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Nuclear export of incompletely spliced RNAs is a prerequisite for retroviral replication. Complex retrovi-
ruses like human immunodeficiency virus (HIV) encode a viral transport factor (Rev), which binds to its target
sequence on the RNA genome and directs it into the Crm-1-mediated export pathway. Other retroviruses, like
Mason-Pfizer monkey virus, contain cis-acting constitutive RNA transport elements (CTE) which achieve
nuclear export of intron-containing RNA via cellular transport factors. Here, we describe the identification and
characterization of a novel cis-acting orientation-dependent RNA expression element in the coding region of
the murine intracisternal A-type particle (IAP) MIA14. This IAP expression element (IAPE) can functionally
replace the Rev system in the expression of HIV-1 Gag proteins but functions independently of Crm-1. The
presence of this element is needed for the expression of the IAP Gag proteins, indicating its biological
significance. The IAPE can be functionally replaced by placing a CTE on the MIA14 RNA, further supporting
its role in mRNA export. Northern blot analysis revealed that total RNA, as well as cytoplasmic RNA, was
increased when the element was present. The element was mapped to a predicted stem-loop structure in the 3�
part of the pol open reading frame. There was no overall homology between the IAPE and the CTE, but there
was complete sequence identity between short putative single-stranded loops. Deletion of these loops from the
IAPE severely reduced Rev-independent Gag expression.

Gene expression is a highly ordered process which is con-
trolled at both the transcriptional and posttranscriptional lev-
els. Prior to their export to the cytoplasm, most pre-mRNAs
are modified by removal of intronic sequences, addition of a
cap structure to their 5�ends, and cleavage and polyadenylation
of their 3�ends (19). Completion of posttranscriptional modi-
fications is a prerequisite for nuclear export, and intron-con-
taining RNAs are generally retained and degraded in the nu-
cleus (24, 25, 53). Retroviruses, on the other hand, require
nuclear export of intron-containing RNAs and therefore have
devised several strategies to overcome this export block. Most
retroviruses produce a single primary transcript which corre-
sponds to the viral RNA genome. This primary transcript
serves as mRNA for the inner structural proteins (Gag) and
replication enzymes (Pol) but also undergoes one or several
splicing events leading to distinct classes of mRNAs. This
mode of gene expression fulfils the need for genetic economy
but requires the presence of inefficient splice sites and a mech-
anism for nuclear export of incompletely spliced RNAs (6, 24,
46, 53, 59).

According to their genome organizations, retroviruses are
divided into simple and complex viruses. Simple retroviruses
encode Gag and Pol proteins from the unspliced RNA and
encode the glycoproteins of the viral envelope (Env) from a
singly spliced mRNA. Complex retroviruses, like human im-
munodeficiency virus type 1 (HIV-1), contain several addi-
tional open reading frames encoding regulatory proteins that
are synthesized from multiply spliced RNAs. Multiply spliced
RNAs lack introns and are normally exported from the nu-
cleus, while other viral mRNAs, and in particular the genomic
RNA, would normally be retained in the nucleus due to the
continued presence of introns (6, 46, 59). To overcome this
problem, HIV-1 and other complex retroviruses make use of a
posttranscriptional regulatory system consisting of the viral
Rev protein and its target RNA structure, the Rev-responsive
element (RRE). The RRE is located in the env coding region
and is present on all incompletely spliced transcripts (11, 36).
Complete removal of intronic sequences removes the RRE,
thus discriminating between Rev-dependent and Rev-indepen-
dent transcripts (46). Nuclear export of RRE-containing RNAs
requires Rev binding and multimerization. To achieve its func-
tion, Rev contains two distinct domains: an RNA binding do-
main, which recognizes the RRE and serves as a nuclear lo-
calization signal (NLS) (2, 35, 36), and a leucine-rich nuclear
export signal (NES) promoting binding to the cellular export
receptor Crm-1, a member of the importin-� superfamily of
proteins (12, 13, 58).

The export problem is similar in the case of simple retrovi-
ruses, but the solutions are different: the genomic RNAs of

* Corresponding author. Mailing address: Abteilung Virologie,
Universität Heidelberg, Im Neuenheimer Feld 324, D-69120 Heidel-
berg, Germany. Phone: 49 6221 56-5001. Fax: 49 6221 56-5003. E-mail:
Hans-Georg_Kraeusslich@med.uni-heidelberg.de.

† Present address: The Scripps Research Institute, Department of
Cell Biology, La Jolla, CA 92037.

‡ Present address: Bayer AG, Virologie, D-42069 Wuppertal, Ger-
many.

10670



these viruses also contain introns and have to be exported to
the cytoplasm, but there is no Rev-like factor. cis-acting RNA
elements that promote efficient nuclear export of viral RNAs
in the absence of viral trans-acting factors were first defined in
the genomes of viruses from the D-type subgroup of retrovi-
ruses (Mason-Pfizer monkey virus [M-PMV] and simian ret-
rovirus types 1 and 2) (4, 65). These elements are located in the
intergenic region between env and the 3� long terminal repeat
and have been termed constitutive transport elements (CTE).
The CTE are necessary for viral replication and enable cyto-
plasmic accumulation of the unspliced RNA, while the spliced
env mRNA is CTE independent (9). The CTE can functionally
replace the export system of complex retroviruses, leading to
infectious virus lacking Rev and the RRE, although replication
is impaired compared to that of wild-type virus (4, 65). The
CTE corresponds to an imperfect inverted repeat folding into
a stable secondary structure with two internal loops (8, 9, 55).
Mutation of loop sequences abrogated CTE function and in-
hibited nuclear export of CTE-containing RNAs upon micro-
injection into Xenopus oocytes, thus defining these regions as
potential docking sites for cellular export factors (44, 50). A
cellular protein that specifically interacts with the CTE is the
Tip-associated protein Tap (15, 63). Tap is a nucleocytoplas-
mic shuttling protein and contains an RNA binding domain
that specifically interacts only with the functional CTE, indicat-
ing that Tap is indeed the cellular CTE export factor (3, 28, 29).

A functional CTE has also been observed in the case of the
avian retrovirus Rous sarcoma virus (RSV). The RSV genome
contains two direct repeats (DR) flanking the src oncogene
which mediate cytoplasmic accumulation of unspliced RSV
transcripts and weakly substitute for Rev function, as shown by
analysis in avian cells (41, 42, 52). Recently, the DR sequences
have been shown to mediate nucleocytoplasmic transport of a
heterologous RNA in a Crm-1-independent manner, confirm-
ing their intrinsic RNA export function (43). CTE-homologous
sequences have been suggested for other retroviruses on the
basis of computer predictions, but the majority of simple retro-
viruses do not appear to contain CTE-homologous sequences
(8, 54).

