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Abstract 

An HIV-1-based vector expressing antisense RNA to env is currently in clinical 

trials.  This vector has shown a remarkable ability to inhibit HIV-1 replication, in 

spite of the fact that therapeutic use of antisense RNAs has generally been 

disappointing. We decided to further analyze the basis for why the antisense 

inhibition is so efficient.  To determine if co-targeting to common RNA export 

pathways made a significant contribution to efficient antisense inhibition, we 

constructed plasmid-based HIV-1 LTR-driven vectors that contained different 

export elements or no export element at all. The RNA expressed from these 

vectors was complementary to the HIV-1 env region and included either a Rev 

Response Element (RRE), which used the Rev/RRE export pathway, or a MPMV 

Constitutive Transport Element (CTE), which used the Tap/Nxf1 export pathway.  

The RRE-driven antisense RNA efficiently inhibited p24 production from an RRE-

driven provirus, whereas the CTE-driven antisense inhibited only at higher 

concentrations.  The vector without the export element failed to inhibit. The RRE-

driven antisense also efficiently inhibited p24 production from a pNL4-3 provirus 

that uses the CTE for RNA export, indicating that cotargeting was not essential 

for efficient antisense inhibition.  On the other hand, the CTE-driven antisense 

demonstrated a greater efficiency of antisense inhibition on the CTE-driven 

provirus than it did on the RRE-driven provirus, although in both cases the CTE-

driven antisense was not as efficient as the RRE-driven antisense.  Thus, 

efficient antisense inhibition required that the antisense RNA trafficked through 
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the Rev/RRE pathway.  When RevM10-Tap and Nxt1 were coexpressed with 

RRE-driven provirus and antisense, forcing both the target and antisense RNA to 

use the Tap pathway, p24 production inhibited less efficiently.  In fact, the RRE-

driven antisense construct inhibited p24 production at similar levels as the CTE-

driven construct.  

 Mechanistic studies demonstrated that nuclear retention does not 

contribute to antisense inhibition, since the GagPol and antisense RNA localized 

to the cytoplasmic fraction. We examined the stability of vector and GagPol target 

RNA to determine if degradation contributed to antisense inhibition and found 

that netiher vector nor target RNA was rapidly degraded. Since GagPol RNA 

efficiently localized to the cytoplasm and was not degraded in the presence of 

antisense RNA, we wanted to distinguish between an effect on protein levels and 

an effect on particle assembly and release. To do this, we examined protein 

expression levels from a provirus that produced GagPol Pr160 that could not be 

assembled into viral particles or released.  We found that coexpression of the 

RRE-driven antisense led to reduced GagPol Pr160 levels, suggesting that the 

antisense RNA did not affect virus assembly or release, but rather protein levels. 

To determine if antisense expression had non-specific effects on protein 

expression, we assayed HIV-1 Nef expression from an RRE-driven provirus in 

the presence of antisense RNA.  Nef is encoded by a multiply spliced HIV-1 RNA 

that does not contain the antisense target sequence, so specific antisense RNA 

inhibition would not be expected to reduce Nef levels. In the presence of RRE- 
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and CTE-driven antisense, Nef protein levels were not significantly reduced, 

demonstrating that antisense inhibition is specific to RNA containing the target 

sequence. Actively translated RNAs typically localize to the polyribosome. We 

examined localization of the GagPol RNA to the polyribosome in the presence of 

RRE-driven sense or antisense RNA. We found that there was no significant 

difference in polyribosomal localization of GagPol RNA in the presence of sense 

or antisense RNA.  In addition, we determined that localization of the GagPol 

RNA was specific to the polyribosome, since EDTA treatment abolished 

localization. Our results demonstrate that antisense RNA expression leads to 

reduced GagPol protein levels but not reduced localization to the polyribosome. 

In addition, efficient antisense inhibition requires export of the antisense RNA via 

the Rev/RRE pathway.  
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Chapter 1- Introduction 

 

The Human Immunodeficiency Virus-1 and Acquired Immune Deficiency 

Syndrome 

 

 An estimated 30 to 36 million people were living with Human 

Immunodeficiency Virus 1 (HIV-1) infection in 2007, with approximately two 

million new infections and nearly two million deaths from infection predicted per 

year (http://www.who.int/hiv/mediacentre/en/).  The true number of new infections 

and AIDS-related deaths cannot be known due to logistical and technical 

challenges, as developing nations often lack the health infrastructure necessary 

to actively monitor infection rates.  Social stigma can also discourage individuals 

from getting tested, even when there is an established health infrastructure (27).   

 HIV-1 has an incubation period of several months before antibodies to it 

can be consistently detected in infected individuals.  In addition, the onset of 

AIDS following HIV-1 infection can occur anytime from several months to several 

years.  Constant monitoring for new infections and the development of drug 

resistance is required in order to reduce the impact of AIDS on the lives and 

wellbeing of millions of individuals.  While great advances have been made in 

understanding the basic biology and treatment of HIV-1, more work is necessary 

to identify new therapeutic targets, develop a protective vaccine and effectively 

prevent its spread (38, 71). 
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 HIV-1 is a blood-borne pathogen typically transmitted through unprotected 

sex or needle sharing.  The initial infection presents with flu-like symptoms that 

subside as the immune system controls the infection.  However, patients 

eventually progress to Acquired Immune Deficiency Syndrome (AIDS) following 

the destruction of host CD4+ T cells, especially in the absence of treatment.  

Prior to the identification of HIV-1 as the causative agent of AIDS, patients 

typically presented with immune deficiency and death due to opportunistic 

infection (71). 

 

Overview of Basic HIV-1 Biology 

 

The General Problem 

 The following information is intended to provide a general overview of HIV-

1 structure and biology.  There are several excellent overviews in Field’s 

Virology, with more current information presented in various reviews (2, 12, 26, 

41, 43, 88).  A virus faces several challenges in order to successfully produce 

progeny virion.  At a basic cellular level, it is an obligate parasite.  It must hijack 

the host cell to successfully produce viral enzymes and structural proteins 

required to form the virus particle.  The virus must also package its genome 

encoding the necessary viral proteins for subsequent rounds of infection.  Viral 

factors must interact with cellular proteins and take advantage of the host cell 

machinery to provide whatever components the virus cannot encode or carry.  At 
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the same time, a virus must avoid detection by the host’s immune system, which 

would prevent virus replication.  Finally, the virus must be transmitted to new 

hosts for additional rounds of replication.  For a general discussion of virus 

replication, please refer to Roizman and Palese in Field’s Virology (116). 

 

Virus Structure 

 HIV-1 is a Lentivirus of the family Retroviridae composed of an 

approximately 9 kilobase RNA genome encoding fifteen proteins (41).  A pictorial 

representation of the virion structure and contents is presented in Figure 1.  Each 

enveloped virion contains two copies of the RNA genome as well as the viral 

enzymes Protease (PR), Reverse Transcriptase (RT) and Integrase (IN).   Virions 

appear spherical with a conical core containing the RNA genomes, which interact 

with each other at their 5’ ends.   The RNA genomes are bound by the Gag-

derived nucleocapsid protein and tRNA lys, which acts as a primer for reverse 

transcription (145).  The Env proteins, gp41 TM and gp120 SU, are generated by 

proteolytic cleavage of the gp160 Env precursor protein.  The gp41 TM is 

incorporated into the viral envelope derived from the host cell membrane (88).  

The gp120 SU protein is bound to gp41 TM on the surface of the virus particle 

and binds to the HIV-1 cellular receptor.   

 

The Virus Life Cycle
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Figure 1:  HIV-1 virion structure.   
The major components of the HIV-1 virion are indicated.  The conical virion core 
contains the HIV-1 enzymes RT, PR and IN, the RNA genomes and p7 NC.  The 
two RNA genomes are associated with p7 NC protein and tRNA lys, which acts 
as a primer for reverse transcription.  The core is encapsulated by the p17 MA 
proteins.  The virion is enveloped by a membrane derived from the host cell that 
contains the gp41 TM Env protein, which is bound by the gp120 SU protein.  The 
amounts of each component shown in this figure, excluding the RNA genomes 
are not representative of their actual amounts.  Adapted from (88). 
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 As schematized in Figure 2, the HIV-1 life cycle is made up of multiple 

intricate steps utilizing both the cellular machinery and virus-encoded factors.  

Briefly, the virus enters the host cell by binding to its cellular receptor, CD4, and a 

coreceptor, CCR5 or CXCR4 (5, 37).  Following receptor binding, the HIV-1 

Envelope protein undergoes a conformational change allowing fusion of the viral 

membrane to the host cell membrane, releasing the capsid into the host cell (18).  

After entering the host cell cytoplasm, the RNA genome is reverse transcribed 

into a DNA provirus, also called the pre-integration complex (PIC) (9, 157).  The 

PIC is uncoated and translocated to the host nucleus, where it is integrated into 

the host genome by the viral IN enzyme (96, 157).  The integrated provirus 

undergoes RNA polymerase II-mediated transcription and viral RNAs are 

exported from the nucleus for translation and/or packaging.  Following translation 

of viral structural proteins, capsids are assembled at the host cell membrane, the 

viral RNA is packaged and immature virion are released from the host cell (2, 12, 

43, 130).  Following release from the host cell, the Gag precursor protein that 

makes up the immature virus capsid are cleaved by the viral protease to yield 

mature, infectious virus (26).   

 

HIV-1 proteins and coding mRNAs 

 HIV-1 encodes fifteen proteins from an approximately 9 kb primary 

transcript.  Several mechanisms contribute to this diversity of proteins obtained  
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Figure 2:  Diagram illustrating the HIV-1 life cycle 
An infectious virion binds to the CD4 host cell receptor via the gp120 SU Env 
protein which undergoes a conformational change to associate with its 
coreceptor and fuse with the host cell membrane.  Following entry, the virion core 
is uncoated and the RNA genome undergoes reverse transcription.  The viral 
DNA is uncoated and translocated to the nucleus, where it integrates into the 
host genome.  Following transcription, viral RNAs are exported to the cytoplasm 
and translated.  Immature structural proteins assemble at the host cell membrane 
and package the viral RNA genome.  Assembled capsids are budded from the 
host cell membrane, incorporating the Env proteins and released.  Released 
virion undergo a maturation step that cleaves Gag into the CA, MA and NC 
proteins and give rise to infectious virion.  Adapted from (26). 
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from relatively constrained coding sequence.  The greatest diversity is derived 

from alternative splicing of the primary HIV-1 transcript, as depicted in Figure 3 

(111).  However, additional mechanisms, such as proteolytic cleaveage, 

ribosomal frameshifting and bicistronic messages maximize the use of the coding 

capacity (41).   

 The Gag and Pol proteins are derived from the unspliced 9 kb transcript 

and utilize proteolytic cleavage to generate the viral structural proteins and 

enzymes.  The reading frame starts with the Gag polyprotein, which is cleaved by 

the viral Protease enzyme to give rise to the Matrix (MA), Capsid (CA), and 

Nucleocapsid (NC) (see Figure 3).  The Pol proteins are derived from the GagPol 

Pr160 polyprotein, which is cleaved into the Gag proteins, as well as the viral 

enzymes Reverse Transcriptase (RT), Protease (PR) and Integrase (IN).  The 

Pol coding sequence is located 3’ of the Gag sequence, separated by an AU-rich 

region, which can cause a ribosomal frameshift. The majority of GagPol RNAs 

are translated into the Gag Pr55 protein only, but occasionally, the frameshift 

occurs, resulting in production of the GagPol Pr160 protein (106). 

 The Vpu and Env proteins are derived from a single mRNA, like all of the 

Gag and GagPol proteins, but a different mechanism is used to produce these 

two proteins from the same mRNA.  The vpu coding sequence is located 5’ to 

env in a different reading frame on the Vpu/Env mRNA (122).  The vpu start 

codon is weak and the env start codon is strong, allowing ribosomal readthrough 

to occur.  Thus, most of the time, the ribosome scans past the vpu start codon,  



 

 

18 

Figure 3:  Diagram of alternative splicing pattern of HIV-1 RNAs 
The HIV-1 open reading frames are illustrated by boxes and labeled according to 
their product.  The primary HIV-1 transcript can be spliced using any of the Donor 
or Acceptor sites illustrated above.  The predominant species of splice variants, 
their products and the splice donors and acceptors used to generate them are 
labeled.  Solid boxes illustrate the approximate reading frame for proteins 
translated from unspliced or singly spliced RNAs. 
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continuing on to the env strong start codon, although in some cases, the Vpu 

protein is translated.  Experiments have shown that when the weak start codon is 

mutated to become a strong start codon, only Vpu is produced from the Vpu/Env 

RNA (3, 123). 

 

The problem of intron retention 

 Alternative splicing of the primary HIV-1 transcript gives rise to multiple 

species of RNA consisting of unspliced, singly spliced and multiply spliced 

species.  Figure 3 illustrates the alternative splice pattern of HIV-1 RNA.  The 

multiply spliced RNAs encode the Tat, Rev and Nef accessory proteins.  The 

singly spliced RNAs encode the Vif, Vpr and Vpu accessory proteins, as well as 

the Env protein.  The unspliced RNA encodes the Gag and GagPol proteins, in 

addition to acting as the RNA genome for progeny virion (111).  The challenge of 

using this form of alternative splicing to allow gene expression is that unspliced 

and incompletely spliced RNAs are typically retained in the nucleus and 

eventually degraded (19, 125).  HIV-1 has evolved a strategy to overcome 

retention and promote the export of incompletely spliced viral RNA, relying on a 

structured RNA element in the Env coding sequence, the Rev Response Element 

(RRE), and the Rev accessory protein (36, 54, 91).  Rev is derived from a 

multiply spliced RNA, so the RNA is not subject to nuclear retention.  Rev is a 19 

kilodalton phosphoprotein containing an arginine-rich RNA binding domain 

overlapping its nuclear localization domain.  Rev also contains a nuclear export 
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sequence that binds to the Chromosomal Region Maintenance 1 protein (Crm1), 

which in turn recruits RanGTP in order to accomplish transport from the nucleus 

to the cytoplasm (40, 99).  Figure 4 (left panel) illustrates the binding of Rev to 

the RRE and recruitment of Crm1 and RanGTP that facilitates nuclear export of 

RRE-containing RNAs.  

