes with transcription
from an adjacent upstream or downstream promoter (21-23).
Promoter competition, as observed in Saccharomyces cere-
visiae and Drosophila melanogaster, defines a bidirectional
form of transcriptional interference in which the promoter
with the highest affinity for a limiting factor inhibits tran-
scription from adjacent promoters (20, 26, 36, 46, 52, 64).

A striking feature of retroviral modulation of tandem
promoters is the discrimination between promoters in appar-
ently identical LTRs. In replicating wild-type avian leukosis
viruses, the transcriptional activity of the 5’ LTR promoter
is more than 50-fold greater than that of the 3’ LTR (34). This
differential activity of the 5’ and 3’ LTRs is at least partially
accounted for by transcriptional interference via promoter
occlusion (16).

In contrast to replicating proviruses, myc-associated pro-
viruses in avian B-cell lymphomas exhibit a high level of
transcription from the 3’ LTR and little or no detectable
transcription from the 5’ LTR (27, 67). Structural analysis of
myc-associated proviruses in B-cell lymphomas reveals that
most have deletions which map to the 5’ end of the viral
genome (25, 27, 48, 53, 59, 67). If these deletions alter the 5’
LTR, they might account for the reduced transcriptional
activity of the 5’ LTR. To assess this possibility, we isolated
and characterized myc-associated CSV provirus 713. This
provirus has an intact 5' LTR which is fully functional when
removed from the provirus (57, 67; Fig. 5).

The 5’ LTR promoter of provirus 713 appears to be
suppressed at the level of transcriptional initiation. Nuclear
run-on analyses of p713myc detected few nascent transcripts
from the 5' LTR of provirus 713. Although premature
termination of transcription within the 5’ LTR cannot be
ruled out by this assay because of the redundancy of the 5’

J. VIROL.

and 3’ LTRs, the abundant transcription from the 5' LTR in
p5'LTRenvGH and the absence of small aberrant LTR
transcripts in either the B-cell lymphoma or the transfected
D17 cells make this possibility unlikely.

The transcriptional inactivity of the 5’ LTR is not imposed
on provirus 713 by the surrounding myc sequences or by the
lymphoid environment of the B-cell lymphoma. The proviral
transcription pattern observed in D17 cells, a nonlymphoid
cell line, and in the context of GH was identical to that
previously observed in the B-cell lymphoma and with c-myc.
Therefore, the transcriptional inactivity of the 5' LTR is
inherent to provirus 713.

Provirus 713 has a deletion of ~80% of its genome. This
deletion encompasses viral sequences essential for transcrip-
tion from the 5’ LTR. Restoration of 0.3 kb of the leader
sequence to provirus 713 was sufficient to activate transcrip-
tion from the 5 LTR. Moreover, deletion of the equivalent
sequence from an intact CSV provirus was sufficient to
reduce the level of 5' LTR transcripts significantly. These
findings suggest, therefore, that in the context of an intact
provirus, the leader sequence of CSV contains a positive
transcriptional regulatory element which is essential for the
transcriptional activity of the 5’ LTR. cis regulatory ele-
ments have also been characterized in the 5’ untranslated
regions of several other retroviruses and retroviruslike ele-
ments, including ALV, Moloney murine leukemia virus,
gypsy, and Ty2; however, in contrast to the 0.3-kb CSV
sequence, none of these elements has been shown to act in a
position- and orientation-dependent manner (17, 18, 24, 41,
46, 56, 60, 64, 71).

