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Abstract: HIV-1 is able to express multiple protein types and isoforms from a single 9 kb mRNA 

transcript. These proteins are also expressed at particular stages of viral development, and this is 

achieved through the control of alternative splicing and the export of these transcripts from the 

nucleus. The nuclear export is controlled by the HIV protein Rev being required to transport incom-

pletely spliced and partially spliced mRNA from the nucleus where they are normally retained. 

This implies a close relationship between the control of alternate splicing and the nuclear export 

of mRNA in the control of HIV-1 viral proliferation. This review discusses both the processes. 

The specificity and regulation of splicing in HIV-1 is controlled by the use of specific splice sites 

as well as exonic splicing enhancer and exonic splicing silencer sequences. The use of these 

silencer and enhancer sequences is dependent on the serine arginine family of proteins as well as 

the heterogeneous nuclear ribonucleoprotein family of proteins that bind to these sequences and 

increase or decrease splicing. Since alternative splicing is such a critical factor in viral develop-

ment, it presents itself as a promising drug target. This review aims to discuss the inhibition of 

splicing, which would stall viral development, as an anti-HIV therapeutic strategy. In this review, 

the most recent knowledge of splicing in human immunodeficiency viral development and the 

latest therapeutic strategies targeting human immunodeficiency viral splicing are discussed.

Keywords: alternative splicing, exonic splicing enhancer, exonic specific silencer, splicing 

based therapies, SR proteins, hnRNP, Rev, Tat, Vpr

Introduction
Like all retroviruses, HIV-1 displays an absolute need for alternative splicing in order 

to form mature infectious viral particles, as this is necessary to form the viral envelope 

transcript. This is because like all retroviruses, HIV-1 encodes all of its necessary 

protein on a single 9 kb genomic mRNA transcript. Previously, it was thought that 

>40 different mRNAs are encoded by this transcript;1 however, the next generation 

sequencing has revealed that there are ~109 differently spliced mRNAs.2 Retroviral 

genomes characteristically consist of a 5′-long terminal repeat (5′-LTR) followed 

by the gag, pol, and env genes and a 3′-LTR. These LTR regions are the parts of the 

viral genome that are joined to the genomic DNA of the host cell (Figure 1).1 The 

expression of multiple proteins and multiple isoforms of these proteins are achieved 

through the use of alternative splicing combined with the specific release of particular 

species of spliced mRNA from the nucleus. The HIV-1 splicing events can be divided 

based on the phases of virus expression, which correlates to the level of splicing.3 As 

a result, three different classes of spliced transcript are formed. The 2 kb completely 

spliced the transcripts, 4 kb partially spliced the transcripts, and 9 kb unspliced the 
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class. Immediately after infection, short completely spliced 

mRNAs are produced, which encode the viral regulatory 

proteins Tat, Rev, and Nef. These proteins are required in 

the early stages of viral infection. Their expressions are fol-

lowed by the production and nuclear export of the partially 

spliced mRNA coding for Vif, Vpr, Vpu, and Env. Finally, 

the 9 kb transcript encodes the viral structural proteins Gag 

and Gagpol.4,5 The control of these splicing activities is 

vital to virus maturation and multiplication. This complex 

pattern of transcription is controlled by the proteins Rev 

and Tat and is orchestrated by four alternative 5′ splice 

sites (ss; SD1–4) and eight alternative 3′ splice acceptor 

sites (SA1, SA2, SA3, SA4a, SA4b, SA4c, SA5, and SA7; 

Figures 1 and 2). The 3′ ss vary in their usage depending on 

various regulatory signals including exon splicing enhancing 

(ESE) signals and exon splicing silencing (ESS) signals. ESE 

signals regulate splicing by interacting with the members of 

the SR protein family. The ESS signals bind the members 

of the heterogeneous nuclear ribonucleoprotein (hnRNP) 

family that block the assembly of the spliceosome complex. 

Splicing within the HIV-1 genome generally occurs in a 5′ 
to 3′ direction, resulting in the sequential removal of introns 

