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Transcription of retroviruses is initiated at the U3-R region boundary in the integrated provirus and
continues unidirectionally to produce genomic and mRNA products of positive polarity. Several studies have
recently demonstrated the existence of naturally occurring protein-encoding transcripts of negative polarity in
complex retroviruses. We report here on the identification of transcripts of negative polarity in simple murine
leukemia virus (MLV). In T-cell and B-cell lymphomas induced by SL3-3 and Akv MLV, antisense transcripts
initiated in the U3 region of the proviral 5� long terminal repeat (LTR) and continued into the cellular
proto-oncogenes Jdp2 and Bach2 to create chimeric transcripts consisting of viral and host sequence. The
phenomenon was validated in vivo using a knock-in mouse model homozygous for a single LTR at a position
known to activate Nras in B-cell lymphomas. A 5� rapid amplification of cDNA ends (RACE) analysis indicated
a broad spectrum of initiation sites within the U3 region of the 5� LTR. Our data show for the first time
transcriptional activity of negative polarity initiating in the U3 region of simple retroviruses and suggest a
novel mechanism of insertional activation of host genes. Elucidation of the nature and potential regulatory role
of 5� LTR antisense transcription will be relevant to the design of therapeutic vectors and may contribute to
the increasing recognition of pervasive eukaryotic transcription.

The first base of the R region in the 5� long terminal repeat
(LTR) defines the main transcription initiation site of retrovi-
ruses. In simple retroviruses, two major RNA species are pro-
duced by the actions of the cellular RNA polymerase II: an
unspliced transcript, which serves as a template for translation
of the viral genes gag and pol as well as for genomic RNA in
progeny viruses, and a singly spliced transcript, which allows
for production of appropriate levels of env mRNA. In addition
to these common species, viral mRNA generated from the
usage of an alternative splice donor site and the canonical env
acceptor site has been described for Friend and Moloney mu-
rine leukemia viruses (MLVs) (11). Also, we have recently
identified in Akv MLV an alternative exon generated from
usage of cryptic splice acceptor and donor sites (45). Impair-
ment of these alternative exons resulted in an altered disease
induction when injected into mice (4, 45), suggesting a role in
virus replication. Complex retroviruses such as human T-cell
lymphotropic virus type 1 (HTLV-1) and human immunodefi-
ciency virus type 1 (HIV-1) harbor multiple alternative splice
sites to generate a variety of different RNA species whose
translational products are necessary for optimal replication
(18, 20). Early work suggested the existence of viral transcripts
of negative polarity in cells infected with HIV-1 (28, 29, 50)
and HTLV-1 (23), and more recently, the existence of these
antisense transcripts has been conclusively demonstrated (8,

20, 26, 31, 40). In addition, antisense transcripts have been
found in cells infected with feline immunodeficiency virus
(FIV) (6), suggesting that antisense transcription may be a
common feature in complex retroviruses. Initiation sites for
antisense transcripts have been mapped to several positions in
the R and U5 regions in HTLV-1 (8) and, further upstream in
HIV-1, either in the region antisense to the end of the env gene
or at the beginning of the U3 region (22, 34). Recently, an
antisense HIV-1 transcript complementary to part of the R-U3
region was described (26). In the case of HTLV-1, two iso-
forms of a basic zipper transcription factor, HBZ, are gener-
ated from unspliced and spliced transcripts complementary to
the env and tax genes (8, 15, 31). A growing number of studies
have shown the importance of the HBZ proteins in HTLV-1
regulation and pathogenicity (2, 3, 15, 24, 39, 40, 53).

MLVs induce tumors of hematopoietic origin when injected
into susceptible newborn mice by insertional activation of
proto-oncogenes due to promoter/enhancer elements present
in the integrated virus (the provirus) (49). Several hundred
potential proto-oncogenes from various retroviral tagging
screens have currently been identified, many of which are avail-
able in the Retrovirus Tagged Cancer Gene Database (http:
//rtcgd.abcc.ncifcrf.gov/) (1). A provirus inserted in the same
transcriptional orientation as a cellular gene may result in the
creation of chimeric transcripts consisting of viral and host
gene sequence. Typical examples include the so-called pro-
moter and 3� untranslated region (UTR) stabilization mecha-
nisms of activation. The former term describes a situation in
which transcription initiates at the proviral promoter and con-
tinues into the host gene, while the latter refers to cases where
the provirus confers polyadenylation signals that result in the
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removal of destabilization elements presumed to reside in the
3� UTR of many genes. Alternatively, chimeric 3� UTRs might
be selected for due to decoupling of microRNA (miRNA)
binding sites, as we recently have shown for the growth factor
independence gene 1 (Gfi1) during SL3-3 MLV-induced T-cell
lymphomagenesis (10). The ambiguous term “enhancer acti-
vation” refers to proviral integrations that activate host genes
without the creation of identifiable or predictable chimeric
transcripts, typically when the transcriptional orientations of
provirus and host genes are opposite. In this case, transcription
factors bound to the proviral enhancer are imagined to aug-
ment transcription initiation from the cellular promoter.