To define the conserved regulatory element(s) within the
leader sequence, CSV, spleen necrosis virus, and reticuloen-
dotheliosis virus type A leader sequences were examined for
regions homologous to the binding sites of known DNA-
binding transcription factors. No potential binding sites were
conserved among these leader sequences; however, studies
of reticuloendotheliosis virus type A have shown that its
leader sequence binds nuclear proteins from D17 cells and
chicken embryo fibroblasts (35). Similarly, the leader se-
quence of CSV might bind nuclear proteins and function as
a transcriptional enhancer. Classical enhancers are function-
ally characterized by orientation and position independence
(6). Surprisingly, the 0.3-kb leader sequence of CSV did not
promote transcription from the 5’ LTR in the antisense
orientation. Equally provocative is the fact that this se-
quence enhances transcription only when placed down-
stream from an SV40 promoter and in the sense orientation,
although the activation (2.5-fold) of the SV40 promoter is
somewhat less than that of the CSV LTR (greater than
10-fold). This difference could be due to the promoter
specificity of the 0.3-kb leader sequence. Although it is less
likely, the leader sequence could also have a differential
stabilizing effect on myc and CAT RNAs. At any rate, the
0.3-kb leader sequence therefore does not contain a classical
enhancer but an element which positively regulates 5’ LTR
transcription in an orientation- and position-dependent man-
ner.

The orientation- and position-dependent regulatory prop-
erties of the CSV leader sequence are reminiscent of those
described for the frans-acting response (TAR) element of
HIV. The TAR element is an RNA enhancer, increasing
both the rate of transcriptional initiation and the processivity
of RNA polymerase (9, 15, 39, 45, 62). Like the CSV leader
sequence, it enhances transcription only when placed down-
stream from a promoter and in the sense orientation (47, 54).
The TAR element enhances transcription from the human
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FIG. 9. Potential RNA secondary structures for the leader sequences in transcripts from CSV and ALV. The secondary structures were
derived by the algorithm of Zuker and Stiegler with modifications described by Turner et al. (68, 72). The PBS, direct repeat regions (R), and
unique 5’ regions (US5) are indicated. The CSV sequences deleted in provirus 713 are highlighted in the CSV structure (left).

immunodeficiency virus LTR through the interaction of its
transcript with cellular transcription factors and the HIV tar
gene product. Similarly, even though CSV does not encode
a Tat-like protein, the CSV leader sequences could promote
5" LTR transcription via interactions with cellular transcrip-
tion factors. The interaction between TAR and its associated
proteins is dictated by both the primary sequence and the
hairpin structure of the TAR transcript (9, 15, 19, 39, 45, 47).
Computer analysis of CSV leader sequences has shown that
stable hairpin structures could also form in transcripts of this
region (Fig. 9) (14). This structure is disrupted by the
deletion within provirus 713, suggesting that the integrity of
this structure is important for the transcriptional activity of
the 5’ LTR (67). Intriguingly, a similar structure is also
present in the corresponding region of ALV (Fig. 9). This
secondary-structure conservation suggests that RNA en-
hancers are a common feature of retroviral regulation of 5’
LTR transcription. The presence of an RNA enhancer within
the viral leader would allow the provirus to distinguish
between promoters in identical LTRs and preferentially to
promote transcription from the 5' LTR.

Interestingly, concomitant with the activation of the 5’
LTR in provirus 713, transcription from its 3’ LTR declined
significantly. This finding is consistent with the previous

findings of transcriptional interference between retroviral 5’
and 3' LTRs (16, 34). Furthermore, it provides experimental
support for the notion that inactivation of the 5’ LTR is
important for retroviral activation of a proto-oncogene by 3’
LTR promoter insertion. Within provirus 713, inactivation of
the 5’ LTR is probably accomplished by a combination of
two mechanisms: (i) deletion of an essential transcriptional
element in the leader sequence and (ii) epigenetic suppres-
sion of the 5" LTR by the transcriptional activity of the 3’
LTR. According to this hypothesis, the deletion of the leader
sequence would reduce the potency of the 5’ LTR promoter
such that the 3’ LTR promoter would be stronger (owing to
the presence of an enhancer immediately before the 3’ LTR
[10, 35]); the increased transcriptional activity of the 3’ LTR
would then further repress transcription from the 5’ LTR by
epigenetic suppression. In sum, we have identified a CSV
leader sequence that is required both for the transcriptional
dominance of the 5’ LTR over the 3' LTR and for proviral
transcription from the 5' LTR. While the promoter activity
of a solo LTR should also be augmented by this element, its
effect is most pronounced when the LTR is negatively
interfered with by a downstream promoter, as in the context
of an intact provirus.