Posttranscriptional control elements have also been detect-
ed in endogenous retroviruses and pararetroviruses (7, 8, 20,
54). Pararetroviruses, like hepatitis B virus (HBV) replicate via
reverse transcription but without chromosomal integration.
They contain posttranscriptional regulatory RNA elements
(PRE), which substitute for Rev/RRE but appear to function
by a different mechanism exerting pleiotropic effects on RNA
stability, modification, and export (7, 20, 22). Endogenous ret-
roviruses are stably integrated into the cellular genome, mostly
defective, and vertically transmitted (31). A Rev/RRE-analo-
gous system has been observed for the HERV-K subgroup of
human endogenous retroviruses (34, 62), while sequences ho-
mologous to the CTE have been described for a few members
of the endogenous retrovirus group of intracisternal A-type
particles (IAPs) (54). Although IAPs are present in rodent
cells at 1,000 to 2,000 copies per haploid genome (31), only 10
CTE-like elements were identified by sequence comparison in
IAPs and related sequences (8, 54). Only one of these elements
led to enhanced gene expression when introduced into a het-
erologous context, indicating that most IAPs are not expressed
via CTE-mediated pathways.

Here, we report the identification and characterization of a
new cis-acting RNA element located in the pol region of the
murine IAP MIA14 (39). This element was termed the IAP
expression element (IAPE). It is required for expression of
IAP Gag proteins but can be functionally replaced by a CTE.
It efficiently substitutes for Rev/RRE in the expression of
HIV-1 structural proteins but shows no overall homology to
the CTE. Enhanced expression appears to be due to pleiotro-
pic effects on RNA stability and export. We have mapped the
IAPE to a putative stem-loop structure and identified func-
tional domains by mutational analysis. We also provide evi-
dence for the presence of functionally similar cis-acting ele-
ments in the pol region of primate foamy virus, suggesting a
general role in retroviral gene expression which may be partly
conserved in pararetroviruses.

MATERIALS AND METHODS

Plasmids. The eukaryotic expression plasmids pK-R-gpII (with the RRE) and
pK-gpII (without the RRE) have been described elsewhere (38, 60). Both con-
tain part of the 5� untranslated region and the complete gag and protease (PR)
region of HIV-1 under control of the cytomegalovirus (CMV) promoter-en-
hancer with simian virus 40 (SV40) splice and polyadenylation sequences. The
HIV-1-specific sequences were excised using flanking EcoRI sites and cloned
into pBluescript SK(�) to give pBSG. A 1.6-kb fragment corresponding to
nucleotides (nt) 4683 to 6291 of the MIA14 sequence (39) was excised with NotI
and SmaI and cloned into pK-gpII (pK-gpII-M [Fig. 1]). A similar expression
plasmid containing the same 1.6-kb fragment in antisense orientation (pK-gpII-
Mas) was cloned by inserting the SmaI-NotI fragment into pBSG and subsequent
cloning of an XhoI-NotI fragment into pKex (47).

In order to map the expression element, various subfragments of the 1.6-kb
sequence were excised using restriction enzymes (see Fig. 3A) and inserted into
pK-gpII. The plasmids pK-gpII-IAPE sense and antisense were constructed by
PCR amplification of nt 5443 to 5811 of the MIA14 sequence. The primers were
5� MIA (GCTCTAGAGCCAGATAGGCCC), introducing an XbaI site (under-
lined), and 3� MIA (GGACTAGTAGAGCCAAGGCTGTCTG), introducing
an SpeI site (underlined). The PCR product was digested with XbaI and SpeI and
cloned into the XbaI site of pBSG, resulting in inserts in both orientations.
Subsequently, XhoI-NotI fragments were cloned into pKex which had been
cleaved wih SalI and NotI. The mutated variants were cloned using the same
strategy, except that the initial PCR was performed as an overlap PCR to
introduce point mutations or deletions. The DI variant was constructed by
initially performing two separate reactions using primers 5�MIA (see above) and
3�MIA-DI (CTGGTATCCAAAAAGCTTTCTGTGG) or 5�MIA-DI (CCACA
GAAAGCTTTTTGGATACCAG) and 3�MIA. Both PCR fragments were
mixed and reamplified using the external primer pair 5�and 3� MIA. Primers
5�MIA-DII (GTCCAGGGCGTCCGGAAGCCAGCG) and 3� MIA-DII (CGC
TGGCTTCCGGACGCCCT GGAC) and primers 5�MIA-MI (GCTCTAGAG
CCAGATAGGCCCCCCGAGATGGTTAAATGG) and 3�MIA-MI (GGACT
AGTAGAGCCAAGGCCCCCCGAATTATGGC) served as internal primers
for construction of the variants DII and MI, respectively. The presence of the
mutations and deletions was verified by sequencing in all cases.

The pcDNA3-derived plasmids 3-RRE, 3-CTE, and 3-IAPE were all made
from the respective pK-gpII expression vectors by inserting the whole expression
cassette, including the CMV promoter, the Gag-PR coding sequence, and the
respective RNA element, as ScaI-NotI fragments into pcDNA3, which had been
opened with the same enzymes. This replaced the splice and polyadenylation
signal from SV40 (present in pKex) by the polyadenylation signal from the
bovine growth hormone (BGHpA). Plasmid pL-MIA4 has been described before
(57). It contains the MIA14-specific Gag and Pol coding sequence with a re-
placement of the 5� 29 codons of gag by the heterologous membrane-targeting
signal of Src, which directs the resulting Gag polyprotein to the plasma mem-
brane (57). The derivatives pL-MIA4 �Sal and �Not were constructed by excis-
ing the respective coding region, including the CMV promoter, from pL-MIA4
as an SpeI-SalI or SpeI-NotI fragment and inserting it into pKex. For control
plasmid 3-MIA4 �Not (Fig. 2B), the same SpeI-Not fragment was inserted into
pcDNA3.1 (Invitrogen), replacing the CMV promoter, and subsequently, the
CTE sequence was inserted into the 3� untranslated region in order to generate
3-MIA4 �Not-CTE. Plasmids pK-gpII-Fo sense and antisense were constructed
by PCR amplification of the region from nt 6128 to 6683 from the human foamy
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virus genome (GenBank accession number U21247.1) with primers 5� Fo (GG
TCTAGAAACAACACCTATAGCCC), introducing an XbaI site (underlined),
and 3� Fo (GGGCTAGCACAACAAGTATAAAGC), introducing an NheI site
(underlined). The resulting PCR fragment was cleaved with XbaI and NheI and
cloned into the XbaI site (giving both orientations) of pBSG, and SalI-NotI
fragments from the resulting plasmids were transferred into pKex.

