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Abstract
After reverse transcription of the retroviral RNA genome and integration of the DNA provirus into
the host genome, host machinery is used for viral gene expression along with viral proteins and
RNA regulatory elements. Here, we discuss co-transcriptional and posttranscriptional regulation
of retroviral gene expression, comparing simple and complex retroviruses. Cellular RNA
polymerase II synthesizes full-length viral primary RNA transcripts that are capped and
polyadenylated. All retroviruses generate a singly spliced env mRNA from this primary transcript,
which encodes the viral glycoproteins. In addition, complex viral RNAs are alternatively spliced
to generate accessory proteins, such as Rev, which is involved in posttranscriptional regulation of
HIV-1 RNA. Importantly, the splicing of all retroviruses is incomplete; they must maintain and
export a fraction of their primary RNA transcripts. This unspliced RNA functions both as the
major mRNA for Gag and Pol proteins and as the packaged genomic RNA. Different retroviruses
export their unspliced viral RNA from the nucleus to the cytoplasm by either Tap-dependent or
Rev/CRM1-dependent routes. Translation of the unspliced mRNA involves frame-shifting or
termination codon suppression so that the Gag proteins, which make up the capsid, are expressed
more abundantly than the Pol proteins, which are the viral enzymes. After the viral polyproteins
assemble into viral particles and bud from the cell membrane, a viral encoded protease cleaves
them. Some retroviruses have evolved mechanisms to protect their unspliced RNA from decay by
nonsense-mediated RNA decay and to prevent genome editing by the cellular APOBEC
deaminases.

INTRODUCTION
Retroviruses were discovered in the beginning of the 20th century and have been used as
model systems in the study of a large number of RNA-related cellular functions, including
transcription, splicing, nuclear export, and translation. Pioneering work on retroviruses led
to the discovery of oncogenes and oncogenic microRNAs and to the establishment of cancer
genetics. Retroviral reverse transcriptase has enhanced molecular biology research.
Retroviruses are used today as gene therapy vectors. In addition, endogenous retroviruses
make up 8% of the human genome but their functions are largely unknown.

Retroviruses are positive strand RNA viruses that reverse transcribe their virion RNA
genomes to double-stranded DNA in the cytoplasm of an infected cell. Integration of this
DNA copy into the host genome is necessary for efficient viral gene expression. After
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integration the viral DNA is called the provirus. Reverse transcription and integration,
carried out largely by viral encoded and packaged enzymes, allow the virus to use host
transcriptional and posttranscriptional machinery for viral gene expression-but with some
unconventional twists. The integrated provirus also ensures stable maintenance of the viral
genome as part of the host genome as long as the infected cell is alive. Thus, the host DNA
polymerase replicates the proviral sequences as part of the host chromosomes. In addition,
cellular RNA polymerase II (Pol II) transcribes a full-length primary viral RNA transcript,
i.e., capped, polyadenylated, and spliced by cellular factors.

Retroviruses can be classified as either simple or complex viruses; however, both types have
genomes ranging from about 7 to 9 kb. The major difference between them is that the
complex viruses, such as human immunodeficiency virus-1 (HIV-1) and human T-
lymphotropic virus-1 (HTLV-1), encode accessory proteins. These are generated from the
primary viral transcripts by alternative splicing, generating additional proteins from
alternative reading frames without expanding the genome size. These accessory proteins
help influence the virus’s infectivity, virulence, and aspects of the viral life cycle, including
transcription, RNA export from the nucleus, and protection against host cell antiviral
mechanisms. In contrast, the simple retroviruses, such as Rous sarcoma virus (RSV) and
murine leukemia virus (MLV), rely on cis-acting viral RNA sequences that interact with
host proteins for posttranscriptional regulation of gene expression.

Unlike cellular mRNAs, which are usually spliced to completion before export from the
nucleus, a large fraction of both simple and complex retroviral transcripts must remain
unspliced but still be exported to the cytoplasm. This unspliced RNA serves as both the
genomic RNA, i.e., packaged into progeny viral particles and also as the predominant viral
mRNA that encodes the gag (structural proteins) and pol (enzymes) gene products. This
unusual use of unspliced RNA as mRNA requires some unconventional uses of cellular
machinery.