4822

BOERKOEL AND KUNG

ACKNOWLEDGMENTS

We thank D. Robinson for providing the full-length CSV clone
used in this study. We thank A. Aiyar and G. Hanon for advice on
RNA secondary-structure generation and J. Leis and A. Ridgway
for stimulating discussions.

This work was supported by National Cancer Institute grant CA
46613 (to H.-J.K.), Cancer Center core grant P30 CA 43703 (to Case
Western Reserve University), and a grant from the Ohio Edison
Biotechnology Center. A portion of this work was conducted while
C.F.B. and H.-J.LK. were on leave at the Institute of Molecular
Biology, Academia Sinica, Taiwan, Republic of China. We acknowl-
edge the generous support of the National Science Council, Repub-
lic of China, and the guidance and encouragement of R. C. Huang,
director of the Institute of Molecular Biology.

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. Adhya, S., and M. Gottesman. 1982. Promoter occlusion: tran-

scription through a promoter may inhibit its activity. Cell
29:939-944.

. Allen, P. T., J. A. Mullins, C. L. Harris, A. Hellman, R. F.

Garry, and M. R. F. Waite. 1979. Replication of reticuloendo-
theliosis virus in mammalian cells, abstr. S 100, p. 256. Abstr.
79th Annu. Meet. Am. Soc. Microbiol. 1979. American Society
for Microbiology, Washington, D.C.

. Arrigo, S., M. Yun, and K. Beemon. 1987. cis-acting elements

within gag genes of avian retroviruses. Mol. Cell. Biol. 7:388—
397.

. Aviv, H., and P. Leder. 1972. Purification of biologically active

globin messenger RNA by chromatography on oligothymidylic
acid cellulose. Proc. Natl. Acad. Sci. USA 69:1408-1412.

. Bandyopadhyay, P. K., and H. M. Temin. 1984. Expression

from an internal AUG codon of herpes simplex thymidine
kinase gene inserted in a retrovirus vector. Mol. Cell. Biol.
4:743-748.

. Banerji, J., S. Rusconi, and W. Schaffner. 1981. Expression of a

B-globin gene is enhanced by remote SV40 DNA sequences.
Cell 27:299-308.

. Bently, D. L., and M. Groudine. 1986. A block to elongation is

largely responsible for decreased transcription of c-myc in
differentiated HL60 cells. Nature (London) 321:702-706.

. Bently, D. L., and M. Groudine. 1988. Sequence requirement for

premature termination of transcription in the human c-myc
gene. Cell 53:245-256.

. Berkhout, B., R. H. Silverman, and K.-T. Jeang. 1989. Tat

trans-activates the human immunodeficiency virus through a
nascent RNA target. Cell 59:273-282.

Boerkoel, C. F. 1991. Modulation of CSV 5’ and 3’ LTR
transcription in c-myc activation, p. 166-172. Ph.D. disserta-
tion, Case Western Reserve University, Cleveland, Ohio.
Broome, S., and W. Gilbert. 1985. Rous sarcoma virus encodes
a transcriptional activator. Cell 40:537-546.

Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J.
Rutter. 1979. Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemistry 18:5294—
5299.

Chomczynski, P., and N. Sacchi. 1987. Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal. Biochem. 162:156-159.

Cobrinik, D., L. Soskey, and J. Leis. 1988. A retroviral RNA
secondary structure required for efficient initiation of reverse
transcription. J. Virol. 62:3622-3630.

Cullen, B. R. 1990. The HIV-1 tat protein: an RNA sequence-
specific processivity factor. Cell 63:655-657.

Cullen, B. R., T. Lomedico, and G. Ju. 1984. Transcriptional
interference in avian retroviruses—implications for the pro-
moter insertion model of leukaemogenesis. Nature (London)
307:241-245.

Cullen, B. R., A. M. Skalka, and G. Ju. 1983. Endogenous avian
retroviruses contain deficient promoter and leader sequences.
Proc. Natl. Acad. Sci. USA 80:2946-2950.

Cupelli, L. A., and J. Lenz. 1991. Transcriptional initiation and
postinitiation effects of murine leukemia virus long terminal
repeat R region sequences. J. Virol. 65:6961-6968.