from the 5′ end.4,5

HIV-1 genome ss
The splice acceptors in HIV-1 contain short polypyrimidine 

tracts, unusual branch points, and regulatory sequences that 

up- or down-regulate the usage of ss generate a large number 

of transcripts from a single mRNA. All these factors lead to 

the splicing being sub-optimal. The levels of various mRNAs 

differ with Env and Nef being abundant and Tat, Vif, and 

Vpr occurring at lower amounts. It is thought that these 

differences in mRNA levels arise because of the differences 

in ss efficiency.6 Most of the 5′ ss contain the conventional 

splice consensus sequence.7 However, the 3′ ss consist of 

non-consensus splice sequences, and these ss generate the 

inefficient and delayed splicing of HIV-1 mRNA.8 These 

5′ ss are locations for the binding of U1 snRNP, whereas 

the 3′ ss are locations for the binding of the U2AF splicing 

factor. Different components of this splicing factor bind to 

different regions of the 3′ ss. The U2AF65 domain binds to 

a polypyrimidine tract, whereas the U2AF35 domain binds 

to a conserved AG sequence.5 

ss efficiency
These ss are described as either strong or weak, and this 

description depends on the level of base pair homology 
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Figure 1 Organization of the HIV genome.
Note: The 5′ ss (D1–4) and 3′ ss (A1–7) are indicated as well as the resulting mRNA transcripts with non-coding sequences marked in gray.
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between the 5′ ss and the 3′ ss have for either U1 snRNP 

or U2AF, respectively.5 Studies that aimed to determine the 

efficiency of splicing were based on comparing the ability 

of ss to induce splicing when they were inserted into the 

exon-one, intron one, exon two region of human β globulin 

constructs. In comparison with a control β globulin 5′ ss, all 

the HIV 5′ ss D1 and D4 were just as efficient as the control 

5′ ss. The efficiency of the 5′ ss could also be further ranked 

with D1 and D4 being two to three times more efficient than 

D2 and D3.7 The same study indicated that all the HIV-1 3′ ss 

were less efficient than the β globulin 3′ ss.7 The importance 

of negative and positive regulation of 3′ ss by their down-

stream exonic sequences was demonstrated Kammler et al.9 

Removal of the downstream exonic sequences also decreased 

the efficiency of all the 3′ ss except for ss A2 and A3 that 

maintained most of their splicing efficiency. However, the 
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AAUUUUCGGGUUUAUUACAG

UUAGGACAUAUAGUUAGCCCUAGG

UGGGU

CUAGACUAGA

CCAGUAGAUCCUAGACUAGA

AGUUUGUUUCACAACAAAAG

AGUUUGUUUCACAACAAAAGCCUUAG
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UAGUGAAUAGAGUUAGGCAGGGA
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UAGAAGAAGAA

Positions

Figure 2 Position of splicing enhancers and silencers as well as the proteins that target these sites.
Notes: Negative regulation sites are marked in orange, whereas positive regulators of splicing are marked in green. The sequences of the acceptor sites as well as their 
positions and the regulatory elements and factors associated with each site are given in the table below the figure.
Abbreviations: ESS, exonic splicing silencer; ESE, exonic splicing enhancer; ESSV, exonic splicing silencer; hnRNP, heterogeneous nuclear ribonucleoprotein; ISS, intronic 
splicing silencer; GAR, guanosine–adenosine rich.
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splicing efficiency of the A2 and A3 ss is decreased when 

the downstream exonic sequences were included.5 

A1 ss
The A1 ss is used to form the Vif mRNA (Figure 2) through 

the use of D1 5′ ss and A1 3′ ss, and therefore suboptimal 

splicing at this ss is necessary for viral progression. The 

appropriate splicing activity of this ss requires a suboptimal 

5′ ss (D2) downstream of A1. More efficient splicing at D2 

results in increased splicing at the A1 site and a decrease in 

viral particle production as there is less unspliced RNA.5,10

A2 ss
The A2 ss is used to form the Vpr mRNA (Figure 2). This is 

negatively regulated through the activity of the ESS silencer. 

