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Long and structured 5⬘ UTRs, which are typical in retroviruses, inhibit cap-dependent ribosome scanning of cellular
mRNA (33). Results of in vitro translation assays and transient
transfection assays have directly validated the hypothesis that
structured motifs in the human immunodeficiency virus type 1
(HIV-1) 5⬘ UTR inhibit protein synthesis (12, 24, 31). Distal
RNA segments of HIV-1 and four other retroviruses have
been shown to function as internal ribosome entry sites in
bicistronic and monocistronic reporter gene assays (3, 4, 6, 10,
19, 26, 41). The data suggest that these internal ribosome entry
sites function to promote synthesis of Gag and/or glyco-Gag
polyprotein, although a functional role for internal ribosome
entry during retroviral replication has not been demonstrated.
Efficient cap-dependent translation of the genome-length
RNA is expected to require localized melting of RNA structure, which would distort presentation of the RNA packaging
signal. Also, interaction between the nucleocapsid and the
RNA packaging signal is expected to arrest ribosome scanning
and inhibit efficient translation of the viral RNA (2, 30). This
scenario implies that the cellular translation machinery and
viral assembly complexes compete for cytoplasmic utilization
of genome-length RNA. One possibility is that genome-length
RNAs segregate into functionally independent RNA populations for packaging or translation (Fig. 1, model 1). Another
possibility is that the genomic-length RNA functions interchangeably as an mRNA template and virion RNA (Fig. 1,
model 2A). Considering that viral proteins are necessary for
virion assembly, an alternative possibility is that translation is
an obligate step in RNA packaging (Fig. 1, model 2B). In this
model, recruitment of the mRNA template protein to the viral
assembly complexes by the newly synthesized Gag protein may
improve genomic RNA packaging specificity. Historically,
studies using retroviral vectors have provided clues to the cytoplasmic fate of genomic RNA of the parental replicationcompetent retrovirus.
Coordinate viral protein synthesis is not required for packaging of vector RNA. The ability of retroviral genomes to
function as vectors was established in the early 1980s when
mutated murine and avian retroviral RNAs lacking viral protein coding regions were shown to be eligible for packaging if
the missing viral proteins were provided in trans (13, 36, 39). In
helper cells, ⌿-negative helper RNAs function exclusively as
mRNA templates for translation of viral Gag, polymerase, and
envelope proteins, while ⌿-positive vector transcripts function
as the genomic RNA that is packaged into the helper virus.
After transduction of target cells, the helper proteins support

A longstanding unknown in viral RNA biology is the relationship between translation and packaging of genomic RNA.
For retroviruses, an extensive body of work has characterized
nuclear export of the unspliced genome-length transcript (5, 8,
15), but the cytoplasmic trafficking of the RNA has remained
relatively undefined. An elegant experimental approach that
was initiated over 25 years ago has been updated and extended
to human retroviruses during the last year. A consensus on the
relationship between translation and packaging of retroviral
RNA has been reached. An unexpected finding was that retroviruses have adapted two divergent approaches to manage
the cytoplasmic fate of genomic RNA. This minireview introduces the interdependent relationship between translation and
packaging of retroviral RNA, postulates models of retroviral
RNA trafficking in the cytoplasm, summarizes experimental
results that address the models, and discusses the recent consensus.
Unspliced genome-length retroviral RNA is utilized for both
translation and packaging. Retroviruses are a unique family of
RNA viruses that utilize virally encoded reverse transcriptase
(RT) to replicate genomic RNA through a proviral DNA intermediate (40). The provirus is permanently integrated into
the host cell chromosome and, like a cellular gene, is expressed
by the host cell transcription, RNA processing, and translation
machinery. The primary transcription product interacts with
the cellular RNA processing machinery and, similar to a typical
cellular pre-mRNA, is spliced, exported to the cytoplasm, and
translated by the host protein synthesis machinery. A proportion of the pre-mRNA subverts typical RNA processing and
interacts with viral and/or cellular nucleocytoplasmic shuttle
proteins that activate nuclear export, despite the lack of intron
removal (8). In the cytoplasm, the unspliced genome-length
RNA serves two essential roles. The immediate function is to
serve as an mRNA template for translation of viral proteins.
