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Translation initiation of the full-length mRNA of the
human immunodeficiency virus can occur via several
different mechanisms to maintain production of viral
structural proteins throughout the replication cycle. HIV-1
viral protein synthesis can occur by the use of both a cap-
dependant and IRES-driven mechanism depending on the
physiological conditions of the cell and the status of the
ongoing infection. For both of these mechanisms there is a
need for several viral and cellular co-factors for optimal
translation of the viral mRNA. In this review we will describe
the mechanism used by the full-length mRNA to initiate
translation highlighting the role of co-factors within this
process. A particular emphasis will be given to the role of the
DDX3 RNA helicase in HIV-1 mRNA translation initiation.

Introduction

The human immunodeficiency virus type-1 (HIV-1) is the
prototype member of the lentivirus genus of the Retroviridae and
the etiologic agent of acquired immunodeficiency syndrome
(AIDS). Retroviruses are a unique family of RNA viruses that uti-
lize virally encoded reverse transcriptase (RT) to replicate
through a proviral DNA intermediate." The provirus is perma-
nently integrated into the host cell chromosome and, like a cellu-
lar gene, is expressed by the host cell transcription, RNA
processing, and translation machinery. Upon transcription, the
retroviral pre-mRNA is spliced into viral mRNAs that exhibit all
characteristics of cellular mRNAs as they bear a 5'cap structure
and a 3/poly(A) tail. In the case of HIV-1, alternative splicing
gives rise to over 30 different mRNA species that are then
exported to the cytoplasm by different pathways. HIV-1 mRNAs
have been grouped into 3 classes according to their degree of
splicing: (i) full-length transcripts, which correspond to mRNAs
that do not undergo the splicing process, encode for the Gag and
Gag-Pol polyproteins; (ii) singly spliced transcripts which gener-
ate the viral proteins Env, Vif and Vpu; (iii) fully spliced tran-
scripts which express Rev, Tat, Vpr and Nef. As for all viruses
known to date, HIV-1 protein synthesis relies exclusively on the
host cell translation machinery for ribosomes, tRNAs, amino
acids and all required initiation, elongation and termination fac-
tors. In this review, we provide an overview of what has been
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documented regarding the mechanism of translation initiation of
the full-length HIV-1 mRNA.

The HIV-1 Full-Length or Genomic RNA (gRNA)

Upon HIV-1 entry, gRNA reverse transcription and viral
DNA integration, the integrated proviral genomic DNA is
transcribed by the host RNA polymerase II (Pol II) to generate
a primary transcription product that interacts with the cellular
RNA processing machinery to be spliced, exported to the cyto-
plasm, and translated by the host protein synthesis machin-
ery.” However, a proportion of the pre-mRNA subverts
typical RNA processing conserving their introns. To export its
unspliced and partially spliced mRNAs, HIV-1 uses a specific
mechanism involving the cellular CRM1 export pathway and
the viral protein Rev (Regulator of virion expression).”* The
HIV-1 Rev protein, a nuclear-cytoplasmic shuttling RNA
binding protein, interacts with a highly structured RNA ele-
ment located within the env gene known as the Rev response
element (RRE). The Rev-RRE complex is then exported to
the cytoplasm.””

The unspliced or full-length HIV-1 RNA fulfills a dual role as
a mRNA (HIV-1 mRNA) where it codes for the Gag and Gag/
Pol polyproteins and as the genomic RNA (gRNA) to be encapsi-
dated into newly synthesized particles.” The HIV-1 mRNA har-
bors a highly structured 5" untranslated region (5'UTR) or
leader® with distinct and well characterized RNA motifs that are
involved in many steps of the viral replication cycle (see Fig. 1).®
The first structural element is an ~60 nucleotides long stem loop
named the trans-activation response element (TAR) which is rec-
ognized by the viral Tat protein and is essential for viral RNA
(vRNA) transcription.” TAR is followed by the polyadenylation
(poly(A)) stem loop that contains a polyadenylation signal which
is ignored when located within the 5'leader but used for 3’ end
processing when it is read in the 3’untranslated region
(3’UTR).'° Following the poly(A) stem loop comes the primer
binding site (PBS) which is important for the recruitment of the
tRNA(Lys3) that serves as primer to initiate the process of gRNA
reverse transcription.!' Downstream of the PBS are the dimeriza-
tion initiation site (DIS), the splice donor (SD), and the packag-
ing signals (W). All hairpin loops are either used during RNA
processing (SD) or during viral gRNA dimerization and encapsi-
dation (DIS and W).'>'* These RNA signals differ in RNA
structure among different lentiviruses, but their presence and
function are conserved among them.*'*'> For example, the
HIV-2 TAR is much longer and folded into a fork motif whereas
it is a stem loop in HIV-1,¢"®
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Figure 1. Schematic cartoon of the HIV-1 genomic RNA (gRNA). HIV-1 full-length mRNA is capped at the
5'terminus by a 7-methyl-guanylic acid residue (m’G) or a trimethylguanosine (TMG) and is structured in
well-defined RNA motifs: TAR hairpin, Poly (A) Signal, Primary Binding Site (PBS), Dimerization Initiation
Site (DIS), the major Splice Donor Site (SD) and RNA Packaging Signal (). The mRNA codes for 2 proteins:
p55 and p40 that can be synthesized by either ribosome entry from the 5'cap or from IRESes located
both in the 5'UTR and the coding region (as indicated on the Figure). Ribosomal entry at the 5’end occurs
by the recruitment of a trimeric complex composed of DDX3, PABP and elF4G whereas internal entry
takes place by direct binding of the 43S preinitiation complex to the IRES elements. Note that the 5'cap