Here, we report on virus-host chimeric transcripts generated
from proviruses situated in “enhancer orientation,” that is, in
the opposite transcriptional orientation relative to the host
genes. Transcription was found to be initiated in two regions
on the negative strand in the U3 region of the 5� LTR. Using
an in vivo model for a single LTR knock-in in the proto-
oncogene Nras, we demonstrate that antisense transcription in
the U3 requires only the LTR and suggest that it may be a
general phenomenon of simple retroviruses. Our data are the
first example of MLV transcripts of negative polarity initiating
in the U3 region.

MATERIALS AND METHODS

Isolation of RNA. Total RNA from frozen tumor samples and from cell line
cultures was isolated using TRIzol Reagent (Invitrogen) according to the rec-
ommendations of the manufacturer. RNA was quantified spectrophotometrically
and visualized by agarose gel electrophoresis to ensure high quality.

Reverse transcription-PCR (RT-PCR), quantitative real-time PCR (qRT-
PCR), and 5� rapid amplification of cDNA ends (RACE). For RT-PCR analyses,
1 or 2 �g of total RNA was reverse transcribed into cDNA using a RevertAid H
Minus First Strand cDNA synthesis kit (Fermentas). All PCR analyses were
carried out in ABI 2720 thermocyclers (Applied Biosystems) using recombinant
Taq polymerase (Invitrogen) with the following program: an initial melting step
at 95°C for 5 min; 30 to 35 cycles of amplification, each consisting of a melting
step at 95°C for 30 s, annealing at 55 to 62°C for 30 s, and elongation at 72°C for
30 s; and a final elongation step at 72°C for 7 min. The annealing temperature for
amplicon 1f-3-4 was 62°C, that for Bach2 antisense U3 (here referred to as asU3)
screening was 55°C, and that for canonical Nras RT-PCR was 60°C, while the
remaining RT-PCRs were done at 58°C. After a single round of Bach2 asU3
RT-PCR, faint bands appeared, which were subsequently amplified using 1 �l
PCR product in a seminested PCR using identical conditions except for only 30
cycles. PCR amplification products from asU3 PCRs were cloned into pCR4-
TOPO vector (Invitrogen), and the obtained bacterial colonies were screened by
PCR. PCR products were sequenced by using an ABI 7300 Biosystems apparatus
with BigDye 3.1 (Applied Biosystems). The following primers were utilized: 47,
5�-CTAGACGAGGAAGAAGAGCGAAG-3�; 51, 5�-GAGGTGAAACTGGG
CAAGAG-3�; 57, 5�-gCGGTTGAGCATCAGGATAA-3�; 78, 5�-GTTGGGGC
CTCTTGCCCAGTTTCAC-3�; 140, 5�-GTTAGCTGGCTAAGCCTTATGA-
3�; 164, 5�-TGTGTTGAAAGGATCTGTCAAGCT-3�; 2620, 5�-GAATTCGAT
ATCGATCCCCGGTCATCTGGG-3�; actb1, 5�-ACACAGTGCTGTCTGGTG
GT-3�; actb2, 5�-CTGGAAGGTGGACAGTGAGG-3�; 955, 5�-TGGACACTC
ACTGATCTATCACAA-3�; 369, 5�-CCAGGCTTCTCATCCACAGA-3�; 705,
5�-ACTGTAGCAGTGGCCCAAAG-3�; 849, 5�-TACAAACTGGTGGTGGTT
GGAGCA-3�; 970, 5�-GCAGGTCTCACCATCAATCACCACTTG-3�; and
332, 5�-ACTGGTCTCTCATGGCACTGTACT-3�.

qRT-PCR was done using SYBR green fluorescence (Brilliant II SYBR green;
Stratagene) with an Mx3000 apparatus (Stratagene) following the manufactur-
er’s recommendations. All reactions were run in triplicate and analyzed using
MxPro 4.1 software (Stratagene). Relative quantification was performed for each
amplicon by relating to a 10-fold dilution series of a plasmid cloned with the
particular amplicon, which was run simultaneously with the tumor samples. Actb
signal was used to normalize total Jdp2 signal. Primers for amplicon Actb (actb1
and actb2), total Jdp2 exon 3-4 (47 and 57), total exon 1f-3-4 (164 and 57), and
exon asU3-3-4 (140 and 57) are described above. qRT-PCR amplification con-
ditions consisted of an initial melting step of 95°C for 10 min, and then ampli-

fication was conducted through 50 repetitions of a 95°C step for 15 s and a
combined annealing and extension step at 60°C for 30 s. In the case of amplicon
E1f-E4, the annealing/extension step was done at 62°C.