Another function is to serve as a genomic RNA that is packaged into assembling virions. The Gag polyprotein facilitates
the specific packaging of two copies of the unspliced genomelength RNA. The nucleocapsid domain of Gag contains redundant Cys-X2-Cys-X4-His-X4-Cys motifs that interact with the
highly structured packaging signal ( or E), which is located in
the 5⬘ untranslated region (UTR) (34a).
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a single cycle of vector RNA replication, and subsequently the
integrated vector genome functions exclusively as mRNA for
synthesis of vector-encoded protein. The ability to segregate
the translation and RNA packaging functions to helper and
vector RNAs gives retroviruses their utility as gene transfer
vectors and indicates that in murine and avian vectors, coordinate translation of Gag structural protein is not necessary to
target an RNA for packaging.
Competition assays between wild-type HIV-1 RNAs expressed from provirus and genetically marked HIV-1 vectors
indicate that coordinate synthesis of HIV-1 Gag polyprotein is
not necessary for lentiviral vector RNA packaging. The packaging efficiency of an HIV-1 vector RNA that contains a pre-

mature stop codon in the capsid domain of the gag open reading frame (CA, p24) was not reduced compared to that of the
wild-type RNA (20). Unexpectedly, the packaging efficiency of
HIV-2 vector RNA that contains a similar premature stop
codon in CA was reduced to 30% of that of the wild-type
HIV-2 RNA, suggesting a cotranslational preference for
HIV-2 (16). A possible explanation for the difference between
HIV-2 and HIV-1 is utilization of alternative RNA packaging
mechanisms, which may be attributable to differences in the
location of their respective RNA packaging signals. The dominant packaging signal of HIV-2 is located upstream of the
major splice donor and is present in both genome-length and
spliced vector RNAs, while the dominant packaging signal of
HIV-1 is located downstream of the major splice donor and is
present solely on the genome-length viral RNA (21). A tendency to cotranslationally package HIV-2 RNA may serve to
increase the packaging specificity of genome-length RNA (16).
Recent results indicated that while ⌿-positive HIV-2 vectors
containing the premature CA stop codon were not efficiently
packaged by wild-type HIV-2, helper RNAs containing several
different deletions within the dominant HIV-2 RNA packaging
signal exhibited increased packaging efficiency, apparently due
to reduction of cotranslational RNA packaging (14). These
results are consistent with the demonstrated utility of HIV-2
vector systems (1, 9, 34, 35) and indicate that cotranslational
packaging is not a requirement for HIV-2.
Overall, the results with HIV-1 and HIV-2 vector RNAs are
in agreement with the theory that coordinate Gag protein
synthesis is not absolutely necessary for packaging of lentivector RNA (as would be expected by the established utility of
HIV-1- and HIV-2-derived vectors). Studies using replicationcompetent retrovirus, summarized below, have directly established that prior translation of genome-length viral RNA is not
a necessary step in the retroviral replication cycle.
Hypothetical models to describe cytoplasmic trafficking of
unspliced viral RNA. Elucidation of the interdependent relationship between translation and packaging is necessary for
complete discernment of the retroviral replication cycle. Following early results with murine leukemia virus (MLV), which
are discussed below, a primary goal of studies involving both
simple and complex retroviruses has been to determine
whether genome-length transcripts segregate in the cytoplasm
as distinct populations of mRNA template for protein synthesis and genomic RNA for packaging into progeny virions (Fig.
1, model 1) or function as both mRNA and genomic RNA
(Fig. 1, model 2). Because coordinate translation is a theoretical mechanism to provide additional packaging specificity, another goal has been to determine whether prior translation is
a requirement for genomic RNA packaging (model 2A versus
model 2B).
