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Abstract

the polyadenylation signal.

Background: During reverse transcription, retroviruses duplicate the long terminal repeats (LTRs). These identical
LTRs carry both promoter regions and functional polyadenylation sites. To express full-length transcripts, retroviruses
have to suppress polyadenylation in the 5'LTR and activate polyadenylation in the 3'LTR. Foamy viruses have a
unique LTR structure with respect to the location of the major splice donor (MSD), which is located upstream of

Results: Here, we describe the mechanisms of foamy viruses regulating polyadenylation. We show that binding of
the U1 small nuclear ribonucleoprotein (U1snRNP) to the MSD suppresses polyadenylation at the 5'LTR. In contrast,
polyadenylation at the 3'LTR is achieved by adoption of a different RNA structure at the MSD region, which blocks
UTsnRNP binding and furthers RNA cleavage and subsequent polyadenylation.

Conclusion: Recently, it was shown that UTsnRNP is able to suppress the usage of intronic cryptic polyadenylation
sites in the cellular genome. Foamy viruses take advantage of this surveillance mechanism to suppress premature
polyadenylation at the 5'end of their RNA. At the 3'end, Foamy viruses use a secondary structure to presumably
block access of UTsnRNP and thereby activate polyadenylation at the end of the genome. Our data reveal a
contribution of UTsnRNP to cellular polyadenylation site selection and to the regulation of gene expression.
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Background

Most cellular mRNAs are polyadenylated. Polyadenylation
(poly(A)) is provided, by four sequence elements: the
polyadenylation signal (poly(A) signal), the cleavage site
(poly(A) site), G/U-rich downstream elements (DSE), and
upstream cleavage factor I binding sites (for review see
[1-4]). The polyadenylation reaction can be characterized
as a two-step process: 1) RNA is cleaved at the
polyadenylation site, and 2) the poly(A) tail is added. Retro-
viruses use novel mechanisms to control polyadenylation
and thus serve as useful tools to study regulation of this
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process [5]. The retroviral genome is flanked by two long
terminal repeats (LTRs) with identical sequences but differ-
ent functions [6,7]. After integration of the viral genome
into the cellular DNA, the 5'LTR serves as a promoter for
viral transcription, and polyadenylation of the viral tran-
scripts occurs at the 3'LTR. The LTRs consist of three dis-
tinct regions: U3, which harbours the promoter; R, which
possesses the transcriptional start site at its 5'end; and U5,
which begins with the poly(A) site [6,7]. Retroviruses must
suppress transcript RNA cleavage and subsequent
polyadenylation in the 5'LTR, but activate 3 end process-
ing in the 3'LTR [5]. An active poly(A) site in the 5'LTR
would cause a premature cleavage of viral RNAs and
impair viral gene expression. If only the cleavage step was
suppressed, full-length genomic preRNAs would be
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produced, while suppression of poly(A) addition would re-
sult in suppression of full-length transcripts. The regula-
tion of retroviral polyadenylation appears to depend on
cellular factors and on viral RNA sequences, as no retrovi-
ruses have been shown to encode proteins that impact
polyadenylation. To date, three different types of retroviral
mechanisms for polyadenylation regulation have been
identified (for review see [5]).

The first such mechanism involves polyadenylation
signals encoded upstream of the promoter start site.
This simple and obvious type of regulation has been de-
scribed for Rous sarcoma virus (RSV), mouse mammary
tumour virus (MMTYV), and human T-lymphotropic virus
type 1 (HTLV-1). In these viruses, the essential poly(A)
signals are localized in the U3 region [8-10]. Since tran-
scription starts within the R region at the 5'LTR the U3
region will only be transcribed at the 3’end of the RNA
(Figure 1A). Hence, suppression of the 5'LTR poly(A) site
is not required [8], since the essential polyadenylation sig-
nal is not present at the 5'RNA end. These viruses sup-
port polyadenylation only at the 3'LTR. As a consequence
of the simultaneous recognition of the poly(A) signal and
the DSE, located in U5, viruses, which encode the poly(A)
signal in U3, require a short R region. Otherwise concur-
rent binding of the polyadenylation complex would be
prevented by the distance between the poly(A) signal and
the DSE [9]. On the other hand, the R region of HTLV-1
encompasses 228 nucleotides [6,11], which would prevent
polyadenylation. However, HTLV-1 encodes an RNA
element with extensive secondary structure named Rex re-
sponsive element, which is used to bridge this gap [8].

A second mechanism for suppression of polyadenylation
involves elements downstream of the LTR. Splicing and
polyadenylation occur co-transcriptionally and are coupled
processes (for review see [1,2]). It has been reported that
splicing can inhibit or enhance polyadenylation [1,12-15].
In human immunodeficiency virus type 1 (HIV-1),
polyadenylation at the 5'LTR is suppressed by the major
splice donor (MSD), located 195 nucleotides downstream
of the poly(A) signal. [16-18]. The current model suggests
that binding of the Ul 70k protein, which is part of
U1snRNP, inhibits 3"end processing at 5'LTR [19,20]. Fur-
thermore, polyadenylation efficiency was shown to be
dependent on the distance between the MSD and the
polyadenylation signal. The poly(A) site in the 3'LTR is ac-
tivated, because the MSD is not present at the 3’end of the
RNA. In addition, it has been demonstrated that signals in
the HIV-1 U3 region enhance polyadenylation [21,22].

The third mechanism for polyadenylation suppression
involves weak polyadenylation sites in both LTRs. The
Moloney Murine Leukaemia Virus (MoMLV) harbours a
weak poly(A) site, and sequences in the R region are re-
quired for poly(A) site regulation [9]. In contrast to HIV-1,
the control of polyadenylation in the 5'LTR of MoMLYV is
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MSD-independent, although the positioning of the MSD
and the poly(A) site is similar in all orthoretroviral ge-
nomes. However, the MLV MSD was shown to be ineffi-
ciently recognized by UlsnRNP due to a combination of
RNA secondary structure and low complementarity to
U1snRNA [23]. The disadvantage of this mechanism is the
accidental premature polyadenylation of viral transcripts,
which results in less efficient expression of viral genomic
RNA and all viral genes. However, it enables some retrovi-
ruses to capture cellular proto-oncogenes by read-through
at the 3’end of the 3'LTR.