Cells and transfection. Cos-7 cells and HeLa P4 cells were maintained in
Dulbecco modified Eagle medium supplemented with 10% heat-inactivated fetal
calf serum, 100 U of penicillin/ml, 100 �g of streptomycin/ml, and 2 mM glu-
tamine. For transient transfection, 5 � 105 cells were seeded in a 10-cm-diameter
dish and grown overnight. The medium was exchanged prior to transfection, and
10 �g of the respective plasmid and 1 �g of a reporter construct encoding
enhanced green fluorescent protein (eGFP) were transfected using the modified
calcium phosphate coprecipitation technique (5). To assess the transfection
efficiency, coverslips were fixed for 10 min with 4% paraformaldehyde in phos-
phate-buffered saline (PBS) at 48 h posttransfection, and GFP-positive cells were
counted.

Western blot analysis and enzyme-linked immunosorbent assay. Cells were
harvested at 48 h posttransfection. The cell lysates were normalized for trans-
fection efficiency according to the number of GFP-positive cells and analyzed on
17.5% sodium dodecyl sulfate-polyacrylamide gels (200:1 ratio of acrylamide to
N,N-methylenebisacrylamide). The proteins were transferred to nitrocellulose
(0.45 �m; Schleicher and Schuell) for 2 h at room temperature, and the mem-
branes were blocked with 10% dry milk in PBS for 1 h and stained overnight with
antiserum against HIV-1 capsid protein (CA; 1:2,500 in 5% dry milk in PBS
containing 0.5% Triton X-100) or IAP Gag (diluted 1:2,000; kindly provided by
K. Lueders). Following an additional blocking step, the blots were incubated for
2 h with peroxidase-conjugated anti-rabbit secondary antibody (diluted 1:10,000;
Dianova). Enhanced chemiluminescence (Amersham) was used for detection of
specific signals according to the manufacturer’s protocol. The blots were exposed
to Kodak X-Omat-AR films.

RNA preparation and analysis. Preparation of total or fractionated RNA was
performed as described previously (60). The nuclear and cytoplasmic fractions
were subjected to RNA extraction by the RNAzol B method (WAK chemicals)
according to the manufacturer’s protocol. The RNA content was determined
photometrically or by gel analysis. Five micrograms of each RNA was loaded on
denaturing formaldehyde gels containing 1% agarose and transferred to Biodyne
B membrane (0.45 �m; Pall) by capillary blotting. The transfer efficiency was
determined by staining the blot with methylene blue (0.04% in 0.5 M NaOAc, pH

5.2). The blots were prehybridized for �1 h at 42°C in 50% formamide–6� SSC
(1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–5� Denhardt solution–
0.5% sodium dodecyl sulfate containing 100 �g of denatured salmon sperm
DNA/ml and hybridized overnight at 42°C with the specific probes (activity, �107

cpm), which had been labeled by random priming using the Prime It II kit
(Stratagene). The blots were washed, sealed, and exposed to X-ray films (Kodak
X-Omat-AR) or quantified by phosphorimage analysis.

RESULTS

A sequence from the IAP MIA14 promotes Rev-independent
production of the HIV-1 Gag polyprotein. Expression of HIV-1
structural (Gag) proteins requires binding of the viral Rev
protein to the RRE, leading to nuclear export of the mRNA.
In our analysis of HIV-1 assembly, we constructed chimeric
expression plasmids fusing HIV-1 sequences to segments of
the genome of the mouse IAP MIA14 (39) and observed that
some of these constructs allowed Rev-independent expression
of HIV-1 Gag. For a more detailed analysis, we inserted a 1.6
kb-fragment corresponding to the 3� part of the MIA14 pol
open reading frame and part of the defective env gene in sense
or antisense orientation downstream of the HIV-1 Gag-PR
coding region into the eukaryotic expression plasmid pK-gpII
(Fig. 1A). Cos-7 cells were transfected with these plasmids or
with the RRE-containing plasmid pK-R-gpII (in the presence
or absence of Rev), and cell lysates normalized for GFP were
analyzed by immunoblotting them using antiserum specific for
the HIV-1 CA. Cells transfected with pK-R-gpII exhibited a
strong Rev-dependent signal corresponding to the Pr55gag

polyprotein, the proteolytically cleaved CA protein, and two
intermediate cleavage products (Fig. 1B, lanes 1 and 2). A
comparable but slightly weaker signal was seen independent of
Rev when the plasmid containing MIA14 sequences in sense

FIG. 1. Schematic representation of expression plasmids and analysis of HIV-1 Gag expression. (A) All expression plasmids contain part of the
5� untranslated region of HIV-1 as well as the gag and PR coding regions. RNA elements derived from HIV-1 (RRE; pK-R-gpII) or from the IAP
MIA14 (pK-M-gpII) were inserted 3� of the coding region and are depicted as shaded (RRE) or solid (MIA14) boxes. At the top, the relative
positions of the gag-PR region and of the RRE, as well as the coding exons for Rev, are highlighted in the HIV-1 genome. At the bottom, the
relative position of the murine element is highlighted in the IAP genome. (B) Immunoblot analysis of transfected HeLa cells using antiserum
against HIV-1 CA. Cells were transfected with plasmid pK-R-gpII (in the absence or presence of Rev [lanes 1 and 2]) or pK-gpII-M (containing
the IAPE in sense or antisense [as.] orientation [lanes 3 and 4]). The cell lysates were normalized for transfection efficiency. The Gag polyprotein
(Pr55) and CA are marked on the right; molecular mass standards (in kilodaltons) are given on the left. The additional proteins migrating between
Pr55 and CA correspond to the Gag intermediate cleavage products MA-CA-NC and MA-CA.
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orientation was transfected (Fig. 1B, lane 3). In contrast, no
HIV-1-specific product was observed when the same sequences
were present in antisense orientation (Fig. 1B, lane 4), indi-
cating that MIA14 contains an orientation-dependent RNA
element that can functionally substitute for the HIV-1 Rev/
RRE system.