Inhibition of this silencer results in reduced production of 

viral particles because of the increased splicing at A2 and 

a decrease in unspliced mRNA levels. The SR protein ASF 

increases splicing at this site (Figure 2).5,10 

A3 ss
This site has a low splicing efficiency even though it has a 

highly optimized polypyrimidine tract, and this is probably 

due to the presence of two silencer sequences, one upstream 

ESS2p and another downstream ESS2. At the same time, 

the enhancer site ESE2 is a target site for multiple SR pro-

teins. Splicing at this site gives rise to the Tat protein that is 

essential for viral transcription (Figure 2).5,10 The multiple 

Tat mRNAs are formed by splicing 3′ ss A3 to D1, D2, 

or D3, and these transcripts are either completely spliced 

consisting of two exons or are incompletely spliced and 

consist of one exon.5 

A4 ss
Splicing at all three of the A4 sites gives rise to multiple 

isoforms of the Rev protein.5,10 Splicing at the 4c ss occurs 

less frequently than splicing at the 4a and 4b 3′ ss. However, 

all these ss are relatively weak and require the activity of 

enhancer sequences. The strength of splicing is also increased 

by the strength of the downstream 5′ D4 ss (Figure 2).5

A5 ss
Utilization of this ss gives rise to env mRNA (Figure 2).5,10 

Splicing at the A5 site occurs more frequently than at all 

three A4 ss. This is a relatively weak ss and requires the 

activity of splice enhancer sequences. This includes the 

guanosine–adenosine-rich (GAR) ESE. As with the 4’ ss, 

the strength of splicing is increased by the strength of the 

downstream D4 5′ ss.5

A7 ss
Splicing at this site is negatively regulated by three silencing 

sequences.10 Inactivation of this ss led to an absence of splicing 

within the tat/rev intron; however, this did not affect the number 

of unspliced REV-dependent transcripts.9 Negative regulation 

also occurs as a result of an intronic splicing silencer (ISS) 

sequence (Figure 2). Positive regulation of splicing at this 

site is the result of the ESE3 enhancer element. This element 

is known as the Janus GAA3 element. It has been given the 

name Janus sequence because of its dual nature of being able 

to act as a silencer sequence as well as an enhancer sequence.5 

Splicing enhancers and silencers
As mentioned earlier, HIV mRNAs also contain cis-elements 

that increase or decrease splicing of these RNAs. These ESEs 

or ESSs are generally binding sites for the members of the SR 

protein family and the hnRNP protein family, respectively.5

SR proteins
This family of proteins is highly conserved, and each member 

contains one or two RNA recognition motifs (RRMs) at their 

N terminus and a serine–arginine-rich domain at their C termi-

nus. SR proteins interact with RNA through their N terminus 

and with proteins through their C terminus (Figure 3).5,11 In 

alternative splicing, they function to increase the activity of 

a 3′ ss by recruiting the members of the splicing complex. 

In addition, this may result in an increase in the usage of the 

downstream 5′ sites, which may also block the binding of 

inhibitory factors. SR proteins can also inhibit splicing by bind-

ing to splicing silencer elements and preventing the formation 

of the spliceosome. The activity of SR proteins is determined 

by their site of phosphorylation, with phosphorylation being 

required for ss recognition and de-phosphorylation being 

required for splicing catalysis.5,12,13 SRp75 acts on the splice 

acceptor 2 element, which results in the inclusion of exon 2 

to produce the mRNA for vif. This is down-regulated by a 

splicing silencer downstream of exon 2.14 SRp55 also binds 

a splice silencer within exon 5 to inhibit splicing at SD3.15 

In exon 5, there is a splice enhancer known as GAR, which 

interacts with SRp40 and ASF/SF2 to increase the splicing 

activity at SA5, resulting in the increased transcription of 

nef.15 SR proteins also influence the splicing of tat by binding 

to sequences within exon 4.16 SR proteins also increase the 

expression of HIV proteins by stabilizing viral mRNAs and 

promoting their nuclear export.17

hnRNPs
The hnRNP A/B protein family was first identified as inhibi-

tors of HIV-1 pre-mRNA splicing, when it was discovered 
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that they associate with the exonic silencer sequences located 

in exon 2, the area coding for the Tat protein, and control the 

expression of Tat. These proteins consist of two RRMs and a 

glycine-rich domain at their C-terminus (Figure 4).18 However, 

not all of these RNA binding domains are necessary for the 

regulation of HIV mRNA splicing.19 The ability of hnRNP 

A/B proteins to inhibit splicing seems to involve them in 

counteracting the ability of SR proteins to recognize and bind 

to ESE sequences.18 Two further splice silencers that control 

tat mRNA splicing are found in exon 4. They also function to 

inhibit the production of tat mRNA. These silencers are known 

as ESS2 and ESSp2 and are bound by hnRNP A1 and hnRNP 

H, respectively.20 However, the silencing function of ESS2 can 

be inhibited by the binding of the SR protein SC35 to a splicing 

Figure 3 List of SR proteins involved in splicing and their domain structure.
Note: The function of each SR protein and its HIV binding sites are given in the table below the figure. 
Abbreviations: ESE, exonic splicing enhancer; GAR, guanosine–adenosine rich.
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enhancer located within exon 4.21 The hnRNP family was later 

found to be involved in the regulation of alternative splicing 

of other HIV-1 transcripts. For example, hnRNP A/B prevents 

splicing to form vpr by binding to a silencer within exon 3 

known as exonic splicing silencer. This binding prevents the 

binding of U2AF65 to the SA3 ss. U2AF65 is required for the 

binding of U2AF.22 The splicing factor ASF/SF2 also competes 

with hnRNP A/B for binding positions that lead to splicing 

into SA3.16 All 2 kb fully spliced mRNAs depend on SA7. 