Gene expression of foamy viruses (FVs) differs from
that of orthoretroviruses [24]. Two promoters, one lo-
cated in the LTR and the other in the env region, initiate
gene expression. The activity of both promoters is
dependent on the viral transactivator protein Tas. FV pol
is encoded by a specific spliced transcript. Furthermore,
the structure of the FV R region is unique (Figure 1A)
[25]. The prototype FV (PFV) R region is 193 nucleo-
tides in length (Additional file 1). The MSD is located in
the R region [26]. Despite relatively low complementar-
ity, bioinformatics analysis predicts that the MSD
constitutes a strong 5 splice site [27,28]. Unfortunately,
experiments to determine the MSD strength have not
been performed so far. The MSD is, for unknown rea-
sons, important for gag and pol expression [29,30]. The
poly(A) signal is located at +168 to +173 and followed
by the poly(A) site at +193 [26] (Figure 1A and
Additional file 1). Thus, both the 5" and 3’ends of the
viral RNA contain all signals thought to be required for
polyadenylation. However, polyadenylation cannot be reg-
ulated as in RSV and MMTY, since the polyadenylation
signal is localized in the R region and not in U3. In
addition, compared with their orthoretroviral and en-
dogenous retroviral counterparts, FVs have the opposite
configuration of the MSD and poly(A) site, indicating that
the regulation of polyadenylation might differ from that of
HIV-1. On the other hand, it has been shown that the FV
LTR suppresses read-through efficiently [31], implying
that FVs encode a strong poly(A) site. This would exclude
the mechanism described for MoMLV. These facts make
FVs an excellent model system to study the requirements
for both repression and activation of polyadenylation.

In this work, we analysed how identical nucleotide
sequences in both FV LTRs can execute opposite func-
tions. We provide insights into the regulation of
polyadenylation and show that the RNA structure af-
fects splice site recognition.

Results

The major splice donor in the 5'LTR is required for FV gag
expression

FVs possess a poly(A) signal and site in each LTR. Con-
sequently, both repression of the poly(A) signal in the 5’
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Figure 1 The MSD is required for gag, pol, and env expression. (A) Structure of the FV R region. Mutations of the MSD and poly(A) signal are
depicted below the scheme. MSD nucleotides complementary to the UTsnRNA are in black, and mutations are underlined. Arrows indicate the
positions of the promoters. (B) Western blotting analysis of BHK-21 cells transfected with pHSRV2 or pHSRV2-SDm1. Transfections were performed

BHK-21 cells transfected with pHSRV-13 MSD derivatives showing that the MSD is required for expression of 5'LTR derived transcripts (compare
lanes 1 with lanes 3 and 5) and that an additional poly(A) inactivation rescues the SDm2 phenotype. A tas/bet-specific probe was used to detect
viral RNAs. The positions of the 185 (1.9 kb) and 28S (4.7 kb) rRNAs are indicated. Ratios of gag+pol/gaph transcripts are indicated below the
blots. In case of pHSRV13-SDm1 (—*), the ratio could not be determined due to the lack of gag and pol transcripts. (D) Western blotting analysis
of BHK-21 cells using a monoclonal Gag antibody or a polyclonal integrase-specific antiserum. The latter detects the unprocessed Pol precursor

as a loading control. (C) Northern blotting analysis of total RNA from

LTR and promotion of polyadenylation in the 3'LTR are
required to express full-length 5'LTR-derived tran-
scripts. Surprisingly, previous experiments showed that
inactivation of the MSD by site-directed mutagenesis
resulted in complete loss of gag expression ([29,32]

Lochelt and Bodem, unpublished observation). To con-
firm these results, we transfected baby hamster kidney
(BHK-21) cells with either the proviral pHSRV2 plasmid
or the 5'LTR MSD mutant clone pHSRV2-SDm1 [32].
The latter carries a single nucleotide exchange in the
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MSD (Figure 1A, SDm1). This leaves 6 nucleotides com-
plementary to the cellular UlsnRNA but disrupts the
continuous binding site of 5 nucleotides in the MSD
(Figure 1A). Two days after transfection, cells were
harvested, and gag expression was analysed by Western
blotting (Figure 1B). The SDm1 mutation was inserted
into the proviral pHSRV13 backbone [33] for cloning
reasons, and all other proviral constructs of this study
were based on pHSRV13, too. As Gag protein levels were
undetectable in cells transfected with the pHRSV13-SDm1
construct (Figure 1B), we used Northern blotting to analyse
expression of gag-encoding genomic RNAs (size 11 kb). In
cells transfected with the pHSRV13-SDm1 plasmid, neither
gag-encoding genomic RNA nor pol or env RNA was re-
trieved (Figure 1C, lane 5), indicating that the mutation in
SDm1 might activate cleavage and polyadenylation similar
to inactivation of the HIV-1 MSD [16,18]. Signals below
p68 are due to an unspecific reactivity of the serum.