An alternative cap-independent
mechanism of translation initiation
was evidenced by studying translation
of the wuncapped picornaviral
mRNAs.*? Picornaviral mRNAs con-
tain an RNA structural element,
termed internal ribosome entry site
(IRES), to promote the recruitment
of the 43 S initiation complex in a
cap-independent 2324 qp
addition, some picornaviruses encode
viral proteases that directly target
elF4G and PABP during infection
while others modify the availability
of eIF4E.>>?® Both events result in
the disruption cap-
dependent translation initiation dur-

manner.

of cellular

ing viral infection in order to redirect
the host translational machinery
toward viral mRNAs.>” More recent
studies showed that this alternative
mechanism of translation initiation is
not confined to picornaviruses as the
mRNAs from other viral families
including some members of the Ret-
roviridae, also utilize IRES-depen-

can also be bound by the CBC complex.

dent translation 30,31

Translation Initiation

Translation initiation of most eukaryotic mRNAs occurs by a
scanning mechanism whereby the 40S ribosomal subunit is
recruited to the vicinity of the cap structure, a 7-methyl-guanylic
acid residue located at the 5’ terminus of all eukaryotic mRNAs,
and scans in the 5 to 3’ direction until an initiation codon is
encountered.'”** The 40S ribosomal subunit is recruited to the
mRNA as part of the 43S initiation complex, composed of the
subunit bound to eIF2-GTP/Met-tRNAi (initiator tRNA),
elF1A, eIF1 and elF3. elF4F, a multi-subunit complex com-
posed of elF4E, elF4A and eIF4G is important in this recruit-
ment process.' " eIF4E directly binds to the 5'cap structure,
while eIF4A, a member of the DEA(D/H)-box RNA helicase
family, participates by unwinding secondary structure in the
5'-untranslated region (5'UTR) of the mRNA. elF4A’s helicase
activity is stimulated by eIF4G and eIF4B.*' In this process,
elF4G serves as a scaffold for the coordinated assembly of the
translation initiation complex as it contains binding sites for
elF4A, eIF4E, and elF3. Therefore, elF4G associates the mRNA
cap (via elF4E) and the 40S ribosomal subunit (via eIF3) to
attach the template mRNA to the translation machinery. eIF4G
also binds the poly(A)-binding protein (PABP) and this pro-
motes mRNA circularization by linking the 5'cap (via elF4E-
elF4G) and the 3'poly(A) tail (via PABP-eIF4G) of the mRNA

that is the physical conformation favorable for translation.'”*
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initiation.” " In
sharp picornavirus
mRNAEs, retroviral mRNAs possess a

contrast to

5'cap structure and can initiate trans-
lation either by a canonical cap-dependent mechanism or via an

[RES.>>%3

RNA Structures Modulate Protein Synthesis
of the Full-Length HIV-1 mRNA

The HIV-1 5'UTR contains several well-characterized RNA
structural elements critical for different stages of the HIV-1 repli-
cation cycle, such as the TAR, Poly(A) loop, PBS domain, the
SD, DIS and W (see Fig. 1). Due to their stability, these RNA
structures can also modulate viral mRNA translation initiation.
As such, the TAR domain is a 57 nucleotides long, highly stable
stem-loop structure (AG = —29.6kcal/mol) located at the most
5" end of all HIV-1 transcripts.”® In fact, the TAR stem loop
structure occludes the cap moiety raising the question of its acces-
sibility for elFAE during the assembly of the translation initiation
complex over the viral mRNA.>*%> As it was previously demon-
strated that the presence of a stem-loop of weaker stability
(AG = —13.6kcal/mol) at the 5’end of a synthetic mRNA is
enough to inhibit ribosome recruitment at the 5'end,* it did not
come as a surprise that the presence of TAR alone, or in the con-
text of the HIV-1 5'-UTR, is inhibitory to cap-dependent trans-
lation in the RRL and in Xenopus oocytes.***>** Addition of
AR6R into the RRL
strongly repressed expression from the HIV-1 5’-UTR indicating

the trans-dominant negative elF4 mutant>’
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that both eIF4G and eIF4A are required to overcome RNA struc-
tures present in the HIV-1 5 -UTR.* However, translational
inhibition imposed by TAR was less pronounced in cells and this
was confirmed by the rescue of translational inhibition in the
RRL upon addition of cytoplasmic HeLa cell extracts.>**' This
observation is consistent with the fact that several cellular pro-
teins are known to bind the HIV-1 TAR structure promoting
translational activation of HIV-1 mRNA.#

Studies have shown that the HIV-1 5'UTR can adopt 2 spatial
conformations which are the branched multiple hairpins (BMH)
and the long distance interaction (LDI) structures.”> The BMH
was shown to expose the dimerization and packaging signals in
order to favor encapsidation and viral replication.**** The ribos-
witch between LDI and BMH depends on viral infection as it is
enhanced both by the genomic RNA concentration and the pres-
ence of the viral NC protein.*>*” However, experiments showed
that despite the fact that the BMH structure occludes the AUG
start site codon,*® the structure by itself does not modify the
translation rate driven by the HIV-1 5'UTR.*"** Furthermore,
introduction of mutations designed to alter the LDI-BMH equi-
librium do not significantly impact on the ability of the HIV-1
5'UTR to drive translation initiation in both the context of a
mono- or bi- cistronic mRNA. 4144