First, splicing is incomplete. All retroviruses must divide their primary transcripts into a
pool of completely unspliced RNA and a pool of singly spliced env (glycoprotein) mRNA.
In addition, another fraction of the complex viral primary transcripts are alternatively spliced
to generate many additional mRNAs. Thus, the viral primary RNA transcripts have three
roles: genomic RNA, mRNA, and pre-mRNA. Second, the unspliced viral RNA must be
exported from the nucleus to the cytoplasm, bypassing cellular mechanisms that prevent
export of intron-containing RNAs. Different retroviruses have evolved different mechanisms
to carry out this process. Some rely on cis-acting viral RNA elements that interact with host
proteins, while others encode viral accessory proteins that interact with viral RNA and
cellular proteins. Third, the unspliced RNA must be translated, which involves either frame-
shifting or nonsense codon suppression to generate both gag and pol protein products, in
different amounts, from one mRNA. Finally, the RSV unspliced mRNA is subject to
surveillance by the nonsense-mediated mRNA decay (NMD) pathway. In contrast, NMD of
cellular mRNAs is usually thought to require splicing, with the concomitant generation of
exon-junction complexes, in higher vertebrates. The unspliced viral mRNA has an unusual
structure with a long 3′ untranslated region (UTR), which often destabilizes cellular
mRNAs, yet the viral RNAs are quite stable. Although, retroviral gene expression is
somewhat unconventional, it is very efficient; as much as 5–10% of all cellular
polyadenylated RNA is viral RNA in some infected cells.

RETROVIRAL GENOMES
The genomes of simple retroviruses like MLV and Mason-Pfizer monkey virus (MPMV)
encode only structural and enzymatic viral proteins. These genomes are organized as: 5′–
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gag-pol-env–3′, where gag generates the structural proteins (matrix, capsid, and
nucleocapsid), pol encodes the viral enzymes (protease, reverse transcriptase, and integrase),
and env synthesizes the viral envelope glycoproteins that are embedded in the membrane. In
contrast, the avian viruses, such as avian leukosis virus (ALV) and RSV, synthesize protease
as part of the Gag polyprotein. In addition, short cis-acting RNA regulatory sequences either
flank the coding regions (e.g., PCE, CTE, DR) or are embedded within open reading frames
(NRS and RSE). In addition, the simple avian virus, RSV, has a transduced cellular
oncogene, src, i.e., located downstream of env in the genome; this virus is unusual in having
an oncogene but still being competent for replication (Figure 1).1

There are also many replication-defective oncogenic retroviruses, isolated mainly from
chickens, mice, and cats, which have acquired an oncogene from their host (e.g., myc, ras,
myb, fes, fos, jun, ski, ets, erbB). These viruses have lost some of the genes necessary for
replication (part of gag is usually retained), but they have maintained their cis-acting RNA
packaging sequence called psi, located near the 5′ end of the primary RNA transcript.2

These viruses are transmitted with the help of a nondefective ‘helper virus’, such as ALV,
MLV, or feline leukemia virus (FeLV) that supplies viral proteins in trans. The concept of
an RNA packaging sequence, together with helper proteins supplied in trans, provided the
basis for use of retroviruses as gene therapy vectors.

In addition to the gag, pol, and env genes shared with simple retroviruses, complex
retroviruses encode numerous accessory proteins in alternative reading frames (Figure 2)
(Table 1). These accessory proteins include Tat and Tax, important for transcriptional
regulation, and Rev and Rex, which promote export and translation of the incompletely
spliced viral RNAs. In addition, the HIV-1 accessory protein Vif prevents editing of the
HIV-1 genome by APOBEC3G, by targeting it for ubiquitination and degradation. The
complex retroviruses also have cis-acting RNA regulatory sequences; most notable are the
trans-activating region (TAR) at the start of transcription that binds the viral Tat protein, and
the Rev Response Element (RRE) within the env gene that binds Rev (Figure 2).

THE RETROVIRAL LIFE CYCLE
Retroviruses are enveloped viruses with a protein capsid core and an internal nucleocapsid
that surrounds the viral genome: two identical molecules of (+)-stranded RNA. Interactions
between cell surface receptors and the viral envelope proteins mediate viral entry into the
host cell. Upon binding, the viral and cell membranes fuse, releasing the viral capsid into the
cytoplasm.1

Once the capsid enters the cytoplasm, the genomic RNA is reverse transcribed by the
packaged viral reverse transcriptase. A specific packaged cellular tRNA (varies with type of
retrovirus) binds the viral genomic RNA and serves as the primer for synthesis of the first
DNA strand. RNase H activity of the reverse transcriptase degrades the RNA template after
transcription but leaves behind a fragment of RNA that serves as the primer for the second
DNA strand. Because the two primers are inset from each end, the full-length double-
stranded DNA provirus is a few hundred nucleotides longer than the RNA template and
contains a long terminal repeat (LTR) at each end. The LTRs have cis-acting enhancer and
promoter sequences that drive viral transcription, as well as sequences required for 3′ end
processing and polyadenylation.1 Since retroviruses generate their own sequences for
transcription initiation and termination, flanking the RNA genome, they are not restricted in
finding productive integration sites.