To further investigate the MSD mutant phenotype, we
introduced a different single nucleotide mutation (SDm2)
into the MSD at the 5'LTR (Figure 1A). SDm2 also
encodes 6 nucleotides complementary to UlsnRNA
(Figure 1A). No LTR-derived transcripts were observed in
cells transfected with pHSRV13-SDm2 (Figure 1C, lane 3).
To correlate this effect to polyadenylation, we mutated
the poly(A) signal in the 5'LTR (wild-type, AAUAAA; p
(A)m, UAAUAA) in the wild-type and the SD2 mutant
(SDm2+p(A)m). This inactivation of the poly(A) signal
should restore expression only if polyadenylation was acti-
vated by the MSD mutation (Figure 1A). Transfection of
cells with plasmids containing p(A)m resulted in increased
expression of LTR-derived transcripts (Figure 1C, lane 2),
indicating that some of the transcripts were already
polyadenylated at the poly(A) site in the wild type 5'LTR.
The inactivation of the poly(A) signal in the 5'LTR in
the pHRSV13-SDm2+p(A)m plasmid restored expres-
sion of LTR transcripts to wild-type levels, indicating
that the pHRSV13-SDm?2 mutation might have activated
polyadenylation at the 5'LTR (Figure 1C, lane 4). The
tas/bet expression was similar in all isolated RNAs, as
both genes are expressed from the internal promoter.
To analyse influences of a strong MSD, an additional
MSD mutant (SDm4), encoding 11 nucleotides comple-
mentary to UlsnRNA, was generated as well (Figure 1A).
In cells transfected with pHSRV13-SDm2, Gag, the Pol
precursor and integrase were undetectable by Western
blotting, but expression of these proteins was restored
by the additional inactivation of the poly(A) signal
(Figure 1D, lanes 4 and 5). Cells transfected with
pHSRV13-SDm4 expressed pol, but Gag was undetect-
able (Figure 1D, lane 6). The additional inactivation of
the poly(A) signal did not restore Gag expression, which
could be assigned to enhanced splicing (data not
shown). These results show that the MSD is required
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for expression of LTR-derived transcripts. In addition,
the results with the poly(A) signal mutants support the
hypothesis that the MSD is essential for suppression of
polyadenylation or RNA cleavage at the 5'LTR.

Mutations in the MSD of the 5'LTR lead to premature
cleavage

In order to analyse repression of polyadenylation at the 5’
LTR in a quantitative way and to exclude influences of the
3'LTR, we constructed reporter plasmids encompassing
the complete pHSRV13 5°LTR encoding either the wild-
type MSD or the SDm1 or SDm2 mutants in the pGL3
vector backbone. Thus, the U3 promoter drives firefly lu-
ciferase expression (Figure 2A). The resulting construct
possesses two poly(A) sites, one in the 5'LTR and a sec-
ond SV40-derived poly(A) signal 3" of the luciferase gene.
If cleavage at the LTR poly(A) site is suppressed, firefly lu-
ciferase should be expressed (Figure 2A and Additional
file 1: Figure S1). On the other hand, if the LTR poly(A)
signal is active, the RNA should be cleaved at the LTR
poly(A) site, and luciferase expression should be impeded
(Additional file 1: Figure S1).

These constructs were used to analyse the SDm1 and
SDm2 LTR variants by ribonuclease protection assays
(RPAs) (Figure 2B). For the RPA, three antisense RNA
probes complementary to nucleotides +1 to +250 — en-
coding the wild-type, the SDm1, or the SDm2 MSD —
were produced. A specific probe for each construct was
necessary to avoid cleavage of the RNA probe at the mu-
tated MSD due to non-pairing. All transfections included
a Tas expression plasmid (pCMVTas) as expression of the
viral transactivator Tas is required to activate the LTR pro-
moter. Transcripts cleaved/polyadenylated at the LTR
poly(A) site should result in a protected 193-nucleotide
fragment (Figure 2A), whereas suppression of this site
should result in a 250-nucleotide fragment. The RPAs
showed that suppression of the poly(A) site at the 5'LTR
is incomplete and that suppression of polyadenylation acts
at the first step of polyadenylation, i.e. RNA cleavage is
inhibited. The majority of all transcripts were cleaved at
the LTR poly(A) site (Figure 2B). Reporters carrying
SDm1 (pGL3SDml) or SDm2 (pGL3SDm2) showed
strong increases in RNAs cleaved at the LTR poly(A) site
compared to the wild-type (Figure 2B). This experiment
indicates that 1) about 40% of all transcripts are prema-
turely cleaved in the wild-type context, and 2) the SDm1
and SDm2 mutations result in a further increase in tran-
scripts cleaved at the LTR polyadenylation site, confirming
that the MSD indeed suppresses RNA cleavage.

To analyse the impact of the essential G/U-rich DSE
in the U5 region on incomplete suppression of
polyadenylation we cloned either the U3- or the U3R-
promoter regions in the pGL3 backbone. In this set of
experiments, a CMV-promoter-driven Renilla luciferase
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Figure 2 Mutation of the MSD activates polyadenylation in the 5'LTR. (A) Overview of the luciferase constructs and the position of the RPA
probe (B) RPA of transcripts expressed by wild-type, SDm2, and SDm1 constructs (above the panel). Probes without RNase digestion (lanes 1-3)
and the digest without cellular RNA (lane 4) were used as controls. The localization of the probes is indicated in the plasmid schema above the
panel. (C) Luciferase assays of the U3, U3R, and LTR promoter activity showing that sequences in R and U5 act negatively on gene expression.
The constructs are depicted above the panel. Bars represent the mean value of three independent transfections, and the error bars represent the
standard deviation. (D) Southern blot of RT-PCR products using oligo d(T) as primer for cONA synthesis and +1 and oligo d(T) as primers for PCR.
The wild-type and SDm2-derived short transcripts are polyadenylated at the 5'LTR. Positions of size markers and plasmids used for transfection
are indicated. PCR products were hybridized to an antisense RNA probe encompassing nucleotides +1 to +250.

expression plasmid was co-transfected to allow nor-
malization of transfection efficiencies. Two days after
transfection, cellular lysates were prepared, and both
firefly and Renilla luciferase activities were measured
(Figure 2C). The deletion of the U5 region (Figure 2C,
second bar (U3R)), which includes the deletion of the
DSE required for polyadenylation, resulted in an ap-
proximately 2.5-fold increase in the luciferase activity,
whereas a plasmid encoding only the U3 region
exhibited an approximately 2-fold increase (Figure 2C,
third bar (U3)). These findings, along with the increase
of the genomic transcript with the SDm2+p(A)m double
mutant (Figure 1C), support the view that suppression

of the FV polyadenylation at the 5'LTR is incomplete
and that the U5 region indeed contains a DSE.