Interestingly, expression of the viral Gag protein inhibits its
own synthesis while stabilizing the conformation of the BMH
structure.”” As the BMH structure does not by itself impede
translation from the viral mRNA*"** it may be the presence of
the Gag protein on the viral mRNA that affects ribosome attach-
ment or scanning along the 5’UTR. Gag protein exerts a bimodal
effect on its own production with enhancement of expression at
low concentration and inhibition at high concentration.*’
Another possibility would be that translation repression of the
HIV-1 mRNA is induced by the Gag mediated dimerization of
HIV-1 gRNA. The duplex formed by the genomic RNA and the
Gag protein via the NC domain probably establishes a strong
hindrance for scanning or recruitment of the translation initia-
tion complex. Therefore, at high concentration, the Gag protein
would be directly responsible for inhibiting translation from the
viral mRNA favoring its packaging into de novo synthesized viral
particles®® This possibility is in agreement with findings showing
that viral RNA dimerization inhibits viral mRNA translation
while promoting gRNA encapsidation.””* Interestingly, RNA
dimerization would be favored by a long distance RNA-RNA
interaction established between nucleotides present within the
Gag coding region and the 5'UTR sequence.”’

Cap-Dependent Initiation on the HIV-1
Genomic RNA

Ribosomal scanning from the 5'cap

In vitro translation experiments conducted in the rabbit retic-
ulocyte lysate (RRL) reported that addition of both cap-analog
and the cleavage of e]F4G by the FMDYV L protease were inhibi-
tory to translation of a capped monocistronic HIV-1 reporter
gene providing evidence that 5’ ribosomal scanning takes place
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on the S'UTR of HIV-1.?> This was followed by data from the
Berkhout laboratory showing that expression of the 2A protease
from poliovirus impaired translation initiation on the HIV-1
genomic RNA ex-vivo. Moreover, insertion of upstream AUG
codons (UAUGs) at different locations within the HIV-1 5"UTR
was severely inhibitory to translation confirming the use of a 5’
dependent ribosomal scanning mechanism.”" Initiation from the
capped end also gave an explanation to the fact that the folding
and length of the TAR structure (which is different between HIV
type 1 and type 2) had such a great influence on the overall effi-
ciency of translation.®* This ribosomal scanning hypothesis also
fits well with the fact that most natural HIV-1 isolates do not tol-
erate uAUGs within their 5’UTR despite its great length.® How-
ever, the mechanism by which the 43S preinitiation complex can
deal with these stable RNA structures that are known to impair
both initial ribosome binding and scanning remains unclear.”*>
In most cases, the presence of elF4A and elF4B/elF4H on the
43S preinitiation complex can resolve these structures in an ATP
dependent manner.>* However, as stated above, the TAR struc-
ture immediately downstream to the cap structure and the com-
plex structure of the whole HIV-1 5’ UTR appear to be too
stable to be simply unwound by the eIlF4A/elF4B/elF4H com-
plexes. Therefore, it leaves the question of how the 43S preinitia-
tion complex can bind and scan this structured HIV-1 5'UTR.

The need for additional helicases in HIV-1 translation

A hint to the above question, came from recent studies show-
ing that complex RNA structures can be unwound by recruiting
cellular RNA helicases to the 43S complex to assist ribosomal
scanning.”® These helicases belong to the growing family of
DExD/H box (DEAD, DEAH, DexH and DExD) proteins that
are characterized by the presence of a highly conserved helicase
core domain involved in ATP binding, ATP hydrolysis and
nucleic acid binding.’®>” These enzymes participate in virtually
all aspects of RNA metabolism by remodeling ribonucleoprotein
(RNP) or RNA-RNA complexes. As such, some of them have
been specifically involved in the process of translation initiation.
This is the case for Dedl, RHA (DHX9) and the DEAH-box
protein DHX29 in mammals which cooperate with elF4A/
elF4B/elF4H to enhance the processivity of ribosomal scanning
on structured transcripts.”>>" In this process, these enzymes
are delivered to the 5" end of the mRNA either by binding to a
specific post-transcriptional element (PCE) in the case of RHA,
as part of the eIF4F complex for Ded1, or together with the 40S
ribosomal subunit for DHX29.°* In the case of HIV-1, Boris-
Lawrie and colleagues have addressed the role of DHX9/RHA in
viral translation and they showed that the latter was required to
promote RNP remodeling through the 5UTR to ensure ribo-
some progression.®’ This occurs by the initial binding of RHA to
the PCE element found in the HIV-1 5UTR and appears to
require an ATP-dependent activity.®" The yeast ortholog of
Ded1, which is called DDX3 in mammals, has also been impli-
cated in HIV-1 translation. DDX3 is a member of the DEAD-
box family of RNA helicases and has been involved in many bio-
logical processes such as cell cycle progression, apoptosis, cancer,
innate immune response and in the replication of many viruses
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that infect humans®" such as the major pathogens hepatitis C and
B viruses together with the HIV-1.>"?