The 5�RACE analyses were performed using a GeneRacer kit (Invitrogen) for
the Nras and a Smart RACE cDNA amplification kit (Clontech) for the Jdp2
according to the manufacturers’ recommendations and as described previously
(25, 38). The 5� RACE PCR was done with a touchdown program consisting of
an initial melting step at 95°C for 5 min and then six cycles of touchdown in which
the annealing temperature was decreased 1°C/cycle, from 74°C to 68°C. This was
followed by 30 cycles of amplification with an annealing temperature of 67°C and
a final elongation step for 10 min at 72°C. Each touchdown and amplification
cycle consisted of a 30-s melting step, a 30-s annealing step, and a 30-s elongation
step. Gene-specific reverse primers were located in Jdp2 exon 3 (5�-GCATCTG
GCTGCAGCGACTTTGT-3�) and Nras exon 3 (5�-GCACTGTACTCCTCTT
GTCCAGCT-3�).

Generation of Nras LTR knock-in mice. A targeting cassette consisting of the
loxP-flanked PGK/Tn5 neomycin selection cassette and the Akv1-99 MLV pro-
viral LTR was inserted by homologous recombination in CJ7 embryonic stem
(ES) cells (48) at a specific position in intron 1 of the Nras gene. This position has
previously been identified as an Akv1-99 proviral integration site involved in
B-cell tumorigenesis (tumor 9 in reference 27). ES cells containing the LTR at
this position (in either the same or the opposite transcriptional orientation
compared to Nras) were generated and injected into blastocysts which, upon
surgical implantation into pseudopregnant mice, developed into chimeric ani-
mals. Chimeras were then mated with a wild-type background until heterozygous
knock-in offspring were identified. Homozygotes could be obtained at the ex-
pected frequency and presented a normal phenotype at birth. At the time of
termination (30 to 40 days), no gross enlargement of lymphoid organs could be
observed. The PGK/Tn5 neomycin selection cassette was removed by crossing
the mice with EIIa-Cre transgenic mice (21).

Northern blotting. NIH 3T3 cells were either not infected or infected with
replication-competent SL3-3 or Akv1-99 (EGFP) MLVs and cultured for 2
weeks. Total RNA was isolated as described above, and 10 �g was subjected to
Northern blot analyses using capillary transfer under the conditions described in
reference 44. We used oligonucleotides specific for either antisense (5�-
TTCATAAGGCTTAGCCAGCTAACTGCAG-3�) or sense (5�-AAATTT-
GAAACTGTTGTTGTTTTAGCTATTTCTGGGG-3�) transcription within the
LTR that were end-labeled with [�-32P]ATP using T4 polynucleotide kinase
(New England BioLabs). Residual nucleotides were removed with Micro Bio-
Spin 6 columns (Bio-Rad) before being used for hybridization with buffers and
conditions described in reference 44.

RESULTS

Detection of antisense viral RNA in SL3-3-induced T-cell
lymphomas in mice. In an effort to identify novel promoters
immediately downstream of a common integration site in the
gene encoding the AP-1 repressor c-jun dimerization protein
(Jdp2), 5� RACE analyses were performed with total tumor
RNA from a murine thymic T-cell lymphoma induced by SL3-3
MLV (38). Surprisingly, we found several chimeric transcripts
initiated at the minus strand of the U3 region of a provirus
situated in the second intron of Jdp2 in opposite transcriptional
orientation (Fig. 1A, integration cluster D). The majority (14
out of 20; 70%) of these transcription start sites (TSS) were
within two narrow regions on the negative strand of the viral 5�
LTR (positions �53 to �60 and �95 to �102 with respect to
the 5� LTR U3/host junction) (Fig. 1B). All transcripts contin-
ued across the virus-host junction into Jdp2 intron 2 and were
spliced from a consensus splice donor site to the splice accep-
tor site of exon 3. The splice donor site corresponds to the
previously reported splice site of the alternative exon 1f (38).
Thus, the identified sequences are genuine transcripts and not
amplification of contaminating DNA.

The occurrence of antisense U3 (asU3) transcription could
be a special case related to this particular integration event, for
instance, as a consequence of aberrant levels of transcription
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initiation and splicing factors in the tumor sample or mutations
within the proviral LTR. We therefore isolated total RNA
from a range of tumors with integrations into intron 2 of Jdp2
and performed RT-PCR with viral antisense primer 140 and
Jdp2 exon 4 reverse primer 57 (Fig. 1C). PCR products were
cloned and amplified in bacteria before being sequenced. We
found that chimeric asU3 transcription between viral and Jdp2
exon 3-4 is a common phenomenon in this tumor panel and
that in many tumors several distinct integration sites could be
found (e.g., tumor 6 in Fig. 1C). Of 25 different tumors, asU3
transcription was observed in 24, with an average of 2.04 in-

dependent asU3-Jdp2 mRNA-generating integrations per tu-
mor (M. H. Rasmussen and F. S. Pedersen, unpublished data).
Although we isolated transcripts that utilize other splice donor
sites in the region, which in all cases splice to the acceptor site
of exon 3, splicing from exon 1f was predominant. Also, we
never found asU3-Jdp2 transcripts that did not splice in intron
2. In the majority of the tumors, canonical Jdp2 was easily
detected (Fig. 1C). We note, however, that in some tumors
(tumor 1, 4, 6, 7, and 8), an inverse correlation between ca-
nonical and asU3-mediated Jdp2 was seen. The variations in
asU3-Jdp2 and canonic Jdp2 were not related to unequal tem-