19.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

J. VIrOL.

Dingwald, C., I. Ernberg, M. J. Gait, S. M. Green, S. Heaphy,
J. Karn, A. D. Lowe, M. Singh, M. A. Skinner, and R. Valerio.
1989. Human immunodeficiency virus 1 tat protein binds trans-
activation-responsive region (TAR) RNA in vitro. Proc. Natl.
Acad. Sci. USA 86:6925-6929.

Eisenmann, D. M., C. Dollard, and F. Winston. 1989. SPT15, the
gene encoding the yeast TATA binding factor TFIID, is re-
quired for normal transcription initiation in vivo. Cell 58:1183-
1191.

Emerman, M., and H. M. Temin. 1984. Genes with promoters in
retrovirus vectors can be independently suppressed by an
epigenetic mechanism. Cell 39:459-467.

Emerman, M., and H. M. Temin. 1986. Comparison of promoter
suppression in avian and murine retrovirus vectors. Nucleic
Acids Res. 14:9381-9395.

. Emerman, M., and H. M. Temin. 1986. Quantitative analysis of

gene suppression in integrated retrovirus vectors. Mol. Cell.
Biol. 6:792-800.

Farabaugh, P., X.-B. Liao, M. Belcourt, H. Zhao, J. Kapakos,
and J. Clare. 1989. Enhancer and silencerlike sites within the
transcribed portion of a Ty2 transposable element of Saccharo-
myces cerevisiae. Mol. Cell. Biol. 9:4824-4834.

Fung, Y.-K. T., A. M. Fadly, L. B. Crittenden, and H.-J. Kung.
1981. On the mechanism of retrovirus-induced avian lymphoid
leukosis: deletion and integration of the provirus. Proc. Natl.
Acad. Sci. USA 78:3418-3422.

Geyer, P. K., M. M. Green, and V. G. Corces. 1990. Tissue-
specific transcriptional enhancers may act in trans on the gene
located in the homologous chromosome: the molecular basis of
transvection on Drosophila. EMBO J. 9:2247-2256.
Goodenow, M. M., and W. S. Hayward. 1987. 5’ long terminal
repeats of myc-associated proviruses appear structurally intact
but are functionally impaired in tumors induced by avian
leukosis viruses. J. Virol. 61:2489-2498.

Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982.
Recombinant genomes which express chloramphenicol acetyl-
transferase in mammalian cells. Mol. Cell. Biol. 2:1044-1051.
Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-467.

Greenberg, M. E., and T. P. Bender. 1990. Identification of
newly transcribed RNA, p. 4.10.1-4.10.9. In F. M. Ausubel, R.
Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.), Current protocols in molecular
biology. John Wiley & Sons, New York.

Groudine, M., M. Peretz, and H. Weintraub. 1981. Transcrip-
tional regulation of hemoglobin switching in chicken embryos.
Mol. Cell. Biol. 1:281-288.

Hausler, B., and R. Somerville. 1979. Interaction in vivo be-
tween strong closely spaced constitutive promoters. J. Mol.
Biol. 127:353-356.

Hayward, W. S., B. G. Neel, and S. M. Astrin. 1981. ALV-
induced lymphoid leukosis: activation of a cellular onc gene by
promoter insertion. Nature (London) 290:475-480.

Herman, S. A., and J. M. Coffin. 1986. Differential transcription
from the long terminal repeats of integrated avian leukosis virus
DNA. J. Virol. 60:497-505.

Hirano, A., and T. Wong. 1988. Functional interaction between
transcriptional elements in the long terminal repeat of reticu-
loendotheliosis virus: cooperative DNA binding of promoter-
and enhancer-specific factors. Mol. Cell. Biol. 8:5232-5244.
Hirschman, J. E., K. J. Durbin, and F. Winston. 1988. Genetic
evidence for promoter competition in Saccharomyces cerevi-
siae. Mol. Cell. Biol. 8:4608-4615.

Kung, H.-J., C. F. Boerkoel, and T. H. Carter. 1992. Retroviral
mutagenesis of cellular oncogenes: a review with insights into
the mechanisms of insertional activation. Curr. Top. Microbiol.
Immunol. 171:1-26.