To show that the short transcripts are not only cleaved
but also polyadenylated at the 5°LTR, an oligo d(T)
primed RT-PCR was performed with RNA of cells
transfected with the reporter plasmids (Additional file
1). FV ¢DNAs were amplified with oligo d(T) and the +1
primer. The PCR products were blotted and hybridised
to an antisense RNA probe complementary to nucleo-
tides +250 to +1 to verify the FV origin of the PCR
products. This analysis revealed strong amplicons of
transcripts polyadenylated at the 5'LTR from cells
transfected with the wild-type, the SDml or SDm2
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mutants (Figure 2D, lanes 1, 3, and 4) showing an almost
complete polyadenylation at the LTR for both MSD mu-
tants (Figure 2D, lanes 3 and 4). The inactivation of the
poly(A) signal resulted in the loss of RNA species
polyadenylated at the 5°LTR (Figure 2D, lanes 2, 5 and
7). This shows that the short transcripts are indeed both
cleaved and polyadenylated. Furthermore, it supports
our hypothesis that the suppression of polyadenylation
in the wild-type LTR is incomplete and is regulated via
the MSD, possibly by UlsnRNP interaction.

Binding of U1snRNP is required for suppression of
polyadenylation

To show that UlsnRNP binding to the MSD regulates
poly(A) suppression, we performed experiments with a
mutated UlsnRNA that was complementary to 7 nucleo-
tides of SDm2 (Figure 3A). Expression of this UlsnRNA
mutant should restore suppression of polyadenylation
only if snRNP binding is a determinant for suppression of
polyadenylation. Cells were co-transfected with a plasmid
encoding the wild-type UlsnRNA or the mutant
UlsnRNA (UlsnRNAm?2) and with the luciferase reporter
constructs (Figure 3A). A CMV-promoter-driven Renilla
luciferase expression plasmid was co-transfected to allow
normalization of transfection efficiencies. Both firefly and
Renilla luciferase activities were measured (Figure 3A).
The reporter carrying the pGL3SDm2 mutant showed
strongly reduced luciferase activity compared to the wild-
type LTR construct, similar to the reduction observed in
the RPA (Figure 3A). As described before [34], we ob-
served that over-expression of the wild-type UlsnRNA
lowered the luciferase expression of the wild-type
pGL3LTR significantly (p = 0.006) (Figure 3A, compare
bars 1 and 3), indicating that UIsnRNA over-expression
exerts some side effects. However, the ratio of luciferase
activity seen with the pGL3LTR wild-type and the SDm2
reporter with and without co-transfection of the wild-type
UlsnRNA remained unchanged (Figure 3A, compare re-
duction from bar 1 to 2 (p = 0.006) and from bar 3 to 5
(p<0.00001)). Co-transfection of the UlsnRNAm2 con-
struct strongly increased expression of the SDm2 con-
struct (Figure 3A, compare bars 5 and 6), showing that
UlsnRNA binding can reverse the impact of the SDm2
mutation. This result supports the hypothesis that
UlsnRNA binding is required for suppression of tran-
script cleavage and subsequent polyadenylation.

To analyse whether expression of 5'LTR-derived
transcripts could be restored by UlsnRNAm?2 expression
in the context of proviral MSD mutant constructs, BHK-
21 cells were co-transfected with the proviral clones
pHSRV13 or pHSRV13-SDm2 and the UlsnRNA or
UlsnRNAm?2 expression constructs. We co-transfected
a Tas-encoding plasmid to compensate for splicing de-
fects, which might effect Tas expression. The foamy viral
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transcripts were visualized by Northern blotting using a
tas-specific probe (Figure 3B). Co-expression of UlsnRNA
or the mutated UlsnRNA did not influence the ratio of 5°
LTR-derived transcripts of pHSRV13 (Figure 3B, lanes 3
and 5). In contrast, co-transfection with the UlsnRNAm2
construct enhanced the LTR-promoter-derived gag ex-
pression of pHSRV13-SDm2, as seen in the luciferase
model. To further verify these data, quantities of Gag
expression were analysed by Western blotting with a Gag-
specific monoclonal antibody (Figure 3C). The pHSRV13-
SDm2 mutant did not express a significant amount of
Gag. The Gag expression levels of pHRSV13 and its
SDm2 mutant were not affected by over-expression of the
wild-type UlsnRNA, but expression of UlsnRNAm?2 re-
stored Gag expression of pHSRV13-SDm2 to wild-type
levels (Figure 3C).

The experiments with the proviral plasmids gave rise
to similar results on the RNA and protein levels and
show that UlsnRNA is required for the expression of
LTR-derived transcripts. Furthermore, the results correl-
ate well with the quantitative data obtained with the
luciferase-reporter-based model system. The higher sensi-
tivity of the reporter system allowed us to detect effects of
the mutated UlsnRNA on the wild-type MSD that could
not be visualized by Western or Northern blotting.

Suppression of the poly(A) site is independent of splicing
In order to confirm that suppression of the poly(A) site
is independent of splicing but dependent on UlsnRNP
binding, a pGL3LTR reporter plasmid encoding an
inactive splice donor mutant (SDmb5) was constructed.
This mutant encodes an ideal Ul binding site with the
exception of the G/G dinucleotide. This dinucleotide
was mutated to G/C, which has been shown to inhibit
splicing (Figure 1A) [35]. BHK-21 cells transfected with
pGL3SDm5 showed a slight decrease in luciferase activ-
ity of 23% compared to the wild-type (p = 0.01)
(Figure 4A), likely due to the mismatch in UlsnRNA-
MSD binding (for luciferase data on SDm4 see S1). Never-
theless, the splicing-incompetent SDm5 suppressed 5 'LTR
polyadenylation compared to SDm2, showing that splicing
is not required for suppression of polyadenylation.