There are 2 related DDX3 genes DDX3X and DDX3Y in the
human genome. DDX3X or DBX (hereafter called DDX3) was
initially mapped to the X chromosome-linked genes with func-
tional homologs in the Y chromosome and was found in the
Xp11.3-11.23 region.®*®> DDX3Y or DBY is specifically
expressed in testis where it plays an essential function in sper-
matogenesis;G6 however, due to this specialized role, it will not be
further discussed in this review. Initially, DDX3 was shown to be
essential for HIV-1 replication by acting as a cofactor of Rev and
CRMI1 during the nuclear export of RRE-containing vectors.®”
DDX3 was later found to associate with some key members of
the translation initiation machinery and to participate in transla-
tion of a subset of cellular and viral mRNAs carrying structured
5'-UTRs.””%% However, unlike its yeast ortholog, DDX3 is
dispensable for general translation and cannot be considered as a
functional translation initiation factor.”®”® In a recent report,
Liu and colleagues have investigated the role of DDX3 in HIV-1
translation in the context of a full-length provirus and with HIV-
1 derived reporter genes. They have performed overexpression
and siRNA based knock-down of the endogenous protein to find
that HIV-1 required the presence of the helicase for translation.”!
In addition, by using bicistronic constructs containing the HIV-1
IRES in the intercistronic spacer, they suggested that DDX3
could act as an ITAF to promote IRES-driven translation. How-
ever, no mechanistic insight was provided to explain the need for
the enzyme and they rather suggested a role in assisting ribosomal
scanning on the viral 5 leader.

In a different study, Soto-Rifo et al. knocked-down DDX3
in HeLa cells expressing a full-length HIV-1 proviral clone cod-
ing for the renilla reporter gene, finding that while general trans-
lation was unaffected by depletion of DDX3, HIV-1 Gag
synthesis from the vVRNA was dramatically impaired.”> In the
same study, several DDX3 mutants were used to document the
need for the ATP binding and hydrolysis motifs for DDX3 func-
tion in translation initiation. By inserting unstructured RNA
spacers between the cap and the beginning of the TAR structure,
it was shown that displacement of TAR by only 15 nucleotides
away from the m’GTP was sufficient to abolish the requirement
for DDX3 in protein synthesis. Together, these observations
indicate that DDX3 is needed for the initial ribosomal binding
step rather than for the scanning process. This was further dem-
onstrated by using a biochemical assay in which DDX3 was
shown to bind to both the TAR RNA duplex and 2 additional
sites on the HIV-1 5'UTR that correspond to single stranded
RNA regions giving biological evidence to the proposed mecha-
nism of local strand separation proposed by Jankowsky and col-
leagues.”> DDX3 was also demonstrated to locally unwind the
base of the TAR motif in order to render the m’GTP accessible
for ribosome binding. In this model, DDX3 would substitute for
elF4E to nucleate the entry of a 43S preinitiation complex. Inter-
estingly, recent work from the Boris-Lawrie laboratory has shown
that translation of the HIV-1 genomic RNA can occur in an
elF4E independent manner by recruiting the CBP 80 at the
5" end of the transcript.”* Thus, this leaves the question of
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whether 43S complex formation occurs in a single step, e.g.,
DDX3 binds and nucleates the assembly of the full complex
composed of elF4F, eIF4B, elF3, elF1/1a, elF2 and the 40S
ribosome, or is the assembly of such a complex taking place in a
sequential manner? Similarly, the other important question to
answer will be to determine the composition of the DDX3 medi-
ated 43S preinitiation complex: does it contain the whole set of
elFs or are some lacking? Furthermore, one has to consider that
TAR is the preferential binding site for Tat.”> As such, a direct
interaction between DDX3 and Tat has been recently shown
both in vitro and in vivo.”*”” Strikingly, Tat/DDX3 interaction
results in both the enhancement of viral transcription and transla-
tion.”®”” In the latter case, which is more relevant to the topic of
this review, the Tat/DDX3 complex was found to be associated
to both the translation initiation complexes and to polysomes.
The knockdown of DDX3 resulted in the release of Tat from the
polysomal fraction, highlighting its role in this interaction.”®

These findings are in agreement with data showing that the
interaction of cellular RNA-binding proteins with the viral RNA
impacts RNA structure-function.®! The RNA-binding protein
lupus autoantigen La”® was the first identified cellular protein
shown to bind to the HIV-1 5'leader and to relieve TAR-induced
translational repression in an in vitro system.”® Such an effect
required the dimerization domain of La’” and, later, Hiithn et al.
(1997) reported that La exhibited a dsRNA unwinding enzyme
activity that could potendally be used to destabilize the TAR
structure;® nevertheless the effect of La on HIV-1 expression in
cell culture or its role on HIV-1 replication has not been further
investigated. Staufen 1 and TAR-RNA-binding protein (TRBP)
are other examples of cellular proteins that are capable of reliev-
ing the TAR-induced translational repression by directly interact-
ing with the RNA TAR structure.”8!

elF4E independent translation of the full-length
HIV-1 mRNA

During mRNA synthesis and processing several different yet
dynamic mRNA-ribonucleoprotein complexes (mRNPs) are
formed. One of the first protein complexes that co-transcription-
ally assembles over the 5’cap structure is known as the nuclear
cap-binding complex (CBC).** The CBC consists of a cap-
binding subunit protein 20 (CBP 20) which binds the cap and
cap-binding protein 80 (CBP 80) which stabilizes this interac-
tion. The CBC plays an important role in various aspects of
nuclear mRNA metabolism such as pre-mRNA splicing and
nuclear export and it remains associated to the mRNA during
intron removal, deposition of the exon junction complex (EJC)
and nuclear export. In the cytoplasm, the CBC plays an analo-
gous role to e[F4E as both can interact directly with eIF4G to
serve as a platform for the loading of the 43S preinitiation com-
plex to mRNA,84
round of translation.®* This induces extensive rearrangements of
the CBC-bound mRNPs with the removal of EJCs and EJC-
associated factors by the translating ribosomes, and the exchange
of nuclear poly(A)-binding protein N1 (PABPN1) with cyto-
plasmic PABPC1 at the poly(A) tail.** CBP80 also promotes the
replacement of CBC by eIF4E in polysome associated mRNA by