 Another example of a structured RNA element utilized for nuclear-

cytoplasmic transport from the Retrovirus family is the Mason-Pfizer Monkey 

Virus Constitutive Transport Element (MPMV CTE).  Unlike HIV-1, which uses a 

virus-encoded protein to accomplish RNA export, the MPMV CTE utilizes cellular 

proteins for transport (34, 108).  The CTE is bound by the Tip (Tyrosine kinase-

interacting protein) -associated protein/Nuclear export factor 1 (Tap/Nxf1) that 

functions with a cofactor, Nxt1/p15, to overcome nuclear retention of incompletely 

spliced RNAs (48, 51). In addition to accomplishing nuclear export of CTE-

containing RNAs, Tap/Nxf1 and Nxt1 have been shown to enhance translation of 

CTE-containing RNAs (51, 62, 108). Whether Rev possesses similar translation 

functions has yet to be determined.  Figure 4 (right panel) illustrates the binding 

of Tap/Nxf1 and its association with Nxt1 to accomplish RNA export and 

translation. The Crm1-specific inhibitor, Leptomycin B, inhibits Rev-mediated, but 

not Tap-mediated, RNA export, demonstrating that the Rev and Tap pathways 

are independent pathways of nuclear export (105).  However, the CTE can 

substitute for the RRE for export in the context of an HIV-1 provirus (105, 161). 
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Figure 4:  Two pathways for nuclear export of unspliced RNAs 
(A) The HIV-1 Rev protein binds to a structured RNA element, the RRE, and 
recruits Crm1 to overcome nuclear retention.  (B) The CTE relies on the cellular 
proteins Tap/Nxf1 and Nxt1 in order to overcome nuclear retention and enhance 
translation from CTE-containing RNAs. 
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 An additional cofactor associated with the MPMV CTE is the Src-

Associated in Mitosis 68 (Sam68) protein.  Sam68 was identified as a substrate 

of Src tyrosine kinase during mitosis and is a member of the STAR (signal 

transduction and activation of RNA) family of proteins (42, 136, 137, 143).  STAR 

proteins contain an hnRNP K homology and high affinity RNA binding domains 

and have been implicated in both translation and alternative splicing (60, 64, 132, 

143).  Sam68 increases polyribosomal localization and translation of CTE-

containing RNAs and this function is regulated by phosphorylation by the Src 

homolog Sik/Brk (28). 

 

Anti-HIV-1 Therapeutics and Drug Resistance 

 

 Following the identification of HIV-1 as the causative agent for AIDS by 

two separate research groups in France and the US, great strides were made in 

developing treatments.  Many antiretroviral therapies have been developed since 

the beginning of the AIDS epidemic, listed in Table I, that have dramatically 

increased the time from HIV-1 infection to onset of AIDS (135).  These therapies 

initially fell into two categories:  Nucleoside analog Reverse Transcriptase 

Inhibitors (RTIs) and Protease Inhibitors (PIs), with the eventual development of 

Non-nucleoside RTIs.  RTIs work by inhibiting the conversion of the RNA genome 

of HIV-1 into DNA, thus preventing its integration into the host genome.  PIs 

prevent the proteolytic processing of immature progeny virion, rendering those  
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Table 1:  FDA-approved drugs to treat HIV-1 infection 
FDA-approved drugs to treat HIV-1 infection, including their targets, clinical 
names and mechanism of action (NIH AIDS Research and Reference Reagent 
Program and the Stanford University HIV Drug Resistance Database) 

Class of drug Target Drug Mechanism of action 
Nucleoside/ 
nucleotide 
analog RT 
inhibitor 

HIV-1 RT D4T/Stavudine 
ddC/2’3’dideoxycytidine 
DDI/2’3’ dideoxyinosine 
AZT/Zidovudine 
Abacavir 
3TC/Lamivudine 
Tenofovir 
(-) FTC/ Emtricitabine 
Etravine  

Inhibits RT activity by 
blocking DNA elongation 

Non-nucleoside 
RT inhibitor 

HIV-1 RT Efavirenz 
Nevirapine 

Binds catalytic site of 
RT, blocking activity 

PR inhibitor HIV-1 PR Nelfinavir 
Ritonavir 
Atazanavir Sulfate, 
Saquinavir 
Indinavir sulfate 
Amprenavir 
Lopinavir 
Tipranavir 
Darunavir 

Inhibits protease activity, 
resulting in immature, 
non-infectious virus 

IN inhibitor HIV-1 IN Raltegravir/Isentress Blocks HIV-1 IN activity, 
preventing integration 
into the host genome 

Entry inhibitor CCR5 
coreceptor 

Selzentry Prevents entry by 
blocking access to the 
CCR5 HIV-1 coreceptor 

Entry inhibitor HIV-1 Env Enfuvirtide (Fuzeon) Prevents entry by 
blocking conformational 
change in Env that 
allows fusion of viral and 
cellular membranes 
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virion non- infectious.  A recently approved drug targets the HIV-1 integrase (IN), 

preventing integration of the DNA provirus into the host genome. 

 More recently, an additional class of treatment has been developed that 

prevents fusion of the HIV-1 virion to the host cell membrane.  It is a 

peptidetherapy derived from an HIV-1 Envelope sequence that binds to the 

Envelope 

protein on infectious virion (55).  The trade name for this peptide is Fuzeon, and 

the generic name is enfuvirtide.  Peptide binding prevents a conformational 

change in Envelope required for fusion of the viral and cellular membranes, 

preventing entry of the virion into the host cell.  Another recently approved entry 

inhibitor blocks access of Env to the CCR5 coreceptor (94).   

 All of the drugs described above target viral proteins and share a common 

feature:  HIV-1 can eventually develop resistance to the therapies (Stanford 

University HIV Drug Resistance Database, http://hivdb.stanford.edu/).  Anti-HIV-1 

drugs are used in a triple drug combination, known as Highly Active Antiretroviral 

Therapy (HAART), which typically employs RT and PR inhibitors (50).  Initial 

therapy controls HIV-1 infection, but the virus eventually accumulates mutations 

that confer resistance to the drugs (93, 135).  While additional drugs, such as 

enfuvirtide or other entry inhibitors, provide a second line of defense, HIV-1 can 

still develop resistance (85, 97).  In fact, it is now known that certain subtypes 

and clinical isolates already carry mutations that confer resistance to certain 

therapies (23, 68). 
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 Selective pressure from drug regimens helps select and maintain 

mutations in a viral population.  Several mechanisms contribute to the generation 

of mutations that lead to drug resistance.  A commonly attributed source of viral 

mutations are errors that occur during the reverse transcription step of 

replication.  The HIV-1 RT has an error rate of approximately 1 nucleotide per 

7000 in vitro, implying that RT can misincorporate one or more nucleotides per 

viral RNA template (61).  Additional mechanisms for generating mutations can 

come from the host cell, due to the action of APOBEC (Apolipoprotein B mRNA-

editing enzyme catalytic polypeptide-like) and ADAR (Adenosine deaminase that 

acts on RNA). 

 The APOBEC protein family catalyzes cytidine to uridine or thymidine 

editing of RNA and DNA sequences, respectively.  APOBECs are a closely 

related family of enzymes differing primarily in substrate specificity.  For instance, 

APOBEC3G has been implicated in editing of HIV-1 sequences, while 

APOBEC3A has been shown to edit Adeno-associated virus (AAV) DNA (6, 21).  

The related activation- induced deaminase (AID) contributes to antibody diversity 

by editing the immunoglobulin locus and inducing somatic hypermutation and 

class switch recombination (57).  Overexpression of APOBEC3G has also been 

shown to antagonize miRNA inhibition, though editing activity is not required (59).  

While APOBEC is often described as an antiviral protein, it clearly has additional 

cellular functions. 
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 HIV-1 has evolved an accessory protein, Vif, that specifically counteracts 

the effects of APOBEC3G.  Studies with HIV-1 proviruses that did not express Vif 

demonstrated that certain cell lines were non-permissive for virus production in 

the absence of Vif.  Using subtractive hybridization, CEM15 was identified as the 

restrictive factor and was later identified as APOBEC3G (127). APOBEC3G edits 

cytidine to thymidine on the negative DNA strand during reverse transcription, 

since sequence changes on the positive strand of HIV-1 proviral DNA only have 

guanosine to adenosine changes.  Vif induces the ubiquitination of APOBEC3G, 

which targets it to the proteasome for degradation (128, 131).  In addition, Vif 

antagonizes packaging of APOBEC3G in HIV-1 virion, though the degree to 

which it inhibits packaging differs from study to study (65, 100, 131).  

APOBEC3G is often described as a specific inhibitor of HIV-1 replication, but it is 

also possible that HIV-1 takes advantage of APOBEC activity to generate greater 

sequence diversity and has evolved the Vif accessory protein to modulate the 

amount of APOBEC3G packaged into virions or to regulate its activity.  While 

hyperediting of HIV-1 RNA occurs in the absence of Vif, mutations in the 

deaminase domain of APOBEC3G do not substantially reduce its antiviral activity 

(100).  This suggests that APOBEC3G may have an editing-independent function 

that prevents HIV-1 replication.  Regardless, APOBEC3G editing activity is a 

potential mechanism for generating sequence diversity and developing drug 

resistance. 



 

 

27 

 Another enzyme that can change the primary HIV-1 sequence is ADAR.  

Double-stranded RNA regions are subject to editing by ADAR, which catalyzes 

the deamination of adenosines to inosine.  Inosines are recognized by the 

ribosome and reverse transcriptase as guanosine.  ADARs have been described 

in many species from worms to humans (4).  In humans, there are two isoforms 

of ADAR1, long and short, and one isoform of ADAR2.  The two isoforms of 

ADAR1 are regulated by alternative promoters, with the long form being 

transcribed from an interferon-inducible promoter (45).  In addition, while ADAR1-

short and ADAR2 are nuclear proteins and have been shown to shuttle through 

the nucleolus, ADAR1-long can be found in the cytoplasm (32).  This has led to 

the suggestion that ADAR1-long, at least, might have an antiviral function and 

several viral substrates have been described, including Hepatitis Delta, Polyoma 

virus and Human Immunodeficiency Virus (52, 75, 86, 126, 149).  However, it is 

not clear in some cases whether editing has a deleterious effect, implying that 

editing could lead to greater viral diversity.  The polyoma virus uses ADAR 

activity to shift from early to late transcription by taking advantage of the nuclear 

retention of inosine-containing RNAs (75).  In contrast, the HIV-1 Rev protein can 

overcome nuclear retention of edited RNAs containing an RRE, suggesting that 

ADAR antiviral activity is not effective against all viruses (160).  

 More recently, ADAR activity has been shown to antagonize miRNA 

inhibition by editing pre-miRNA.  ADAR editing prevents the processing of pre-

miRNAs into miRNAs by Drosha and edited pre-miRNAs are degraded by 
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TudorSN nuclease (153).  In addition to neurotransmission, ADAR may play a 

role in modulating miRNA metabolism and, in contrast to APOBEC, these roles 

are directly linked to RNA editing (153). 

 Drug resistance is a major challenge in developing anti-HIV-1 

therapeutics.  Nucleotide changes in viral sequences due to RT error or RNA 

editing quickly lead to escape mutants (85, 93, 97).  Once a nucleotide change 

occurs, drugs become a selective agents for fixing drug resistance mutations in a 

patient’s virus population. Other studies have demonstrated that drug resistance 

mutations are already present in HIV-1-infected individuals (23, 68).  These 

mutations could complicate treatment, since drug resistant viruses would not be 

susceptible to all anti-HIV-1 therapies. In order to choose the most effective drug 

regimen, drug resistance mutations should be taken into account 

 Additional therapies are in development, and one recent focus of that 

research is to target the HIV-1 RNA directly, rather than viral proteins.  Targeting 

viral RNA directly presents several challenges, including the possibility of drug 

resistance.  As a result of APOBEC and ADAR activity, additional mutations can 

be accumulated in HIV-1 sequences that lead to drug resistance, complicating 

RNA-targeted strategies.  While APOBEC and ADAR activity were described 

above as mechanisms for developing drug resistance, it is also possible that HIV-

1 takes advantage of these enzymes for general virus evolution.  Editing could 

contribute to increasing host susceptibility, cross-species infection or altering of 

tissue tropism.    
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RNA-targeted Therapeutics 

 

 As discussed above, many therapeutics have been developed to target 

specific HIV-1 proteins.  Unfortunately, HIV-1 has demonstrated a keen ability to 

develop resistance to anti-HIV-1 drugs, even when used in combination.  

However, several therapeutic strategies are in development targeting HIV-1 RNA 

directly.  Antisense oligonucleotides, ribozymes, small interfering RNAs (siRNAs) 

and long antisense RNAs are all tools being developed to inhibit HIV-1 

replication. Targeting RNA directly has several advantages over targeting 

proteins.  A single nucleotide change in the RNA sequence can lead to an amino 

acid change in RT or PR that confers drug resistance.  However, antisense and 

siRNA-based strategies can tolerate some nucleotide changes.  The size of the 

target sequence could be increased in order to prevent single nucleotide changes 

from reducing efficacy.  Due to the overlapping reading frames in the HIV-1 

genome, certain regions are less tolerant of mutation, restricting the ability of 

escape mutants to develop.  The RNA genome is absolutely required for 

subsequent rounds of infection, and targeting viral RNA directly could prevent  

both production of structural proteins and packaging of the RNA genome. 

 

Antisense oligonucleotides 
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 Antisense oligonucleotides bind to complementary RNA sequences and 

inhibit translation of target RNAs (refer to Figure 5).  In addition, antisense  

oligonucleotides can stimulate RNAse H activity, which recognizes and cleaves 

the RNA strand in DNA:RNA hybrids (29).  To date, the only approved 

therapeutic using antisense oligonucleotide technology, Vitravene (Isis 

Pharmaceuticals), targets Cytomegalovirus and is used to control eye infections 

and prevent blindness in AIDS patients (31).  There are several difficulties 

associated with the therapeutic use of antisense oligonucleotides.  Vitravene 

must be delivered by injection directly into the eye, increasing the discomfort for 

the patient.  The oligonucleotides are unstable, requiring multiple deliveries at a 

relatively high concentration to elicit significant therapeutic benefit.  Antisense 

oligonucleotides are on average 20-30 nucleotides in length and require perfect 

complementarity for maximum inhibitory effect.  As discussed above, HIV-1 has 

the ability to rapidly mutate, so sequence-specific targeting can be problematic if 

using a small target. 

 

Ribozymes 

  Another technology for targeting RNA directly is ribozymes (refer to Figure 

6).  Ribozymes are catalytically active RNAs that can be engineered to target 

specific RNA sequences.  RNA with catalytic activity was initially described in 

studies of Tetrahymena ribosomal RNA splicing.  Kruger et al., found that an in 

vitro transcribed ribosomal RNA could remove its intron in the absence of any  
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Figure 5:  Mechanism of antisense oligonucleotide inhibition of gene expression.   
Antisense oligonucleotides enter the nucleus of the cell and bind complementary 
target sequence.  The DNA:RNA hybrid stimulates RNase H activity, which 
cleaves the target RNA.  The antisense oligonucleotide is recycled for additional 
rounds of targeting. Figure adapted from (29). 
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Figure 6:  Mechanism of ribozyme inhibition of gene expression.   
Ribozymes composed of an antisense tether sequence and catalytic RNA are 
transcribed from an expression vector.  The antisense sequence recognizes its 
target sequence and the catalytic RNA cuts the target RNA, preventing 
expression.  Note:  ribozyme activity is not restricted to the cell nucleus. Figure is 
adapted from (69). 
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protein (73).  Another RNA with catalytic activity was described in Echerichia coli 

and Bacillis subtilitis by demonstrating that the RNA component of RNase P  

could cleave tRNA precursors in vitro (49).  Eventually, this work led to in vitro 

strategies to select ribozymes that target defined sequences (134).  Ribozymes 

targeting the HIV-1 LTR, TAR, pol and env have been developed and are in 

various stages of testing (10, 46, 112, 134, 151).  While ribozymes have 

demonstrated potent catalytic activity in vitro, their reliance on short recognition 

sequences can cause difficulties similar to antisense oligonucleotides. 