The MIA14 element is necessary for expression of the struc-
tural proteins of the IAP and can be functionally replaced by
a CTE. In order to test whether the sequences from MIA14 are
important for production of the virus’ own structural proteins,
we constructed expression vectors for MIA14 Gag proteins.
Plasmid pL-MIA4 contains the entire gag open reading frame
with a modification in the 5� matrix region and the complete
pol open reading frame, including the 1.6-kb region (57) (Fig.
2A). Derivatives truncated at SalI and NotI sites and partial-
ly or completely lacking this 1.6-kb region were termed �S
and �N, respectively (Fig. 2A). Plasmids were transfected into
Cos-7 cells, and cell lysates normalized for transfection rate
were analyzed by immunoblotting them using a polyclonal rab-
bit serum against purified IAP Gag. The MIA14 Gag polypro-
tein and two cleavage products were readily observed in cells

transfected with pL-MIA4 (Fig. 2B, lane 2), as described by
Welker et al. (57). Cells transfected with pL-MIA4�S gave a
weak but detectable signal corresponding to the Gag polypro-
tein (Fig. 2B, lane 3), while no specific signal was observed in
the case of pL-MIA4�N-transfected cells (Fig. 2B, lane 4).
Similar observations were made when transfected cells were
analyzed by immunofluorescence, where strong Gag-specific
signals were seen for pL-MIA4 while pL-MIA4�S gave a weak
signal and pL-MIA4�N produced no Gag-specific signal (data
not shown). Importantly, the MIA14 Gag polyprotein is effi-
ciently translated in vitro from an RNA truncated at the NotI
site and thus corresponding to the �N construct (reference 10
and data not shown). IAP Gag expression in transfected cells,
therefore, appears to require an RNA element which is not
needed in vitro.

To analyze directly whether the deleted fragment could be
functionally replaced by an export-promoting sequence, we
introduced the CTE of M-PMV, which is known to act as
an RNA export element (9), into the �N construct (Fig. 2A).
Cells were transfected with the plasmids 3-IAP�N and 3-
IAP�N-CTE and analyzed for IAP Gag expression by immu-

FIG. 2. Analysis of IAP Gag expression. (A) Schematic diagram of plasmid pL-MIA4 encoding the gag and pol open reading frames of MIA14
(57) and plasmids 3-MIA4�N without and 3-MIA4�N-CTE with CTE. The relative positions of the restriction sites used for the deletion constructs
pL-MIA4�S and pL-MIA4�N, as well as the positions of the RNA elements, are indicated. (B) Immunoblot analysis of Cos-7 cells transiently
transfected with plasmids pL-MIA4, pL-MIA4�S, and pL-MIA4�N (lanes 2, 3, and 4) or mock transfected (lane 1) (left blot) and with plasmids
3-MIA4�N (lane 5)and 3-MIA4�N-CTE (lane 6) (right blot). The cell lysates were analyzed with a polyclonal rabbit anti-IAP Gag serum, and the
IAP Gag polyprotein is marked with arrowheads. The additional proteins migrating with higher mobility than the Gag polyprotein correspond to
Gag cleavage products (lane 2) (57). (C) Northern blot analysis of Cos cells mock transfected (lane 1) or transfected with pL-MIA4 or pL-MIA4�N
(lanes 2 and 3). Total RNA was subjected to Northern blot analysis, and IAP Gag-specific RNA was detected with a 32P-labeled probe directed
against the gag coding region, as depicted in panel A. The gag RNA is indicated on the right, and RNA standards (in nucleotides) are given on
the left.
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noblot analysis. Figure 2B shows that there was no IAP Gag
expression in cells transfected with the construct lacking the
murine element and not containing a CTE (Fig. 2B, lane 5),
while IAP Gag expression was efficiently restored in the pres-
ence of the CTE (Fig. 2B, lane 6).

To analyze whether differences are also observed on the
RNA level, we performed Northern blot analysis of Cos-7 cells
transfected with pL-MIA4 or pL-MIA4�N. Total RNA from
transfected cells normalized for transfection rate was analyzed
using a radiolabeled probe detecting the Gag coding region
present in both constructs (Fig. 2A). A strong and specific
RNA signal was observed for pL-MIA4-transfected cells (Fig.
2C, lane 2), while pL-MIA4�N-transfected cells gave a weak
RNA signal which was only detected on long-term exposure of
the blot (Fig. 2C, lane 3, and data not shown). Taken together,
these results suggest that the MIA14 element is not directly
needed for protein synthesis but rather for stable intracellular
RNA expression and export.

The MIA14 element maps to the pol region and corresponds
to a putative stable RNA structure. In order to map the newly
discovered element more precisely, we constructed expression
vectors containing various subfragments of the MIA14 1.6-kb
region downstream of the HIV-1 gag gene (Fig. 3A) and ana-
lyzed their capacity to promote Rev-independent Gag expres-
sion after transient transfection. Cos-7 cells were transfected
with the different pK-gpII derivatives, and HIV-1 Gag expres-
sion was determined by immunoblotting using CA-specific an-
tiserum or by indirect immunofluorescence. At least three in-
dependent experiments were performed for each construct.
The results of this analysis are summarized in Fig. 3A, and the
relative activity of each fragment is indicated as fluorescence
intensity. In general, all subfragments containing the central
part of the 1.6-kb element led to Rev-independent expression
of HIV-1 Gag, albeit at different efficiencies (Fig. 3A). In con-
trast, insertion of the 835-nt 5� NotI-BamHI fragment into pK-
gpII did not permit any Gag expression above background.
Based on the analysis presented in Fig. 3A, it can be concluded
that the main activity resides in the central BamHI-SalI frag-
ment (nt 5501 to 5700 of MIA14), which promoted Rev-inde-
pendent HIV-1 Gag expression by itself but was enhanced
when flanking sequences were present in addition (data not
shown). Interestingly, the nonoverlapping 3� BglII-HindIII frag-
ment also promoted weak, orientation-dependent Gag expres-
sion, but this phenotype was not analyzed in more detail.