to undergo what is referred to the pioneer
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a mechanism that involves the karyopherin importin-
B—promoted dissociation of CBC from the mRNA.**3% Dissoci-
ation of CBC allows the binding of eIF4E to the 5'cap and the
beginning of protein synthesis. eIF4E alone has a lower affinity
for the cap than CBC but assembly of e]lF4F increases the affinity
of eIF4E for the cap.®® A recent report suggests that in the case of
HIV-1, spliced viral mRNAs undergo CBC exchange for eIF4E,
while unspliced HIV-1 mRNAs remain associated with the CBC
in the cytoplasm’* during mRNA translation and viral gRNA
encapsidation.”* These observations drove the authors to propose
a model by which translation initiation of the full-length HIV-1
mRNA would take place by a non-canonical cap-dependent
translation initiation mechanism reliant on CBC instead of
elF4E.”* However, an alternative interpretation to these findings
is that CBC remains associated to the viral mRNA yet 40S ribo-
somal subunit recruitment occurs in a 5’end independent fashion
as highlighted below. This possibility that was not considered by
the authors also fits all the findings that they describe.”*

Cap-Independent Translation Initiation
from the HIV-1 mRNA

Characterization of IRES sequences

Two IRESes have been identified on the HIV-1 full-length
mRNA, one within its 5’UTR, and the other within the Gag cod-
ing region.86’87 The IRES within the 5’UTR has been evidenced
in the laboratory adapted HIV-1 infectious recombinant proviral
clone NL4.3, the CXCR4 (X4)-tropic primary isolate HIV-LAI
and in the 5'UTR of viral RNA isolated from clinical
samples. 55889

The characterization of the HIV-1 IRES was done by using a
series of bicistronic constructs that were verified to contain no
cryptic promoter or spurious splice sites as they are often a caveat
in this area of research®**%° In addition, translation of HIV-1
in a bicistronic context was shown to be resistant to picornaviral
proteases that specifically inhibit cap-dependent translation initi-
ation.’#?1 More recently, Monette et al. have used transfec-
tion-infection experiments of DNA encoding a bicistronic RNA
containing the HIV-1 5'UTR proving that its activity is not dis-
rupted by poliovirus infection in 293 T cells.

Structural analysis of the HIV-1 leader evidenced that a short
RNA duplex of predicted free energy (AG) of —10.4 is formed
in the wild type leader region by base-pairing of sequences flank-
ing the primer-binding site (PBS). In Brasey et al. (2003), this 7-
bp duplex was strengthened in the context of the pNL4.3 infec-
tious clone to generate a plasmid encoding for viral RNA with
increased stability in the PBS domain. The AG predicted for
these new RNA structures ranged between —23.5 kcal/mol
(wild-type) and —38.4 kcal/mol. The last value greatly exceeded
the stability of the wild-type HIV-1 5'UTR, including that of the
extended trans activation responsive (TAR) region hairpin struc-
ture (—29.6 kcal/mol), which is known to strongly inhibit trans-
lation initiation. Following transfection in C33A cells, no effect
on Pr55Gag and CA-p24 protein expression could be observed
suggesting the presence of the IRES. Additionally, translation
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activity from the HIV-1 5'UTR IRES proved to be resistant to
the introduction of mutations designed to alter specific RNA
structural elements within the functional region,*"**?° suggest-
ing that structure-function relationship for the HIV-1 IRES is
not as rigid as that described for other viral IRESes.”*”® The bio-
logical significance of these findings still has to be addressed.
Moreover, while studying the HIV-1 5'UTR IRES, Gendron
et al. defined a region upstream from the PBS that they named
IRENE, for IRES negative element, which negatively impacts on
activity of the HIV-1 leader IRES.*® The molecular mechanisms
by which this cis-acting RNA element can inhibit IRES-driven
translation are unknown and have not been studied further.
Besides IRENE, other cis-acting repressive sequences or inhibi-
tory sequences (CRS/ INS)?9-104 reported to be scattered
throughout the Gag, Pol, and Env regions of HIV-1
mRNA ?71%% 3r also able to restrict the expression of the HIV-1
structural proteins by a, yet, undefined mechanism. Although no
consensus sequence has been defined for these CRS/INS ele-
ments, they were shown to contain AU-rich elements
(AREs).'%"192 Ope such inhibitory element, known as the INS-
1, is found within the matrix (p17) Gag coding region and is
reported to function as an inhibitor of both HIV-1 mRNA cap-
dependent and IRES-mediated translation initiation.””'** Inhi-
bition of translation was not restricted to the context of HIV-1
mRNAs as insertion of the INS-1 within a heterologous non-viral
mRNA could also inhibit its expression.””'*>'% Although the
molecular mechanism by which INS-1 restrices HIV-1 mRNA
translation initiation remains undefined, several reports suggest
that host proteins are involved.'**'%?