 

Small interfering and other small RNAs 

 The latest technology to enter development employs short interfering 

RNAs (siRNAs), which have been used successfully in research for over a 

decade, but have yet to be used in therapeutic applications.  They were first 

described in C. elegans, but homologous pathways have since been described in 

D. melanogaster and mammals (15, 33, 39, 67).  siRNAs are short RNA 

sequences, 19-24 nucleotides in length, that persist in stable duplexes of 

complementary strands.  siRNAs can be generated from long double-stranded 

and short hairpin RNAs (shRNA) by the RNase III enzyme Dicer.  Synthetic 

siRNAs can be added exogenously to tissue culture cells for targeted knockdown 

of gene expression (33). The antisense strand of the siRNA anneals to 

complementary sequence in a target mRNA, leading to translational silencing, 

translational upregulation or degradation. 
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 In addition to siRNA, other regulatory RNA molecules include microRNAs 

(miRNAs), Piwi-interacting RNAs (piRNAs) and Repeat-associated RNAs 

(rasiRNAs).  These regulatory RNAs are generated from cellular transcripts that 

form hairpin structures and are initially processed by Drosha from primary-

miRNAs (pri-miRNAs) to pre-miRNAs in the nucleus (78).  These pre-miRNAs 

are exported from the nucleus to the cytoplasm by exportin-5, where they 

undergo final processing by Dicer (154).  miRNAs typically target cellular mRNAs 

and are important in development, differentiation and oncogenesis (66).  piRNAs 

and rasiRNAs regulate spermatogenesis and repress retrotransposition, 

preventing their expression and expansion in the host genome (118, 155).  

Uncontrolled retrotansposition has been implicated in cancer and 

neurodegenerative disease.  While the origin and targets of these small RNAs 

differ, the mechanisms they use to regulate protein expression overlap. siRNAs 

can be designed to target specific RNAs either within coding sequences or in the 

3’ untranslated region (UTR) (39, 142).  Perfectly complementary siRNAs 

stimulate the formation of the RNA-induced silencing complex (RISC) containing 

the Argonaute 2 (Ago2) protein, which has Slicer activity and cleaves the target 

RNA (84) (refer to Figure 7). 

 When the siRNA and target sequence are not perfectly complementary, 

pairing of the small RNA with target RNA stimulates the binding of Argonaute 1  

(Ago1) protein and other factors such as RCK/p54, which inhibits translation of 

the RNA (24).  In addition to translation repression, imperfect complementarity  
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Figure 7:  Mechanism of siRNA inhibition of gene expression.   
siRNA introduced by native miRNA expression, expression vector, pre-processed 
siRNAs or shRNAs can be used to inhibit gene expression.  Native miRNA is 
transcribed into tandem hairpins that are processed into individual hairpins by 
Drosha and transported to the cytoplasm by Exportin-5.  Hairpins are processed 
by Dicer into siRNAs, which anneal to target RNAs.  Annealing of the antisense 
siRNA strand to target RNA induces formation of the RISC complex.  If the 
antisense and target RNA are perfectly complementary, Ago2 cleaves the target 
RNA, leading to degradation.  If the antisense and target RNA are not perfectly 
complementary, translation from the target RNA is inhibited and the RNA can be 
degraded following deadenylation. 
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can lead to target degradation through deadenylation or decapping, followed by 

exonucleolytic digestion (150).  An example of miRNA regulation comes from C. 

elegans, where let7 miRNAs control differentiation and development.  Let7 

miRNAs regulate expression of lin41 and other genes by binding to target sites in 

the 3’ UTR of their mRNAs.  In the absence of let7 miRNA, larvae failed to 

differentiate into adult cells, while overexpression of let7 miRNA led to early 

differentiation of larval cells to adult fates (114).  Multiple targets have been 

identified in C. elegans, as well as humans, that contain target sequences in their 

3’ UTR with imperfect complementarity to let7 miRNAs (79).  In addition, multiple 

let7 variants have been identified by sequence similarity with different functions in 

development (1).  

 While there has been significant biochemical characterization of RISC 

complex activity, less is known about the mechanism of miRNA-mediated  

translation control.  Targeted RNAs still localize to the polysome, but are not 

translated into their corresponding proteins, suggesting inhibition occurs post-

initiation (92, 98, 102).  An alternative hypothesis is that miRNA-targeted mRNAs 

enter pseudo-polysomes, which are thought to be more closely related to P/GW 

bodies (138).  However, it is difficult to distinguish between the polysome and 

pseudo-polysome in these cases, since the former studies were performed in 

human cell lines and the latter study was performed in Drosophila cell-free 

extracts. 
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   Another mechanism for translation inhibition involves Ago2, which was 

recently shown to have m(7)G cap-binding activity (70).  Based on this result, 

Ago2 binding to a miRNA-targeted mRNA competes with eIF4E for m(7)G cap-

binding, preventing translation initiation.  It is not clear at this time which 

mechanism is more important for translation inhibition.  However, recent work by 

Eulalio et al. has questioned the importance of cap binding for miRNA inhibition 

(35).  Mutations in the predicted cap-binding motif of Ago1 abolished miRNA 

inhibition, but the mutations also abolished interaction with GW182.  GW182 

associates with cytoplasmic foci and is required for miRNA inhibition to occur 

(113). Depleting GW182 or overexpressing the Ago1 binding domain of GW182 

also abolished miRNA inhibition, implying that Ago1-mediated miRNA inhibition 

relied on interaction with GW182 and not cap binding.  Additional work will be 

required to determine the mechanism or mechanisms of miRNA-mediated 

translation repression. 

 Interestingly, miRNA inhibition can be subject to regulation. Vasudevan et 

al. demonstrated that translation of miRNA-targeted RNAs is upregulated under 

stress conditions or cell cycle arrest, suggesting that the inhibition is reversible 

under certain conditions (141).  Plasticity is important for development and 

differentiation, so, in some ways, the reversibility of miRNA-mediated repression 

is not surprising.  This could have important implications for the design and 

development of siRNA-based therapeutics.   
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 In addition to stress and cell cycle regulation, APOBEC3G has been 

shown to reverse miRNA-mediated inhibition (59).  Overexpression of many 

members of the APOBEC family reversed miRNA inhibition of luciferase 

reporters.  In addition, APOBEC overexpression led to the relocalization of the 

luciferase RNAs to polysomes.  ADAR editing also has the potential to prevent 

miRNA inhibition, since it targets double-stranded RNA regions (153).  ADAR 

editing of pre-miRNA has been demonstrated and leads to the degradation of 

pre-miRNAs.  In addition, in ADAR null mouse embryonic fibroblasts, siRNA-

mediated inhibition has been shown to be more effective than in wildtype parental 

cells, implying that RNAi and ADAR editing may antagonize one another (101).  

 While siRNA technology has proven to be a powerful tool for genetic 

dissection in higher eukaryotes, it relies on short target sequences.  Mutations in 

the target sequence could cause a potent siRNA effect to become a less potent 

miRNA effect or lose any siRNA effect completely.  Attempts to inhibit HIV-1 

replication with shRNAs targeting tat rapidly gave rise to resistant mutants, 

suggesting that more highly conserved regions would make better siRNA targets 

(7).  However, long-term passage of HIV-1 in the presence of an shRNA targeting 

the env and rev region eventually gave rise to mutants that were replication 

competent and resistant to siRNA inhibition (124). While these sequences were 

more restricted due to their overlapping coding sequences, they still gave rise to 

resistant mutants.   
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Long double-stranded antisense RNA 

 Long double-stranded antisense RNAs are another means for targeting 

specific sequences and the VIRxsYS corporation, as described in Lu et al., 

demonstrated the potential of long antisense RNA for therapeutic use (86).   The 

VIRxsYS corporation developed an HIV-1-derived lentiviral vector system for 

transducing patient CD34+ cells with a construct expressing a 937 bp antisense 

RNA complementary to the HIV-1 env coding sequence. The construct was 

derived from the HIV-1 pNL4-3 provirus and contains, from the 5’ end to 3’, the 5’ 

Long Terminal Repeat (LTR), a portion of gag that contains a 5’ splice donor 

(SD), packaging signal (ψ), and central polypurine tract (cPPT), a 937 bp 

fragment of env in the antisense orientation, the RRE, a 3’ splice acceptor (SA), 

and the 3’ LTR.  This construct was packaged into infectious viral particles by 

coexpressing HIV-1 Gag and GagPol proteins and pseudotyping with VSV-G 

protein (86). Pseudotyping with the VSV-G protein allows virus entry via a low-pH 

endosomal mechanism (20, 152).  

 In the VIRxsYS study, CD4 cells were isolated from patient bone marrow 

and transduced using the lentiviral vector. HIV-1 infecting these cells would 

provide Tat and Rev in trans, and induce expression of the antisense RNA which 

would be expected to lead to inhibition of HIV-1 replication. After confirming 

transduction, cells were expanded and reintroduced into patient bone marrow. In 

Phase I clinical trials, five patients who were not responsive to conventional anti-
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HIV-1 therapy demonstrated no adverse effects from the therapy and four 

patients showed improved immune function (81).  

 While it is not clear whether the antisense RNA uses a mechanism of 

inhibition similar to antisense oligonucleotides, siRNA, or both, this technology 

has demonstrated great potential as an anti-HIV-1 therapeutic.  This is surprising 

in light of the disappointing results from previous attempts to use antisense as a 

therapeutic (56, 80).  The strategy avoids some of the pitfalls associated with 

antisense oligonucleotides and siRNAs, since it targets a long region of RNA.  

Mutation of the target region would not necessarily reduce the antisense effect.  If 

mutations occurred within one part of the target region, other regions would 

maintain their original sequence, allowing continued targeting.  In fact, attempts 

to generate a resistant virus after long-term passaging did not result in replication 

competent mutants.  However, a subset of viruses passaged in the presence of 

the antisense construct and recovered from cell media supernatant contained 

mutations in their RNA consistent with ADAR editing (86). As discussed in the 

previous section, ADAR editing may antagonize miRNA inhibition (153). Thus, it 

is possible that ADAR is antagonizing antisense inhibition of HIV-1 replication. 

While a role for ADAR in the process of antisense inhibition cannot be ruled out, 

it seems likely that additional mechanisms contribute to efficient antisense 

inhibition. 

 Some insight into the mechanism of antisense inhibition might be gained 

from viral and cellular examples of antisense transcription.  Natural antisense 



 

 

41 

transcription has been reported for HIV-1 that results in a transcript antisense to 

the env region (95).  The antisense RNA is transcribed from the 3’ LTR, can span 

the entire env coding sequence and, based on 3’ RACE, is polyadenylated due to 

a functional polyA signal in the pol region (76).  Stable coexpression of a portion 

of this antisense RNA efficiently inhibited HIV-1 replication in several different cell 

lines (133).  While this RNA has been shown to encode a protein in vitro that can 

be detected by HIV-1+ patient sera, cell lines expressing an antisense RNA with 

a mutated ATG start site still efficiently inhibited HIV-1 replication (133, 140).  In 

addition to HIV-1, antisense transcripts have been described in cells infected with 

Human T-cell Lymphotropic Virus-1 (HTLV-1) and Feline Immunodeficiency Virus 

(FIV), suggesting that antisense transcripts may modulate retroviral gene 

expression and latency (13, 16).   

 In addition to retroviruses, several antisense transcripts have been 

described for cellular RNAs, including WT1 and p15, which regulate expression 

of their complementary RNAs (30, 156).  In the case of p15, a cyclin-dependent 

kinase inhibitor, antisense transcript levels were increased in leukemia patient 

cell lines and led to the downregulation of p15 promoter activity.  Intriguingly, this 

activity persisted in Dicer -/- mouse embryonic stem cells, demonstrating that the 

process is Dicer-independent (156).   

 Another example implicates natural antisense transcripts in the control of 

X inactivation during development.  Xist is a non-coding RNA that associates with 

the inactive X chromosome and is required for X inactivation to occur (25).  Tsix 
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is an antisense transcript of Xist expressed from both X chromosomes prior to X 

inactivation, but whose expression is associated with the future active 

chromosome during X inactivation (77).  Recently, Ogawa et al. demonstrated 

that Xist and Tsix RNAs form duplexes in vivo that are processed into small 

RNAs by a Dicer-dependent mechanism (103).  This suggests that the active X 

chromosome might prevent inactivation by inducing the degradation of Xist:Tsix 

RNA duplex.  Paradoxically, in the absence of Dicer, Xist RNA failed to 

accumulate on the inactive X chromosome, suggesting that Dicer plays a more 

complex role in maintaining both the active and inactive X chromosomes. 

 These studies suggest that regulation by antisense RNA may be a 

conserved mechanism for modulating gene expression, regardless of whether it 

is a Dicer-dependent or –independent mechanism. Retroviruses could potentially 

use this mechanism to regulate latency and the surprising efficiency of the 

antisense construct used in these studies may be a result of the fact that it is 

mimicking a natural control mechanism. An additional function of the natural 

retroviral antisense could be that the double-stranded region formed could 

become subject to ADAR editing, which would generate a greater diversity of Env 

proteins, as discussed above. 

 In addition to the length of antisense RNA, other elements of the 

expression system could contribute to antisense inhibition.  A recent study 

demonstrated that a long hairpin RNA targeting HIV-1 was more effective when 

produced from an HIV-1 LTR-driven vector, compared to an EF1α promoter or a 
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Tet-inducible promoter (72).  However, it is not clear whether this effect is due to 

promoter function or the presence of the HIV-1 packaging signal (ψ).  The 

authors used a 300 bp sequence targeting tat, rev, and nef, but did not attempt 

long-term passaging.  Whether a resistant mutant would eventually develop 

remains to be seen.   

 

Project Rationale 

 

 We were intrigued by the surprising ability of the VIRxSYS antisense 

construct targeting HIV-1 env sequence to both effectively inhibit HIV-1 

replication and avoid evasion by resistant viruses (86).  In this study, we 

specifically examined whether efficient inhibition of HIV-1 requires the antisense 

RNA to be trafficked through the Rev-RRE pathway.  To do this, we constructed 

HIV-1-based plasmids that express antisense RNA containing either an HIV-1 

RRE, MPMV CTE or no transport element.  The effect of expression of these 

RNAs on HIV-1 expression was then examined in experiments that included 

studies on the effects of antisense RNA on target RNA trafficking and expression.

 We wanted to determine if the potent antisense effect was due to Rev-

RRE activity. In addition, we wanted to define the mechanism by which the 

antisense construct inhibits HIV-1 replication.  Both of these points could have a 

significant impact on antisense vector design and lead to improved targeting of 

cellular as well as viral factors.
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Chapter 2- Materials and Methods 

 

Antisense constructs and nomenclature   

 

 To facilitate identification, all plasmids used in this study were indexed as 

numbers in the form of pHRXXXX.  Plasmids used in this study are listed in Table 

2.  Sequences from 3 different pNL4-3-derived proviral clones (pHR1272, 

pHR1498 and pHR2772) were used to make constructs expressing HIV-1 

antisense RNA.  All of the resulting constructs contain the 5’ and 3’ LTR as well 

as the HIV-1 packaging signal.  pNL4-3(nef-) (pHR1272) contains a 150 bp 

deletion at the start of nef that prevents Nef expression.  pNL4-3(rev-)(RRE-) 

(CTE) (pHR1498) contains a rev with two point mutations that prevent Rev 

expression, as well as multiple third-base mutations in the RRE that prevent its 

function, but maintains the Env amino acid sequence (161). It also contains a 

copy of the MPMV CTE cloned into nef.  pNL4-3(RRE-)(nef-) (pHR2772) contains 

the third-base mutations in the RRE as well as the 150 bp deletion in nef that is 

also present in pHR1272.   Antisense constructs were assembled by digesting 

pHR1272, pHR1498 or pHR2772 with NsiI (digesting at pNL4-3 nt 1249), 

repairing with Klenow Fragment, followed by digestion with NheI (pNL4-3 nt 

7252). The resulting plasmid backbones lacked HIV-1 sequences from pNL4-3 nt 

1249 to 7252, which contained gag/pol, vif, vpu, vpr as well as the first exon of tat 

and rev and regions of env 5' to the RRE. A PCR-generated fragment  



 

 

45 

 

Table 2:  List of plasmids constructed for this study 
Hamrek archive number takes the format of pHRXXXX for ease of identification.  
A brief description of each plasmid is given in the second column. 