Upon completion of reverse transcription, the retroviral DNA complex, coupled with capsid
proteins and the viral integrase forms the pre-integration complex (PIC). The PIC travels to
the nucleus, where the packaged viral integrase protein facilitates insertion of the viral
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genetic material into the host DNA.1 While integration is fairly random, different viruses
prefer to integrate into different types of DNA sequences.3,4 For example, HIV-1 tends to
integrate into active transcription units,5 while MLV preferentially targets transcription start
sites and CpG islands.6 Avian retroviruses, in contrast, show no strong preference for
integration sites.3,4 After integration, the provirus is dependent upon cellular processes for
gene expression.

VIRAL RNA SYNTHESIS
After integration the provirus is transcribed by Pol II, driven by viral promoters and
enhancers in the LTR upstream of the transcription start site. The simple retroviruses, such
as RSV, have strong enhancers. In contrast, HIV-1 transcription is relatively weak unless
aided by a viral accessory protein that enhances its transcription. One of the first HIV-1
genes expressed after integration is the trans-activator of transcription (Tat) protein, which is
localized to the nucleus where it can bind a U-rich bulge in the HIV nascent TAR RNA
(Figure 2).7 The TAR sequence forms a stable stem-loop structure at the 5′ end of HIV
RNA. Upon binding to TAR, Tat associates with and activates the cellular cofactor P-TEFb.
The Tat/P-TEFb complex dissociates negative elongation factors from TAR and
phosphorylates the CTD of Pol II, which promotes elongation.8

Since retroviruses have identical 5′ and 3′ LTRs, bearing transcriptional regulatory
sequences, it seemed possible that transcription would also be initiated at the 3′ LTR. This
would generate transcripts containing cellular sequences located downstream of the viral
insertion site. However, promoter occlusion appears to prevent this. Transcription
complexes initiated at the 5′ LTR exert transcriptional interference on the 3′ LTR, disrupting
the ability of transcription complexes to form there. In some tumors transcription initiates
from the ALV 3′ LTR and reads into downstream oncogenes, due to mutations near the 5′
LTR.10,11 It is possible that some endogenous retroviruses may also initiate transcription
from the 3′ LTR or read through the 3′ poly (A) site into downstream cellular sequences.

5′ CAPS AND INTERNAL METHYLATION
Like all Poll II transcripts, the nascent viral RNA is modified with a 5′ 7-methylguanosine
(m7G) ‘cap’ shortly after the start of transcription. This unusual 5′-5′ linkage confers
protection from 5′→3′ exonucle-ase degradation and enhances translation.12,13 Recent
studies show that a subset of HIV-1 Rev-dependent RNAs (unspliced and singly spliced)
have a trimethyl-guanosine (TMG) cap, as do snRNAs, snoRNAs, and telomerase RNAs.14

It appears that the Rev protein binds to the RRE on HIV-1 RNA in the nucleus and recruits
the cellular methyltransferase, PIMT (peroxisome proliferator-activated receptorinteraction
protein with methyltransferase), which hypermethylates these caps. The TMG cap promotes
expression and export of HIV RNAs.14 Since all of the RNAs with TMG caps are
transported from the nucleus to the cytoplasm by CRM1,15 TMG caps could be a marker for
the CRM1 pathway.

Many mRNAs are also internally methylated at m6A residues to varying extents. Early work
on RSV RNAs showed the genomic RNA contained 12 sites of m6A methylation at a
consensus sequence (PuGACU)16 similar to that seen recently in global studies of m6A in
cellular mRNAs.17 Mutation of the consensus sequence in RSV blocked this methylation but
did not detectably affect viral replication.18

RETROVIRAL mRNA SPLICING
Duringx2 transcription, a fraction of the viral RNA is subjected to splicing. In general,
retroviruses have strong 5′ splice sites and weak 3′ splice sites.19,20 Retroviral splicing is
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driven by the same factors as the splicing of cellular mRNAs, including the splicing snRNPs
U1, U2, U4/U6, and U5, other splicing enhancers and suppressors, like SR proteins (ASF/
SF2, U2AF, SRp40, and SC35), and several hnRNPs. Given the conserved splice site
sequences within the viral RNA, combined with a relatively small transcript, retroviruses are
an attractive model for studying RNA splicing.

All retroviruses have at least one spliced mRNA, encoding the env product, but are
incompletely spliced so that the unspliced primary transcript is retained (Figures 1 and 2).
Simple retroviruses employ suboptimal 3′ splice sites as well as splicing enhancers and
suppressors21,22 to regulate their splicing. For example, in RSV, the env 3′ splice has a weak
branch point.23 Improving the branch point sequence results in over-splicing with a
concomitant block in viral replication,21 emphasizing the importance of incomplete splicing
for viral replication.