Here, hnRNP A1 binds to the ISS, located upstream of SA7, 

inhibiting splicing. Splicing involving SA7 is also blocked 

through the binding of hnRNP A1 to the ESS3 within exon 7.23 

Partially spliced viral mRNAs contain negative nuclear reten-

tion sequences known as instability sequence elements (INS). 

Regulatory proteins bind these mRNAs at these sequences 

sequestering them and preventing their nuclear export. The 

list of proteins capable of binding these negative regulatory 

sequences include hnRNP A1.24 In addition to the hnRNP A/B 

family, the hnRNP H family also plays a role in the control of 

splicing in HIV. This family includes hnRNPs H, H’, F, and 

GRSF-1, all of which have been shown to interact with splic-

ing enhancers and silencers. The minimal RNA recognition 

sequence of this family was found to be able to control the 

splicing of tat in an ADP-dependent manner.25

HIV RNA secondary structures
The secondary structure adopted by the target viral mRNA 

plays a role in the regulation of splicing through the confor-

mation that it adopts either exposing or hiding sites.5 The 5′ 
splice donor RNA is able to fold into a stem loop structure. 

The ability of the RNA to maintain this structure is a key 

means of splicing regulation as this structure restricts the 

access of the splicing machinery to the RNA sequence.26 

For instance, the region around the ESS3 splicing silencer 

adopts a hairpin loop structure. The loop contains the bind-

ing site for the hnRNP-A1 protein.27 On the other hand, the 
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Figure 4 Members of the hnRNP protein family and their domain structure.
Note: The general function served by each of these domains in hnRNP protein family is given in table below the figure.
Abbreviation: hnRNP, heterogeneous nuclear ribonucleoprotein.
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secondary RNA structure cannot only interfere with the 

access of the spliceosome to splice donor and acceptor sites 

on mRNA but also result in increased access when com-

pared to their secondary RNA structures. For example, the 

stem-loop structures of viral mRNA will result in unpaired 

nucleotides. The unpaired nucleotides give better access to 

the ss resulting in the increase in the efficiency of splicing.28 

The effect of various RNA secondary structures on splicing 

is shown in Table 1.

Methylation of adenosines N6 (m6A) occurs within the 

3′ untranslated region of the HIV genome. These methyla-

tion sites lead to the recruitment of cellular YTH domain 

family proteins (YTHDF1–3). YTHDF proteins bind to 

m6A-modified cellular RNAs and affect RNA metabolism 

and processing. These proteins then promote the translation 

of mRNA enhancing the expression of viral proteins.29 Infec-

tion of CD4 T cells also leads to an increase in the levels 

of methylation of both host and viral RNA. Methylation of 

two conserved adenosines in the stem loop II region of Rev 

response element (RRE) increases the RNA binding ability 

of RRE.30 

Viral proteins associated with 
alternative splicing
Rev
Rev is one of the first proteins produced by the virus. It is 