FIG. 1. Detection of antisense transcripts in lymphomas of SL3-3 and Akv MLV-infected mice. (A) Exons and splicing structure of canonical
Jdp2 and the alternative 1f-3-4 mRNAs are depicted with coding sequence in black. Positions and the predominant proviral orientations in
integration clusters B/C and D are indicated with arrows. Position and orientation of Jdp2 primers 51 and 57 is also shown. (B) The number of
individual 5� RACE transcription start site (TSS) tags on the negative strand of the 5�LTR U3 of a cluster D integrated provirus. (C) RT-PCR
on RNA from eight tumor samples using primers that are amplicon specific to asU3-generated Jdp2 chimeras (140�57), canonical Jdp2 using
primers in exon 2 and 4 (51�57), and �-Actin (Actb) as the control. In lane 9, no reverse transcriptase enzyme was added in the cDNA preparation
(-enz). A schematic representation of the most frequently found asU3-Jdp2 structure was generated using the splice donor site in exon 1f. The
transcriptional orientation of the proviral LTR is indicated with gray triangles. (D) RT-PCR of eight cluster B/C tumors using the indicated
primers. Legend as for panel B. (E) RT-PCR on RNA from eight B-cell tumors induced by Akv MLV. To the right, a schematic of two of the three
identified asU3-Bach2 chimeric transcripts, showing the usage of a cryptic splice donor site (SD�) and the PCR amplicons.
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plate, as evidenced by similar Actb signal intensities across
samples.

In most cases, the integrated viruses were positioned within
1,000 bases from exon 3; hence, it was formally possible that
unique cis-acting elements in this local region allowed for asU3
transcription. We therefore isolated total RNA from tumors in
which proviral integrations were identified upstream of the
RefSeq Jdp2 exon 1 (Fig. 1A, cluster B and cluster C) (37, 38)
and screened for asU3-Jdp2 chimeric transcripts by the same
RT-PCR strategy as used above but with the Jdp2 exon 2-spe-
cific reverse primer 78 situated more than 15 kilobases up-
stream of exon 3 (Fig. 1D). Among the eight analyzed tumors,
a single occurrence of robust asU3 transcription was found. In
this case, the integration was situated outside the Jdp2 gene,
and asU3 transcription continued into the Jdp2 upstream re-
gion and spliced to exon 2 using a cryptic splice donor site.
Thus, we conclude that antisense transcription is not unique to
a particular tumor sample, nor is it confined to a small genomic
region.

Antisense transcription in B-cell lymphomas induced by
Akv MLV. In B-cell lymphomas induced by Akv MLV, the
BTB and CNC homology 2 gene Bach2 is a common target of
proviral integrations (25). Similar to Jdp2 in T-cell lymphomas
induced by SL3-3 MLV, intragenic integrations in Bach2 are
mostly inserted in the opposite transcriptional orientation
compared to Bach2 (25) (Fig. 1E). To investigate if this locus
is also subject to asU3 chimeric transcription, total RNA was
isolated from a range of tumors with intragenic Bach2 integra-
tions. By RT-PCR using asU3 primer 140 and the reverse
primer 705 in Bach2 exon 5, we could detect in three tumors
transcripts generated by the negative strand of Akv MLV,
intron 3 sequence, and splicing from a cryptic intron 3 splice
donor site (SD�) to the splice acceptor site of Bach2 exon 4
(two cases are depicted in Fig. 1E). Interestingly, in line with
what was observed for Jdp2, reduced canonical Bach2 mRNA
levels were detected for one tumor with asU3-Bach2 (tumor 4).
These results show that antisense transcription is not specific
for SL3-3 MLV or T-cell lymphomas.

Antisense U3 transcripts contribute considerably to tumor
mRNA levels. Increased levels of truncated forms of Jdp2, such
as those arising from exon 1f-3-4 transcripts, are frequently
associated with T-cell lymphomas induced by MLV (38, 47),
strongly implying a gain-of-function of truncated Jdp2 mRNA
in tumorigenesis. Our data imply that the provirus-induced
increment of truncated Jdp2 transcripts in cells harboring a
cluster D provirus (in opposite transcriptional orientation) is a
sum of two distinct mRNA pools: (i) chimeric transcripts ini-
tiating on the negative strand of U3 in the 5� LTR; and (ii)
transcripts initiating from the intronic cellular promoter under
more or less influence of proviral cis elements—so-called en-
hancer activation. In order to estimate the contribution of
asU3-1f-3-4 to total Jdp2 1f-3-4 mRNA levels, we employed a
semiquantitative RT-PCR strategy (Fig. 2A). Total 1f-3-4
mRNA was measured with forward primer 164 specific for
exon 1f-3 splicing together with exon 4 reverse primer 57 (38).
Antisense transcription was measured with asU3-specific
primer 140 and primer 57. We carefully selected tumors in
which we could not detect usage of intron 2 splice events other
than exon 1f-3. Furthermore, in order to ensure similar ampli-
fication efficiencies, the integration positions were all within 40