Two other cis-acting sequences that affect splicing of RSV RNA have been characterized.
The suppressor of src splicing (SSS) is located between env and src and decreases the
amount of spliced src mRNA.24 The SSS effect can be abrogated by addition of competitor
RNA, and SSS sequences are unable to inhibit splicing in mammalian cells.24 Thus, its
activity is not mediated via internal base-pairing between the element and a 3′ splice site,
and it is presumed instead to interact with an unknown splicing factor specific to avian cells.
A second element called the negative regulator of splicing (NRS) is located in the RSV gag
gene.25

RSV Negative Regulator of Splicing
RSV RNA recruits components of the major (U1/U2 snRNPs) and minor (U11/U12
snRNPs) spliceosomes to a 5′ splice site-like sequence within gag termed the NRS (Figure
1).25,26 A splicing construct containing the NRS and a downstream 3′ splice site forms an
aberrant splicesomal complex in vitro but does not splice.25,26 This complex contains all
five of the major splicing snRNPs, as well as U11 and U12 snRNPs, but the complex is
relatively unstable and can be disrupted by the addition of heparin.26 Furthermore, the U5
snRNP scaffold protein Prp8 cannot be cross-linked to the 5′ splice site, suggesting an
aberrant arrangement of snRNPs.26 The NRS is thought to sequester the 3′ splice site away
from the authentic 5′ splice site. Mutation of the NRS diminishes viral replication in vivo
about twofold and results in a fivefold increase in spliced src mRNA but does not alter env
mRNA levels.27

Surprisingly, NRS mutations also increase read through of the 3′ viral poly(A) site from 15
to 25%.27 Large deletion mutations that remove the NRS cause a similar effect.28 In vivo,
the NRS likely acts to inhibit read through and splicing to downstream genes, which can
result in their activation. Consistent with this, ALV with a single point mutation in the U1
binding site of the NRS causes lymphomas in chickens much more rapidly than wild type
virus, due to activation of downstream oncogenes.29 In addition, read through of the poly(A)
site is thought to be responsible for the generation of transducing viruses like RSV. In vitro
studies of the mechanism of NRS inhibition of polyadenylation have suggested the
importance of SR proteins binding upstream of the pseudo 5′ splice site.30 In addition, the
complex formed between the NRS and viral 3′ splice sites promotes polyadenylation.31

HIV-1 RNA Splicing
While the pre-mRNAs of both simple and complex retroviruses are roughly the same size
(RSV is 9312 nt while HIV-1 is 9171 nt), extensive alternative splicing of HIV-1 pre-mRNA
generates seven additional regulatory proteins (Table 1). HIV-1 has at least four 5′ splice
sites and eight 3′ splice sites and generates at least 42 distinct spliced mRNAs.32 Although
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seven different mRNAs would be sufficient to encode all of the HIV-1 proteins, there are
many splice variants. These HIV-1 mRNAs vary greatly in abundance and appear to be
controlled by cis-acting splicing elements. The major HIV-1 5′ splice site, located 288
nucleotides downstream of the transcription start site, is used to generate all spliced mRNAs,
while the other three 5′ splice sites are used to make accessory proteins from multiply
spliced mRNAs.32

HIV-1 splicing is very complex and is regulated by many exonic and intronic splicing
enhancers, which typically bind SR proteins, and intronic and exonic splicing silencers,
which usually bind hnRNPs. For example, the dominance of the major 5′ splice site has been
linked to nearby hnRNP H binding in vitro,33 as well as enhancer elements within the leader
sequence and a proximal intronic splicing enhancer.34 Furthermore, a 20-nucleotide exonic
splicing silencer resides within the first coding exon of tat. This region suppresses the use of
the upstream 3′ splice site, resulting in increased usage of the downstream sites that generate
rev and env mRNAs.35 A more extensive review of HIV-1 gene expression has been
published recently.36

HIV-1 undergoes temporal regulation of splicing, which results in the generation of three
classes of viral mRNAs (Figure 1).1 The first class, informally known as the 2 kb class, is
the dominant species expressed early in the viral life cycle. This doubly spliced class of
mRNAs encodes only accessory proteins that drive viral replication and infectivity. These
transcripts include tat (promotes viral transcription), rev (binds a cis-acting element within
the viral RNA to promote the nuclear export of incompletely spliced mRNAs), and nef
(negative regulatory factor that promotes CD4 and CD28 downregulation as well as the
survival of infected cells).1

The second class, known as the 4 kb class, comprises four singly spliced mRNAs expressed
predominantly during the middle stages of HIV infection. env encodes the viral envelope
proteins on the exterior of mature viral particles.1 vif (viral infectivity factor) mRNA
encodes an accessory protein that inhibits the host viral restriction factor APOBEC3G,
which deaminates the viral genome during reverse transcription.37 vpr (viral protein R)
mRNAs encode an accessory protein that promotes viral replication in nondividing cells,
guides the PIC to the nucleus, and regulates cellular apoptotic function. Lastly, vpu (viral
protein unique) targets CD4-tetherin complexes for degradation, which in turn promotes the
release of progeny virions from an infected cell.