an 18 kDa protein and localizes to the nucleus because of its 

nuclear localization signal (NLS). Here, it binds to a struc-

tural motif in the env gene known as the RRE. At the same 

time, it interacts with the cellular protein Crm1. This results 

in the nuclear export of the partially spliced 4 kb transcripts 

and the un-spliced 9 kb transcript.31 The nuclear export of all 

partially spliced mRNAs is unusual as they contain functional 

introns. The primary function of the Rev protein is its direct 

interaction with the RRE, a cis acting target that is found on 

incompletely spliced viral mRNAs, facilitating the export 

of unspliced viral mRNA from the nucleus.32 Rev is a 116 

amino acid long protein containing an arginine-rich NLSs 

and leucine-rich nuclear export signals (NESs). The protein 

is transported into the nucleus through the interaction of the 

NLS domain nuclear import factors such as importin β.24 The 

RRE is 350 nucleotides in length and forms a stem loop-rich 

conformation. At least six Rev monomers bind to the RRE 

and form RRE-RNA-Rev dimers. The two Rev proteins form 

a V shape in this dimer exposing the arginine-rich RNA 

binding domain of each protein to the RRE of the RNA. The 

RRE-RNA-Rev dimers then oligomerize to form a larger 

RNP complex.24 The NES of the protein interacts with CRM1 

leading to the nuclear export of the RNP complex. However, 

CRM1 is not the only protein capable of interacting with Rev, 

resulting in nuclear export. Multiple other host co-factors can 

perform this function, including a range of RNA helicases 

whose expression levels are known to increase following 

HIV infection.24 The association with CRM1 is regulated by 

a GTPase. This is achieved by a RAN-GTP gradient estab-

lished between the nucleus and the cytoplasm through the 

dephosphorylation of RAN-GTPase into RAN-GDPase in the 

cytoplasm. The triphosphate form favors the binding of CRM1 

to the NES of Rev, whereas the diphosphate form favors the 

release of the transcript and Rev from CRM1.32,33 Rev also 

recruits the methyltransferase PIMT (peroxisome proliferative 

activated protein with methyltransferase domain) to act on 

RRE containing mRNAs. PIMT selectively hypermethylates 

the normally monomethylated RNA cap into a trimethylated 

cap. This results in the hypermethylation of partially spliced 

mRNAs but not fully spliced mRNAs, and these mRNAs with 

the altered RNA cap structure are recognized as substrates for 

the CRM1 transporter protein.24 The nuclear export of Rev–

RRE complexes also requires the eukaryotic initiation factor 

(eIF-5A) which is thought to target the Rev–RRE complex 

to the nuclear pore complex (NPC) and increases the binding 

efficiency to CRM1.34 Rev function is increased but not reliant 

upon its association with the FG repeat nucleoporin protein 

Rip/Rab. This protein aids in NPC localization.32 The export 

of large mRNA fragments is also aided by the association 

of the Rev–RRE complex with the RNA helicase DDX3.35 

In addition to the instability (INS) sequences that act as cis-

regulatory elements and that prevent nuclear export, some 

viral mRNAs also contain AU-rich sequences that repress 

nuclear export. Rev and RRE are able to counteract these 

Table 1 The influence of RNA secondary structure on specific 
splice sites

Splice site 3D structure Affected enhancers or 
silencers

A2-D3 Single stem loop ESSV exposed
A3 Extended stem loop ESS2 and ESE2 exposed and bound 

simultaneously by hnRNP A1
D1 Stable stem loop Role is not established 
A7 Three stem loops Loop 1 contains the ISS

Loop 2 contains the A7 site 
and ESE3
Loop 3 contains ESE3

Notes: This table lists the secondary structural conformations adopted by HIV-1 
mRNA and the influence that this secondary structure has on splicing enhancers and 
silencers. Adapted from Stoltzfus.5

Abbreviations: 3D, three dimensional; ESS, exonic splicing silencer; ESE, exonic 
splicing enhancer; ESSV, exonic splicing silencer; hnRNP, heterogeneous nuclear 
ribonucleoprotein; ISS, intronic splicing silencer.

www.dovepress.com
www.dovepress.com
www.dovepress.com


HIV/AIDS - Research and Palliative Care 2017:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

70

Dlamini and Hull

retention signals, leading to nuclear export.36 A number of 

other proteins have been identified as associated with Rev. 