Along the same line, Brasey et al. showed that the Gag ORF
inhibited protein expression mediated by the HIV-1 5UTR in
the context of a HeLa cell line.*® Such results were very puzzling
at the time considering that the HIV-1 5'UTR drives the expres-
sion of Gag protein. Therefore, how could the HIV-1 5'UTR
IRES drive efficient expression of Gag while the Gag ORF inhib-
its IRES function? This question was recently solved by Plank
et al. who showed that the inhibitory effect of the Gag ORF was
not observed in the context of a lymphocytic cell line.”” These
observations suggest that the repression of translation is restricted
to certain cell types but not in the natural hosts of HIV-1 infec-
tion. Together, these observations would suggest that HIV-1 tro-
pism is partially regulated by a yet poorly characterized
molecular mechanism involving translational control of viral
gene expression. A similar scenario has been established for other
viruses harboring IRESes. Translational control of viral tropism
has been characterized for HCV as well as for several members of
the picornaviridae family of viruses.''*"*

In addition to the IRES present within the HIV-1 5UTR
Buck and colleagues also identified an IRES within the Gag
ORF.¥ This second IRES drives expression of both the Gag-
protein and of a shorter N-truncated isoform of it (p40) in which
the entire matrix domain is missing (See Fig. 1). Although the
function of Gag p40 is unknown, it is produced during infection
and its deletion impaired the growth kinetics of HIV-1 in cul-
ture.®” The presence of shorter N-truncated isoforms that result
from alternative initiation at codons located in the Gag coding
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region is conserved in HIV-2 and the simian homolog
(SIv).11>11e Investigation into the translational mechanism used
for production of p40 revealed the exclusive use of the IRES
located in the Gag ORF whose activity is totally independent from
the cap structure and elF4E, and is resistant to the FMDV L prote-
ase treatment.”> However, the most peculiar characteristics of this
IRES lies in its ability to promote expression on the upstream
AUG located at its 5'border.*”''” This allows efficient protein
synthesis from synthetic leaderless mRNAs in which the AUG
codon is located immediately at the 5'end of the RNA. Surpris-
ingly, translation mediated by this synthetic mRNA is highly effi-
cient''” (de Breyne et al., unpublished) and occurs at the
authentic AUG codon with no associated leaky scanning indicat-
ing that ribosome recruitment on the Gag coding region IRES is
mediated by an unconventional mechanism. This characteristic is
conserved in HIV-2 and in SIV."'>1"7

All these features contrast with other IRESes described to date
and suggest that the Gag coding region contains 2 binding sites
for ribosome attachment which are dedicated to each initation
site.

Activity of the HIV-1 5'leader IRES is regulated by IRES
trans-acting factors (ITAFs)

The HIV-1 5UTR IRES demonstrated activity in various
biological systems such as HeLa based translation extracts,* in
such as Hela, U20S, HEK293-T, Jurkat T
cells,”BO8890 1B 40 in Xenopus laevis oocytes (see
Fig. 2).*"12° Nonetheless, the HIV-1 IRES is quite inefficient in
promoting translation in the RRL."*' However, this poor activity

cells

can be rescued by addition of Hela cell extracts prepared from
G2/M arrested cells to the lysate®' suggesting a requirement for
cellular proteins and/or IRES trans-acting factors (ITAFs).*!
Although the precise mechanism by which ITAFs facilitate the
recruitment of ribosomal subunits remains unknown, they
appear to facilitate binding of eIFs and ribosomes, or may act by
assisting the RNA to undertake a structure able to recruit the ini-
tiation complex.”*'?*'?> Using pull-down experiments Vallejos
et al.*! identified a series of proteins found in G2/M Hela
extracts that interact with the viral 5UTR. However, these find-
ings are very preliminary as their role in translation initiation was
not evaluated in a functional assay.*' The impacts of some well
known ITAFs have been assayed on translation initiation of the
HIV-1 SUTR IRES.”V118120 A¢ such, Liu et al. showed that
elF5A, the human Rev-interacting protein (hRIP) and DDX3
were all capable of stimulating translational activity from the
HIV-1 5UTR IRES when located in a bicistronic context in
HEK293T cells. Interestingly, the same report discarded Sam68,
a member of the signal transduction and activation of RNA
(STAR) protein family, as a possible ITAF for the HIV-1 5UTR
IRES.”" Using a similar strategy, Monette et al. identified
hnRNP A1 as a cellular factor that enhances HIV-1 5’UTR IRES
function.'® They further presented evidence that HIV-1 mRNA
is loaded with hnRNP A1 in the cell nucleus and that the protein
shuttles to the cytoplasm associated to the viral mRNA where it
can exert its function at the level of IRES-mediated translation
initiation.''® As for nascent cellular mRNAs, the HIV-1 mRNA
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is expected to first encounter RNA-binding proteins in the
nucleus.®” In fact, the full-length viral mRNA reaches the cyto-
plasm as part of a distinct ribonucleoprotein (RNP) complex
with nuclear RNA-binding factors.'12° Therefore, it is plausible
that both viral and cellular proteins such as Rev and hRNP Al
are initially loaded on the viral mRNA in the nucleus before
being used for cytoplasmic RNA expression.''®'*” In line with
this possibility, a recent report confirms the cotranscriptional for-
mation of a stable export complex that includes both Rev and
CRM1."*® It is noteworthy that Rev and associated proteins not
only determine the export of the full-length mRNA, they also
play a role in its translation. In fact, Rev promotes polysomal
association of the full-length mRNA and stimulates its transla-
tion.'*”'*? Furthermore Rev is also required for the binding of
PABP to the Rev-dependent viral mRNAs and relieves the trans-
lational inhibition imposed by Gag ORE.'%'°h130 HIV.
IRES-mediated translation initiation can also be altered by cyto-
plasmic modifications of specific ITAFs. For instance, the mito-
gen-activated protein (MAP) kinase-interacting kinases (Mnks)
trigger the phosphorylation of hRNP Al and this event seems to
be required for HIV-1 IRES activity, as inhibition of Mnk phos-
phorylation results in a decrease of HIV-1 IRES mediated pro-
tein expression.''® Consistent with this observation, HIV-1
infection induces a moderate increase in the phosphorylation sta-
tus of hnRNP A1 and this may contribute to its ability to influ-
ence HIV-1 IRES-mediated translation initiation.