Mutational analyses to ascertain these issues for replicationcompetent retroviral genomes are problematic because proviral mRNA and genomic RNA are physically indistinguishable
and contain overlapping motifs that are necessary for translation, packaging, and other steps in viral replication. (Mutational analyses of vector genomes have been highly useful for
mapping RNA sequences necessary and sufficient for RNA
packaging [2].) The approach used to evaluate the relationship
between protein synthesis and packaging of genome-length
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FIG. 1. (Model 1) The unspliced genome-length RNA (gray lines
with intronic sequences denoted in black) achieves nuclear export and
segregates into functionally distinct populations of either mRNA template for translation of viral proteins on host cell ribosomes or genomic
RNA that is packaged into assembling virions. (Model 2A) The genome-length RNA can function interchangeably as both mRNA and
genomic RNA with no requirement for prior translation. (Model 2B)
Prior translation is a requirement for generation of genomic RNA.
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Stoltzfus et al. studied another simple retrovirus, ASV, by
applying separate experimental approaches to measure the
half-life of ASV RNA in the cytoplasm or in virions (38). The
half-life of ASV cytoplasmic unspliced RNA was evaluated in
a [3H]uridine labeling experiment following actD treatment
and estimated to be 6 to 7.5 h. The half-life of virion-associated
ASV RNA was also estimated to be 6 to 7 h by [methyl3
H]methionine pulse-chase analysis and isotopic equilibrium
assay in the absence of actD. These results in the ASV system
stand in contrast to those obtained in the MLV system. The
finding that genome-length ASV RNAs in the cytoplasm and in
virions exhibit similar half-lives is consistent with the alternative hypothesis that ASV contains a single RNA population
that functions as both mRNA and genomic RNA (Fig. 1,
model 2).
Complex retroviruses: two competing cytoplasmic fates of
genome-length RNA. Genetically complex retroviruses, including HIV-1, encode the Rev posttranscriptional regulatory protein, which is absolutely necessary for nuclear export of the
intron-containing RNA (15). The nucleocytoplasmic shuttling
ability of Rev is disrupted by actD (23). Therefore, actD plays
a redundant role in curtailing cytoplasmic accumulation of
genomic RNA in HIV-1-infected cells: inhibition of RNA synthesis and prevention of nuclear export.
We treated HIV-1-infected human T cells with actD and
analyzed the cytoplasmic fate of HIV-1 genomic RNA by RPA
(7). First, conditions were determined under which RNA synthesis was inhibited to 15% of that of the mock-treated control
with no overt effect on the viability of the infected CEM(A) T
cells. Second, we evaluated the effect of 4 h of actD treatment
on viral particle assembly and established that virion assembly
was sustained. Radioimmunoprecipitation assays indicated
that HIV-1 Gag protein synthesis was sustained at 93% during
the 4-h experiment. Pulse-chase experiments showed that
newly synthesized Gag protein begins to be assembled into
virions by 2 h postsynthesis. Assembly and release of the virions, and processing of the Gag precursor protein within the
progeny virions, were also sustained despite the reduction in de
novo RNA synthesis. Another critical finding was that Gag
protein synthesized prior to actD treatment remains competent for assembly into HIV-1 virions for at least 4 h postsynthesis.
Quantitative RPAs on RNAs collected 4 h post-actD treatment detected an expected decrease in cytoplasmic HIV-1
genome-length RNA (to 30% of the level of the mock-treated
control). Virion-associated RNA from equivalent amounts of
virions that were standardized by Gag p24 enzyme-linked immunosorbent assay was also decreased (to 60%). The results
show that in contrast to MLV, de novo RNA synthesis is not
necessary for packaging of HIV-1 genomic RNA. The HIV-1
results are similar to the ASV findings and are consistent with
the existence of a single multifunctional RNA population (Fig.
1, model 2).
Dorman and Lever analyzed RNAs from HIV-1- or HIV-2infected Jurkat T cells after treatment with actD or leptomycin
B (LMB) (11). Similar to actD, LMB inhibits Rev function and
disrupts nuclear export of intron-containing HIV-1 RNA (42).