These interactors are listed in Table 2. Rev also enhances 

the translation of RRE containing mRNAs, by enhancing 

the association of these mRNAs with the polyribosome, by 

interacting with the co-factors that aid in the association of 

RRE containing mRNAs with the translational machinery. It 

does not seem to be able to interact directly with ribosomal 

proteins. Alternative explanations for this enhanced translation 

include increased RNA stability.24 Rev is known to enhance 

the stability of RRE containing pre-mRNA in the nucleus.32   

Tat
Early HIV-1 expression studies confirmed that the expression 

of reporter genes under the control of HIV-1 LTR required 

a transactivating factor. This factor was found to be a viral 

protein and was thus given the name Tat.37 The functions of 

Tat can thus be summarized as a molecular adapter between 

components of the cellular machinery involved in transcrip-

tion and the viral mRNA.33 The activity of Tat is dependent 

on a sequence known as the transactivating response region 

(TAR), which is located downstream of the initiator site 

3′ of the HIV promoter. The TAR assumes a U-rich bulge 

confirmation, and this bulge is specifically recognized by 

Tat. In addition, the G34 residue in TAR is required to form 

a nucleotide bulge by forming a base pair association with 

residue C30 of TAR.33 Tat is a small 101 amino acid protein 

that is the result of a multiple spliced, RNA fragment and 

contains a co-factor binding domain, a basic RNA binding 

domain, which is also responsible for nuclear export, and a 

C terminal domain that is involved in mRNA capping.33 If 

Tat is deleted or inhibited, the result is short RNA sequences 

that are not polyadenylated. This implies that without Tat, 

RNA polymerase II has poor processivity of viral mRNA, 

most likely because of hypophosphorylation of the carboxy 

terminal domain of RNA polymerase II.33 Phosphorylation 

of RNA polymerase II is performed by the CDK9 compo-

nent of P-TEFb, which in turn can associate with multiple 

cyclins, including Cyclin T1. Tat selectively recruits cyclin 

T1 into this Tat-P-TEFb complex, activating the HIV-1 LTR 

promoter.38 This association is thought to allow Tat to increase 

the efficiency of elongation of RNA polymerase II.33

Tat also plays a role in inhibiting histone acetylases, 

resulting in chromatin remodeling near the transcriptional 

start site.33 Tat has been shown to be involved in the phos-

phorylation of the SR protein SF2, which leads to an increase 

in the splicing of viral RNA. However, acetylated Tat leads to 

the increase of unspliced mRNA, and the acetylation of Tat 

increases as infection proceeds.39 A sequence in exon 5 known 

as the GAR sequence is utilized through Tat to increase the 

expression of Env.40 

Vpr
Vpr plays a role in LTR activation, nuclear localization, and 

regulation of transcription. In general, it acts as an inhibitor of 

cellular pre-mRNA splicing.5,10 Vpr achieves this in a number 

of ways. First, it interacts with the splicing factor SAP145 

(SF3B2) inhibiting it from binding to another splicing factor 

SAP49 and pre-mRNA, thus preventing the formation of a 

pre-mRNA SAP49 spliceosomal complex.41,42 Second, Vpr 

mutants result in a decrease in the levels of single spliced 

and unspliced mRNA that is associated with oversplicing 

and defective replication.43 

Alternative splicing-based therapies
The alternative splicing of viral mRNA is an absolute require-

ment for viral maturation, expression of viral proteins, and 

assembly of new viral particles (Figure 5). As such interfer-

ing with the splicing of the HIV-1 pre-mRNA is a tempting 

drug target. This could be accomplished by inhibiting HIV-1 

splicing or by enhancing HIV-1 splicing. There are two basic 

strategies to interfere with alternative splicing in HIV-1 and 

basically rely on targeting splicing sites or splicing factors. 

These involve the masking of regulatory mRNA sequences 

by blocking ss on viral RNA or by altering the expression 

level or activity of SR or hnRNP proteins. The first approach 

can involve the use of modified antisense RNA or peptide 

nucleic acid fusion molecules that block viral ss. Another 

useful way of blocking ss is through the use of bifunctional 

Table 2 Specific proteins that interact with Rev 

Possible interactor Function

B23 Co-localizes with Rev in the nucleoli, helps 
Rev to maintain its presence in this location

P32 Overcome an import post-translational block 
of Rev

Nucleosome assembly 
protein

Nuclear import of Rev

Human I-mfa domain 
containing protein

Regulate Rev nuclear import

Poly(A) binding protein 1 Rev-related translation
Human Rev interacting 
protein 

Promotes the release of incompletely spliced 
mRNA from the perinuclear region

Matrix-associated RNA 
binding protein 

Stabilizes Rev–RRE interaction, a component 
of the nuclear pore proteome, frees mRNA 
from INS-mediated retention

Notes: This table lists the various cellular proteins that interact with the HIV-
1 Rev protein and the resulting effect of this interaction. Adapted from Kula A, 
Marcello A. Dynamic post-transcriptional regulation of HIV-1 gene expression. 
Biology. 2012;1:116–133.35

Abbreviations: RRE, Rev response element; INS, instability.
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oligonucleotides. These molecules consist of two separate 

oligonucleotides: one portion is the antisense of the target, 

which leads to the molecule being a specific blocker, and a 

second molecule that does not bind the target mRNA but 

recruits proteins or RNA–protein complexes that alter ss 

selection.44 The second strategy is viable because the blocking 

of a single SR protein can be compensated for by other SR 

protein in the host cell without a significant loss of function 

while HIV requires specific SR proteins. 

The use of anti-sense and siRNA molecules to block or 

interfere with splicing is well established in research studies 

and could be applied to therapeutic uses. In a similar fashion, 

the recent advances in CRISPR-Cas9 technologies have been 

successfully used to disrupt viral replication. However, the 

virus was able to adapt and use coupled non-homologous end 

joining processes to produce viral variants that could evade 

inhibition of replication.45 

SR proteins could be targeted by interfering with their 

phosphorylation. Indole derivatives interfere with the phos-

phrylation of SR proteins by binding directly to their RS 

domains, blocking phosphoryltion and altering the function 

of the SR protein. They bind directly to the RS domain of the 

SR protein that blocks phosphorylation impeding the splicing 

activity and nuclear trafficking of the protein.46 One of these 

compounds IDC16 was found to inhibit viral production 

in macrophages and peripheral blood mononuclear cells. 