To confirm these results, Northern blotting analysis
using a probe encompassing the R region of the
pGL3SDm5- and SDm5+p(A)m-derived transcripts was
performed. RNAs were extracted using an miRNA isola-
tion procedure (Figure 4B). The mutation SDm?2 led to an
increase in polyadenylation at the 5°LTR poly(A) site and
a reduction of the read-through transcript (Figure 4B),
which is in line with the results of the RPA. Consistent
with the results of the luciferase assay, the Northern blot
analysis revealed that SDm5 suppresses 5°LTR polya-
denylation similar to the wild-type (compare lanes 1 and
3), indicating that splicing is not a prerequisite for poly(A)
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Figure 3 The occlusion of polyadenylation is U1snRNA-dependent. (A) Luciferase activity in BHK-21 cells. Co-transfection with the pGL3LTR
derivatives and either wild-type or UTsnRNAmM2 expression construct complementary to SDm2. The latter restored suppression of polyadenylation
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deviation. The significance of the reduction by the SDm2 mutation or increase by co-transfection of UTsnRNAmM2 was calculated by the paired
two-sample t-test. p-values are indicated. (B) The SDm2 mutant is rescued by UTsnRNAmM2 co-transfection in a proviral context. Northern blotting
analysis of RNA from BHK-21 cells co-transfected with either pHSRV13 or pHSRV135SDm?2, and wild-type or SDm2 U1snRNA expression constructs.
Viral RNAs were visualised using a tas-specific probe. The positions of the 18S (1.9 kb) and 28S (4.7 kb) rRNAs are indicated. The normalised
amounts of gag/pol transcripts are depicted below the lanes. (C) Gag, Tas, and GAPDH were analysed by Western blotting. PFV-infected BHK-21

suppression. Nevertheless, transcript cleavage at the 5°
LTR was not fully suppressed by SDm5, which contains
10 nucleotides complementary to the UlsnRNA. A con-
trol transfection with inactivation of the 5°LTR poly(A)
signal led to the expected polyadenylation at the vector’s
SV40 polyadenylation signal (Figures 4B, lane 4). In
addition, we confirmed by RT-PCR that SDm5+p(A)m
supports polyadenylation at the SV40 polyadenylation
site (Figure 2D, lane 7). In summary, we provide evi-
dence that splicing is not a prerequisite for suppression
of polyadenylation at the FV 5’LTR.

Regulation of polyadenylation is promoter-independent

Transcription, splicing, and poly(A) addition are coupled
processes [1]. Since the HIV-1 U3 promoter and the
CMV iE. promoter recruit specific RNA-polymerase
complexes II (Pol II) which display differences in both
processivity and splicing [36], an analysis of the regulation
of the FV polyadenylation concerning the promoter-
dependency was desirable. The U3 promoter was excised
from the pGL3LTR, -SDm2, and the respective poly(A)
signal mutant constructs and replaced with the CMV-
promoter fragment of pcHSRV2 [37] (Figure 5A). In these
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plasmids, the transcriptional start site of the constitutive
CMV promoter is identical to the PFV transcriptional
start site. Cellular luciferase activities after transfection
with the U3 plasmid were more than 2-fold higher
compared to cells transfected with the CMV plasmids,
showing either a higher processivity of the recruited Pol
II-complexes or a higher initiation rate at the FV LTR
promoter. But the regulation of the polyadenylation was
unaffected. The reduction of luciferase activity of the
SDm2 transfected cells was in the same range as those
transfected with the LTR promoter, and the additional
poly(A) signal mutants displayed comparable increases in
luciferase activities. This increase might be due to an in-
active polyadenylation signal and to suppressed splicing
by the SDm2 mutant. These results imply that the sup-
pression of the 5’LTR polyadenylation of the 5’LTR is in-
dependent of the promoter.

Regulation of polyadenylation at the 3'LTR

In HIV-1, the MSD is located downstream of the 5'LTR.
Therefore, polyadenylation at the 3'LTR, which lacks a
downstream MSD, is not inhibited. In contrast, FVs have
to prevent suppression of polyadenylation by the MSD
at the 3'LTR because the R regions of both FV LTRs
harbour an MSD. In order to determine the require-
ments for polyadenylation at the 3’end, we analysed
whether the splice donor is essential for the regulation
of polyadenylation. Either the wild-type LTR or the

SDm2 mutants were inserted between Renilla and firefly
luciferase genes in the pRL vector (Figure 6A). In addition,
to find out whether a stronger MSD would suppress
polyadenylation, we created a LTR mutant with 11
nucleotides of the MSD complementary to the UlsnRNA
(SDm4) by site-directed mutagenesis (Figure 1A) and
inserted it into the 3'LTR reporter construct. The
resulting constructs encode two poly(A) sites: 1) the FV
LTR polyadenylation site (transcript size 2174 nts) and 2)
the vector-derived SV40 late poly(A) site (transcript size
4125 nts) (Figure 6A). BHK-21 cells were transfected with
the reporter constructs, and RNAs were analysed by
Northern blotting using a probe encompassing Renilla lu-
ciferase (Figure 6B). These experiments were performed in
the absence of Tas; however, further experiments showed
that addition of Tas did not change the polyadenylation
pattern nor did Tas activate the U3 promoter in these
constructs, possibly indicating that Tas is unable to bind
to 3'LTR sequences. The Northern blots showed that
RNA was polyadenylated at the LTR and that the
polyadenylation was independent of a functional splice
donor (Figure 6B, lanes 2 and 3). Neither the weak
splice donor SDm2 nor the strong SDm4 had any influ-
ence on polyadenylation site selection. These results
were in striking contrast to all experiments with the
LTR at the 5'position. To identify signals that support
polyadenylation and render the splice donor non-
relevant, we analysed the effects of U3 region deletions.
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The U3 region of pHSRV13 encompasses 777 nucleotides.
Five additional reporter plasmids encompassing the RU5
region alone or RU5 and the U3 regions from —-350, -200,
-100, or -13 to +1 were constructed (Figure 6A). RNAs
from BHK-21 cells transfected with these plasmids were
analysed by Northern blotting (Figure 6B). All constructs
showed a preferential polyadenylation at the LTR poly(A)
site, indicating that the region from -13 to +1 and
other upstream sequences relieve suppression of LTR
polyadenylation. In addition, transcripts of the construct
encoding only RU5 were polyadenylated at the LTR
(Figure 6B, lane 7), supporting the hypothesis that U3 se-
quences or even upstream exons activate polyadenylation.