RNA elements commonly correspond to stable secondary
structures containing short single-stranded regions with de-
fined specificity for RNA binding proteins. In an independent
attempt to map a functional subregion of the MIA14 element,
we performed a computer analysis of the folding potential of
the 1.6-kb region using the program Mulfold for RNA second-
ary-structure prediction (26, 27). Initially, a prediction of fold-
ing potential was made for the entire 1.6-kb region. Compar-
ison of the 10 most stable predictions revealed a putative stable
stem-loop structure in the region from nt 5444 to 5810 of the
MIA14 genome. This structure remained stable in folding pre-
dictions upon systematic shortening of either the 5�part (nt
4683 to 5443) or the 3�part (nt 5811 to 6291) or both. Com-
parison of the most stable predictions for the 366-nt region
from nt 5444 to 5810 showed a consistent structure with minor
differences in loop regions. Sequence analysis of this region

revealed several differences from the sequence published by
Mietz et al. (39), and the corrected sequence contained only
360 nt. These changes did not alter the folding potential of this
region, and its predicted structure is depicted in Fig. 4. Impor-
tantly, the region identified by folding prediction (the IAPE
[Fig. 3A]) completely overlapped with the experimentally de-
termined active region of the 1.6-kb element (Fig. 3A). To test
whether the IAPE promoted Rev-independent HIV-1 Gag
expression, pK-gpII derivatives containing this region in sense
or antisense orientation were constructed and transfected into
HeLa P4 cells. Subsequent immunoblot (Fig. 3B) and immu-
nofluorescence (data not shown) analyses indicated that the
IAPE promoted Gag expression almost as efficiently as the
entire 1.6-kb fragment (Fig. 3B, lanes 3 and 4), while the same
sequence in antisense orientation was completely inactive (data
not shown). This result indicates that the IAPE corresponds to
the main functional region of the MIA14 element

The CTE of D-type retroviruses have been shown to medi-
ate Rev-independent expression of HIV-1-derived RNAs by
enhancing their nucleocytoplasmic transport (4, 65). One may
predict, therefore, that other elements performing the same
function work in a similar way, although alternative pathways
must be considered. To analyze this for the IAPE, HeLa P4
cells were transiently transfected with pK-R-gpII in the pres-
ence or absence of Rev or with pK-gpII-IAPE. The cells were
harvested and normalized for GFP expression, and nuclear and
cytoplasmic RNA fractions were prepared and subjected to
Northern blot analysis. The specific RNA was detected with a
labeled antisense probe corresponding to the HIV-1 coding
region present in all constructs. This analysis revealed a strong
signal for the gag RNA in both the nuclear and cytoplasmic
fractions of cells transfected with pK-R-gpII in the presence of
Rev (Fig. 3C, lanes 2 and 5). A much weaker signal was ob-
served in the nuclear fraction in the absence of Rev (Fig. 3C,
lane 1), while virtually no specific RNA was detected in the
cytoplasm in this case (lane 4). In contrast, the nuclear fraction
of pK-gpII-IAPE-transfected cells revealed a gag-specific sig-
nal significantly stronger than that observed for pK-R-gpII plus
Rev (ca. two- to fourfold more specific RNA as determined by
phosphorimage analysis [Fig. 3C, lanes 2 and 3]), while com-
parable amounts of specific RNA were detected in the cyto-
plasmic fraction in both cases (Fig. 3C, lanes 5 and 6). The
additional bands with higher mobilities in the nuclear fractions
correspond to read-through products running into the down-
stream hygromycin expression unit, as determined by rehybrid-
izing the blot with a hygromycin-specific probe (data not shown).
Similar read-through products had been observed previously
(60), and they are therefore not specific for the elements tested
here. Taken together, these results indicate that the IAPE
causes a significant increase in gag-specific RNA both in the
nucleus and in the cytoplasm of transfected cells, but the rel-
ative enhancement is significantly stronger for the cytoplasmic
fraction. Interestingly, levels of HIV-1 Gag expression were
comparable for the 1.6-kb MIA14 sequence and for the IAPE
(Fig. 3B, lanes 3 and 4), while the longer fragment led to much
higher steady-state levels of nuclear gag RNA in transfected
cells (Fig. 2C and data not shown).

The IAPE shares functionally important sequence motifs
with the CTE. Since the newly recognized element promotes
Rev-independent expression of HIV-1 Gag, similar to the CTE
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FIG. 3. Mapping of the MIA14 expression element. (A) Schematic representation depicting the results of a functional analysis of various
subfragments derived from the MIA14 element. The relevant restriction sites used for cloning of the subfragments are indicated. All subfragments
were inserted into pK-gpII, and transiently transfected cells were analyzed for HIV-1 Gag expression. At least three independent experiments were
performed for each construct. The relative (rel.) fluorescence intensity of each fragment is scored on the right. Subregions mediating Rev-
independent Gag expression are shown as a solid line; those yielding negative results are depicted as a dashed line. Insertion of a subfragment in
reverse orientation is termed antisense (a.s.). The central darkly shaded region corresponds to the region defined by structure prediction analysis
(Fig. 4) and termed the IAPE. The lightly shaded region corresponds to a nonoverlapping sequence mediating weak Rev-independent Gag
expression. (B) Western blot analysis of HeLa cells transfected with pK-R-gpII, with (�) or without Rev (lanes 1 and 2), pK-gpII-M (lane 3), or
pK-gpII-IAPE (lane 4). HIV-1-specific products and marker protein were detected as described in the legend to Fig. 1. (C) Northern blot analysis
of nuclear (nuc.; lanes 1 to 3) and cytoplasmic (cyt.; lanes 4 to 6) RNA preparations from HeLa cells transfected with plasmids pK-R-gpII, without
and with (�) Rev (lanes 1 and 2 and 4 and 5), or pK-gpII-IAPE (lanes 3 and 6). The blot was hybridized with a radiolabeled probe directed against
the gag-PR region present in all constructs. The arrowheads point to specific gag RNAs. The difference in migration results from size differences
of the corresponding elements. The additional RNAs of lower mobility correspond to products derived from transcriptional readthrough into the
hygromycin resistance transcription unit located 3� of the polyadenylation signal. The same blot was subsequently stripped and reanalyzed with a
probe specific for the cellular housekeeping GAPDH gene (bottom).
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of D-type retroviruses, we searched for sequence homologies
between these elements. This was of particular importance,
since a CTE-like element had previously been identified in the
genome of the IAP osteocalcin-related gene (ORG) by se-
quence homology search (54). This analysis revealed no overall
homology between the 360-base sequence from MIA14 and
the CTE from D-type retroviruses. However, many RNA ele-
ments function through short single-stranded regions contain-
ing sequence-specific factor binding sites which are embedded
in a structured region with no need for sequence conservation.
We therefore analyzed the folding potential of the IAPE in
more detail, with particular attention to predicted single-
stranded regions. This analysis revealed several short regions
of complete sequence identity in the single-stranded loops of
the CTE and in the predicted single-stranded regions of the
IAPE (Fig. 4). These single-stranded regions have been termed

loops A1, B1, A2, and B2 (5�-3�) in the case of the CTE (Fig.
4, inset), and the IAPE contains all four motifs in or very close
to predicted single-stranded loops (Fig. 4). Furthermore, the
orders of these four putative loop regions, as well as the local-
ization of a predicted splice donor (Fig. 4), are also identical in
the IAPE and the CTE. These observations suggest that the
elements may share binding motifs for the same or related
cellular factors, while their overall sequences are highly diver-
gent.