bases of the exon 1f splice donor site. The PCR signal from the
tumors was compared to the signal from a dilution series of a
plasmid containing an asU3-1f-3-4 sequence (Fig. 2B, lanes 1
to 4). Without any identifiable integration in cluster D, no
asU3 signal was observed (tumor 1, lanes 6 and 7). In this
tumor, most of the signal of total 1f-3-4 mRNA probably stems
from the cellular enhancer/promoter. Canonical Jdp2 mRNA
was also detected. Conversely, in two tumors expressing large
amounts of exon 1f-3-4 (tumors 2 and 3, lanes 8 to 11), the
signal from asU3 transcription is not insignificant. For in-
stance, the asU3-1f-3-4 amplification product in tumor 2 (both
dilutions) corresponds to the amplification signal generated
from between 10,000 and 100,000 plasmid copies, which is
comparable to, albeit seemingly a little lower than, the ampli-
fication signal for total 1f-3-4. The double band in tumor 3 is
due to a second provirus that also utilizes exon 1f, as identified
by sequencing of the PCR products. The last tumor (tumor 4,
lanes 12 and 13) represents a situation in which the contribu-
tion from asU3 initiation appears less predominant. While
total Jdp2 (as sampled with amplicon 47�57 across the com-
mon exon 3-4) varied little between the tumors, we again
observed (for tumors 3 and 4) a tendency toward a negative
correlation between asU3-mediated transcription and levels of
canonical Jdp2 (compare amplicons 140�57 and 51�57, lanes
10 to 13).

To measure the contribution of asU3-mediated transcription
more accurately, we switched to a quantitative real-time PCR
strategy using amplicons similar to those in Fig. 2B. In this
assay (Fig. 2C), the contribution from asU3-mediated tran-
scription to total 1f-3-4 mRNA was found to be around 50% in
some tumors (tumors 2, 3, and 5), while in others (tumors 6
and 7), the contribution was below 5%. We did not observe any
correlation across the samples between asU3-mediated tran-
scription and total Jdp2 mRNA levels.

In conclusion, these data are consistent with the notion that
asU3-mediated transcription levels in some tumors are com-
parable to the level mediated by the “enhancer-activated” cel-
lular promoter.

The proviral long terminal repeat alone mediates antisense
transcription in vivo. The results obtained from tumor tissue as
described above indicated that asU3 transcription initiated pri-
marily within approximately 100 bp on the negative strand of
the proviral 5� LTR. In order to independently test if the LTR
alone is responsible for asU3 transcription, knock-in mice ho-
mozygous for a neomycin-LTR cassette in the proto-oncogene
Nras were generated (Fig. 3A). The LTR sequence was derived
from Akv1-99 and inserted by homologous recombination in
either sense or antisense orientation into a position corre-
sponding exactly to that of a previously reported Akv1-99
MLV integration, which was shown to activate Nras by pro-
moter insertion in B-cell lymphomas in mice (27). In this
knock-in model, the LTR retains functional activity in adult
mice, since Nras expression in different organs correlates with
the tissue specificity of the Akv1-99 LTR. For the insertion in
sense orientation, Nras expression was found to be high in the
spleen relative to the level in wt mice but not in the thymus.
Moreover, the presence of chimeric RNA species could be
readily detected (B. Ballarín-González, L. B. Lassen, A. Fücht-
bauer, E.-M. Füchtbauer, and F. S. Pedersen, unpublished
data). For studying asU3 transcription, this model has several
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advantages over transient reporter-based in vitro protocols.
First, tumorigenic selection for integrations into Nras seems to
favors a promoter activation mechanism since all identified
integrations are in the same transcriptional orientation as Nras
(data from Retrovirus Tagged Cancer Gene Database, http:
//rtcgd.abcc.ncifcrf.gov/) (1, 26, 43). Thus, by inverting the LTR
orientation at this position, asU3 transcription could be stud-
ied at a locus known to be activated by MLV using a mecha-
nism different from that for asU3 transcription. Second, since
the LTR will be embedded into chromatin, the model better
recapitulates a natural setting than a transient reporter assay.
Finally, while we cannot exclude the possibility that asU3 tran-
scription observed in tumors was dependent on secondary mu-
tations in, for instance, genes involved in transcript processing

pathways, such mutations are not expected to be selected for in
this nontumorigenic model.