The RNA-region at the 3'LTR is preceded by the
whole genomic pre-mRNA including pre-selected splice
sites etc., whereas the RNA at the 5’poly(A) signal only
encompasses the R-region. To further investigate whether
3'polyadenylation is influenced by upstream sequences, a
simplified reporter was constructed by inserting nucleo-
tides —13 to +1 into the pGL3-CMV-RUS5 clones described
above (Figure 5). In this construct, nucleotide —13 is posi-
tioned directly at the start site of the CMV promoter.
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Thus, the transcript is free of upstream coding regions,
but encodes minimal sequences of U3. Transfection ex-
periments showed that the additional 13 nucleotides of
U3 caused a significant reduction in luciferase activity to
34% of the wild-type (p=0.005) (Figure 6C), which is
comparable to the reduction seen with the SDm2 mutant
(Figure 6C). This indicated that polyadenylation at the
3'LTR might have been activated by the 13 nucleotides of
U3. In summary, these experiments show that U3 up-
stream sequences are able to activate polyadenylation at
the 3’LTR.

Differences in the RNA structure at the 5’ and 3'LTRs
presumably regulate splice donor recognition

To determine the differences in both polyadenylation
and splice donor dependence at the 5" and 3'LTRs, we
analysed the RNA secondary structure of two RNA
fragments, one representing the 3'LTR RNA (nucleo-
tides —13 to +198) and one representing the 5'LTR RNA
(nucleotides +1 to +198) by RNA SHAPE (Figure 7 and
Additional file 1: Figure S2). The 3’ends of the two
RNAs including the poly(A) signal and poly(A) site show
identical secondary structural folds. However, we ob-
served major differences at the 5'end of the two RNAs.
Compared with the 5'LTR sequence (Figure 7A), the
first stem loop of the 3'LTR is extended and the second
stem loop is shortened (Figure 7B). The MSD is located
between stem loops one and two in the 3'LTR, and only
two nucleotides complementary to the UlsnRNA are
unpaired. The MSD of the 5'LTR is part of its extended
second stem loop and forms a bulge. This leaves four
UlsnRNA-binding nucleotides unpaired. This structure
is strikingly similar to the U1A-stem structure conserved
in all mammals [38]. Additionally, we predicted the
RNA secondary structures of the SDml and SDm2
mutants.

The single 5’LTR mutation of SDm1 completely dis-
rupts the local RNA fold and modifies the RNA struc-
ture to a 3'LTR-like fold (Additional file 1: Figure S3).
The 5LTR SDm?2 mutation repositions the bulge of the
MSD by one nucleotide further upstream. This leads to
substantial changes in the stem loop containing the
MSD: a) the stem of the mutated RNA upstream of the
bulge consists of six instead of five base paired nucleo-
tides; b) the mutated base is no longer complementary
to the UlsnRNA; c) only two instead of three unpaired
bases present in the bulge are complementary to the
UlsnRNA. In addition, structure prediction of a Renilla
luciferase-R-U5 construct (Additional file 1: Figure S3C)
representing the one used in Figure 6B (lane 7) shows
disruption of 5LTR MSD.

Taken together, our data provide evidence that adop-
tion of deviating RNA structures in the 5LTR MSD
leads to premature polyadenylation.
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Discussion

Cellular polyadenylation must be tightly regulated as
both premature polyadenylation, which would lead to
non-functional transcripts, and non-polyadenylated tran-
scripts, which would fail nuclear export, have to be
prevented. Cellular genes and viral genomes often en-
code more than one functional poly(A) signal. Thus,
cleavage and polyadenylation have to be repressed at
these additional sites. Recent studies regarding the role
of UlsnRNA in the suppression of polyadenylation have
revealed that functional inactivation of UlsnRNPs re-
sults in the usage of cryptic poly(A) sites throughout the
cellular genome [39]. This shows that the mechanisms
of poly(A) suppression, described in this work for FVs,
are used by the cell itself and that viruses likely adapted
this strategy to achieve full-length RNA expression. We
recently showed that a mechanism similar to that of
suppression of polyadenylation at the 5'LTR of FVs is
the origin of an inherited immunodeficiency syndrome
[34]. A single nucleotide exchange (+23C>A) in the