In order to analyze whether the predicted loop motifs are
functionally relevant, we introduced mutations into the IAPE.
In construct DI, the sequence corresponding to loop B1 was
deleted (Fig. 5A, right), which should also affect the folding
potential of loop A2 (not shown). A predicted purine-rich
single-stranded region without homology to the CTE (Fig. 4)
was deleted in construct DII, while the predicted single-

FIG. 4. Sequence and predicted secondary structure of the IAPE. The sequence mediating Rev-independent HIV-1 Gag expression was
subjected to computer prediction of folding potential using the Mulfold program. This analysis yielded a stable secondary structure corresponding
to nt 5444 to 5810 of the MIA14 sequence (shown schematically at the upper right) originally published by Mietz et al. (39). Resequencing of this
region showed seven deletions, one insertion, and one nucleotide exchange compared to the original sequence. The corrected sequence was
subsequently subjected to folding analysis, yielding the depicted secondary-structure element of 360 nt (IAPE). The calculated free energy value
for the proposed RNA structure of the IAPE is �95.8 kcal. A predicted splice donor (SD) within the element is marked. In addition, the BamHI
and the SalI site within the element are shown (compare to Fig. 3A). Putative single-stranded regions that have sequence identity with the CTE
of D-type retroviruses are circled (compare to inset), as well as a purine-rich single-stranded region. The inset depicts a schematic representation
of the mapped secondary structure of the M-PMV CTE and the sequences of its single-stranded regions.
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stranded region corresponding to the A1 and B2 loops was
converted into a stable stem structure in construct MI by in-
troducing several point mutations (Fig. 5A, left). The variant
IAPEs were inserted into pK-gpII, and the resulting plasmids
were transiently transfected into HeLa P4 cells. Cell lysates
normalized for GFP were subjected to Western and Northern
blot analysis. Deletion of the purine-rich loop without homol-
ogy to the CTE had no effect on IAPE-dependent HIV-1 Gag
expression (Fig. 5B, lanes 2 and 4). In contrast, deletion of the
B1 sequence in construct DI dramatically reduced HIV-1 Gag
expression (Fig. 5B, lane 3), and conversion of the A1-B2 re-
gion into a predicted stable stem structure in construct MI led

to a severe reduction as well (Fig. 5B, lane 5). Quantitative
Western blot analysis of the respective cell lysates revealed ca.
20-fold-reduced Gag levels in the case of the DI construct and
ca. 6-fold-reduced Gag levels in the case of the MI construct
compared to the wild type (data not shown). Northern blot anal-
ysis of total RNA preparations from the same experiment showed
a strong signal for the gag-specific RNA in the case of pK-gpII-
IAPE (Fig. 5C, lane 2), while no specific RNA was detected in
cells transfected with the antisense control (Fig. 5C, lane 3).
Cells transfected with constructs DI (Fig. 5C, lane 4) and MI
(lane 5) also revealed significantly smaller amounts of gag-RNA,
but the observed differences (5-fold reduction for DI and 2.5-

FIG. 5. Mutational analysis of IAPE function. (A) Schematic representation of the mutations introduced into the IAPE. The diagram on the
left delineates the mutations introduced in order to generate mutant MI, which converts the predicted loops A1 and B2 into a (predicted) stable
stem structure. The diagram on the right shows the mutations introduced to delete loop B1, which generated mutant DI. Folding prediction of
mutant DI also displayed the disruption of loop A2 (data not shown). Compare to Fig. 4 for localization of the loops. wt, wild type. (B) HeLa cells
were transiently transfected with pK-gpII derivatives containing the wild-type IAPE (lane 2) or deletion or substitution variants thereof. Variant
DI (lane 3) is deleted in the B1 loop (compare Fig. 4), variant DII (lane 4) is deleted in the purine-rich loop (compare Fig. 4), and variant MI
(lane 5) contains substitutions predicted to transform loops A1 and B2 (compare Fig. 4) into a stable RNA helix. Cell lysates normalized for
transfection were analyzed by immunoblotting, as described in the legend to Fig. 1. (C) Northern blot analysis of RNA preparations derived from
the same experiment shown in panel A. Total RNA was isolated from HeLa cells transiently transfected as indicated above each lane (�Rev, with
Rev; a.s., antisense). HeLa cells transfected with pK-R-gpII and a Rev expression vector (lane 1) were analyzed as a control. The gag-specific RNA
is marked on the right. Hybridization and detection were performed as described in the legend to Fig. 3C. The same blot was subsequently stripped
and reanalyzed with a probe specific for GAPDH (bottom).
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fold reduction for MI compared to the wild type; normalized
for GAPDH [glyceraldehyde-3-phosphate dehydrogenase] lev-
els) were less than those observed at the protein level.

The IAPE functions independently of the export receptor
Crm-1. Nuclear RNA export by the Rev/RRE system uses the
cellular export receptor Crm-1, which binds to the NES of Rev
(13, 14, 37). CTE-dependent nuclear export, on the other
hand, occurs independently of Crm-1. To test whether the
IAPE uses the Crm-1 pathway, we performed competition
experiments using an artificial fusion protein as a Crm-1 com-
petitor. To this end, HIV-1 Gag expression vectors containing
the RRE (with or without Rev), the M-PMV CTE, or the
IAPE were cotransfected with an expression plasmid encoding
a fusion protein carrying the NLS of SV40 and the NES of the
human T-cell leukemia virus Rex protein (Fig. 6A) (30, 49).