 

 

Hamrek archive # Description 
pHR16 CMV expression plasmid 
pHR30 CMV-Rev expression plasmid 
pHR1145 pNL4-3 HIV-1 provirus 
pHR1146 pNL4-3 Rev- 
pHR1272 pNL4-3 Nef- 
pHR1371 pNL4-3 Rev- RRE- MPMV CTE+ 
pHR1498 pNL4-3 Rev- RRE- MPMV CTE+ 
pHR2128 pCMV-Tap 
pHR2155 pCMV-RevM10-Tap 
pHR2208 pCMV-FLAG-Sam68 
pHR2415 pCMV-Nxt1 
pHR2643 CMV-ß-globin 
pHR3473 RRE-driven antisense 
pHR3474 CTE-driven antisense 
pHR3475 No element antisense 
pHR3476 RRE-driven sense 
pHR3477 CTE-driven sense 
pHR3478 No element sense 
pHR3603 pNL4-3-deltaE-EGFP (pNLEGFP) 
pHR3742 pGPmyr-pro- cl. 1 (HXB2 w/ myr- pro- frameshift muts) 
pHR3744 HXB2 cl. 1 
pHR3746 pNLEGFP cl. 1 (pNL4-3 w/ Env-EGFP fusion) 
pHR3748 pNLdsRed (pNL4-3 w/ Env-dsRed fusion) 
pHR3749 pNLGFP-Hygro cl. 1 (pHR3603 w/ Hygro in nef) 
pHR3753 pBS-GFP 
pHR3754 pBLG-4 (LTR-driven GFP) 
pHR3755 RRE-driven antisense GFP 
pHR3756 CTE-driven antisense GFP 
pHR3757 No element antisense GFP 
pHR3758 RRE-driven sense GFP 
pHR3759 CTE-driven sense GFP 
pHR3760 No element sense GFP 
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corresponding to the same 937 base region of env (pNL4-3 nts 6602 to 7538) 

that was expressed in VIRxSYS antisense vector was then inserted into these 

backbones.  The primers used to generate this fragment incorporated stop 

codons in the 5’ end of the fragment to prevent any protein expression from the 

insert region and an XbaI site in the 3’ end for cloning.  The fragment was ligated 

to the backbone sequences in the antisense orientation, resulting in the following 

plasmids: RRE-driven antisense (pHR3476) derived from pHR1272, CTE-driven 

antisense (pHR3477) derived from pHR1498 and no element antisense 

(pHR3478) derived from pHR2772. These plasmids will be shown in Chapter 3, 

Figure 8A.  As a control, we also made a similar construct, RRE-driven sense 

(pHR3473), containing the RRE with the insert in the sense orientation.  

 

Oligonucleotides used to generate the sense and antisense vectors: 

Antisense vectors: 

Oligo 1533: 5’ aattatgcattgagcggccgcagtttaaagtgcactg 3’ 

Oligo 1534: 5’ atatctagaactagtgtccactgatgggag 3’ 

Sense vectors: 

Oligo 1535: 5’ atatctagaactagtagtttaaagtgcactg 3’ 

Oligo 1536: 5’ aattatgcattgagcggccgcgtccactgatgggag 3’ 

 

 A similar strategy was used to generate antisense constructs targeting 

EGFP, except that the primers amplified a 721 nt fragment containing the EGFP 
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ORF (Clontech pEGFP-N1, pHR1976).  The primers incorporate either a SpeI or 

NotI restriction site.  The PCR product and backbone vectors were digested with 

SpeI and NotI and the EGFP fragment was used to replace the env sequence in 

pHR3476 and pHR3477 to generate RRE-driven (pHR3755) and CTE-driven 

(pHR3756) EGFP antisense constructs. 

 

Oligonucleotides used to construct EGFP sense and antisense vectors: 

Antisense vectors: 

Oligo 1726: 5’ actagtatggtgagcaagggcgag 3’ 

Oligo 1727: 5’ atagcggccgctttacttgtacagctc 3’ 

Sense vectors: 

Oligo 1728: 5’ gcggccgctggtgagcaagggcgag 3’ 

Oligo 1729: 5’ ataactagttttacttgtacagctcgtcc 3’ 

 

HIV-1 proviral constructs and CMV expression vectors   

 

All of the pNL4-3-derived proviruses that were used in this study contained either 

one or two point mutations in the Rev ORF (an AUG mutation and a nonsense 

mutation at Rev amino acid 12) that prevent Rev expression.  pNL4-3(Rev-) 

(pHR1146) contains a functional RRE with a single mutation in Rev at amino acid 

12 (11).  pNL4-3 (Rev-)(RRE-)(CTE) (pHR1371) contains multiple third-base 

mutations in the RRE that prevent its function, but has the MPMV CTE cloned 
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into nef. In some experiments an HXB2-derived provirus containing mutations in 

the myristylation site, frameshift region and protease active site (pHR1320) was 

utilized.  This was obtained from Casey Morrow (106). CMV-Rev (pHR30), CMV-

Tat (pHR136), CMV-RevM10Tap (pHR2155) and CMV-Nxt1 (pHR2415), which 

express Rev, Tat, RevM10-Tap fusion protein and Nxt1 have been described 

previously (51, 130). pCMV (pHR16) is the empty backbone vector for these 

expression constructs. The CMV-ß-globin construct (pHR2643) expressing 

mouse ß-globin RNA was obtained from Lynne Maquat (U. of Rochester) (159).   

 The LTR-driven EGFP construct was cloned by digesting pBluescirpt and 

pEGFP-N1 (Clontech, pHR1976) with HindIII and NotI.  The backbone vector 

from pBluescript and EGFP ORF were gel purified and ligated, resulting in pBS-

GFP (pHR3753).  pBS-GFP was digested with ClaI and repaired using Klenow 

Fragment followed by digestion with HindIII.  pNL4-3 (pHR1145) was digested 

with PstI and repaired with Klenow Fragment followed by digestion with HindIII, 

resulting in a fragment that contained the HIV-1 5’ LTR.  Following gel 

purification, the backbone and LTR fragment were ligated, resulting in pLTR-

EGFP (pHR3754). 

 
Cheap ‘n Easy plasmid minipreps   

 

1 mL overnight culture was harvested in a microfuge tube.  After spinning at 

maximum speed for 1 min., media was removed and  the bacteria resuspended 

in residual media. After adding 300 µL TENS (1X TE, 0.1 M NaOH, 0.5% SDS), 
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lysate was mixed gently by rocking 3-6 times.  Lysis was neutralized by adding 

150 µL 3 M NaOAc, pH 5.2 and mixing gently by rocking 3-6 times.  After 

centrifuging at max. speed 15 min. at 4 ˚C, supernatant was transferred to a new 

tube. 900 µL 100% ethanol was added and and centrifuged at max. speed 15 

min. at 4 ˚C.  After decanting the supernatant, the pellet was rinsed with 1 mL 

70% ethanol.  Tubes were centrifuged at max. speed 5 min, the ethanol was 

decanted and the pellet  was air-dried on the benchtop.  The pellet was 

resuspended in 20 µL 1X TE (10 mM Tris, 1 mM EDTA) and  2 µL RNase A (10 

mg/mL).  After incubating at 37 ˚C 10 min, DNA was analyzed by agarose gel 

electrophoresis.  Resulting plasmid DNA was clean enough for restriction 

enzyme digestion and sequencing.   

 

Purification of plasmid DNA by cesium chloride gradient centrifugation  

 

A 500 mL flask of Terrific Broth (recipe in next section) was inoculated with a 5 

mL LB starter culture and incubated at the appropriate temperature (37 ˚C for 

regular plasmids, 30 ˚C for proviral plasmids) with shaking overnight.  The culture 

was poured into a 1 L spin bottle and centrifuged at 3000 rpm, 20-30 minutes.  

After decanting the media back into the culture flask, the bacterial pellet was 

resusupended in 70 mL Solution I (recipe in next section) (per 500 mL culture).  

After adding 40 mL Solution I/lysozyme (recipe in next section) and incubating on 

ice 15 minutes, 100 mL Solution II (recipe in next section) was added, mixed well 
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and incubated on ice 15 minutes.  75 mL Solution III was added, mixed well and 

incubated on ice 10 minutes.  The cell lysate was centrifuged at 3000 rpm, 30 

minutes and the supernatant was poured over gauze into a 500 mL spin bottle.  

180 mL isopropanol was added and incubated at room temperature (RT), 10 

minutes.  The sample was centrifuged in a GS-3 rotor at 7000 rpm, 20-30 

minutes.  After decanting the supernatant, the pellet was resuspended in 15-16 

mL of TE (10 mM Tris, 1 mM EDTA) or enough to make the final volume 16 mL.  

Exactly 16 mL of resuspended plasmid was transferred to a 50 mL conical tube 

containing 17.6 g CsCl.  The solution was vortexed to dissolve the CsCl and 1.6 

mL EtBr (10 mg/mL) was added.  The DNA/CsCl/EtBr mixture was transferred to 

16 x 67 mm OptiSeal centrifuge tubes (Beckman, Palo Alto, CA), and placed into 

an NVT65 rotor (Beckman) followed by centrifugation overnight at 50,000 rpm.  

 The tubes were removed from the rotor and the plasmid band was 

marked.  A piece of transparent tape was placed over and just below the plasmid 

band to prevent leaking while removing the plasmid band.  The plasmid band 

was removed using an 18-guage needle attached to a 3-5 mL syringe to draw the 

plasmid band into the syringe, taking care not to draw up the chromosomal band.  

After transferring the plasmid band to a 13x51 mm Quikseal tube (Beckman), the 

tube was topped off with TE/CsCl/EtBr mix and sealed.  The tubes were placed in 

an NVT100 rotor (Beckman) and centrifuged 4-6 hours at 75,000 rpm at room 

temperature (24 ˚C). The tubes were removed from the rotor, and the plasmid 

band was extracted using a needle and syringe as described above. After 
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transferring the band to a 15 mL conical tube, the volume was increased to 5 mL 

with TE and extracted 10 times with N-butanol. The DNA solution was transferred  

to a 50 mL conical tube and 2 volumes of TE and 6 volumes of 100% ethanol 

were added.  After incubating at –80 ˚C, 30 minutes- 1 hour, the tubes were 

centrifuged at 3000 rpm, 30 min. at 4 ˚C.  The pellet was washed with 10 mL 

70% ethanol and centrifuged at 3000 rpm, 5 min. at 4 ˚C.  After decanting the 

ethanol, the pellet was resuspended in 5 mL TE and extracted with 5 mL 

phenol/chloroform/isoamyl (2.5 mL phenol, pH 8.0, 2.5 mL CHISAM).  After 

centrifugation at 3000 rpm, 5 min. at 4 ˚C, the aqueous layer was transferred to a 

50 mL conical tube and 0.1 volume of 3 M NaOAc (500 µL) and 2 volumes of 

100% ethanol (10 mL) were added.  After incubating at –80 ˚C, 30 min. and 

centrifugation at 3000 rpm, 30 min at 4 ˚C, the pellet was washed with 5 mL 70 % 

ethanol.  Following a spin at 3000 rpm 5 min. at 4 ˚C, the pellet was air-dried and 

resuspended in 250 µL- 1 mL of TE. 

 

Reagent recipes: 

Terrific Broth (1 L):  12 g Bacto-tryptone, 24 g yeast extract, 4 mL glycerol in 900 

mL water.  Autoclave, cool and add 100 mL (for 1 L) 10X salts and selective 

agent. 

10X Salts (1 L):  23.1 g KH2PO4 (monobasic), 125.4 g K2HPO4 (dibasic), 1 L total 

volume water.  Filter sterilize before using.  Do not autoclave 10X salts. 
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Solution I (1 L):  9 g D-glucose, 25 mL 1 M Tris, pH 8.0, 20 mL 0.5 M EDTA, 955 

mL water.  Combine ingredients, dissolve glucose and autoclave before use. 

Solution I + Lysozyme:  10 mg/mL lysozyme dissolved in Solution I. 

Solution II (500 mL):  50 mL 10% SDS, 10 mL 10 N NaOH, 440 mL water.  

Combine ingredients, use sterile water. 

Solution III (1 L):  294 g Potassium acetate, 115 mL glacial acetic acid, to 1 L with 

water.  Combine ingredients and autoclave. 

TE/CsCl/EtBr Solution (220 mL):  200 mL TE (10 mM Tris, 1 mM EDTA), 220 g 

Cesium chloride, 20 mL 10 mg/mL ethidium bromide.  Combine and store at 4 ˚C.  

Protect from light.   

 

Cell lines and transfections   

 

293T/17 cells were maintained in Iscove’s minimal essential medium 

supplemented with 10% bovine calf serum and 0.1% Gentamicin.  Transient 

transfections were performed using the calcium phosphate method (47).  For 

analysis of RNA stability, cells were treated with 5 µg/mL Actinomycin D (Sigma, 

St. Louis, MO) for 0, 3 or 6 hours (83), followed by harvest of total RNA using 

TriReagent (Molecular Research Center, Cincinnati, OH) according to the 

manufacturer’s instructions. 
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p24 ELISA   

 

 The p24 levels of transfection supernatants were measured by an in 

house p24 ELISA. The ELISA was performed using a p24 monoclonal antibody 

(cat# 1513) and pooled human anti-HIV-1 immunoglobulin G (cat# 3957) that 

were obtained from the AIDS Research and Reference Reagent Program and 

following a protocol developed by Bruce Chesebro (National Institute of Allergy 

and Infectious Diseases, Rocky Mountain Laboratories) (146). 

A 96 well plate was incubated overnight at 37 °C containing 100µl of the 

primary antibody (monoclonal IgG p24) in each well.  The next day the plate was 

washed with 1x PBS.  250 µl of blocking buffer (PBS with 5% BSA) was added to 

each well and the plate incubated at 37 °C for 1 hour.  The plate was then 

washed with 1x PBS with 0.5% Tween-20.  10 µl of lysis buffer (1x PBS with 10% 

Triton X-100 and 0.05% Trypan Blue) was added to each well except for the 

blanks.  In BL3 conditions, samples were diluted 100- to 1000-fold in tissue 

culture media before applying to the ELISA plate.  100 µl of standard or sample 

dilutions were added to appropriate wells. The plate was then incubated at 37 °C 

for at least 2 hours.  The plate was washed with 1x PBS with 0.5% Tween-20.  