3UTR of the p14/robld3 gene leads to the creation of a
splice donor site. This upstream splice donor represses
polyadenylation at the authentic p14/robld3 poly(A) sig-
nal and is deleterious for p14 mRNA biogenesis [34].
The FV 5'leader region and even deletions of the
MSD have been characterized in several publications,
but none addressed the influences of the 5'splice site on
regulation of polyadenylation [25,29,30]. Here, we show
that, in FVs, polyadenylation at the 5'LTR is controlled
by the MSD, similar to the mechanism described for
HIV-1 [16,18]. However, the R region of FVs unlike that
of any other retroviruses contains an MSD upstream of
the poly(A) site, and all elements required for
polyadenylation are present in both LTRs. This con-
trasts sharply with the regulation of polyadenylation in
HIV-1, in which the MSD is only present in the RNA at
the 5'LTR, and the poly(A) site at the 3'LTR is therefore
not inhibited. FVs solve this problem with a strong poly
(A) site that is only partially inhibited by the MSD at the
5'LTR. This type of regulation ensures that viral full-
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length RNAs are quantitatively polyadenylated, even
though some of these transcripts are cleaved at the 5’
LTR. On the other hand, the incomplete poly(A) sup-
pression lowers the amount of functional genomic
RNAs produced in FVs and in FV-derived vector
systems. If the amount of genomic RNA is a limiting
factor, one should consider weakening the MSD and in-
activating the poly(A) signal in the vector context, as
this could prevent cryptic splicing and premature
polyadenylation. In contrast, the HIV-1 MSD suppresses
polyadenylation almost completely [9,17] and requires
the R region for occlusion. As detailed mechanistic
differences between polyadenylation in HIV-1 and
MoMLYV remain unknown, it is still unclear how HIV-1
achieves complete suppression. In MoMLV the MSD is
attenuated by a combination of secondary structure and
low complementarity to UlsnRNA and thus, may not
allow suppression of polyadenylation [23]. Possibly, un-
like HIV-1, FVs may encode polyadenylation enhancer
sequences, which would inhibit poly(A) occlusion. Our
data imply that the deletion of the U5 or RU5 region in
the 5'LTR results in higher transcript levels because by
the deletion of the DSE the incomplete suppression of
polyadenylation is abolished. Similar results were previ-
ously obtained with other FVs [40-42]. However, this
phenomenon has always been explained by the exist-
ence of a transcriptional repressor of unknown identity.

In HIV-1, the promoter affects splicing [43]. When the
HIV-1 U3 region was exchanged with the CMV pro-
moter, the splicing pattern was changed. As splicing is
thought to be associated with polyadenylation in general,
and recognition of the splice donor is required for the
suppression of polyadenylation in FVs, we analysed
whether the exchange of the FV promoter would result
in different regulation of poly(A) occlusion. However,
this was not the case, which supports the model that
U1snRNP binding to the MSD is responsible for poly(A)
suppression. This was further substantiated by the find-
ing that FV suppression of polyadenylation is dependent
on the strength of the interaction between the MSD and
the UlsnRNA. In addition, by increasing the distance
between the MSD and the poly(A) signal by 462 nucleo-
tides, suppression of polyadenylation at LTR poly(A) site
was relieved and additional inactivation of the MSD did
not alter the polyadenylation efficiency (data not shown).
In the case of HIV-1, this distance had to be increased
by 1000 nucleotides to obtain a similar increase in
polyadenylation frequency [18]. This leads us to conclude
that the linear distance between the MSD and poly(A) sig-
nal is not the essential factor. Rather, the 3-dimensional
RNA structure likely plays a key role. The RNA secondary
folds of the 5 and 3’'LTR differ significantly in the MSD re-
gion and provide an explanation for the inability of the
MSD at the 3'LTR to recognize UlsnRNP (Figure 7). The
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structure of the MSD at the 5’LTR is strikingly similar to
the structure of the UlsnRNA binding site of U1A genes
of mammals, which was shown to repress polyadenylation
[38]. Minor changes in the 5'LTR, such as single muta-
tions in the MSD (SDm1 and SDm2) or addition of 13 nu-
cleotides at the 5end of the R region (3’LTR), already
cause a loss of the structural integrity of the UlsnRNP
recognition motif (Additional file 1: Figure S3). Therefore,
prevention of polyadenylation at the 5’LTR is regulated by
a highly sensitive and specific mechanism.

The data obtained by studying retroviral polyadenylation
show that it takes place after UIlsnRNA binding to 5’splice
sites. In HIV-1, for example, the poly(A) signal is located
approximately 200 nucleotides upstream of the MSD. In
addition, we can assume that splicing in retroviruses
occurs after polyadenylation, because all retroviruses need
a polyadenylated but unspliced genomic transcript to be
exported from the nucleus. The regulation of FV pol-
yadenylation at the 3'LTR seems to be more complex. In
contrast to HIV-1 and MoMLYV, FV-derived vectors show
nearly complete read-through suppression at the 3'LTR
[31]. Our experiments support the existence of a functional
DSE in U5 although the G/U-rich region is nearly absent
in FV LTR. The regulation of polyadenylation at the FV 3’
LTR appears to be unique, as no other retrovirus encodes
an MSD at the 3'LTR. We present evidence that FV
polyadenylation is independent of UlsnRNP binding to
the 3'LTR, because neither a weak MSD (SDm2) nor a
strong MSD (SDm4) changes the polyadenylation effi-
ciency (Figure 6). The switch from polyadenylation sup-
pression to almost complete polyadenylation is caused by
upstream sequences.

Conclusions

Foamy viruses have a unique R region structure. In this
work, we characterized FV polyadenylation and showed
that the RNA cleavage at the 5'LTR is suppressed by the
MSD which resembles the mechanism used by HIV-1,
although the order of the MSD and poly(A) site is ex-
changed. The specific mechanistic issue that FVs face is
the regulation of polyadenylation at the 3'LTR, where
suppression of cleavage and prevention of subsequent
polyadenylation by the MSD must be abolished. We
have collected evidence that this regulation might have
been provided by an RNA structure that prevents
U1snRNP binding.