It was also able to inhibit viral production in isolates from 

patients where the infection had developed resistance to HIV 

multi-therapies. This small fused tetracyclic indole molecule 

functions by inhibiting the splicing activity of ASF.47,48 Other 

advantages to IDC16 include low cellular toxicity, based on 

initial reports, and the fact that the virus would struggle to 

develop resistance to the drug. This is because resistance 

would involve mutations in enhancer sequences or mutations 

that improve the binding of SR proteins, both of which would 

likely result in non-viable viruses.46 In order to improve the 

activity and decrease the cytotoxicity of these compounds, 

a parallel synthesis of IDC16 mimics was performed and an 

active diheteroarylamide-type compound was identified. This 

compound was named compound 9 (1C8), and although it 

had the same antiviral activity as IDC1, it had a lower level 

of cytotoxicity.48 Another inhibitor of SR proteins is the 

isonicotinamide compound SRPIN340, which inhibits the 

SR protein kinases SRPK1 and SRPK2. This compound 

inhibits SRp75 phosphorylation, making the protein less 

stable. However, upon further study, it was discovered that 

this compound did not effectively inhibit HIV replication.5 

Some of these therapies are summarized in Table 3. 

Since Tat and Rev are necessary for HIV mRNA splic-

ing and expression of viral proteins, both these proteins are 

Nef

Vpr

Tat2x Drugs

Degradation

Tat1x

Vpr

Vif

Vpu

Env

Late phase Drugs

9kb mRNA Spliced in up to 109 mRNAs 

Unspliced

Singly spliced

Multiply spliced

Translation

Translation

Nuclear export

TAP

Tat2x
Nef
Vpr
Rev

Rev

Rev
Rev

RRE-RNA-Rev
 dimer

Rev
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Rev
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Rev

Rev

Early phase

Drugs (eg
Digoxin)
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Figure 5 A summary of the splicing pathways in HIV.
Notes: During the early phase, unspliced RNA is exported through association with Rev, where it associates with the ribosome and is translated into Gagpol and Gag 
proteins. Partially spliced mRNAs are also exported and translated into proteins Env, Vpr, Vif, and Tat. During the late phase of viral infection, multiple spliced mRNAs are 
exported to the cytoplasm where they are translated into Tat, Vpu, Nef, and Rev.
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prime targets to disrupt viral gene expression by interfer-

ing with alternative splicing. The most logical target is the 

RRE sequence on viral RNA. If the association of Rev with 

this sequence can be blocked or inhibited, viral maturation 

will be impeded. It is already known that aminoglycoside 

antibiotics and aromatic heterocyclic compounds inhibit 

the association of Rev with RRE.32 The absolute require-

ment for Rev to export partially spliced transcripts from the 

nucleus has led many to consider this protein as an attrac-

tive therapeutic target. The activity of this protein may be 

targeted using antisense oligonucleotides or ribozymes.32 

However, more specific methods to inhibit Rev are being 

explored. General inhibition of the exportin-1-mediated 

pathway or NES-containing proteins may lead to undesired 

side effects and cellular toxicity as these are vial pathways 

in normal cellular function. Some of these strategies are 

listed in Table 3. Another strategy has been to identify 

bioavailable HIV inhibitors that target the gene expression 

of the virus by interfering with REV activity. This led to 

the identification of the estrogen receptor modulator, clo-

miphene. These drugs target the formation of REV–RRE 

complexes as the anti-splicing effects of clomiphene and 

reduce the levels of unspliced and singly spliced mRNA to 

a greater extent than multiply spliced mRNA. This results 

in a reduction in the level of viral transcription.49 Similarly, 

two other small molecules were found to affect HIV gene 

expression and altered the levels of viral mRNAs other 

than Rev and Tat. These compounds were 8-azaguanine 

and 2-(2-[5- nitro-2-thienyl] vinyl) quinolone. This ability 

to decrease the levels of viral mRNAs other than Tat and 

Rev implied that these molecules were targeting the activ-

ity of Rev.50 The cardiac glycoside digoxin was identified 

as having the ability to inhibit HIV replication. This drug 

accomplishes this by inducing oversplicing of HIV mRNA 

and by blocking Rev expression (Figure 5).50 Dominant 

negative mutated forms of Rev or proteins essential to Rev 

function such as eIF-5A are also viable targets for drug 

development. However, drug delivery remains a problem 

with the use of mutant proteins as effective drugs.32 A 

final means of targeting Rev involves depleting the protein 

within the infected cell by creating sinks and reservoirs of 

sequestered or inactivated Rev. This can be achieved by 

using antibodies that sequester Rev within the cytoplasm. 