100 µl of biotinylated secondary antibody diluted 1:800 in assay buffer (PBS with 

10% Bovine Calf Serum and 0.5% Triton X-100) was added to all wells except 

the blanks.  The plate was incubated at 37 °C for 1 hour.  The plate was washed 

with 1x PBS with 0.5% Tween.  100 µl of peroxidase-streptavidin diluted 1:4000 
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in assay buffer was added to all the wells except the blanks.  The plate was 

incubated at 37 °C for 30 minutes.  The plate was washed with 1x PBS with 0.5% 

Tween-20.  100 µl of peroxidase substrate (OPD) was added to every well.  The 

plate was incubated at room temperature protected from light for 30 minutes.  50 

µl of 2M H2SO4 stop solution was added to each well and the optical density was 

measured at 492nm.  The p24 values (ng/ml) were calculated by the comparison 

of the measured intensity values to the standard curve factoring in the dilution of 

the samples. 

 

RNA fractionation for Northern blot analysis   

 

For the isolation of cytoplasmic RNA for use in Northern Blot analysis, six 15 cm 

plates of 293T cells were transfected per condition by the calcium phosphate 

method. Sixty-five hours post-transfection, cells were harvested by washing 2X in 

cold PBS and scraping the cells into 15 ml conical tubes, pooling the cells from 

the six plates. The cells were pelleted at 1500 rpm and 4 ˚C for 5 min (Sorvall 

RT-6000B), and any residual PBS was aspirated. The cells were resuspended in 

3 ml cold RSB (10 mM Tris, pH 7.4, 10 mM sodium chloride, 1.5 mM magnesium 

chloride) and incubated on ice for 10 minutes. NP-40 was added drop-wise to the 

cell suspension to 0.1% final concentration (300 µl 1% solution) with gentle 

mixing. The nuclei were centrifuged out by two gentle spins, the first at 1600 rpm 

and 4 ˚C for 5 minutes, and the second at 1200 rpm and 4 ˚C for 5 minutes. To 



 

 

55 

the supernatant, an equal volume (~3 ml) of 2X Proteinase K buffer (200 mM 

Tris, pH 7.5, 25 mM EDTA, 300 mM sodium chloride, 2% SDS, 400 µg/ml 

Proteinase K) was added left to react at 37 ˚C for 30 minutes with shaking. The 

lysate was then extracted once with one volume of phenol:Chisam (25:24:1 

phenol:chloroform:isoamyl alcohol) and twice with one volume Chisam (24:1 

chloroform:isoamyl alcohol). Sodium acetate was added to 300 mM (3 M, pH 

5.2), and the RNA was precipitated by the addition of 2.5 volumes cold ethanol 

and left at –20 ˚C overnight. The RNA was pelleted at 2500 rpm and 4 ˚C for one 

hour (Baxter 6000) and resuspended in 10 mM Tris, pH 7.4, 10 mM EDTA, 0.2% 

SDS with heating at 65 ˚C for 5 minutes. Sodium chloride was added to 0.5 M 

final concentration (630 µl 5 M NaCl/10 ml starting lysate). This material was then 

subjected to oligo d(T) selection. 

 Total RNA was extracted using TriReagent (Molecular Research Center, 

Cincinatti, OH) according to the manufacturer’s instructions.  Briefly, the tissue 

culture supernatant from a 15 cm plate of transfected cells was removed and 5 

mL of TriReagent was added.  Cells were collected in a 15 mL conical tube and 

500 µL of Bromo chloropropane (Molecular Research Center) was added.  After 

vortexing, tubes were centrifuged at 3000 rpm at 4 ˚C for 30 minutes.  The 

aqueous layer was collected and 2.5 mL isopropanol was added. The tubes were 

incubated at room temperature and centrifuged at 3000 rpm at 4 ˚C for 30 

minutes.  The RNA pellet was washed with 75% ethanol and air-dried briefly 

before resuspending the pellet in binding buffer for oligo d(T) selection. 
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Polyribosome analysis 

 

 Forty-eight hours post-transfection, 100 mg/ml  cycloheximide was added 

to each plate (50 µg/ml final concentration) and incubated at 37 ˚C for 30 min. 

Cycloheximide is an inhibitor of protein biosynthesis in eukaryotic organisms and 

exerts its effect by interfering with peptidyl transferase on the 60S ribosome, thus 

blocking translational elongation. Addition of cycloheximide “freezes” the 

ribosomes to the mRNA, preventing them from completing translation and falling 

off the RNA during the polyribosome extraction procedure, thus giving a 

“snapshot” in time of translating polyribosomes. Also, after this step, all 

procedures were performed on ice, as the cold temperature helped slow down 

translation elongation and RNase activity.  

 To harvest polysomes, the growth medium was aspirated, and the cells 

were washed twice with 10 ml of ice-cold PBS containing 50 µg/ml of 

cycloheximide. The cells were scraped and transferred to a 1.5 ml 

microcentrifuge tube and centrifuged at 4000 rpm for 1 min. The residual PBS 

was aspirated. The cells were resuspended in 250 µl RSB + inhibitors [10 mM 

Tris, pH 7.4, 10 mM sodium chloride, 1.5 mM magnesium chloride, 100 U RNasin 

Plus (40 U/µl; Promega), 1X Proteinase Inhibitor Cocktail (Sigma), 1X 

Phosphatase Inhibitor Cocktail I (Sigma), 1X Phosphatase Inhibitor Cocktail II 

(Sigma)] with vortexing. The cells were lysed by adding 250 µl of 2X 
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polyribosome extraction buffer (10 mM Tris, pH 7.4, 10 mM sodium chloride, 1.5 

mM magnesium chloride, 1% Triton X-100, 1% deoxycholate, 2% Tween 20), 

and mixed quickly by inversion. The solution was left to incubate on ice for 10 

min, and then spun for 10 sec to pellet nuclei. The cytoplasmic extract was 

transferred to a new microcentrifuge tube and spun at 10,000X g for 10 min at 4 

˚C to pellet any remaining cellular debris.  

 The cleared cytoplasmic lysate was layered onto the top of a 10-50% 

continuous sucrose gradient, which was prepared as follows: Sucrose solutions 

were prepared using Ultrapure sucrose (Invitrogen) as 10% and 50% 

concentrations in 75 mM potassium chloride, 10 mM Tris, pH 7.4, 1.5 mM 

magnesium chloride. The solutions were boiled for 10 minutes and then filtered 

through a 0.45 µm membrane. The 50% sucrose was used to underlay the 10% 

sucrose by gently inserting the tip of a blunt end stainless steel needle to the 

bottom of the tube (open top polyclear centrifuge tube, 14X89 mm, Seton 

Scientific, Los Gatos, CA) and slowly releasing 5.5 ml 50% sucrose solution from 

the syringe to displace the 5.5 ml phase of 10% sucrose solution. Each tube was 

closed with a Biocomp cap and placed in the Biocomp gradient master (model 

107ip, BioComp Instruments, Inc. New Brunswick, Canada, 

http://www.biocompinstruments.com). The gradient parameter was set to long 

caps, 10-50%. When the gradient formation finished, the caps were carefully 

removed, and the tubes were transferred to an SW41Ti rotor basket. An 

additional 500 µl of 10% sucrose was carefully layered on top of the gradient, and 
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the cytoplasmic lysate was layered on top of this. When EDTA was used to 

disrupt the polysomes, 30 µl of 250 mM EDTA was added to 470 µl of the cleared 

cytoplasmic extract (15 mM final EDTA concentration), before layering the extract 

on top of the gradient. SW41Ti rotor baskets were placed on the SW41Ti rotor 

and centrifuged in a Baxter ultracentrifuge at 36,000 rpm for 2 h at 4 ˚C.  

 Following centrifugation, the rotor baskets were removed and kept on ice 

until fractions from each tube were collected. From each gradient,19-20 fractions 

(20 seconds collections at a piston-lowering speed of 0.2 mm/sec) were collected 

into 1.5-ml microcentrifuge tubes on ice using the Piston gradient fractionator 

(BioComp Instruments, Inc. New Brunswick, Canada) that was equipped with a 

UV monitor (Monitor UV-M II, GE Health, Amersham Biosciences, Piscataway, 

NJ), concomitantly measuring absorbance at 254 nm. The volume of each 

fraction was approximately 550 µl. Fractions were then analyzed for protein 

(using either immunoprecipitation for a specific protein or nonspecific isopropanol 

precipitation to concentrate the samples and to remove the sucrose for better 

loading and resolution on the SDS-PAGE) or RNA (next section). Immediately 

after fractionation, 10 ng of a 267-nucleotide long fragment of in vitro transcribed 

gag RNA was added to each fraction used in Northerns as a control for recovery. 

These were treated with Proteinase K (to each fraction, 60 µl of 10% SDS and 12 

µl of 10 mg/ml Proteinase K were added and incubated for 30 min at 42 ˚C), and 

then stored at –80 ˚C until analysis.  
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 Three hundred µl of each Proteinase K-treated fraction was transferred to 

a new microcentrifuge tube and on ice, extracted twice with an equal volume of 

phenol/chloroform/isoamyl alcohol and once with an equal volume of 

chloroform/isoamyl alcohol. The supernatants were transferred to new 

microcentrifuge tubes, and RNA from each fraction was precipitated by the 

addition of 1/10 volume 3 M sodium acetate (pH 5.2) and 2.5 volumes 100% 

ethanol with incubation at –80 ˚C. The RNA was pelleted by centrifuging at 13000 

rpm for 20 min at 4 ˚C and washed with 1 ml 75% ethanol. The supernatant was 

carefully aspirated from each tube, and the RNA pellet was air dried briefly. 

 

Northern blot analysis 

The RNA pellets from sucrose gradient fractions were resuspended in 4 µl of 

DEPC-treated water and 15.5 µl of RS buffer (0.0258 M MOPS, 8.35% 

formaldehyde, 64.5% formamide).  The RNA pellets from total and cytoplasmic 

cell fractions were resuspended in 9 µL of DEPC-water and 31 µL of RS buffer.  

The samples were incubated at 55 ˚C for 10 min, cooled on ice, and loaded onto 

a formaldehyde agarose gel [1% agarose, 0.02 M MOPS (3-[N-morpholino] 

propanesulfonic acid), pH 7.0, 5 mM sodium acetate, 0.1 mM EDTA, 16.2% 

formaldehyde]. The gel was run in MOPS Electrophoresis Buffer (0.02 M MOPS, 

pH 7.0, 5 mM sodium acetate, 0.1 mM EDTA, 8% formaldehyde) at 120 volts for 

3-4 hrs. with a peristaltic pump that recirculated the running buffer between the 

electrodes. 
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 Following electrophoresis, the gel was soaked in 250 ml of autoclaved 

water for 15 minutes with gentle rocking. The water was replaced three times and 

incubated for 15 minutes each. The gel was denatured by complete immersion in 

50 mM sodium hydroxide for 20 minutes, and then neutralized in 100 mM Tris-

HCl (pH 7.0-7.6) for 20 minutes. The gel was then equilibrated in 10X SSC (1.5 M 

sodium chloride, 0.15 M sodium citrate, pH 7.0) for 15 minutes. Positively 

charged nylon membrane (BrightStar-Plus; Ambion) was cut to the size of the gel 

and soaked in 100 ml 10X SSC. 

 Capillary transfer was performed by setting up the following: 3 inches of 

cut-to-size paper towels were stacked in a 9X13X2 inch Pyrex tray; 3 pieces of 

Whatman paper soaked in 10X SSC for 3 minutes were placed on top of the 

paper towels; the nylon membrane was placed on top of the Whatman paper; the 

gel with the top-side facing upward was placed on the membrane taking care that 

any bubbles between the gel and the membrane were removed; and 3 pieces of 

Whatman paper soaked in 10X SSC for 3 minutes were placed on top of the gel. 

100 mL 20X SSC (3.0 M sodium chloride, 0.3 M sodium citrate, pH 7.0) was 

added to two reservoirs and placed on each side of the Pyrex tray. A long piece 

of Whatman paper was soaked in 20X SSC for use as a wick. The wick was 

placed upon the 3 topmost pieces of Whatman paper with the wick ends 

submerged in the reservoirs. A plastic or glass plate was placed on top of the 

wick, and the whole set-up was weighted with 4 plastic bottles, each containing 

100 ml of water. The RNA was allowed to transfer overnight. 
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 At the end of the transfer period, the nylon membrane was removed from 

the transfer set-up and rinsed briefly in 10X SSC. The nylon membrane was 

placed on a clean, dry piece of Whatman paper with the RNA side facing 

upwards, and the RNA was cross-linked to the nylon membrane using a UV 

cross-linker (Stratagene UV Stratalinker 2400) at 120 mjoules/cm2. 

 The membrane was placed in a heat-sealable bag (2.5 mm thick, 1 pint 

size; Kapak). Pre-hybridization solution (0.9 M sodium chloride, 0.06 M sodium 

phosphate monobasic, 0.006 M EDTA, 0.1% SDS, 0.0004% polyvinylpyrrolidone, 

0.0004% Ficoll 400 and 0.0004% bovine serum albumin, pH 7.4) was added to 

the bag, and the bag was sealed. The membrane was incubated at 43 ˚C for 1-4 

hours in a slowly shaking water bath. 

 Specific radiolabelled DNA probes to detect GagPol and antisense RNA 

were generated by PCR incorporating [α-32P] dCTP (Perkin Elmer Life Sciences).  

The probe template was derived from the pNL4-3 gag region and recognized an 

approximately 500 bp sequence that is present in the 5’ portion of both the 

GagPol viral RNA and the antisense RNA.  The probe used to detect mouse ß-

globin mRNA was generated by PCR incorporating [α-32P] dCTP, using a 

template corresponding to exon 3 of the ß-globin mRNA. 

 The pre-hybridization solution in the heat-sealable bag was replaced with 

hybridization solution (50% formamide, 0.9 M sodium chloride, 0.06 M sodium 

phosphate monobasic, 0.006 M EDTA, 0.1% SDS, 0.002% polyvinylpyrrolidone, 

0.002% Ficoll 400, 0.002% bovine serum albumin, and 0.1 mg/ml tRNA, pH 7.4). 
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The probe was denatured by placing it in a boiling water bath for 5 minutes 

followed by snap cooling on ice. The probe was briefly centrifuged, then added to 

the bag and sealed. Hybridization occurred overnight in a 43 ˚C water bath with 

slow agitation. 

 The nylon membrane was removed from the bag and rinsed briefly twice 

in an 11X7X2 inch Rubbermaid container with 6X SSC (0.9 M sodium chloride, 

0.09 M sodium citrate) plus 0.1% SDS. The membrane was washed three 

additional times for 15 minutes each at room temperature, then once at 43 ˚C for 

15 minutes. The membrane was then washed 2-3 more times with 0.1X SSC 

(0.015 M sodium chloride, 0.0015 M sodium citrate) plus 0.1% SDS at room 

temperature for 15 minutes each. The background of the membrane was 

checked using a Geiger Counter, and if the background was high, the blot was 

continued to be washed with 0.1X SSC plus 0.1% SDS at 43 C for 15 minutes 

per wash and repeated until the background was low using the Geiger Counter. 