The third class, known as the 9 kb class, is the dominant mRNA species expressed during
late-stage infection. This class contains only one mRNA: the full-length, unspliced viral
RNA. It encodes both the viral structural proteins (Gag) and the viral enzymes (Pol). This
RNA species also serves as the genomic RNA, i.e., packaged as a dimer into progeny
virions.

Recently, single molecule amplification and long-read sequencing was used to analyze HIV
splicing. In this study, 109 different spliced RNAs were identified, with 13 novel splice sites
(2 5′ splice sites and 11 3′ splice sites) and a new 1 kb class of viral RNAs. Temporal
changes in these transcripts could not be explained by accumulation of a viral export factor
(Rev), but may be due either to differences in transcript stability or splicing. This study
suggests that splice sites may be evolving in the HIV quasi-species, potentially in response
to selective pressure.38

VIRAL RNA POLYADENYLATION
Termination of retroviral transcripts occurs by polyadenylation like most cellular mRNAs.
The poly(A) signal AAUAAA is present in all retroviral LTRs except for the mouse
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mammary tumor virus (MMTV), which uses a near-consensus AGUAAA. These sequences
are recognized by CPSF, the cleavage, and polyadenylation specificity factor, which recruits
the cleavage stimulation factor (CStF) and cleavage factors I and II (CFI, CF II). These
factors then recruit the polyadenylation polymerase (PAP). The RNA is cleaved between the
poly(A) signal sequence and a GU-rich motif, and PAP begins polymerizing adenosine
residues at the 3′ end of the RNA. After 12–15 residues have been added, poly(A) binding
protein N1 (PABPN1) binds the tail, further synergizing adenosine polymerization, resulting
in the addition of 200–250 nucleotides.13

Some retroviruses have the poly(A) signal in the R (repeat) region of the LTR and thus have
potential poly(A) sites at both ends of the viral transcript. These viruses employ various
mechanisms to prevent polyadenylation at the 5′ end of the transcript. For example, RSV
RNA is only polyadenylated at the 3′ end because of necessary poly(A) sequence elements
found only in U3, upstream of the poly(A) site at the 3′ end of the RNA transcript. Similarly,
the HIV-1 3′ poly(A) site is occluded by a hairpin structure that is thought to be opened by
factors that bind upstream of the site.39 Interestingly, binding of U1 snRNP to the first 5′
splice site in HIV-1 RNA inhibits polyadenylation at the 5′ end of the transcript.40 In
addition, many cryptic poly(A) sites in cellular mRNAs are thought to be inhibited by U1
snRNP binding.41

EXPORT OF UNSPLICED RETROVIRAL mRNA FROM THE NUCLEUS
A major problem that all retroviruses must overcome involves export of their unspliced
RNA from the nucleus to the cytoplasm. In addition, the complex retroviruses must also
export their incompletely spliced 4 kb mRNAs from the nucleus. In contrast, intron-
containing cellular RNAs are not usually exported from the nucleus.42 Nuclear retention of
incompletely spliced mRNAs is caused, in part, by cellular factors that bind unused 3′ and 5′
splice sites.43 This general rule ensures that mRNAs are export- and translation-competent
before being shuttled through the nuclear pore complex. Retroviruses, however, require
export of a full-length, unspliced RNA for use as the Gag and Pol mRNA as well as for the
genomic RNA packaged into new virions. Thus, these viruses have developed ways to evade
the restriction on export of unspliced RNA.

After splicing and polyadenylation, fully processed cellular mRNAs are exported to the
cytoplasm by recruitment of REF/Aly, which then directly interacts with the nuclear export
factor Tap/NXF1.44,45 With the aid of hypophosphorylated SR proteins (SRp20, 9G8 and
ASF/SF2), Tap/NXF1 and its cofactor p15/NXT1 facilitate the export of the fully spliced
RNA to the cytoplasm.46,47 The DEAD box helicase Dbp5 shuttles between the nucleus and
cytoplasm, but it is located at higher concentration around the nuclear rim.48 Dbp5 interacts
with CAN/Nup159 and other nuclear shuttling factors at the nuclear fibrils and can strip
proteins off the emerging mRNP complex, including Tap/NXF1.48,49