Another strategy involves the use of RNA decoys and frag-

ments of non-viral RNA that contain the REV sequence 

and therefore compete for binding. These two strategies 

also present difficulties with drug delivery.32 

Tat is also a prime target for drug development and 

some of the methods being used to target Tat are listed in 

Table 3. Tat activity has been targeted through the use of 

proteins or peptides. Portions of the Aff1 transcription fac-

tor family member MCEF were found to be able to repress 

RNA polymerase II transcription of HIV-1 LTR-directed Tat 

transactivation and could conceivably be used as a transcrip-

tion repressor or HIV genes.51 Tat has also been targeted 

through the use of dominant negative forms of the Tat  protein. 

Table 3 Some of the compounds under development as anti-splicing HIV therapies

Compound Activity Reference

SR protein targeting treatments
Tetracyclic indole molecule (IDC16) Inhibiting the splicing activity of ASF 48
DHA-type compound 9 (1C8) Inhibiting the splicing activity of ASF 48
Isonicotinamide compound SRPIN340 Inhibitor of the SR protein kinases SRPK1 and SRPK2
Rev targeting treatments
Aminoglycoside antibiotics Inhibit the association of Rev with RRE 32
Aromatic heterocyclic compounds Inhibit the association of Rev with RRE 32
Clomiphene Targets the formation of Rev-RRE 49
8-Azaguanine Target the formation of Rev-RRE 50,55
2-(2-[5-Nitro-2-thienyl]vinyl)quinolone Target the formation of Rev-RRE 50,55
Indole derivative KH-BD19 CLK inhibitory activity 55
Digoxin Over-splicing of HIV mRNA and blocking Rev expression 50
Tat targeting treatments
Antisense U7snRNP Tat/Rev exon skipping 10
RNA binding domain of ASF Competing with Tat for binding the TAR domain 53
Dominant negative forms of Tat Inhibit Tat function 52
MCEF fragments Repress RNA polymerase II transcription of HIV-1 LTR-directed Tat-transactivation 46

Note: This table lists some of the compounds that are currently being assessed as anti-HIV drugs due to their ability to interfere with or block HIV mRNA splicing.
Abbreviations: DHA, diheteroarylamide; RRE, Rev response element; TAR, transactivating response region; LTR, long terminal repeat.
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Dominant negative domains of Tat have been created and 

successfully used to inhibit Tat function. These domains 

were fused with Arg-Ser splicing factor motifs to increase 

the targeting efficiency of these dominant negative Tat.52 

Tat function is also inhibited by ASF competing for binding 

the TAR domain, and overexpression of ASF inhibits viral 

transcription in the later stages of infection. However, ASF 

activates transcription in the early stages of infection.53 The 

RNA binding domain could therefore be used as a therapy 

way to block Tat activity. The binding of the TAR domain has 

also been inhibited through the use of specifically designed 

tripeptides that are able to bind to the TAR RNA stem loop.54

Vif has recently been targeted in combination with an 

antisense U7snRNP. This leads to Tat/Rev exon skipping.10 

Targeting hnRNPs for drug development may not be viable, 

as they are widely expressed in the human body and therefore 

are most likely to be involved in many cellular processes.18 

Any attempt to interfere with their activities may therefore 

result in disastrous consequences for the patient.  

The sequential removal of introns from the 5′ end of 

the HIV-1 pre-RNA is itself an attractive therapeutic target. 

This requirement of the 5′ to 3′ directionality of splicing is 

so important that splicing of a 3′ intron is inhibited when the 

5′ intron is not removed. In addition, the mutation of the first 

5′ ss inhibits all further splicing events, leading to accumula-

tion of unspliced transcripts and blocking the progression of 

viral maturation.4

Conclusion
Most of the current antiviral medication is based on the 

inhibition of viral protein activity. This can lead to resistance 

against these drugs by mutation of these protein targets. Tar-

geting alternative splicing pathways can avoid this problem 

in two ways. First, many of these targets are host cellular 

proteins that are less prone to mutation due to rapid repli-

cation. Second, it would be harder for the virus to adapt to 

these compounds as changes in the splicing sequences would 

result in the virus not being able to complete the transcrip-

tion of all the mRNAs that are required to be replicated. In 

addition to this, by targeting the splicing of HIV mRNA, the 

impact on the host cell can be decreased, avoiding toxicity 

and side effects. This can be achieved through the specific 

selection of HIV-1 ss. Third, since gene expression is con-

trolled through the regulation of mRNA splicing and export 

by the viral proteins Tat and Rev, the specific inhibition of 

these proteins is an attractive therapeutic target. Therefore, 

inhibition of alternative splicing is a promising target for the 

development of new therapeutic drugs. The current  strategies 

being explored from the use of RNAi and CRISPR to small 

molecules that inhibit SR protein function or block the asso-

ciation of Rev with RRE are diverse and promising in their 

specificity toward the splicing and eventual gene expression 

process of HIV.
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