Laimins, L. A., P. Tsichlis, and G. Khoury. 1984. Multiple
enhancer domains in the 3’ terminus of the Prague strain of Rous
sarcoma virus. Nucleic Acids Res. 12:6427-6442.

Laspia, M. F., A. P. Rice, and M. B. Mathews. 1989. HIV-1 tat
protein increases transcriptional initiation and stabilizes elonga-



VoL. 66, 1992

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

5s.

56.

tion. Cell 5§9:283-292.

. Linial, M., N. Gunderson, and M. Groudine. 1985. Enhanced

transcription of c-myc requires continuous protein synthesis.
Science 230:1126-1132.

Loh, T. P., L. L. Sievert, and R. W. Scott. 1987. Proviral
sequences that restrict retroviral expression in mouse embryo-
nal carcinoma cells. Mol. Cell. Biol. 7:3775-3784.

Loh, T. P., L. L. Sievert, and R. W. Scott. 1990. Evidence for a
stem cell-specific repressor of Moloney murine leukemia virus
in embryonal carcinoma cells. Mol. Cell. Biol. 10:4045-4057.
Luciw, P. A., J. M. Bishop, H. E. Varmus, and M. R. Capecchi.
1983. Location and function of retroviral and SV40 sequences
that enhance biochemical transformation after microinjection of
DNA. Cell 33:705-716.

. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular

cloning: a laboratory manual, p. 202-203. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Marciniak, R. A., B. J. Cainan, A. D. Frankel, and P. A. Sharp.
1990. HIV-1 tat protein trans-activates transcription in vitro.
Cell 63:791-802.

Mazo, A. M., L. J. Mizrokhi, A. A. Karavanov, A. A. Krichev-
skaja, and Y. V. Ilyin. 1989. Suppression in Drosophila: su(Hw)
and su(f) gene products interact with a region of gypsy (mdg4)
regulating its transcriptional activity. EMBO J. 8:903-911.
Muesing, M. A., D. H. Smith, and D. J. Capon. 1987. Regulation
of mRNA accumulation by human immunodeficiency virus
trans-activator protein. Cell 48:691-701.

Neel, B. G., W. S. Hayward, H. L. Robinson, J. Fang, and S.
Astrin. 1981. Avian leukosis virus-induced tumors have com-
mon proviral integration sites and synthesize discrete new
RNAs: oncogenesis by promoter insertion. Cell 23:323-334.
Neumann, J. R., C. A. Morency, and K. O. Russian. 1987. A
novel rapid assay for chloramphenicol acetyltransferase gene
expression. BioTechniques 5:444-447.

Noori-Daloii, M. R., R. A. Swift, H.-J. Kung, L. B. Crittenden,
and R. L. Witter. 1981. Specific integration of REV proviruses
in avian bursal lymphomas. Nature (London) 294:574-576.
Norton, P. A., and J. M. Coffin. 1987. Characterization of Rous
sarcoma virus sequences essential for viral gene expression. J.
Virol. 61:1171-1179.

Parkhurst, S. M., and V. C. Corces. 1986. Interactions between
yellow, gypsy, and the suppressor of hairy wing loci in Droso-
phila melanogaster. Mol. Cell. Biol. 6:47-53.

Payne, G. S., S. A. Courtneidge, L. B. Crittenden, A. M. Fadly,
J. M. Bishop, and H. E. Varmus. 1981. Analysis of avian
leukosis virus DNA and RNA in bursal tumors: viral gene
expression is not required for maintenance of the tumor state.
Cell 23:311-322.

Peterlijn, B. M., P. A. Luciw, P. J. Barr, and M. D. Walker.
1986. Elevated levels of mRNA can account for the trans-
activation of human immunodeficiency virus. Proc. Natl. Acad.
Sci. USA 83:9734-9738.

Proudfoot, N. J. 1986. Transcriptional interference and termina-
tion between duplicated B-globin gene constructs suggests a
novel mechanism for gene regulation. Nature (London) 322:
562-565.