Conversely, activity of the HIV-1 5'UTR IRES can also be
inhibited by cellular proteins. For example, HuR, a nucleus-
cytoplasm shuttling protein that belongs to a conserved family
of RNA-binding factors that were originally identified in Dro-
sophila as embryonic lethal abnormal vision (ELAV) proteins,
was identified as a negative modulator of HIV-1 IRES activ-
ity."*® Translational inhibition of the HIV-1 IRES activity by
HuR is not due to a direct protein-RNA interaction as the
binding of HuR to the HIV-1 5UTR could not be estab-
lished;"?° therefore the molecular mechanism in place remains
to be determined.

Why would HIV-1 mRNA require an IRES?

As the HIV-1 mRNAs bear a 5'cap, it can be argued that
IRES-dependent initiation would seem to be unnecessary during
viral mRNA translation. However, several lines of evidence sug-
gest that cap-dependent translation initiation is disrupted during
HIV-1 replication.

The studies of cellular mRNAs harboring a dual initation
mode such as that exhibited by the HIV-1 mRNA show that
under normal physiological conditions, cap-dependent transla-
tion would be the predominant mechanism used for translation.
However, under various cellular and environmental stresses,
global protein synthesis declines and expression of diverse stress-
responsive factors driven by IRESes are preferentially upregu-
lated.'22 124131 As such, cellular mRNAs can switch from cap-
dependent to cap-independent translation as an adaptive
response of stress resistance 122124131, this may also be the case
for translation initiation from the HIV-1 mRNA.
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As is true for all viruses, HIV-1 is
an obligate intracellular parasite and
must use the cellular machinery for
viral protein production. As a conse-
quence, early in infection, the viral
mRNAs have to compete with all
actively translated cellular mRNAs
for the use of ribosomes and, above
all, for the limited pool of eukaryotic
translation initiation factors (elFs)
necessary for translation initiation.
Success in this competition will
ensure the reprogramming of the
host machinery toward the produc-
tion of virally encoded proteins and,
ultimately, the release of infectious
virions.'?*'% In the case of the
HIV-1, the YUTR has been shown
to drive cap-dependent translation
initiation under normal physiologi-
cal conditions®>>! and to mediate
IRES-dependent protein synthesis
during stress conditions known to
hinder cap-dependent translation
initiation. > 8¢8%91118 Tnerestingly,
in the course of viral replication,
HIV-1 has been shown to change
cellular homeostasis altering several
components of the host translational
apparatus which results in the inhibi-
tion of cap-dependent translation.
For instance, HIV-1
endogenous cellular increase of reac-

induces an
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. ]
&

Cap € AAAA(A)
HIV-1 5’UTR

A.Monocistronic construct

C\“\\&\“‘C“)“

9
Cap Lue2 |7AAAAA(A)
globin 5’UTR HIV-1 5’°UTR

e @

[ Hela cells extract ]

B.Bicistronic construct

Figure 2. Different levels of requirement for initiation factors on the HIV-1 5’UTR. The HIV-1 mRNA can use
both a cap-dependant mechanism in a monocistronic context (A) or an IRES-driven mechanism (B). Addi-
tion of cap-dependant inhibitors (P2A and FMDV L proteases, Cap-analog) results in a partial inhibition of
gene expression in a monocitronic context but not in a bicistronic setting. Addition of Hela cell extract
was shown to greatly stimulate initiation from the HIV-1 IRES.

tive oxygen intermediates leading to
an oxidative stress that has been
demonstrated to facilitate NF-kappa B-dependent activation of
HIV transcription and to stimulate the HIV-1 5UTR IRES
activity.®® Additionally, the expression of the viral protein R
(Vpr), which plays a role in the regulation of reverse transcrip-
tion, nuclear transport, transcription, cell cycle and apoptosis, is
also able to promote cell cycle arrest in the G2/M phase.'** In
general, during the G2/M phase of the cell cycle, both eIF4E and
4E-BP are hypophosphorylated, leading to the disruption of the
elF4F complex, to the sequestration of eIF4E by 4E-BP and to
the suppression of cap-dependent translation initiation.'*> Con-
sistently, during Vpr induced G2/M cell cycle arrest, functional
eIF4E is diminished as the eIF4E-4EBP interaction is favored.”*
Conversely, virus induced G2/M cell cycle arrest stimulates both
HIV-1 transcription and Gag mRNA translation,"? © resulting in
an overall increase of viral production.'”” This finding strongly
correlates with the observation that HIV-1 IRES-driven expres-
sion is barely affected by G2/M arrest.*®

The initiation factor elF4G is also a substrate for several dis-
tinct cellular and viral proteases in the late steps of HIV-1 infec-
tion. Indeed, activation of apoptosis by Vpr induces the activation
of caspase 3 which, in turn, mediates the proteolysis of
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clF4G. 1?3137 Furthermore, the HIV-1 viral protease which is
required for processing of viral proteins and has also several cellu-
lar targets,"**"*8, can also cleave the initiation factors eIF4G,
PABP and eIF3d."“*"42 148 Although the effect of eF3d cleavage
on translation has not been determined,'*® proteolysis of eIF4G
and PABP lead to repression of cap-dependent translation in
RRL, in cell free extracts, and in cultured cells, 141142149150 1y o0
ever, under these conditions that hinder cap-dependent transla-
tion initiation, protein synthesis driven by the EMCV- and PV-
IRESes, and by the HIV-1 5'UTR remained barely affected both
in cell free extracts and in cells (See Fig. 2). 149150 Thege experi-
ments would suggest that during the late stages of the HIV-1 repli-
cation cycle, cap-dependent translation initiation is targeted. In
consequence under conditions that hamper cap-dependent trans-
lation initiation the presence of a functional IRES would favor
viral mRNA translation over that of cellular mRNAs.