Total RNA was extracted from spleens from two mice ho-
mozygous for a LTR knock-in inserted in the same transcrip-
tional orientation as Nras (corresponding to “promoter activa-
tion”) and two mice homozygous for a LTR knock-in inserted
transcriptionally opposite to that of Nras (“enhancer activa-
tion”). All four mice expressed total Nras RNA at detectable
levels (Fig. 3B, amplicon 849�332). As expected, RT-PCR
using asU3 primer 140 and Nras exon 3 reverse primer 970 did
not amplify asU3 transcripts in mice with a LTR knock-in in
the same transcriptional orientation as Nras (amplicon
140�970, lanes 1 and 2). However, in mice with the LTR in the
opposite transcriptional orientation, a robust level of asU3-

FIG. 2. Antisense U3-1f chimeric transcript levels are comparable to those initiated in the cellular promoter of exon 1f. (A) Strategy for
comparison of the levels of 1f transcripts initiated using asU3 transcription or using the cellular promoter. Structures of the Jdp2 gene and
generated mRNAs are shown together with the positions and orientations of the primers used. (B) RT-PCR on RNA from four selected tumor
samples at two concentrations (�5 and �1). PCR amplifications of 10-fold dilutions (from one million to one thousand copies) of a plasmid with
an asU3-1f-3-4 insert are loaded to the left (pDNA). The amplicon 164�57 represents total 1f transcript, whereas the amplicon 140�57 measures
the contribution from antisense-generated 1f transcript. RT-PCR for total Jdp2 (amplicon 47�57) and canonical Jdp2 (amplicon 51�57) and Actb
is also shown. The 140�57 amplicon size (295 bp) is given for the pDNA amplification product. In lane 14, no reverse transcriptase enzyme was
added in the cDNA preparation (-enz). Lane numbers are indicated below. (C) Quantitative real-time PCR assay of tumors predominantly
activating Jdp2 exon 1f. Tumors 1 to 3 are the same as in panel B. The contribution of asU3-mediated transcription to total 1f mRNA levels is
shown with black bars (left axis), while the relative levels of total Jdp2 (amplicon 47�57) is shown with white bars (right axis). In tumor 6, the signal
from the asU3 amplicon was below the meaningful detection level (n.d.).
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Nras chimeric transcripts could be seen (lanes 3 and 4). These
RT-PCR products were cloned and sequenced. Analogous to
what was observed for the Jdp2 and Bach2 loci, a chimeric
mRNA from a donor splice site in intron 1 to the acceptor site
of exon 2 was detected (Fig. 3A and B, SD�34). However, the
most predominant amplification product corresponded to a
read-through transcript in which the intronic splice donor is
obviated and the last 73 bp of intron 1 are included (Fig. 3A
and B, R.T.). When we used an asU3 primer, oligonucleotide
2620, located further into the U3 region, two additional viral
cryptic splice donor sites, SD-130 and SD-73, were identified
by bulk cloning and sequencing of PCR products (amplicon
2620�970). Notably, the SD-130 transcript was much more
frequent among transformants than was the SD-73 transcript.
To further delineate the nature of the asU3 transcripts, 5�
RACE was done with spleen tissue, and the identified TSS tags
were mapped onto the virus LTR sequence (Fig. 3C). Inter-
estingly, we found a cluster of tags close to the positions also
found in T-cell lymphoma tissue (Fig. 1C). In addition, another
cluster of initiation sites, approximately at positions �240 to
�250 bp, was identified (Fig. 3C). Furthermore, we note that
all TSS tags mapping upstream of the �130 splice donor site

utilized this splice site, whereas all read-through transcript and
transcripts splicing from the intron (R.T. and SD�34 tran-
scripts, respectively) were found to initiate after the SD-73
splice donor. This result is in agreement with the RT-PCR data
in which the most commonly spliced transcript was spliced at
position �130. However, the fact that the read-through and
SD-73 transcripts also were observed in the RT-PCR analysis
indicates that the 5� RACE did not reach saturation.

To rule out the possibility that the results of the RT-PCR in
Fig. 3B were influenced by the presence of the PGK/Tn5 neo-
mycin selection marker, we crossed the mice with Cre-express-
ing mice in order to excise the loxP-flanked PGK/Tn5 neomy-
cin cassette. We then repeated the RT-PCR on spleen total
RNA from these mice (Fig. 3D). Again, we found a robust
level of asU3-Nras mRNAs species with structures similar to
those in Fig. 3B. The results are in agreement with the hypoth-
esis that asU3 transcription is dependent on the LTR alone.
Furthermore, the data suggest that asU3 transcription is a
general phenomenon of the LTR of SL3-3 and Akv gamma-
retroviruses.