The resulting NLS-NES protein is expected to continuously
shuttle between nucleus and cytoplasm and thereby titrate
factors of the Crm-1-dependent export pathway (49, 56). A
vector encoding the same fusion protein with an inactivating
mutation in the NES sequence (M90) was used as a control. As
expected, cotransfection of the NLS-NES competitor com-
pletely abrogated Rev-dependent Gag expression (Fig. 6B,
lane 3), and this effect was dependent on a functional NES
(lane 4). In contrast, CTE-mediated HIV-1 Gag expression
was not affected by the NLS-NES competitor (Fig. 6B, lanes 5
to 7), confirming that the CTE functions independently of
Crm-1. Similarly, HIV-1 Gag expression promoted by the
IAPE was not inhibited by the NLS-NES competitor (Fig. 6B,
lanes 8 to 10). Thus, the IAPE functions independently of
Crm-1, similar to the CTE. This result was confirmed in an

FIG. 6. Analysis of Crm-1 dependence of Gag expression. (A) Schematic representation of a competitor protein for NES-dependent nuclear
export (30, 49). The competitor corresponds to a fusion protein containing the NLS of the SV40 large T antigen and the NES of the human T-cell
leukemia virus Rex protein lacking the RNA binding domain. This molecule is expected to continuously shuttle between the nucleus and cytoplasm
and titrates limiting factors of the NES export pathway. A variant containing an inactivating mutation in the NES domain of the fusion protein
(M90) was used as a control. (B) HeLa cells were transiently transfected with plasmid 3-RRE in the absence (�; lane 1) or in the presence (�;
lanes 2 to 4) of Rev, with plasmid 3-CTE (lanes 5 to 7), or with plasmid 3-IAPE (lanes 8 to 10). Transfections were performed with or without
cotransfected expression plasmids for the NLS-NES competitor (NES) or the M90 variant thereof, as indicated above each lane. Gag expression
was determined by immunoblot analysis as described in the legend to Fig. 1. (C) Analysis of Crm-1 dependence of Gag expression using leptomycin
B. Cos-7 cells were transiently transfected with plasmid 3-RRE in the absence (lanes 2 and 5) or in the presence (lanes 3 and 6) of Rev or with
plasmid 3-IAPE (lanes 1 and 4). Transfection solution was left on the cells for 3 h and then replaced with fresh medium (lanes 1 to 3) or with
medium containing 100 nM leptomycin B (lanes 4 to 6). The cells were harvested 16 h after addition of the drug and subsequently analyzed for
HIV-1 Gag expression as described in the legend to Fig. 1.
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independent experiment using a truncated variant of the
nucleoporin CAN (also called Nup 214), which also blocks
Crm-1-dependent RNA export (1, 48). Cotransfection of the
corresponding expression plasmid also abrogated Rev-depen-
dent Gag expression but had no effect on CTE- or IAPE-
dependent Gag expression (data not shown). In addition to
genetic competition experiments, we also analyzed inhibition
of Crm-1-dependent nuclear export by leptomycin B, a drug
that specifically binds and inactivates Crm-1 (13). Similar to
the results of genetic competition, Rev-dependent HIV-1 Gag
expression was abolished in the presence of leptomycin B (Fig.
6C, lanes 3 and 6) while IAPE-dependent Gag expression
remained completely unaffected (Fig. 6C, lanes 1 and 4).

A functionally similar element is present in the same region
of the primate foamy virus genome. A database search for
homologous sequences in other retroviral pol genes was not
informative, because the pol genes are generally rather con-
served due to selection pressure on the coding sequence. Con-
sidering that RNA elements may correspond to stable stem-

loop structures, we performed a computer-based analysis of
the folding potential of different retroviral pol sequences using
the Mulfold program as described above. A stable RNA struc-
ture in the 3� region of the pol gene was predicted for the
genome of the primate foamy virus (data not shown). The
sequence corresponding to the predicted structured region was
PCR amplified and cloned into pK-gpII in sense or antisense
orientation (Fig. 7A). The corresponding plasmids were tran-
siently transfected into HeLa P4 cells, and HIV-1 Gag expres-
sion was determined by Western blot analysis of cell lysates
normalized for GFP. Efficient expression of the Pr55gag

polyprotein, the cleaved CA, and the two intermediate prod-
ucts was observed when the IAPE (Fig. 7B, lane 4) or the
corresponding region from the foamy virus genome (lane 2)
was present in sense, but not in antisense, orientation (Fig. 7B,
lanes 3 and 5).

Northern blot analysis of total RNA preparations from the
same transfection experiment revealed that protein expression
levels directly correlated with steady-state RNA accumulation.

FIG. 7. An expression element is present in the 3� part of the pol open reading frame of primate foamy virus. (A) Schematic representation
of the genome of foamy virus (top) showing the relative position of the region amplified by PCR (hatched box) and cloned in sense and antisense
orientations into pK-gpII (bottom). LTR, long terminal repeat. (B) HeLa cells were mock transfected (lane 1) or transiently transfected with
pK-gpII derivatives containing sequences derived from foamy virus (Fo; lanes 2 and 3) or the IAPE (lanes 4 and 5) either in sense (even lanes)
or in antisense (as.) (odd lanes) orientation. HIV-1 Gag expression was determined by immunoblotting, as described in the legend to Fig. 1. (C)
Northern blot analysis of RNA preparations derived from the same experiment shown in panel B. The numbering of lanes is identical to that in
panel B. Total RNA was prepared from transfected cells, and gag-specific RNAs were detected using a radiolabeled probe hybridizing to the
gag-PR region present in all constructs (depicted in panel A). The same blot was subsequently stripped and reanalyzed with a probe specific for
GAPDH (bottom).
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Strong specific RNA signals were observed for the IAPE and
the foamy virus sequence in sense orientation (Fig. 7C, lanes 2
and 4), while all sequences in antisense orientation gave low or
undetectable RNA signals (Fig. 7C, lanes 3 and 5). Thus, the 3�
pol region from primate foamy virus apparently contains an
orientation-specific RNA element with the capacity to over-
come the nuclear restriction of HIV-1-derived RNAs.

DISCUSSION

In this report, we describe the identification and character-
ization of a new posttranscriptional expression element
(IAPE) in the 3� part of the pol open reading frame of the IAP
MIA14 which is required for expression of the virus’ own
structural proteins. In addition, this element can functionally
substitute for the Rev/RRE system of HIV and permits Rev-
independent expression of HIV-1 structural proteins. The
IAPE functions independently of the Rev export factor Crm-1
but appears to share binding sites with the CTE of D-type
viruses, suggesting a partial overlap in function. Accordingly,
the IAPE can be functionally replaced by the CTE in the
expression of the virus’ own structural proteins. However, the
IAPE appears to exert additional effects on RNA stability in
addition to a presumed role in nuclear RNA export, making it
more akin to the PRE of pararetroviruses.