Therefore, LMB provided a second approach to curtailing
cytoplasmic accumulation of genome-length RNA in HIV-1-
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RNA has been to employ chemical inhibitors to modulate host
cell transcription or translation and evaluate relative effects on
genome-length RNA translation and packaging. These experiments are advantageous for direct evaluation of genomic
RNA expressed from provirus in an infected cell and have
added value in illuminating additional aspects of the process of
viral assembly. The following sections summarize insights
gained into the cytoplasmic fate of genome-length RNA in
cells infected with MLV, avian sarcoma virus (ASV), HIV-1,
and HIV-2. The overall conclusion drawn from the studies is
that retroviruses do not all use the same means of managing
the interdependent relationship between translation and packaging. The results instead validate one model of cytoplasmic
trafficking for MLV genome-length RNA and a second model
for ASV, HIV-1, and HIV-2 genome-length RNAs.
Simple retroviruses: fixed fate of genomic RNA? Beginning
in 1974, Levin et al. used the transcription inhibitor actinomycin D (actD) to limit host cell RNA synthesis and study the
effect on production of Rauscher MLV (17). Following a 6-h
incubation with actD and [3H]uridine, synthesis of cellular
[3H]RNA was reduced to 5% of that of the mock-treated
control, and the actD-treated cells continued to produce morphologically normal C-type progeny virions. RT assays performed on exogenously provided template indicated that virion
abundance remained relatively constant, but virion infectivity
was reduced to 15% of the control level. The reduction in
infectivity correlated with reductions in the abundance of virion-associated genomic RNA to 10% and virus particle-associated RT activity on an endogenous template to 20% of that of
the control. These data indicated that ongoing RNA synthesis
was necessary to produce MLV virions that contained MLV
genome-length RNA. Examination of the radiolabeled MLV
producer cells following actD treatment verified that steadystate genome-length RNA in the infected cells remained competent for continued synthesis of MLV structural proteins (18).
From these data, Levin and colleagues concluded that MLVinfected cells contain two populations of unspliced viral RNAs
that segregate as mRNA or as genomic RNA (Fig. 1, model 1).
Subsequent analysis of RNA half-life by molecular hybridization assay after actD treatment reinforced the conclusion that
two separate populations of MLV RNA exist (22). MLV virion-associated RNA exhibited a half-life of approximately 3 to
4 h, while cytoplasmic MLV genome-length RNA exhibited a
half-life of at least 12 h. Paskind et al. arrived at a similar
conclusion during an actD analysis of cells infected with the
Moloney strain of MLV (32).
Recently, Dorman and Lever repeated Levin et al.’s studies
with highly sensitive RNase protection assays (RPAs) (11).
NIH 3T3 cells chronically infected with Moloney MLV were
treated with actD for 8 h, and cytoplasmic and virion RNA
samples were collected and subjected to RPA. Virion abundance was again estimated by the exogenous RT assay. PostactD treatment, cytoplasmic unspliced MLV RNA was
reduced to 70% of the control level. By contrast, MLV virionassociated genome-length RNA declined to 10%. The distinct
actD responses observed for cytoplasmic and virion-associated
genome-length RNA mirror the results of Levin and colleagues and support their conclusion of the existence of two
distinct populations of genome-length MLV mRNA and
genomic RNA.
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imide, and anisomycin). [35S]cysteine-methionine pulse-chase
experiments demonstrated that HIV-1 virions are composed of
a combination of steady-state and nascent Gag protein. Newly
synthesized [35S]cysteine-methionine-labeled Gag commences
to be assembled into virions by 2 h postsynthesis and continues
to be incorporated for over 6 h. Immunoprecipitation assays
verified that HIV-1 assembly and processing are sustained
despite translation inhibition. These results established that de
novo translation is not necessary to sustain assembly and release of the virions or processing of the Gag structural protein
within the progeny virions.
Virion-associated RNA levels were evaluated by two methods. Quantitative RPAs were used to measure the abundance
of packaged HIV-1 RNA transcripts. [3H]uridine pulse-labeling followed by trichloroacetic acid precipitation assay was
used to determine the onset of RNA packaging following inhibitor treatment and to detect packaging of HIV-1 transcripts
and any cellular RNAs. This assay revealed that the onset of
RNA packaging is within 2 h of RNA synthesis and that inhibition of de novo translation does not eliminate the supply of
RNA available to virions.