Complex retroviruses encode an accessory protein (Rev for HIV and Rex for HTLV) to aid
in the nuclear export of unspliced (9 kb) and incompletely spliced (4 kb) RNA.1 These Rev/
Rex proteins are generated from doubly spliced (2 kb) mRNAs and are imported to the
nucleus of infected cells (Figure 2). Upon relocation, these proteins bind to specific RNA
elements [RRE or Rex-responsive element (RexRE)] on singly spliced and unspliced RNA
to facilitate export. For example, the HIV-1 RRE is a 351 nt RNA element with an elongated
stem-loop structure. Rev binding causes a conformational change in the RRE that allows
binding of additional Rev proteins to generate oligomers. To facilitate export, Rev or Rex
then bind to CRM1 (exportin 1), a cellular export receptor that typically exports proteins
containing a leucine-rich nuclear export signal (NES) as well as snRNAs.15,50 The DEAD
box helicase DDX3 binds CRM1 to localize it to the nuclear pore complex (NPC).51 Then,
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CRM1, coupled with RanGTP, transports the viral ribonucleoprotein (RNP) through the
NPC. After transport, RanGTP is hydrolyzed, and CRM1 releases the mRNP complex into
the cytoplasm (Figure 2). The Rev/RRE interaction starts in the nucleus and promotes
export52; Rev also promotes translation of HIV RNAs53 and their encapsidation in the
cytoplasm,54 suggesting multiple roles for this nuclear shuttling protein.

In the absence of Rev, multiple cis-acting repressive sequences (CRS) or instability
sequences (INS) impair stability, export, and translation of the unspliced and 4 kb HIV-1
mRNAs.55 When these AU-rich CRS elements are mutated, viral gene expression does not
require Rev. The INS elements in HIV-1 RNA associate with p54nrb/PSF in vivo, and this
inhibits viral expression.56 Recently, the 23 kb long noncoding RNA, NEAT1 which is
found in paraspeckles along with p54nrb/PSF, has been shown to be upregulated by HIV-1
infection. When NEAT1 is knocked down, HIV-1 unspliced RNA export is enhanced.57

MMTV also encodes a Rev-like accessory protein, termed Rem, which binds a viral RNA
element, RmRE.58,59 Identification of Rem led to classification of MMTV as the first
complex murine retrovirus.

Simple retroviruses do not encode accessory proteins and must rely on cis-acting elements
within their RNA structure to induce export of the unspliced RNA. MPMV utilizes a
nucleotide sequence in a noncoding region near the 3′ end of the unspliced RNA called the
constitutive transport element (CTE)60. This sequence directly binds Tap/p15, which exports
the unspliced RNA.61 A somewhat analogous element has been found in RSV. There, the
direct repeats (DR1 and DR2) are two 100-nucleotide, redundant sequences that flank the
src gene (Figure 1). Eliminating both DR copies blocks unspliced RNA accumulation in the
cytoplasm and packaging of genomic RNA in particles, thus inhibits viral replication.62 The
related ALV contains a single copy of the DR; RSV likely acquired an additional copy when
it transduced the src gene. Each DR forms a highly stable stem-loop structure critical for its
function.63 Point mutations that disrupt the structure virtually eliminate the export of the
unspliced RNA, and compensatory mutations that restore base pairing also restore export.
Though RSV DRs do not appear to bind Tap directly,64 both Tap and the DEAD box
helicase Dbp5 are necessary for unspliced viral RNA export (Figure 1).65 Although spliced
RSV mRNAs also contain the DR, mutations in the DR do not affect spliced mRNA export,
suggesting that these RNAs go through the normal export process for spliced mRNAs.

THE CYTOPLASMIC FATE OF RETROVIRAL RNAS
Once in the cytoplasm, the retroviral RNAs can finally be translated. Typically, translation
initiation factors assemble near the 5′ cap of cellular RNAs and scan the transcript in search
of the nearby Kozak sequence (RCCAUGG) that defines the initiating methionine codon.
However, retroviruses have rather long 5′ UTRs, which contain structured sequences
necessary for dimerization and packaging of RNA into viral particles.1,2 In addition, most
retroviruses have a cap-dependent translation enhancer called a posttranscriptional control
element (PCE) near the 5′ end of their RNA transcript. The PCE interacts with RNA
helicase A and enhances polysome loading and Gag protein production.66 In addition, many
retroviruses have been reported to have an internal ribosome entry site (IRES),67 but this
work remains controversial.66

Some retroviruses contain small upstream open reading frames (uORF) prior to the gag
initiation site. RSV, e.g., contains three uORfs. Mutational analysis has demonstrated that
these short open reading frames are important for viral gene expression and replication.68,69

After synthesis of these small peptides and translation termination, translation must re-
initiate at the gag initiation codon to generate the Gag and Gag-Pol polypeptides. MLV has
an alternative CUG initiation codon upstream of the gag AUG initiation codon, which is
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used part of the time to generate a glycosylated Gag protein called glycoGag. If this CUG is
mutated to block GlycoGag formation, the virus does not generate infectious virus.70 In
addition, leaky scanning past a weak initiation site is used as another mechanism to generate
multiple protein products from a bicistronic mRNA, such as the HIV-1 vpu/env mRNA.71