Methods

Plasmids and mutants

The UlsnRNA and pCMVTas expression plasmids and
the pHSRV2, pHSRV2SDm1, and pHSRV13 proviral
clones have been described previously [23,32,33].
pHSRV13 and pHSRV2 harbour identical proviral PFV
full-length sequences but differ in their plasmid
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backbones. The UlsnRNAm2 expression construct was
generated by site-directed mutagenesis. A detailed de-
scription of primers and clones can be found in the
Additional file 1. The LTR was amplified from pHSRV13
and inserted into a Kpnl/Xhol-digested pGL3-basic vec-
tor (Promega). Primers used for site-directed mutagen-
esis of the MSD or the poly(A) signal are listed in the
Additional file 1. The LTR mutants were introduced
into a subcloned Eagl/Swal fragment of pHSRV13 and
re-inserted into pHSRV13. The RPA probe was cloned
into the pSC-B vector (Stratagene).

Transient transfections

For luciferase assays, 1x10* BHK-21 cells were maintained
as previously described [44] and co-transfected with 20 ng
Renilla luciferase expression plasmid (pCMV-RL, Pro-
mega), 40 ng pCMVTas, and 20 ng pGL-3LTR or deriva-
tives, and TurboFect transfection reagent (Fermentas).
The total amount of DNA was adjusted to 100 ng with
pUC19 DNA (Invitrogen). Transfection efficiencies were
normalized based on Renilla luciferase activity. All lucifer-
ase activity assays were performed independently in
triplicate using the DualGlo-Kit (Promega) according to
the manufacturer’s instructions. For the UlsnRNA co-
transfections, luciferase and pCMVTas expression con-
structs were used as described above. In addition, 100 ng
of the respective UlsnRNA expression constructs were
co-transfected. For the UlsnRNA competition assays with
proviral constructs, BHK-21 cells were transfected with 1
pg of pHSRV13 or derivatives, 0.5 ug pCMVTas, and 2 ug
U1snRNA or UlsnRNAm?2 expression construct.

Northern blotting

For Northern blotting, 4x10° BHK-21 cells were co-
transfected with 1 pg pHSRV2 (or derivatives) or pGL3-
LTR (or derivatives), 2 pg pCMVTas, and 05 pg
peGFPCI. The preparation of total RNA was performed
as previously described [44] or with miRNA purification
kits according to the manufacturers’ instructions (Strata-
gene and Machery & Nagel). Five micrograms of RNAs
were loaded onto a 1% agarose gel and transferred onto a
Hybond-N+ membrane (Amersham) by capillary blotting.
The blots were hybridized overnight at 60°C to a RU5-
specific probe (activity >10” cpm) that had been labelled
by PCR using primers FV+1 and XhoILTRa (Additional
file 1). The blots were re-hybridized to a human GAPDH
gene (nucleotides 1011-1310) probe. Transcripts were
quantified using the AIDA software package.

Western blotting

BHK-21 cells were transfected as described above. Western
blotting analyses of cellular lysates were performed two
days after transfection using Gag-, integrase Tas-, and
GAPDH-specific antisera [44].
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RNA synthesis and RPAs

Synthesis of all RNAs used in this study was performed
with SP6 RNA Polymerase (Promega). To obtain **P-la-
beled RNA, 0.74 MBq of a[**P]-UTP (Hartmann Ana-
lytic) were included in the in vitro transcription assay.
All RNA probes were purified by PAGE. The RPAs were
performed using the RPAIII kit (Ambion) according to
the manufacturer’s instructions.

SHAPE

RNA synthesis, 5'-end labeling of the primer, selective
2'hydroxyl acetylation analyzed by primer extension
(SHAPE), and sequencing reactions were performed as
described by Hartl et al. with minor modifications [45].
RNAs spanning the region +1 to +198 or -13 to +198
were synthesized using the T3 MEGAscript kit (Applied
Biosystems, Austin, TX) and subjected to SHAPE ana-
lysis [46-48]. SHAPE and sequencing reactions were
performed with two different primers: one binding to
the 3"-end of the RNAs (nucleotides +198 to +176, 5'-
TGAGTAGGTTCTCGAATCAAGTC-3'; IBA, Géttingen,
Germany) and the other binding to the central part of the
RNAs (nucleotides 101 to 75, 5° GTGTTAATGGATC
ATAGTAACATT ATA; IBA, Gottingen, Germany). The
plasmid pHSRV13 was used as a template for sequencing
reactions to assign the SHAPE reaction products. The
program Mfold [49-51] was used to calculate RNA sec-
ondary structures. Nucleotides with SHAPE intensities
higher than 0.3 were set to be unpaired. Low SHAPE
intensities can be caused by either a nucleotide that is
paired in the secondary, tertiary as well as quaternary
RNA structure or by a high background signal. Therefore,
we did not set constraints for paired nucleotides. For LTR
mutants, only the regions of identical secondary structures
in the wild-type 3" and 5'LTR (nucleotides 99 to +198)
were constrained to ensure the integrity of the folding top-
ology of these regions, while the folding of nucleotides 13
to +98 was unconstrained.

Additional file

Additional file 1: Supplementary material. Figure S1. SDm4
suppresses polyadenylation at the LTR poly(A) site efficiently. Luciferase
assay of pGL3-LTR derivatives. BHK-21 cells were co-transfected with
pGL3-LTR derivatives, a Tas expression plasmid and a CMV-driven Renilla-
luciferase expression plasmid. Luciferase expression was measured 2d
after transfection. The bars represent the mean of 3 independent
experiments. The error bars indicate the calculated standard deviation.
The experiment was repeated six times. FigureS2. Relative SHAPE
intensities as a function of base position. The 5'LTR intensities are shown
in white, the 3'LTR intensities in black bars. Bases with intensities higher
than 0.3 were assumed not to be paired. The data are derived from a
single SHAPE experiment. The experiment was repeated twice. The
positions of the MSD and the polyadenylation signal are indicated.
Figure S3. Calculated RNA structures of (A) SDm1, (B) SDm2, and (C) the
Renilla luciferase-R-U5 construct using the constraints from the RNA
SHAPE analyses (Figure 7).
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