In response to inhibition of cellular translation to 20%, both
assays detected expected coordinate decreases in steady-state
cytoplasmic RNA and virion-associated RNA. At 4 h, the level
of [3H]uridine-labeled RNA in virions decreased to 30 to 50%
of that of the mock-treated control. RPA results, however,
indicate that the packaging efficiency of HIV-1-specific RNA
was sustained at 97% after treatment with anisomycin and had
increased up to 165% of that of the mock-treated control
following treatment with pactamycin or cycloheximide. These
results are in agreement with the hypothesis that de novo
translation is not necessary for packaging of HIV-1 genomic
mRNA and thus nullify model 2B (Fig. 1). The data support
model 2A, i.e., that HIV-1 mRNA can function interchangeably as genomic RNA without a requirement for previous
translation.
Two conclusions can be made upon considering the decline
in virion-associated RNA detected by the [3H]uridine labelingtrichloroacetic acid assay relative to the increase in packaged
HIV RNA detected by the RPA. (i) Cellular RNAs are packaged into HIV-1 virions. Muriaux et al. recently demonstrated
that MLV virions also accumulate cellular transcripts, which
they attribute to incorporation of small cellular RNAs that are
involved in virion assembly (25). (ii) The increased level of
HIV-1-specific RNA packaging is attributable to rerouting of
genome-length RNA from the translation machinery to viral
assembly complexes in the face of diminished competition
from the host translation machinery for genome-length RNA.
Under these conditions, packaging efficiency is increased because viral assembly components compete more successfully
for genomic RNA.
Perspectives. Since 1974, chemical inhibitors have been applied to study the interdependent relationship between the
processes of translation and packaging of genome-length
RNA. Recent experiments using highly quantitative RPAs
have validated the early results and extended the findings to
human retroviruses. Taken together, analyses of genetically
simple MLV and ASV or complex HIV-1 and HIV-2 indicate
that retroviruses have adapted at least two approaches to manage competition for genome-length RNA from the transla-
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infected cells. The effect of actD or LMB on the activity of
HIV-2 Rev has not been characterized.
RPAs detected coordinate decreases in HIV-1 and HIV-2
cytoplasmic and virion-associated RNA levels following actD
treatment (11). For HIV-1, cytoplasmic RNA and virion RNA
levels declined to 40% of those of the controls after 9 h of actD
treatment. The decline in virion RNA was calculated after
standardization of virion abundance by exogenous RT assay.
Unexpectedly, HIV-2 cytoplasmic and virion RNA levels were
sustained at 80 to 100% of control levels at 12 h post-actD
treatment. The relative persistence of the HIV-2 RNA implies
that cytoplasmic HIV-2 proviral transcripts are inherently
more stable in the actD assay than their HIV-1 counterparts.
Surprisingly, particle abundance, as measured by exogenous
RT activity, declined to 65% despite the maintenance of the
steady-state cytoplasmic RNA. A possible explanation is that
actD treatment produces a defect in RT function or virion
assembly.
LMB treatment also produced proportionate responses in
HIV-1 and HIV-2 cytoplasmic and virion-associated RNA levels. HIV-1 cytoplasmic RNA was reduced to 25% and virionassociated RNA levels declined to 45% after a 12-h incubation
with LMB. Again, HIV-2 genome-length cytoplasmic RNA
and virion-associated RNA levels were sustained at 100 to
140% of control levels at 12 h post-LMB treatment. Similar to
the actD result for HIV-2, virion abundance was reduced (to
40%) without reduction of the cytoplasmic RNA level. The
possibility that HIV-2 virion assembly is disrupted by actD or
LMB treatment was not addressed, but the data imply a requirement for an unknown labile cofactor that is important for
virion production. The results of the actD and LMB experiments are in agreement regarding the theory that HIV-1 and
HIV-2 genome-length RNAs do not segregate into functionally independent populations of mRNA and genomic RNA.
The cytoplasmic fate of HIV-1 and HIV-2 genomic RNA is
similar to that of ASV RNA, and the data are consistent with
a single RNA population functioning as both mRNA and
genomic RNA (Fig. 1, model 2).