Since antisense transcripts initiating in the 3� LTR and con-
tinuing into the env gene are known from complex retroviruses,

FIG. 3. Antisense transcription is dependent only on the LTR. (A) Schematic structure of the Nras gene with coding sequence in black. The
transcriptional orientation of the neo-LTR cassettes are indicated with triangles. Also shown are the structures of three asU3-Nras transcripts and
the primers used. The relative positions of primers 140 and 2620 on U3 are indicated. (B) RT-PCR on RNA from spleens from two mice with an
LTR knock-in transcriptionally identical to Nras (lanes 1 and 2) and two mice with an LTR knock-in transcriptionally opposite to Nras (lanes 3
and 4). The identities of the identified structures are shown to the right, and RT-PCR amplicons are shown to the left. (C) Number of 5� RACE
TSS tags on the negative strand of the 5�LTR U3 isolated from a mouse spleen with a LTR in transcriptionally opposite orientation compared to
Nras. The mRNA structures (SD-130, SD-73, and SD�34/R.T.) associated with the TSS regions are indicated on the top. (D) The experiments
in panel B were repeated with mice in which the neomycin cassette had been removed. R.T., read-through transcript.
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we wanted to investigate this possibility for MLV. For this
purpose, NIH 3T3 cells were either not infected or infected
with SL3-3- or Akv1-99-based gammaretroviruses. Total RNA
was extracted and subjected to Northern blotting using radio-
actively labeled oligonucleotides specific for sense LTR tran-
scripts or putative antisense LTR transcripts. However, while
we could readily detect spliced and unspliced RNA of positive
polarity, we did not find evidence of antisense transcription
(Fig. 4). This indicates that the level of putative U3-initiated
antisense transcripts in chronically infected cultures is several
orders of magnitude lower than that of the plus-strand RNA
and is below the sensitivity of the Northern blot.

DISCUSSION

Here, we have shown that the simple gammaretroviruses
SL3-3 and Akv MLV can initiate transcription on the negative
strand of the U3 region to create transcripts of negative po-
larity (asU3 transcripts). With tumors induced by these viruses,
we detected chimeric transcripts consisting of asU3 sequence
and the cellular genes Jdp2 (in T-cell lymphomas induced by
SL3-3 MLV) or Bach2 (in Akv MLV-induced B-cell lympho-
mas). These findings were confirmed in an in vivo mouse model
for a single LTR knock-in in the Nras gene and hence allow us
to conclude that asU3 is not specific to a single genetic locus,
nor is it restricted to a tumorigenic condition. One possible
implication of our findings is a reassessment of the concept of
enhancer activation. Intragenic Bach2 and Jdp2, and, in at least
one instance, cluster B/C integrations positioned upstream of
Jdp2 appear to activate host gene expression by both enhancer-
and asU3-initiated promoter-like mechanisms.

Our data also seem to suggest that antisense transcription
lies intrinsic within the LTR, similar to what has been found
for the 3� LTR of complex retroviruses (6, 23, 28), although
some reports, including those concerning HTLV-1, have
mapped the predominant transcription start site region to

R/U5 and not U3 (8, 28). It is possible that the antisense
transcriptional activity of the 5� LTR described here also exists
in the 3� LTR of simple retroviruses. Although we failed to
detect antisense transcription by Northern blotting, we cannot
exclude the possibility that there is a low level of antisense
transcription in MLV-infected cultures. Using more-sensitive
PCR based assays, we have not been able to unambiguously
confirm a lack of antisense transcription in infected cell cul-
tures. This potential inconsistency may be related to nonspe-
cific priming events by endogenous reverse transcriptase, as
noted previously (22), and warrants further investigations. In
mice with a LTR knock-in transcriptionally opposite of Nras,
RT-PCR using an antisense primer at the U5-R region bound-
ary identified asU3-Nras products that effectively spliced out
the U3 region by utilizing a splice donor site at position �370,
suggesting antisense transcription across the canonical tran-
scription start site (M. H. Rasmussen, B. Ballarín-González,
and F. S. Pedersen, unpublished data). Interestingly, an anti-
sense transcript in HIV-1 overlapping the sense transcription
initiation site was reported recently (26) and may show some
resemblance to that of MLV. Overlapping transcripts could
have a role in controlling initiation of the sense transcript, for
instance, in the case of HIV-1 modulating binding of Tat to the
TAR element. In this regard, it is interesting that a small
antisense RNA targeting a region in U3 205 bp upstream of the
cap site was able to suppress Tat-mediated transcription of a
HIV-1 LTR-driven reporter in human cells (51). Notably, mu-
rine and feline leukemia viruses also transcribe small autono-
mous noncoding RNAs from the plus strand of the U3 region
(9, 14), which have been demonstrated to transactivate cellular
genes (9, 16).