Surprisingly, HIV-1 unspliced and singly spliced mRNAs in polysomes are predominantly
bound by the nuclear cap-binding proteins (CBC) (CBP80/CBP20)72 rather than eIF4E,
which binds the caps of most cellular mRNAs in the cytoplasm after the pioneer round of
translation. HIV-1 infection can induce G2/M cell cycle arrest, modulated by vpR, with
associated decreases in cellular translation due to reduction in phosphorylated, active eIF4E.
HIV-1 is able to maintain translation of its mRNA, and has a competitive advantage over
translation of cellular mRNAs, by using the CBC instead of eIF4E.72

Termination of gag Translation and the Generation of Gag-Pol and Gag-Pro-Pol Products
Gag and Gag-Pol polyproteins are synthesized from the same unsplicedm RNA transcript
(Figures 1 and 2). Because viral replication requires many more copies of structural proteins
than viral enzymes, retroviruses have developed regulatory mechanisms that maintain the
proper ratio of Gag to Gag-Pol products. The precise mechanism for maintaining this
balance varies among retroviruses. However, the primary method used by most retroviruses,
including RSV and HIV-1, involves ribosomal frameshifting.1 This frameshift occurs just
before the RSV gag termination codon. A downstream pseudoknot causes the ribosome to
pause on a ‘slippery sequence,’ typically consisting of an A–U rich region, which allows the
ribosome to slip back one nucleotide into a different reading frame (−1). The shift places the
gag termination codon out of frame, and translation continues into the downstream pol
sequences. Several other retroviruses, such as HTLV, MMTV, and MPMV, undergo two
frameshifting events (Table 1). The first circumvents the gag termination codon, placing the
ribosomes into the pro (protease) reading frame. The second shift places the ribosomes into
the pol reading frame.1

Alternatively, other retroviruses use a method of termination codon suppression to regulate
levels of Gag and Pol polyprotein production. MLV, FeLV, and Walleye dermal sarcoma
virus (WDSV) each insert a glutamine tRNA at the gag stop codon during a small fraction of
translation events and read through into the pol gene to generate Gag-Pol polyproteins.73,74

In these genomes, gag and pol are in the same reading frame but separated by a termination
codon.

One exception to the rule regarding translation and the generation of Gag-Pol polyprotein
products is observed with foamy virus, a spumaretrovirus. Uniquely, this virus uses
alternative splicing to generate separate transcripts that produce Pro and Pol products,75

avoiding the need for either translational read through or frameshifting.

Retroviruses and Nonsense-Mediated mRNA Decay
Though cellular processes of transcription, splicing, and translation are tightly regulated,
occasional errors can occur. For example, a premature termination codon (PTC) in a
transcript results in a truncated protein coding sequence. Most eukaryotic cells use the NMD
pathway to eliminate these transcripts and prevent production of potentially deleterious
truncated proteins.76 The NMD pathway also regulates the levels of some normal
transcripts. In eukaryotic cells there appear to be two processes for inducing NMD. The first
involves exon–exon junction complexes (EJCs), and is the method predominantly used in
mammalian cells. EJCs are deposited on spliced mRNAs 20–24 nucleotides upstream of
introns during splicing.77 As the ribosome translates the mRNA, it displaces all EJCs in its
path. Upon encountering a PTC, however, the ribosome stops, leaving any downstream
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EJCs intact. The presence of an EJC downstream of a termination event is thought to trigger
the NMD pathway.76

Alternatively, in Saccharomyces cerevisiae a ribosome that reaches the natural termination
codon interacts with an RNP complex located in the 3′ UTR. Upon reaching a PTC,
however, the terminating ribosome is generally too far away to interact with this 3′ UTR
complex, and the mRNA is targeted for decay-a mechanism known as the ‘faux UTR’
model.78 Typically, the normal 3′ UTR is short and the poly(A) sequence and PABP are
near the authentic termination codon.78 Despite their differences, both of these NMD
mechanisms rely on the same factors. First, translation is required. NMD in all systems is
suppressed when cells are treated with translation inhibitors. Second, the Upf (upframeshift)
proteins 1, 2, and 3, along with the Smg proteins (1, 5, 6, and 7) are required.76,79

At least some retroviruses are also susceptible to NMD. PTCs in the gag gene of unspliced
RSV RNA cause degradation of the full-length RNA.80,81 Both Upf1 and translation are
required for this decay.82 However, since the viral RNA is unspliced, it is unlikely that EJCs
are deposited, and therefore unlikely that the RSV RNA goes through EJC-mediated NMD.
Termination at the normal gag termination codon in the RSV unspliced RNA generates a
~7kb 3′ UTR and would be expected to make these mRNAs a target for the NMD pathway.
Nevertheless, the unspliced viral RNAs are very stable with a half-life greater than 10 h.