In summary, RNA analysis of genomic RNA in infected cells
or progeny virus after actD treatment has been an important
tool to examine two hypothetical models of genomic RNA
trafficking in simple and complex retroviruses. Results with
MLV genome-length RNA indicate that the unspliced transcript segregates into two functionally distinct populations in
the cytoplasm (Fig. 1, model 1). In contrast, results with ASV,
HIV-1, and HIV-2 genome-length RNAs support the existence
of a single RNA population that functions interchangeably as
both mRNA and genomic RNA (Fig. 1, model 2). These experiments did not address whether genome-length RNA is
obligated to function as mRNA prior to being packaged as
genomic RNA (model 2A versus model 2B). A modification of
the experimental approach was implemented in the HIV-1
system to address this important open question.
Translation is not necessary to produce HIV-1 genomic
RNA. Inhibition of host cell translation was used to evaluate
whether translation of the unspliced genomic-length RNA is
necessary to target HIV-1 genome-length RNA for packaging
into virions (7). Virion assembly in HIV-1-infected T cells is
sustained during 4 h of treatment with each of three mechanistically distinct translation inhibitors (pactamycin, cyclohex-
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tional machinery and viral assembly components. Cytoplasmic
trafficking of MLV genome-length RNA is distinct from that of
ASV, HIV-1, and HIV-2. The half-life of MLV genomic RNA
is shorter than that of MLV cytoplasmic genome-length RNA,
a finding that supports model 1 (Fig. 1). Model 1 posits that
MLV RNA segregates into two distinct populations that function independently as genomic RNA for packaging into progeny virions or mRNA template for protein synthesis (17, 18).
There remains the possibility that packaged MLV RNA is
inherently less stable than cytoplasmic transcripts. An approach to either corroborate or disprove this hypothesis would
be to apply the translation inhibitor approach to the MLV
system.
In contrast to that of MLV, genome-length RNAs of ASV,
HIV-1, and HIV-2 exhibit dual functionality within the cytoplasm of an infected cell (Fig. 1, model 2A). Experiments with
HIV-1-infected T cells and translation inhibitors indicate that
prior mRNA translation is not a requirement for generation of
an HIV-1 genomic RNA (7), thus eliminating model 2B. The
observation that HIV-1 packaging efficiency not only is sustained but can be increased upon translation inhibition indicates that cytoplasmic HIV-1 mRNA transcripts can be rerouted from the translation machinery to assembly complexes.
Although analogous experiments have not been performed
with ASV or HIV-2 proviruses, studies using ASV or HIV-2
vector RNAs are in agreement with data from studies of replication-competent HIV-1 indicating that coordinate translation is not absolutely required for vector RNA packaging and
are consistent with model 2A with regard to their replicationcompetent parental viruses (16, 37). We also noted, however,
that studies with HIV-2 vectors indicate that HIV-2 RNA
tends to undergo cotranslational RNA packaging (16).
Why is the pattern of cytoplasmic trafficking of genomelength RNA different for MLV? Complex retroviruses like
HIV-1 utilize the well-characterized Rev-responsive element
(RRE) in viral RNA and the cognate viral Rev protein to
recruit the host’s CRM1 nuclear export protein to activate
nuclear export of intron-containing RNA (15). An RRE-like
RNA element that is believed to be important for recruitment
of cellular Rev-like proteins has been observed in the 3⬘ UTR
of ASV (29). MLV has not been shown to contain an RRE-like
element in the 3⬘ UTR, and recent studies have focused on the
possibility that nuclear export of MLV genome-length RNA is
mediated by sequences in proximity of a gag splice site (27, 28).
We hypothesize that MLV genome-length RNA accesses a
specialized nucleocytoplasmic trafficking pathway that dictates
cytoplasmic utilization of MLV genome-length RNA as either
mRNA or genomic RNA.
Analysis of the cytoplasmic fate of retroviral genomic
RNAs has spanned 3 decades and has yielded important
insights into the interdependent relationship between translation and packaging during retroviral replication. These
insights have application for improvement of retroviral vector systems for gene transfer applications. Specific inhibition
of HIV-1 vector RNA translation is predicted to increase
the packaging efficiency of the vector genome and potentially augment the titer of vector virus produced from the
helper cells.
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