 The membrane was wrapped with Saran wrap and placed onto a 

PhosphorImager cassette against a PhosphorImager screen. Visualization and 

quantitation was performed using a Molecular Dynamics PhosphorImager and 

ImageQuant software.   

 

Western blot analysis   
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 Proteins were separated using SDS-8% PAGE (acrylamide:bisacrylamide, 

37.5:1) and western blot analysis was performed essentially as previously 

described (54).  Proteins were transferred to Immobilon-FL membrane (Millipore) 

by electrotransfer and blocked using 5% milk in phosphate buffered saline (PBS).  

Antibodies used for western blotting are listed in Table 3.  Mouse monoclonal 

antibodies were used to detect Pr160 (cat# 1513, AIDS Research and Reference 

Reagent Program) and Nef (provided by Bernhard Meier) (87).  A commercial 

polyclonal antibody to human ß-tubulin (Abcam, Cambridge, MA) was used to 

detect cellular ß-tubulin as a loading control.  Following incubation with 

secondary antibody (IRDye800 anti-mouse or AlexaFluor680 anti-rabbit 

antibodies, Rockland Immunochemicals, Gilbertsville, PA), blots were visualized 

using the Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln NE) and 

analyzed using the Odyssey software package.  

 

Table 3: Antibodies used in studies, animal source, working dilution and supplier. 

Antibody Source Working 
Dilution 

Supplier 

p24 Gag 183.P3 Mus 1:500 AIDS Research and 
Reference Reagent 
Repository 

Anti-Env 1D6 Mus 1:500 AIDS Research and 
Reference Reagent 
Repository 

Anti-Nef SN20 Mus 1:1000 Bernhard Meier 
Anti-ß-tubulin Rabbit 1:10,000 Abcam 
Anti-mouse IRDye800 Goat 1:20,000 Rockland Immunochemicals 
Anti-rabbit AlexFluor680 Goat 1:50,000 Rockland Immunochemicals 
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Chapter 3- Efficient antisense targeting of HIV-1 requires the RRE and Rev 

protein 

Introduction 

 In this chapter, we specifically examine whether efficient inhibition of HIV-1 

requires the antisense RNA to be trafficked through the Rev-RRE pathway.  To 

do this, we constructed HIV-1-based plasmids that express antisense RNA 

containing either an RRE, CTE or no transport element.  The effect of expression 

of these RNAs on HIV-1 expression was then examined in experiments that 

include studies on the effects of antisense RNA on target RNA trafficking and 

expression.   

 

Results 

Vector construction and RNA expression levels in 293T cells  

 To test whether the Rev/RRE pathway is important for efficient antisense 

inhibition of HIV-1, we constructed identical plasmids that express antisense RNA 

targeting the env region of HIV-1, but which differ only in the export element they 

contain (RRE, CTE or no specific export element, see Materials & Methods).  

These plasmids were all based on sequences from the pNL4-3 provirus and 

contain the 5’ and 3’ LTR, a portion of gag sequence, and a fragment from the 

env gene in the antisense orientation which targets a 937 bp region of pNL4-3. 

The antisense construct targets the 3’ UTR of the GagPol RNA and the coding 

sequence of Env RNA.  This is the same region that was targeted by the 
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previously described VIRxSYS lentivirus vector (86).   The no element plasmid is 

identical to the CTE plasmid, except that no CTE was inserted. As a control, we 

also made a similar RRE- containing construct that had the target sequence in 

the "sense" orientation. A schematic diagram of these plasmids is shown in 

Figure 8A. 

 We first compared the level of RNA expression from the three different 

"antisense" plasmids in the absence of an HIV-1 target.  To do this, 293T cells 

were transfected in triplicate with the antisense constructs containing no element, 

the CTE or the RRE together with CMV promoter-driven plasmids expressing the 

HIV-1 Tat and Rev proteins.  Tat protein is essential for high expression from the 

HIV-1 LTR promoter and Rev was provided to ensure good expression from the 

plasmid containing the RRE.  A CMV-ß-globin plasmid was also cotransfected to 

serve as a normalization control.  After 48 hours, total RNA was harvested using 

TriReagent.  Oligo d(T) selection was performed and the isolated polyA+ RNA 

was analyzed on northern blots (Figure 8B).  The experiment was performed in 

triplicate. Quantitation of the blots, with normalization to the ß-globin signal, 

demonstrated that the no element and the RRE-containing antisense RNA were 

expressed at similar levels (Figure 8C).  The CTE-containing antisense RNA ran 

slightly slower on the gel, due to the insertion of the CTE, and the levels of this 

RNA were about 2-fold higher.  Thus, our results show that the plasmids produce 

a reasonable amount of the expected antisense RNA. 
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Figure 8:  Construction and expression of HIV-1-derived antisense plasmids.  
(A) Schematic of the antisense RNA plasmids.  The plasmids contain the 5’ and 
3’ long terminal repeats (LTR), a splice donor (SD) and acceptor (SA), a 937 bp 
portion of HIV-1 env (nts 6602-7538) in the sense or antisense orientation, the 
Rev Response Element (RRE) or the MPMV Constitutive Transport Element 
(CTE).  The restriction enzyme sites utilized for construction with their pNL4-3 
nucleotide coordinates are indicated below each construct.  Stop codons were 
inserted between the gag and env sequence to prevent Env expression.  (B) 
Northern blot analysis of antisense (AS) RNA. 107 293T cells were transfected 
with 5 µg antisense (AS) vector, 500 ng pCMV-Rev (pHR30) and 500 ng pCMV-
Tat (pHR136).  5 µg pCMV-ß-globin (pHR2643) was cotransfected as a 
normalization control.  At 48 hours post-transfection, total RNA was harvested, 
oligo d(T)-selected and analyzed by Northern blot using specific radiolabelled 
DNA probes  to detect ß-globin and antisense RNAs.  Blots were analyzed using 
a Molecular Dynamics Phosphorimager and ImageQuant software.  The panel 
shows representative lanes from the Northern blot that was used to determine 
RNA expression levels.  (C) Quantitation of antisense (AS) level.  Antisense (AS) 
signal was normalized to ß-globin signal to control for recovery.  Three 
independent samples were analyzed and the standard deviation is shown. 
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Inhibition of particle production from pNL4-3-derived proviruses by the 

antisense constructs 

 In order to assess the ability of the antisense to inhibit HIV-1 production, 

we co-transfected 293T cells with a pNL4-3 provirus containing a nonfunctional 

Rev gene, a plasmid expressing functional Rev (pCMV-Rev) and the indicated 

amounts of antisense plasmids.  This allowed us to determine a dose-response 

range for antisense inhibition. In this experiment, we used a Rev- provirus and 

supplied Rev in trans to allow direct comparison with the Rev- provirus containing 

the CTE that was used as a target in later experiments. Virus production was 

measured by analyzing the levels of p24 in the medium supernatants of the 

transfected cells at 48 h post-transfection. The experiment was performed in 

triplicate. 

 As shown in Figure 9A (where levels of p24 are shown relative to control 

cultures in the absence of antisense RNA), the RRE-driven antisense construct 

efficiently inhibited HIV-1 production at a very low target/antisense molar ratio 

(5:1). At a ratio of 5:1, the levels of p24 were only about 20% of that in control 

cultures, at a ratio of 1:1, they were only about 3% and at a ratio of 1:5, they were 

only about 0.3%. In contrast, the CTE-driven antisense did not significantly inhibit 

particle production from the provirus, even at a 1:5 molar ratio, despite the fact it 

expressed more antisense RNA per µg of plasmid (see Figure 8C).  The 

antisense plasmid with no export element also failed to inhibit particle production. 

These data indicate that the presence of an RRE in the antisense RNA is  
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Figure 9 
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Figure 9:  Inhibition of particle production from HIV-1 proviruses by antisense. 
(A) Inhibition of particle production from an RRE-driven provirus.  106 293T cells 
were transfected with 5 µg pNL4-3 provirus containing a nonfunctional Rev gene 
(pHR1146), 500 ng pCMV-Rev (pHR30) and increasing amounts of no element 
(pHR3475), CTE-driven (pHR3474) or RRE-driven (pHR3473) antisense 
construct (AS).  After 48 hours, p24 expression was assayed by ELISA and 
plotted as the percentage of p24 expression from the provirus alone.  The molar 
ratio of provirus to antisense plasmid and microgram amount of antisense 
plasmid is indicated on the X-axis.  Transfections were performed in triplicate.  
The p24 level for 100% was 837 -/+ 31.1 ng/mL. (B) Inhibition of particle 
production from a Rev-independent CTE-driven provirus. 106 293T cells were 
transfected with 5 µg of a pNL4-3 provirus containing a nonfunctional RRE and 
Rev gene and the MPMV CTE cloned into the nef region (pHR1371) together 
with 500 ng pCMV-Rev and increasing amounts of RRE- or CTE-driven 
antisense construct (AS).  In the no Rev sample, pCMV was substituted for 
pCMV-Rev. Transfections, ELISAs and analysis were performed as in (A).  The 
p24 level for 100% was 20.8 -/+ 7.11 ng/mL (C) Inhibition of particle production 
from an RRE-driven provirus in the presence of RevM10-Tap and Nxt1. 106 293T 
cells were transfected with 5 µg of the pNL4-3 proviral clone lacking a functional 
rev gene (pHR1146), 500 ng pCMV-RevM10-Tap (pHR2155), 500 ng pCMV-
Nxt1 (pHR2415) and increasing amounts of RRE- (pHR3473) or CTE-driven 
antisense construct (pHR3474) (AS). Transfections, ELISAs and analysis were 
performed as in (A).  The p24 level for 100% was 145 -/+8.54 ng/mL. 
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essential for efficient antisense inhibition and that the CTE fails to substitute for 

the RRE.  

 Since the target virus utilized in Figure 9A contained the RRE and was 

Rev-dependent, the efficient inhibition observed with the RRE-antisense plasmid 

compared to the other antisense plasmids could simply reflect co-targeting of 

target and antisense RNA to the same cellular compartment, making antisense/ 

target RNA association more efficient.  To further address this, we analyzed the 

effects of the antisense constructs on particle production from a provirus that was 

Rev-independent and that utilized a different export pathway.  This provirus 

carries mutations in rev that make it nonfunctional and also contains a 

nonfunctional RRE with synonymous mutations that do not alter the overlapping 

Env protein sequence. To overcome the block to RNA export that would 

otherwise be present, the provirus has the MPMV CTE cloned into the nef region.  

This allows full length and singly spliced viral mRNA to be exported via the 

MPMV CTE pathway. The provirus has previously been shown to be replication 

competent (11).   

 We cotransfected the CTE-containing provirus with different amounts of 

the RRE-driven antisense plasmid (with or without pCMV-Rev), or with different 

amounts of CTE-driven antisense plasmid.  As before, this experiment was 

performed in triplicate.  As can be seen in Figure 9B, the CTE-driven antisense 

was still rather inefficient at inhibiting p24 production, although significant 

inhibition (about 80%) could be seen at higher concentrations (Figure 9B).  This 
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suggests that co-targeting is a factor for the CTE-driven antisense RNA, at these 

higher concentrations, since the antisense RNA would now be expected to traffic 

along the same pathway as the provirus, in contrast to the experiment shown in 

Figure 9A.  However, surprisingly, the RRE-driven antisense was still much more 

efficient in inhibiting the CTE-driven provirus than was the CTE-antisense RNA, 

when Rev was supplied (square symbols). This cannot be attributed to co-

targeting, since the antisense and target RNA utilized different export pathways. 

However, antisense inhibition by the RRE-driven antisense was less efficient on 

the CTE-virus (Figure 9B) compared to the RRE-virus (Figure 9A), suggesting 

that co-targeting may also play a role in this case. No significant inhibition of virus 

production was observed with the RRE-driven antisense when Rev was not 

supplied (Figure 9B, triangle symbols). These results demonstrate that both Rev 

and the RRE are important for efficient inhibition by the RRE-containing 

antisense even when the RNA produced from the target provirus does not utilize 

the Rev pathway.   

 The RevM10 protein is a Rev mutant that contains a mutation in the 

Nuclear Export Signal (NES), but maintains the ability to bind the RRE (90).  

Previously, we showed that an RRE-containing RNA can be redirected from the 

Rev pathway to the Tap/Nxf1pathway when a RevM10-Tap fusion protein in 

conjunction with the Tap co-factor Nxt1 is utilized in place of Rev (51). This 

allows the RevM10-Tap protein to still bind to the RRE, but its export is mediated 

by the Tap/Nxf1 portion of the protein.  RevM10-Tap-mediated RNA export is not 
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sensitive to LMB inhibition (51), demonstrating that it does not use the Crm1 

export pathway that is essential in the case of Rev/RRE (40, 148).   

 To further test the hypothesis that the Rev-RRE pathway is essential for 

efficient antisense inhibition, we cotransfected the pNL4-3 proviral clone lacking a 

functional rev gene, plasmids expressing RRE- or CTE-driven antisense, a 

plasmid expressing the RevM10-Tap fusion protein and a plasmid expressing the 

Nxt1 protein.  As can be seen in Figure 9C, this significantly reduced the 

inhibition that was obtained with RRE-antisense, especially at lower antisense to 

target ratios (compare with Figure 9A, square symbols).  Furthermore, in this 

experiment the inhibition curves obtained with the CTE- and RRE-driven 

antisense constructs were virtually overlapping.  This result is not unexpected, 

since both of the antisense RNAs, as well as the target RNA now use the 

Tap/Nxf1 pathway and the CTE-driven antisense inefficiently inhibits particle 

production.  Taken together, these results clearly demonstrate that trafficking of 

the antisense RNA along the Rev-RRE pathway is essential for the efficient 

antisense inhibition that has been observed using HIV-1 vectors, independent of 

a co-targeting component.  

 

Cytoplasmic localization of target RNA 

 We next performed an experiment to determine the localization of the 

antisense RNA and if expression of antisense RNA resulted in nuclear retention  
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and/or significant degradation of the proviral target RNA.  To do this, we 

cotransfected the pNL4-3 proviral clone lacking a functional rev gene with pCMV- 

Rev and the RRE or CTE antisense constructs at a 5:1 molar ratio.  At this molar 

ratio, the RRE-driven antisense inhibits about 80% of particle production (see 

Figure 9A).  As a control, we also performed a similar experiment using an RRE- 

containing plasmid with the target region in the "sense" orientation, since this 

RNA does not inhibit particle production (data not shown). In all of these 

experiments, a CMV-ß-globin plasmid was cotransfected to provide a 

normalization control.  To control for the quality of subcellular fractionation, we 

also transfected the provirus with or without pCMV-Rev in the absence of 

sense/antisense constructs.  Since the GagPol RNA produced from the provirus 

requires Rev for export, in the absence of Rev, GagPol RNA would not be 

expected to be found in the cytoplasmic fractions (90).   

 At 65 hours post-transfection, total and cytoplasmic RNA was extracted 

from the transfected cells, oligo d(T)-selected and analyzed by northern blotting 

for GagPol, sense/ antisense vector and ß-globin RNA. For this analysis, we 

compared total and cytoplasmic RNA levels in the control cells transfected with 

the sense RNA vector to the levels of RNA in cells transfected with the antisense 

vectors. A probe that detected sequences in the GagPol region in HIV-1 that is 

shared between the provirus and the sense/antisense plasmids was used for the 

GagPol and sense/antisense plasmids and a separate probe was also included 
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to detect ß-globin RNA (see Materials & Methods). The results from this 

experiment are shown in Figure 10. 