Recent studies have begun to unravel the mechanism by which some retroviruses might be
immune to NMD upon proper termination of the gag gene. Sequences (~400 nt) located
immediately downstream of the RSV natural gag termination codon appear to protect the
RNA from NMD and are termed the RSV stability element (RSE).83 Moving the RSE to a
location just 3′ of a PTC also stabilizes the RNA. The secondary structure of the RSE
includes several critical structures.84,85 To date, it remains unclear which, if any, cellular
factors bind the RSE to facilitate stability or whether the RSE forms RNA–RNA or protein–
protein mediated long range interactions that bring the poly(A) tail into close proximity with
the terminating ribosome to stabilize the RNA. Generation of a looped 3′ UTR with a
cellular reporter has been shown to stabilize mRNAs in other systems.86

Alternatively, the RSE may bind an inhibitor of NMD. Since it has been reported that Upf1
binds to mRNAs with long 3′ UTRs,87 it is possible that the RSE disrupts this binding.
Surprisingly, Upf1, together with Staufen, appears to play a positive role in HIV-1 gene
expression.88 HTLV-1 inhibits NMD of its viral RNAs by a different mechanism. Its trans-
activator Tax interacts with Upf1 and INT6/EIF3E to inhibit NMD in infected cells.89 In
addition, the HTLV-1 Rex protein has been reported to downregulate NMD of viral and
cellular mRNAs in infected cells.90 The structure of the normal HTLV-1 genome is thought
to make it a target for NMD.90

CONCLUSIONS
Retroviruses make unconventional use of host cell machinery to regulate their
posttranscriptional gene expression. Once their RNA genomes are reverse transcribed and
integrated into the host DNA, they use cellular machinery for transcription of primary RNA
transcripts. These RNAs are incompletely spliced, and a fraction of these unspliced
transcripts are exported to the cytoplasm, translated, and monitored by NMD. In addition, a
fraction of all retroviral transcripts are spliced once to generate the env mRNA, and the
complex viruses are spliced many times to generate accessory proteins. Some of these
proteins regulate posttranscriptional RNA processing. Translation of the viral RNA entails
ribosomal frameshifts or termination codon suppression to generate different amounts of
structural proteins and enzymes from a single unspliced mRNA. HIV-1 unspliced RNAs
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often have trimethylated G caps, and these bind the nuclear CBP80 protein instead of eIF4E.
This permits viral translation while cell translation is repressed by a G2/M cell cycle block
that inactivates eIF4E. One of the host defense mechanisms against HIV-1 and other
retroviruses involves the cytosine deamination proteins in the APOBEC family.
APOBEC3G is packaged into HIV-1 particles and deaminates the viral genome during
reverse transcription. The virus counters this restriction with its Vif accessory protein, which
is also packaged and targets APOBEC3G for ubiquitylation. Further, in mice APOBEC3
provides partial protection against MMTV and MLV infection and pathogenesis in vivo.91
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FIGURE 1.
Simple retroviruses, such as Rous sarcoma virus, transcribe a 9 kb primary RNA transcript.
A fraction of these transcripts are spliced to generate sub-genomic env and src mRNAs (left
side), which are exported to the cytoplasm like spliced cellular mRNAs. The remaining
primary transcripts are not spliced (right side), due to inhibition by the viral NRS element
and by inefficient 3′ splice sites. The viral DR sequences interact with cellular proteins to
facilitate export of the unspliced RNA to the cytoplasm. The cytoplasmic translocation of
the unspliced viral RNAs through the nuclear pore complex is facilitated by the DEAD box
helicase Dbp5. The major translation product of the unspliced mRNA is the Gag protein. In
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addition, an infrequent −1 frame-shift (*) before the gag termination codon allows
translation of the Gag-Pol polyprotein.
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FIGURE 2.
Complex retroviruses, such as HIV-1, generate 3 classes of mRNA: unspliced (9 kb), singly
spliced (4 kb), and completely spliced (2 kb). Early HIV gene expression results in the
generation of completely spliced mRNAs (left side), including tat and rev. Following
translation, Tat and Rev are imported into the nucleus. Tat binds the TAR RNA element to
promote transcriptional elongation, while Rev binds the RRE of singly spliced and unspliced
RNAs (right side) to mediate nuclear export of the viral RNA after recruiting the cellular
factor CRM1. The cytoplasmic translocation of the partially spliced/unspliced viral RNA
through the nuclear pore complex is facilitated by the DEAD box helicase DDX3.
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Translation of the unspliced HIV-1 RNA is similar to that of RSV shown in Figure 1. *
Marks the site of a frame shift from the gag to the pol reading fame.
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