In addition, the presence of a modified 5’cap structure at the
extremity of the HIV-1 full-length RNA could also justify the
requirement of an IRES. Indeed, the peroxisome proliferator-
activated receptor-interacting protein with methyltransferase
domain (PIMT) is a protein known to interact with the Rev/
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RRE complex. PIMT hypermethylates the m’G RNA-cap to
generate a pool of trimethylguanosine (TMG; m* *7 guano-
sine)-cap containing viral mRNAs.">1153 TMG-capped-RNAs
are known to translate poorly,"”* due to the inefficient recog-
nition of the trimethyl by the cap-binding protein eIF4E."”"
158 As a consequence, it would be predicted that TMG-HIV-
1 RNAs would be inefficiently translated resulting in a
decrease of viral expression. However, this is not the case and
TMG-capping of viral mRNAs associates with an increased
expression of HIV-1 structural proteins.'>' Although the
mechanism by which these TMG-capped viral mRNAs
recruit the translational machinery was not studied, it is
tempting to speculate that translation initiation from the
TMG-HIV-1 RNAs could take place by a cap-independent

IRES-mediated mechanism.

Perspectives

Over the past 10 years, there has been an increasing num-
ber of manuscripts concerning the translational control of
HIV-1 gene expression. This has been a very exciting growing
field that has contributed to a better understanding of HIV-1
protein synthesis. Knowledge regarding the different mecha-
nisms of translation initiation used by HIV-1 is growing.
Noteworthy, several novel strategies have emerged to specifi-
cally target IRES mediated translation of viral mRNAs in the
context of eukaryotic cells. For example several strategies have
been developed to target the HCV IRES."*”'®* Findings sug-
gest that translation initiation of viral mRNAs can be specifi-
cally targeted within a cell without hampering canonical
cellular mRNA translation. It is therefore plausible to predict
that the knowledge concerning the HIV-1 cap-independent
translation initiation might prove paramount in the develop-
ment of new therapeutic strategies that specifically target
HIV-1 IRES-dependent protein synthesis.

Viral RNA localization

New observations are starting to shed light on important
issues regarding the cytoplasmic localization of the HIV-1 geno-
mic RNA while it is being translated. This knowledge that has
generated novel perspectives on the understanding of HIV-1
translation is summarized below. The formation of a preinitia-
tion complex between DDX3, elF4G, PABP and the HIV-1
genomic RNA has implications on the subcellular localization of

the genomic RNA during translation. Indeed, DDX3 has been
found to be a component of at least 2 kinds of cytoplasmic foci

163

that are neuronal granules implicated in CAMKIIalpha™*” and

Beta-actin'®® transport and cytoplamic stress granules and P-
bodies.'®® In the latter case, the overexpression of DDX3 was
shown to lead to spontaneous assembly indicating a scaffolding
role for the enzyme in stress granules assembly.””'®> By using
RNA fluorescence in situ hybridization coupled to indirect
immunofluorescence, Soto-Rifo and colleagues were able to
visualize the formation of a core DDX3/PABP/elF4G trimeric
complex on the HIV-1 genomic RNA that is localized to com-
partmentalized cytoplasmic foci.'®® This was further confirmed
by biochemical data showing direct interactions between DDX3
with both PABP and eIF4G. Surprisingly, these foci were devoid
of any of the cap- binding proteins (eIF4E and CBP80) and con-
tained only traces of elF4A, elF4B and eIF3. These observations,
together with the fact that they could form in the absence of any
cellular stress suggested that they were not bona fide stress gran-
ules. In agreement with this, a mutated version of DDX3 in
which the **YIPPHLR*® motif required for stress granule assem-
bly was deleted could still be recruited in these cytoplasmic foci.
This is also consistent with earlier work showing that expression
of HIV-1 prevents stress granule formation induced by arsenite
treatment.'®” These data lead to a model in which these cyto-
plasmic spots would be the location for assembly of a minimal
preinitiation complex on the HIV-1 genomic RNA. Such a com-
plex is constituted by the assembly of DDX3/elF4G/PABP at the
5" end of the HIV-1 genomic RNA where it locally unwinds the
basis of TAR to create a single stranded RNA region accessible
for ribosomal binding.”* Due to its essential role in HIV-1 trans-
lation and replication, it is not surprising that several anti-HIV
drugs are currently being developed against DDX3 over the last
few years."®® This represents a good alternative as it overcomes
the problem of drug resistance that is often observed. Some of
these molecules are relatively small, easy to synthesize and have
been demonstrated to be very competent to inactivate DDX3
resulting in a good reduction of viral load in peripheral blood
mononuclear cells rendering their use quite promising for novel

therapeutic approaches.'®”
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