 Analysis of the data in Figure 10 shows that the levels of total and 

cytoplasmic GagPol RNA in the presence of antisense were within 2-fold of the 

GagPol levels in the presence of sense RNA (see GagPol RNA). The total and  

cytoplasmic levels of the CTE- and RRE- antisense RNAs were also similar (see 

Vector RNA).  The presence of significant amounts of this RNA in the cytoplasm 

indicates that both the RRE- and CTE-antisense RNA are efficiently exported to 

the cytoplasm. Figure 10C shows proper fractionation during preparation of cell 

extracts, since in the absence of Rev, GagPol RNA did not localize to the 

cytoplasm. Thus, this experiment demonstrates that significant nuclear retention 

or degradation of target HIV-1 RNA in the presence of antisense RNA does not 

occur and that considerable amounts of antisense RNA can be found in the 

cytoplasm. 

 
Antisense RNA does not alter the stability of target RNA 

 To more directly determine if expression of RRE-driven antisense RNA 

had any effects on the stability of GagPol RNA and whether antisense RNA was 

degraded in the presence of target RNA, we cotransfected 293T cells with the 

pNL4-3 proviral clone lacking a functional rev gene, pCMV-Rev and RRE-driven 

antisense plasmid at a 5:1 molar ratio of provirus and antisense vector, which 

causes an 80% reduction in p24 levels (Figure 9A).  To be able to compare the 

fate of sense and antisense RNAs in the presence and absence of target, we 
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Figure 10 
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Figure 10:  GagPol and sense or antisense RNA levels from total and 
cytoplasmic cell fractions.  
(A) 107 293T cells were transfected with 5 µg of the pNL4-3 proviral clone lacking 
a functional rev gene (pHR1146), 500 ng pCMV-Rev (pHR30) and 660 ng RRE-
driven sense (pHR3476) or antisense constructs (AS, pHR3473) at a 5:1 DNA 
molar ratio of provirus and vector.  5 µg CMV-ß-globin (pHR2643) was 
cotransfected as a normalization control. (B) 293T cells were transfected as in 
(A), but cytoplasmic RNA was harvested, oligo d(T)-selected and analyzed by 
Northern blotting.  (C) Cell fractionation control for total and cytoplasmic Northern 
analysis. 107 293T cells were transfected with 5 µg of the pNL4-3 proviral clone 
lacking a functional rev gene (pHR1146), 5 µg CMV-ß-globin (pHR2643) and 500 
ng of either pCMV (pHR16) or pCMV-Rev (pHR30) to ensure the quality of 
cellular fractionation.  Total and cytoplasmic RNA was isolated and analyzed as 
in (A and B). After 65 hours, total RNA was harvested, oligo d(T)-selected and 
analyzed by Northern blotting.  Specific radiolabelled DNA probes were used to 
detect GagPol, sense or antisense (AS) or ß-globin RNA.  Blots were analyzed 
using a Molecular Dynamics Phosphorimager and ImageQuant software. For A 
and B, the numbers below each lane indicate fold-expression level of GagPol or 
antisense (AS) RNA relative to their levels in the RRE-driven sense sample after 
normalization to the ß-globin RNA.  For C, the numbers below each lane indicate 
fold-expression level relative to their levels in the absence of Rev. Values are the 
mean from three independent experiments. 
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also performed a separate experiment in which the same amount of sense or 

antisense plasmid was co-transfected with only pCMV-Rev and pCMV-Tat.  In all 

cases, a CMV-ß-globin plasmid was cotransfected for normalization.  After 48 

hours, cells were treated with 5 µg/mL Actinomycin D for zero, three or six hours 

to inhibit RNA pol II transcription. The cells were then harvested for total RNA 

and oligo d(T)- selected RNA was prepared and analyzed by northern blotting 

(Figures 11A and C) (83). The GagPol and antisense (vector) RNA levels present 

in each sample were then quantitated using ImageQuant software after 

normalization to ß-globin RNA levels (Figures 11B, D and E). 

 The results show that in the absence of target RNA, both the antisense 

RNA and sense RNA were not significantly degraded relative to ß-globin RNA 

(Figure 11A and B). There also was no significant change in the stability of the 

antisense RNA in the presence of target GagPol RNA, and GagPol RNA also 

was stable (see Figure 11C, D and E). Taken together, these results demonstrate 

that antisense, in combination with target expression, does not lead to an 

apparent degradation of either antisense or target RNA.  These results argue 

against RNA degradation as a contributing factor to the observed antisense 

effects.  

 

Expression of RRE-antisense RNA inhibits GagPol protein production, but 

does not inhibit expression of Nef 
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Figure 11:  Stability of HIV-1 and sense/AS RNA after Actinomycin D treatment.   
(A) Stability of sense/AS RNA in the absence of target RNA. 107 293T cells were 
transfected with 660 ng RRE-driven sense (pHR3476) or antisense plasmid (AS, 
pHR3473), 500 ng pCMV-Rev (pHR30) and 500 ng pCMV-Tat (pHR136).  5 µg 
CMV-ß-globin (pHR2643) was cotransfected for a normalization control.  
Transfections and Actinomycin D treatments were performed in duplicate.  After 
48 hours, cells were treated with 50 µg/mL Actinomycin D for 0, 3 or 6 hours and 
harvested for total RNA.  RNA was oligo d(T)-selected and analyzed by Northern 
blotting for sense/AS and ß-globin RNA using specific radiolabelled DNA probes.  
Blots were visualized using a Molecular Dynamics Phosphorimager and 
ImageQuant software.  (B) Quantitation of sense/AS and ß-globin RNA levels.  
RNA levels were quantitated after normalization to ß-globin RNA using 
ImageQuant software.  (C) Stability of GagPol and AS RNA. 107 293T cells were 
transfected with 5 µg of the pNL4-3 proviral clone lacking a functional rev gene 
(pHR1146), 500 ng pCMV-Rev and 660 ng RRE-driven antisense (AS) plasmid.  
5 µg CMV-ß-globin was cotransfected for a normalization control.  After 48 hours, 
cells were treated, harvested and analyzed as in (A).  (D) Quantitation of AS RNA 
level in the presence of target RNA.  AS and ß-globin RNA levels were 
quantitated as in (B).  (E) Quantitation of GagPol RNA level in the presence of 
vector RNA.  GagPol and ß-globin RNA levels were quantitated as in (B). 
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 The results from the RNA analysis indicated that the presence of the RRE-

driven antisense RNA, which led to a significant reduction of p24 in the tissue 

culture supernatant, did not reduce the GagPol mRNA levels in the cytoplasm of 

transfected cells. Since p24 is expressed from the GagPol RNA, this suggests 

that the presence of RRE-driven antisense RNA results in either the expression 

of low levels of protein from the GagPol mRNA or interference with later steps in 

virus particle assembly or release.  To distinguish between these two 

possibilities, we used a modified HIV-1 proviral clone (pHR1320), derived from 

the HIV-1 HXB2 isolate, as a target.  This clone contains a glycine to alanine 

myristylation site mutation, a deletion at the GagPol frameshift sites and an 

inactivating mutation in the protease active site.  The result of these three 

mutations is that the clone produces a GagPol precursor protein (Pr160) that 

cannot target to the membrane and is trapped within the cell (106).  Since the 

protein is not processed further, its levels can be easily measured and represent 

a more direct readout of GagPol mRNA translation efficiency than the processed 

p24 protein.  The nucleotide sequences targeted by antisense RNA in pNL4-3 

and HXB2 are over 98% identical and we have shown that the antisense 

constructs inhibit particle production from a wildtype HXB2 proviral clone to the 

same extent as pNL4-3 (Figure 12).    

 To examine total GagPol Pr160 production, we cotransfected 293T cells 

with the mutant HXB2 proviral construct, pCMV-Rev and the RRE-driven sense 

or antisense plasmids, using a range of provirus:antisense plasmid molar ratios  
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Figure 12: Inhibition of particle production from an HIV-1 HXB2 provirus by 
antisense. 
106 293T cells were transfected with 5 µg HXB2 provirus (pHR3744), 500 ng 
pCMV-Rev (pHR30) and increasing amounts of No element (pHR3478) or RRE-
driven antisense (pHR3473) construct (AS).  After 48 hours, p24 expression was 
assayed by ELISA and plotted as the percentage of p24 expression from the 
provirus alone.  The molar ratio of provirus to antisense (AS) plasmid and 
microgram amount of antisense (AS) plasmid is indicated on the X-axis.  The p24 
level for 100% was 570 ng/mL.  

 



 

 

81 

between 50:1 and 1:1.  After 48 hours, cells were harvested, lysed and the 

extracts were run on SDS- polyacrylamide gels followed by electrotransfer and 

western blotting with antibodies to the p24 CA portion of Pr160 and ß-tubulin (to 

provide a loading control)  (Figure 13A). The blot was then scanned and 

quantitated using the Odyssey Infrared Imaging System, and GagPol Pr160 

levels were normalized to ß-tubulin. The results are shown in Figure 13A and B. 

 The data show that expression of RRE-driven antisense RNA efficiently 

reduced Pr160 levels, even at an extremely low 25:1 target:antisense molar ratio. 

In contrast, the RRE-driven sense construct did not reduce Pr160 levels at all, 

except at the highest concentration used. The reduction of intracellular Pr160  

levels by the RRE-driven antisense was similar to the observed inhibition of 

particle production measured by p24 in the supernatant in previous experiments 

(Figure 9A).  Thus, these results indicate a direct effect of antisense on protein 

levels rather than an effect on virus particle assembly or release. 

 To exclude the possibility that the reduction of Pr160 levels was the result 

of non-direct effects of the antisense vectors on the cell, such as interferon 

induction, we examined the effects of the antisense RNA on the HIV-1 Nef 

protein, which is made from an mRNA that does not contain the antisense target.  

The HIV-1 Nef accessory protein is encoded by a multiply spliced RNA in which 

the antisense target sequence has been removed by splicing. Thus the RNA 

encoding Nef would not be expected to be directly affected by antisense RNA 
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Figure 13
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Figure 13:  GagPol Pr160 and Nef production in the presence of sense or 
antisense vector.   
(A) Pr160 production in the presence of RRE-driven sense or antisense vector. 
106 293T cells transfected with 5 µg HXB2-derived provirus (pHR1320), 500 ng 
pCMV-Rev (pHR30) and increasing amounts of RRE-driven sense (pHR3476) or 
antisense constructs (AS, pHR3473).  The HXB2 provirus contains a 
nonfunctional myristilation signal, GagPol frameshift and nonfunctional protease.  
Cells were harvested after 48 hours and extracts were run on an 8% 
polyacrylamide-SDS gel followed by electrotransfer to Immobilon FL.  Blots were 
probed with a monoclonal antibody to the p24 CA portion of Pr160 (183-H12-5C) 
and a commercial polyclonal antibody to ß-tubulin (Abcam).  The molar ratio of 
provirus and sense or antisense (AS) vector and microgram amount of vector is 
indicated above each lane.  GagPol Pr160 expression level relative to provirus 
alone is indicated below each lane.  (B) Quantitation of Pr160 production in the 
presence of RRE-driven sense or antisense vector.  Pr160 levels were 
normalized to cellular ß-tubulin using the Odyssey Imaging System. The Pr160 
level is expressed as a percentage of Pr160 produced from the provirus alone. 
(C) HIV-1 Nef production in the presence of CTE- or RRE-driven antisense 
constructs (AS). 106 293T cells were transfected with 5 µg of the pNL4-3 proviral 
clone lacking a functional rev gene (pHR1146), 500 ng pCMV-Rev (pHR30) and 
increasing amounts of CTE- (pHR3474) or RRE-driven antisense construct 
(pHR3473) (AS).  Cells were harvested, blotted and analyzed as described in (A) 
except that an HIV-1 Nef monoclonal antibody (SN20) was used in place of the 
p24 monoclonal antibody. (D) Quantitation of Nef production in the presence of 
CTE- or RRE-driven antisense construct.  Nef expression levels were measured 
as described for Pr160 in (B). 
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expression, unless the antisense RNA targeted the Nef mRNA in the nucleus 

prior to splicing.  

 To determine if expression of antisense RNA had any effects on Nef 

protein levels, we cotransfected 293T cells with the pNL4-3 proviral clone lacking 

a functional rev gene, pCMV-Rev and increasing amounts of either the RRE or 

CTE-driven antisense construct.  After 48 hours, cells were harvested, lysed and 

the extracts were separated on SDS-polyacrylamide gels followed by 

electrotransfer and western blotting with antibodies to Nef and ß-tubulin (Figure 

13C).  The blot was then scanned and quantitated using the Odyssey Infrared 

Imaging System and Nef levels were normalized to ß-tubulin levels.  As can be 

seen in Figure 13D, Nef protein levels remained constant in the presence of 

either the CTE- or RRE-driven antisense constructs (Figure 13D).  This result 

demonstrates that the antisense effect is specific for mRNA that contains the 

target sequence and speaks against non-specific effects on protein production or 

degradation.  It also suggests that the antisense RNA does not target RNA prior 

to splicing.  

 

Polyribosome localization of GagPol and vector RNA 

 Although our results clearly indicate that the target RNA reaches the 

cytoplasm, the lack of stable protein expression could potentially indicate that in 

the presence of antisense RNA, the RNA traffics to a compartment away from the 

translation machinery, such as P-bodies (107).  This would lead to a failure of the 
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RNA to appear in polyribosome complexes.  To determine if the HIV-1 GagPol 

mRNA localized to the polyribosome in the presence of antisense RNA, we 

cotransfected 293T cells with the pNL4-3 provirus lacking a functional rev gene, 

pCMV-Rev and the RRE-driven sense or antisense plasmids.  The provirus and 

sense or antisense plasmids were transfected at the same 5:1 molar ratio of 

provirus and vector used in most of our other experiments. After 48 hours, cells 

were harvested for cytoplasmic RNA and extracts were applied to a sucrose 

gradient, which was subjected to ultracentrifugation as previously described (8).  