Recent findings have shown that eukaryotic genomes are
transcribed to a much larger extent than was previously antic-
ipated (5, 7). Both yeast and mammalian promoters have an
intrinsic tendency to sustain ongoing bidirectional transcrip-
tion of noncoding RNAs (13, 32, 35, 52), which is associated
with rapid degradation by the nuclear degradation system (32,
35, 52). Although unstable, these different classes of RNA may
possess regulatory roles (13, 32, 52). We speculate that asU3-
mediated transcription is an inherent feature of the proviral
LTR related to transcription of the sense transcript and may
have a regulatory impact on the viral promoter similar to
cellular genes. While asU3 transcripts under normal circum-
stances are degraded, we suggest that association with splice
sites leads to escape of exosomal degradation (30). Such a
hypothesis is in line with our inability to detect robust asU3
transcription in cell cultures and with the tendency of the
detected asU3 transcripts to utilize a nearby splice donor site.
Specifically, in the Nras model, all 5� RACE-identified asU3
transcripts starting before the �130 splice donor used this
splice site. This result was supported by RT-PCR, in which the
SD-130 transcript was the predominant, albeit not the only,
transcript. Furthermore, at the Jdp2 locus, retroviral cluster D
integrations found more than 200 bp upstream of those ana-
lyzed, in general shift from usage of the 1f splice donor site to
upstream splice donor sites (M. H. Rasmussen and F. S. Pe-
dersen, unpublished data).

At the current coverage of TSSs, we did not find asU3
transcription beyond position �110 in SL3-3, while in Akv1-99
TSSs were identified in clusters �1 to �80 and �224 to �257.

FIG. 4. Antisense transcription is not detectable in chronically in-
fected cell cultures. Northern blot analyses of total RNA from unin-
fected (NIH), or SL3-3 MLV (S)- and Akv1-99 (A)-infected NIH 3T3
cells using an oligonucleotide probe specific for antisense or sense
LTR transcription as described in Materials and Methods.
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Interestingly, the TSS-less regions coincide with the repeat
regions of the proviral core enhancers at positions �129 to
�306 and �112 to �210 in SL3-3 and Akv1-99, respectively.
These repeats are critical for retroviral replication and tumor
induction (12, 19, 33, 46); hence, it would be of interest to
investigate asU3-initiated fusion transcripts with intron-con-
taining cellular genes by various enhancer mutants of simple
retroviruses.

While our data indicate that antisense transcription is a
general phenomenon, we cannot conclude that this is critical
for the tumorigenesis process. Akv-mediated transcriptional
activation of Bach2 is difficult to assess due to the subclonal
nature of these tumors (25), and accordingly, the significance
of asU3-Bach2 chimeric transcripts could not be addressed.
With regard to asU3-mediated activation of Jdp2, semiquanti-
tative RT-PCR suggested an important contribution to total
mRNA levels in some, but not all, tumors. This again may
imply that tumorigenic selection for integration sites involves
restraints on proviral orientation. In one study using Moloney
MLV (M-MLV) to induce T-cell lymphomas in Myc transgenic
mice, 10 out of 18 (55%) integrations were transcriptionally
opposite of Notch1 as assessed by Southern blotting (17). In-
terestingly, by using RT-PCR chimeric transcripts created
from antisense U3 read-through sequence and cryptic splicing
from an intronic donor to Notch1 exons, sequences were ob-
served. Although that study identified a cryptic promoter in
Notch1 intron 25 but not in the U3 region, the similarities to
Jdp2 and Bach2 strongly suggest that asU3-mediated activation
of Notch1 occurs.

In order to integrate our findings of asU3 transcription in
tumors with the observation of different proviral orientation
biases, we propose that interference effects between cellular
and proviral polymerase II complexes be taken into account
(41). In essence, we hypothesize that intragenic proviruses
inserted transcriptionally opposite, but not transcriptionally
similar, to the cellular gene can lead to downregulation of
transcription of upstream exons and upregulation of transcrip-
tion of downstream exons. When the cellular gene and provirus
are inserted in the same transcriptional orientation, no tran-
scriptional interference is expected. This would lead to pro-
duction of a full-length cellular protein or, alternatively, to
premature polyadenylation by the viral 5� LTR, in combination
with classical promoter activation of downstream exons. On
the other hand, insertions transcriptionally opposite of that of
the cellular gene may result in collision of elongating polymer-
ase II complexes from the cellular promoter and the viral
LTRs, leading to stalling and abortive elongation (36), with an
increasing effect when the distance between the promoters is
large (42). In such situation, 5� LTR-mediated asU3 transcrip-
tion can initiate transcription of truncated mRNA and protein
species. It is conceivable that at loci where intragenic promot-
ers are available, such as in intron 2 of Jdp2, asU3 transcription
initially can serve to open up chromatin across the promoter,
and subsequently, enhancer activation of the intronic promoter
may further augment production of truncated protein.
Whether downregulation of full-length transcripts by opposite
transcriptional insertions is reflected in the inverse pattern of
RT-PCR amplification of canonic and asU3 transcripts found
in some Jdp2 and Bach2 tumors is currently unknown, in part
owing to the complexity of the tumors.

In summary, we have proven U3-initiated antisense tran-
scription in simple retroviruses of the gammaretroviruses ge-
nus, which appears to be different from that of complex retro-
viruses. Our results may have implications for understanding
basic regulatory control mechanisms of pervasive eukaryotic
genes, as well as for the design of retrovirally based vector
strategies.
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