Ridgway, A. A., H.-J. Kung, and D. J. Fujita. 1989. Transient
expression analysis of the reticuloendotheliosis virus long ter-
minal repeat element. Nucleic Acids Res. 17:3199-3215.

TRANSCRIPTIONAL INTERACTION BETWEEN RETROVIRAL LTRs

57.

58.

59.

61.

62.

63.

65.

67.

69.

70.

71.

72.

4823

Ridgway, A. A., R. A. Swift, H.-J. Kung, and D. J. Fujita. 1985.
In vitro transcription analysis of the viral promoter involved in
c-myc activation in chicken B lymphomas: detection and map-
ping of two RNA initiation sites within the reticuloendotheliosis
virus long terminal repeat. J. Virol. 54:161-170.

Riggs, J. L., R. M. McAllister, and E. H. Lennette. 1974.
Immunofiuorescent studies of RD-114 virus replication in cell
culture. J. Gen. Virol. 25:21-29.

Robinson, H. L., and G. C. Gagnon. 1986. Patterns of proviral
insertion and deletion in avian leukosis virus-induced lympho-
mas. J. Virol. §7:28-36.

. Roeder, G. S., A. B. Rose, and R. E. Pearlman. 1985. Transpos-

able element sequences involved in the enhancement of yeast
gene expression. Proc. Natl. Acad. Sci. USA 82:5428-5432.
Rosen, C. A., J. G. Sodroski, and W. A. Haseltine. 1985.
Location of cis-acting regulatory sequences in the human T cell
lymphotrophic virus type III (HTLV-III/LAV) long terminal
repeat. Cell 41:813-823.

Selby, M. J., and B. M. Peterlin. 1990. trans-activation by
HIV-1 tat via a heterologous RNA binding protein. Cell 62:769-
776.

Selden, R. F., K. B. Howie, M. E. Rowe, H. M. Goodman, and
D. D. Moore. 1986. Human growth hormone as a reporter gene
in regulation studies employing transient gene expression. Mol.
Cell. Biol. 6:3173-3179.

. Spana, C., D. A. Harrison, and V. G. Corces. 1988. The

Drosophila melanogaster suppressor of hairy-wing protein
binds to specific sequences of the gypsy retrotransposon. Genes
Dev. 2:1414-1423.

Spencer, C. A., R. C. LeStrange, U. Novak, W. S. Hayward, and
M. Groudine. 1990. The block to transcription elongation is
promoter dependent in normal and Burkitt’s lymphoma c-myc
alleles. Genes Dev. 4:75-88.

. Stoltzfus, C. M., L.-J. Chang, T. P. Cripe, and L. P. Turek.

1987. Efficient transformation by Prague A Rous sarcoma virus
plasmid DNA requires the presence of cis-acting regions within
the gag gene. J. Virol. 61:3401-3409.

Swift, R. A., C. Boerkoel, A. Ridgway, D. J. Fujita, J. B.
Dodgson, and H.-J. Kung. 1987. B-lymphoma induction by
reticuloendotheliosis virus: characterization of a mutated
chicken syncytial virus provirus involved in c-myc activation. J.
Virol. 61:2084-2090.

. Turner, D. H., N. Sugimoto, J. A. Jaeger, C. E. Longfellow,

S. M. Freier, and R. Kierzek. 1987. Improved parameters for
prediction of RNA structure. Cold Spring Harbor Symp. Quant.
Biol. 52:123-133.

Vales, L. D., and J. E. Darnell. 1989. Promoter occlusion
prevents transcription of adenovirus polypeptide IX mRNA
until after DNA replication. Genes Dev. 3:49-59.

Wantanabe, S., and H. M. Temin. 1983. Construction of a helper
cell line for avian reticuloendotheliosis virus cloning vectors. J.
Virol. 3:2241-2249.

Weiher, H., E. Barklis, and W. Ostertag. 1987. Two distinct
sequence elements mediate retroviral gene expression in embry-
onal carcinoma cells. J. Virol. 61:2742-2746.

Zuker, M., and P. Stiegler. 1981. Optimal computer folding of
large RNA sequences using thermodynamics and auxiliary
information. Nucleic Acids Res. 9:133-148.