To date, three different mechanisms facilitating RNA export
and expression have been characterized for different retro- and
pararetroviruses: (i) the Rev/RRE system of primate lentivi-
ruses and the homologous system of the HERV-K family of
human endogenous retroviruses; (ii) the CTE of D-type vi-
ruses, binding to the cellular export factor Tap, and the func-
tionally homologous DR element from RSV; and (iii) the PRE
of HBV and woodchuck HBV, which appear to make use of a
different but presently insufficiently characterized cellular
pathway. It appears likely that each of these systems is adapted
to the particular requirements of the respective virus or virus
group, and related posttranscriptional elements are observed
in other viruses, as in the thymidine kinase gene of herpes
simplex virus (33), and possibly also in cellular gene expression
(21). Consistent with their functional differences, insertion of
the various elements into heterologous expression vectors
leads to different effects on production of the respective pro-
teins, and the relative enhancement of expression mediated by
each element may depend on the specific gene of interest as
well as the vector context (22, 51).

Our results clearly show that the newly identified IAPE does
not belong to the Rev/RRE family of export systems. There is
no evidence for a trans-acting export factor encoded by the
MIA14 genome, and the IAPE functions in a heterologous
context independent of IAP gene expression. Furthermore,
IAPE function cannot be blocked by titrate factors of the
Crm-1 export pathway or by biochemical inactivation of Crm-1
with the drug leptomycin B, which both completely and spe-
cifically abolished Rev-dependent protein production. There is
also no obvious overall homology between the IAPE and the
CTE of D-type viruses or of RSV. This element could not be
predicted by homology searches based on the CTE sequence,
which had been possible for the CTE-like element identified in
a different IAP genome (IAP ORG) (54). Furthermore, the
predicted structure of the IAPE is quite different from the

determined structure of the CTE (Fig. 4), although both re-
gions, as well as the RRE and the PRE, correspond to areas
with secondary structure significantly more stable than that of
the remainder of the genome (7, 11, 36, 45). However, the
observation that there is almost complete sequence identity
between predicted single-stranded regions of the IAPE and the
four single-stranded loops of the M-PMV CTE, as well as the
fact that the CTE could efficiently replace the IAPE in expres-
sion of the IAP structural proteins (Fig. 2B), suggests that both
elements are likely to share binding sites for common cellular
factors, which may include the Tap protein. The loop se-
quences have been shown to be essential for CTE function in
nuclear export (15, 44, 50), and accordingly, deletion of one of
these sequences in the IAPE abolished its function as well.

In addition to these analogies, there are also significant
differences between the IAPE and the CTE. Most importantly,
the presence of the IAPE leads to significantly increased total
and nuclear RNA levels as well as increasing cytoplasmic
RNA. Considering that enhanced transcription has not been
sufficient to overcome Rev dependence in previous experi-
ments (23), it appears unlikely that this increase in total RNA
is the sole cause of Rev-independent HIV-1 Gag expression,
and an export function is needed in addition to overcome
nuclear restriction of gag RNA. Importantly, however, no ef-
fect on total or nuclear RNA levels was observed for the CTE,
and even multimeric versions of the CTE, which provided
multiple factor binding sites and significantly enhanced gene
expression, did not cause any increase in total RNA (60). An
additional difference between the CTE and the IAPE concerns
the observation that the IAPE is fully functional in a vector
harboring an intron in the 3� untranslated region (pK-gpII-
IAPE), while the presence of a CTE in an identical context did
not yield Rev-independent HIV-1 Gag expression (60). The
presence of an intron in the 3� untranslated region of an
mRNA has been shown to direct this RNA into the pathway of
nonsense-mediated decay, and virtually all cellular RNAs
therefore lack introns in this position (18, 40). It appears likely,
therefore, that the IAPE can overcome the restriction of non-
sense-mediated decay, a function which is not shared by the
CTE.

An increase in steady-state levels of RNA, as observed for
the IAPE, has previously been shown for other posttranscrip-
tional control elements. The PRE of the pararetroviruses HBV
and woodchuck HBV direct efficient cytoplasmic accumulation
of intron-containing transcripts (7, 20) by using a pathway that
differs, at least in part, from those of Rev/RRE and CTE (64).
In addition, the presence of the PRE significantly increases the
half-life of the viral RNA, and this effect is also observed for
heterologous (spliced and unspliced) RNAs harboring this el-
ement (22, 51, 66). Thus, the PRE appears to function by a
dual effect on RNA stability and on RNA nuclear export, and
this may be similar to the observed effects of the IAPE. A dual
effect on RNA export and stability has also been reported for
the RSV DR element (41, 42), which functions as a CTE (43)
but in addition appears to increase the stability of the un-
spliced viral transcript (16, 42).

Intriguingly, the IAPE function of mediating Rev-indepen-
dent HIV-1 Gag expression is conserved in the same position
of the genome of a primate foamy virus and may also be shared
by a murine leukemia virus (unpublished observation). Inser-
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tion of a predicted structured region from the 3� end of the pol
gene of foamy virus also provided orientation-dependent en-
hancement of Gag expression and increase of gag RNA levels.
The functional significance of this finding and the importance
of this region for replication of the respective virus are sup-
ported by previously published experiments. Retroviral vectors
based on foamy viruses have been constructed by several
groups, and transduction by these vectors is absolutely depen-
dent on sequences corresponding to the 3� part of the pol gene
(17, 61), overlapping the region used in our study. In fact, this
is the only cis-acting RNA sequence required for transduction
besides the viral long terminal repeats and a short stretch in
the 5� gag region (17). Furthermore, insertion of the foamy
virus-derived RNA element into murine leukemia virus-based
retroviral vectors led to significantly enhanced expression of
the transduced genes (61). This effect was also observed for
marker genes (e.g., the GFP gene), which were unaffected by
the presence of a CTE but could be enhanced by the PRE of
pararetroviruses. It can be speculated, therefore, that this func-
tional element may be evolutionarily linked to the PRE of
pararetroviruses. Foamy viruses are classified as retroviruses
because their genomes are integrated into a host cell chromo-
some, but foamy virus replication shares many features with
pararetrovirus replication, and foamy viruses have been con-
sidered an evolutionary link between retro- and pararetrovi-
ruses (32). Intriguingly, the PRE, as well as the IAPE and the
Fo element, are all localized in the same region of the respec-
tive genomes, overlapping the 3� part of the pol reading frame.
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