During fractionation, the gradient was continuously analyzed using a BioComp 

Gradient Master equipped with a UV monitor, which recorded absorbance at 254 

nm. In vitro transcribed Gag RNA (IVT Gag) was added to each fraction to control 

for recovery during subsequent analysis.  RNA was then isolated from the 

collected fractions and analyzed by northern blotting for GagPol, vector, ß-globin, 

and IVT Gag RNA. Northern blots were analyzed and quantitated using 

ImageQuant software. The blots are shown in Figure 14A and B and the 

quantitation is shown in Figure 14E.  To confirm that antisense inhibition was 

effective in this experiment, we also assayed cell supernatants for particle 

production.  The p24 levels are indicated above the UV traces (Figure 14A and 

B).  As indicated, p24 levels were 53 ng/mL in the presence of antisense RNA, 

versus 385 ng/mL in the control experiment. Thus, the 84% inhibition observed 

was consistent with earlier experiments. 
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Figure 14
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Figure 14:  Polyribosome analysis of GagPol and vector RNA by sucrose 
gradient centrifugation. 
(A and B) 107 293T cells were transfected with 5 µg of the pNL4-3 proviral clone 
lacking a functional rev gene (pHR1146), 500 ng pCMV-Rev (pHR30) and 660 ng 
RRE-driven sense (pHR3476)(A) or antisense (AS, pHR3473)(B) vector at a 5:1 
molar ratio of provirus and sense/AS.  5 µg CMV-ß-globin (pHR2643) was 
cotransfected as a control.  48 hours post-transfection, cytoplasmic extracts were 
prepared and separated by centrifugation through a sucrose gradient.  Gradients 
were fractionated while monitoring UV absorbance at 254 nm.  RNA was purified 
from fractions after the addition of in vitro transcribed Gag (IVT Gag) RNA for a 
recovery control.  RNA from fractions were analyzed by Northern blotting and 
probed with specific radiolabelled DNA probes to GagPol, sense/AS, ß-globin 
and IVT Gag RNA.  Blots were analyzed using a Molecular Dynamics 
Phosphorimager and ImageQuant software.  (C and D) Polyribosome analysis of 
GagPol and vector RNA after EDTA treatment and sucrose gradient 
centrifugation. Transfected cells were harvested and processed as described in 
(A and B) except that prior to sucrose gradient centrifugation, cytoplasmic 
extracts were treated with 15 mM EDTA. (E) Quantitation of GagPol RNA 
localization in a sucrose gradient in the presence of sense or antisense RNA.  
GagPol RNA levels were normalized to IVT Gag and plotted as a percentage of 
the total GagPol RNA present in the gradient.  (F) Quantitation of GagPol RNA 
localization in a sucrose gradient in the presence of sense or antisense RNA 
after treatment with 15 mM EDTA.  Analysis was carried out as in (E). 
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 As can be seen in Figures 14A, B and E, the GagPol mRNA showed a 

similar localization to fractions containing polyribosomes in the presence of either 

sense or antisense RNA.  The sense and antisense RNAs were also localized to 

the polyribosome region of these gradients.  Although these results suggested 

that, in the presence of antisense RNA, the target RNA still associates in 

polyribosome complexes in the absence of stable Gag protein levels, it was 

possible that this reflected association with a non-ribosomal complex that 

cosediments with polyribosomes. It has previously been demonstrated that 

treatment with 15 mM EDTA disrupts polyribosomes without disrupting most non-

ribosomal RNA-protein complexes (14, 63). For this reason, we also treated cell 

lysates with 15 mM EDTA prior to fractionation (Figure 14C and D). The loss of 

polyribosomal complexes in the presence of EDTA can be observed in the UV 

trace (Figure 14C and D).  In the presence of EDTA, GagPol, vector and ß-globin 

RNA all localized only to fractions that sedimented more slowly than the normal 

position of polyribosomes and again, the GagPol target RNA showed a similar 

localization both in the presence and absence of antisense RNA (Figure 14F). 

These results suggest that the target RNA is indeed localized to polyribosomes in 

the presence of antisense RNA.  However, based on the results described 

above, it is clear that this association does not result in normal amounts of stable 

Gag protein.  

 

Discussion 
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In this chapter, we present experiments demonstrating efficient inhibition 

of HIV-1 by unmodified antisense RNA that targets the 3’ UTR of the GagPol 

RNA. Our data clearly show that the expression of an antisense RNA targeting a 

region in env is able to significantly reduce particle production, even at very low 

ratios of antisense to target HIV-1 RNA. Although this was an unexpected finding 

based on many previous studies showing the inefficiency of similar approaches 

to target viruses and cellular genes (56, 80), it confirms the recent studies by 

VIRxSYS targeting HIV-1 using a similar RRE-containing antisense RNA (86). 

Our data show that efficient targeting requires trafficking of the antisense 

RNA along the Rev/RRE pathway. In support of this conclusion, we 

demonstrated that the inhibition of HIV-1 was virtually abolished when the 

antisense RNA lacked an RRE or when Rev was not provided. In addition, the 

efficiency of antisense inhibition was significantly reduced when the RRE-

containing antisense RNA was redirected to the Tap/Nxf1 pathway that normally 

is used to export CTE-containing RNA and many cellular mRNAs. We conclude 

that the efficient inhibition achieved using HIV-1-derived lentiviral vectors can be 

explained by the specific RNA trafficking pathway utilized by HIV-1.  

Co-targeting of the antisense and HIV-1 target RNA to the same cellular 

compartment in the nucleus has recently been proposed as a possible 

mechanism for the efficiency of the VIRxSYS vector that is currently in clinical 

trials (117). It was proposed that this would trigger extensive adenosine 

deamination of the HIV-1-antisense duplex, resulting in nuclear retention of the 
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resulting dsRNA complexes (75, 160). However, our results show that, although 

co-targeting may contribute to antisense efficiency, it is clearly not essential, 

since an HIV-1 proviral clone that was altered to use an MPMV CTE, rather than 

an RRE, was also efficiently inhibited by the RRE-driven antisense RNA in the 

presence of Rev. In this case, the antisense RNA used the Rev/RRE pathway, 

whereas the HIV-1 target RNA was exported through the Tap/Nxf1 pathway. 

Previous work from many laboratories have shown that these export pathways 

are separate and use different cellular factors (40, 51, 105).  

If co-targeting were the dominant reason for the observed antisense 

inhibition, the efficiency would also have been expected to remain the same 

when RevM10-Tap was used to replace Rev in the export of the HIV-1 target and 

antisense RNA. Instead, the inhibition was significantly reduced, demonstrating 

that trafficking through the Rev pathway is a major determinant of efficient 

antisense inhibition. However, nuclear co-targeting may still contribute to 

antisense inhibition, as the CTE-driven antisense more efficiently targeted the 

RRE-virus that was forced to use the Tap/Nxf1 pathway. Additionally, trafficking 

of both RRE and CTE-driven antisense RNAs and targets on this pathway also 

led to nearly identical inhibition profiles. 

Our results clearly demonstrate that nuclear retention of HIV-1 target RNA 

did not contribute to the antisense inhibition that was achieved with the RRE-

driven antisense RNA in the presence of Rev. Even when p24 levels were 

efficiently reduced, the GagPol RNA was still exported to the cytoplasm and 
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present in polyribosomal complexes. We showed that the reduction of p24 was 

not due to a general effect on protein synthesis, since Nef protein levels 

remained normal. Additionally, our experiments with a proviral HIV-1 clone that 

did not give rise to virus particles demonstrated that the inhibition did not occur at 

the level of particle assembly or release. Thus, the antisense effects are 

manifested at the cytoplasmic level, after the association of the mRNA with the 

translation machinery, but before particle assembly.   

We also clearly showed that the reduction in p24 was not due to a general 

effect on protein synthesis, since Nef protein levels were unaffected by antisense 

expression.  This specificity of inhibition for the HIV-1 target was somewhat 

surprising, since in mammalian cells, long double-stranded RNAs often activate 

protein kinase R and 2’5’-oligoadenylate synthetase, which leads to the interferon 

response and a general downregulation of translation and RNA degradation (58, 

120).  This suggests that trafficking of the antisense RNA through the Rev/RRE 

pathway somehow allows the interferon response to be bypassed.  An analogous 

bypass mechanism has been suggested for inhibition by some siRNAs (33, 120). 

However, activation of the interferon response and subsequent downmodulation 

of Nef expression needs to be demonstrated in order to unequivocally prove that 

the interferon response is not induced by the target and antisense RNA duplex. 

Although in most cases, appearance of an RNA in polyribosome 

complexes leads to production of protein, a reduction in the rate of initiation 

concomitant with a decrease in the rate of elongation can give rise to significantly 
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reduced levels of protein ("ribosome stalling") that could explain the reduced 

GagPol protein levels seen (129). Alternatively, the high molecular weight 

complexes could represent complexes which are EDTA sensitive and appear to 

be polyribosomes, but are actually newly described pseudo polyribosomal 

complexes (138). Another possibility is that protein is produced, but rapidly 

degraded.  Both of these mechanisms have been proposed to function in miRNA 

mediated translation inhibition (102). Further experiments will be needed to 

distinguish between these possibilities.  

Independent of the detailed mechanism utilized, our results clearly point to 

a novel, previously unknown, mechanism for antisense inhibition. Our current 

model is that Rev and the RRE allow the target/antisense RNA to be exported to 

the cytoplasm, where the antisense RNA functions to inhibit protein production. 

Intriguingly, there have been several reports that some complex retroviruses 

produce natural antisense transcripts (13, 16, 76, 89, 95). The best characterized 

of these RNAs in HIV-1 appears to initiate from multiple transcription start sites 5’ 

of the 3’ LTR and extend into the pol region, where a novel polyadenylation site 

has recently been described (76).  While additional studies are needed to 

validate the presence of antisense RNA in HIV-1-infected cells, the evidence for 

the existence of an antisense strand transcript in the HTLV-I retrovirus is much 

more compelling (16, 119, 139).  In light of our finding that antisense transcripts 

can be potent inhibitors of gene expression in the HIV-1 system, further studies 

on the role of these natural transcripts in the regulation of HIV-1 and other 
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retroviruses seem warranted.  In this regard, it would be of interest to determine if 

antisense transcripts similar to the ones we have described, but driven by the 

HTLV-I Rex protein and RexRE, would work as potently as those that utilize the 

Rev protein and RRE. 

Although we do not know if a similar mechanism of antisense inhibition 

normally operates in the host cell to function in gene regulation, recent evidence 

indicates that expression of natural antisense RNA to normal gene transcripts 

may be a common occurrence (22, 44). Although most mRNAs probably do not 

traffic down the Crm1 pathway used by Rev and the RRE, this pathway has been 

reported to be utilized by some mRNAs (74, 121). Thus, it is possible that similar 

mechanisms to the one we have described are utilized to regulate expression of 

cellular mRNAs.  

In the case of cellular, as well as viral mRNA, it has been shown that 

regions of double stranded RNA, resulting from the presence of inverted 

sequences in the RNA or association with antisense RNA are subject to 

deamination by ADAR, leading to multiple inosines in the RNA (4). Such RNAs 

are normally retained in the nucleus through interaction with nuclear matrix 

proteins and eventually degraded (75, 110, 160). However, a previous study 

using the Xenopus oocyte export model, showed that edited RNA was exported 

to the cytoplasm if the RNA contained an RRE and Rev was provided in trans 

(160).  Additionally, a previous study by Lu et al. using the VIRxSYS lentivirus 

antisense vector reported that HIV-1 RNA recovered from cells expressing 
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antisense RNA showed multiple mutations in the antisense target region of the 

HIV-1 genome that were consistent with ADAR activity (86). These results 

suggest that at least some of the genomic RNA, which was complexed with 

antisense RNA and edited as a result of formation of dsRNA, was eventually 

exported to the cytoplasm and packaged. Therefore, it seems possible that 

editing activity plays a role in antisense inhibition. It also follows that naturally 

occurring antisense could help provide retroviruses with an additional pathway for 

sequence diversification. 

However, to date, RT-PCR sequencing of cytoplasmic RNA in cells 

transfected with proviral clones and plasmids expressing antisense RNA have 

failed to detect any mutations indicating ADAR editing (data not shown). Thus, 

we do not believe that editing is directly connected to the reduced protein levels 

we observe. Also, the target region is downstream of the GagPol ORF and 

mutations in the target region, the 3’ UTR, will not affect the GagPol protein per 

se.  However, editing of even a small amount of the RNA could potentially lead to 

the production of miRNA from the antisense RNA (104). Inhibition by a miRNA-

mediated mechanism would be consistent with the efficient inhibition we observe, 

and miRNA often exerts its effect at the translation level (107). 

Irrespective of the mechanism utilized for antisense inhibition, our results 

are of importance for future development in the gene therapy field. The data 

suggest that it will be advantageous to ensure that any long antisense RNA 

designed to combat HIV-1 contains the RRE, to allow trafficking along the 



 

 

95 

Rev/RRE pathway, as this will likely significantly increase the efficiency of 

antisense inhibition. Our data also show that an RRE-driven antisense RNA, in 

combination with Rev, is able to efficiently inhibit a target that utilizes the CTE 

pathway.  This raises the possibility that Rev/RRE trafficking of antisense RNA 

can also be exploited to make antisense RNA inhibition more efficient for non-

HIV-1 applications.  
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Chapter 4- Mechanistic studies and alternative target RNAs 

 

Introduction 

 The following experiments extend the results presented in the previous 

chapter by exploring additional aspects of antisense inhibition and its mechanism 

of action. For instance, while we clearly established the ability of the RRE-driven 

antisense construct to inhibit particle production from an RRE-driven provirus by 

examining p24 levels in tissue culture supernatant (Figure 9A), it was not clear 

what effect the antisense construct had on Env expression from the provirus. The 

antisense constructs target Env as well as GagPol mRNA, thus it was of interest 

to determine if Env expression was also inhibited.   

 As also shown in the previous chapter, we observed inefficient inhibition of 

particle production by the CTE-driven antisense construct, even when a CTE-

driven provirus was targeted (Figure 9B). Since Tap/Nxf1 and Sam68 have been 

demonstrated to improve polyribosomal localization of CTE-containing RNAs, we 

wanted to determine if inhibition by the CTE-driven antisense could be improved 

by overexpression of CTE cofactors such as Tap/Nxf1 and Nxt1 or Sam68.   

 We also performed experiments to determine if antisense inhibition could 

be competed out by increasing amounts of sense RNA.  We hoped that this could 

provide some insight into the mechanism of antisense inhibition, specifically in 

distinguishing whether the antisense-target duplex remains intact or is processed 

into small effector RNAs.  Finally, we examined the ability of the antisense 
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vectors to inhibit expression from non-HIV-1 sequences. We targeted EGFP 

expression from both a pNL4-3-derived provirus containing the EGFP sequence 

and a minimal LTR-driven EGFP expression construct.  

 

Results 

Envelope expression in the presence of antisense constructs   

 The RRE-driven antisense construct efficiently inhibited particle 

production, which is dependent on the expression of the Gag and GagPol 

proteins.  All HIV-1 RNAs are derived from the GagPol RNA through alternative 

splicing and the Gag and GagPol proteins are encoded by the unspliced mRNA.  

In the context of the GagPol mRNA, the antisense construct targets sequence in 

the 3’ UTR.  The Env protein, on the other hand, is encoded by a singly spliced 

RNA.  Env is translated into the gp160 precursor protein, which is cleaved 

intracellularly into gp120 (SU) and gp41 (TM) prior to incorporation into the virion 

(144, 147). In the context of the Env mRNA, the antisense construct targets the 

Env coding sequence.  Since the target sequence is in a different context and 

functions as an ORF, we wanted to determine if the antisense constructs could 

inhibit Env expression.  293T cells were transfected with pNL4-3 provirus and 

increasing amounts of CTE- or RRE-driven sense or antisense construct in a 

range of molar ratios of 1:1 to 1:5 of provirus and vector.   In these experiments, 

the pNL4-3 provirus contained a functional rev gene.  The experiment in Figure 

15A was performed without cotransfection of the pCMV-Rev expression plasmid.  
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Cells were harvested after 48 hours, run on a 12% low-bis SDS polyacrylamide 

gel and electrotransferred to Immobilon FL.  Blots were probed for HIV-1 

Envelope using the Env 1D6 mouse monoclonal antibody (NIH AIDS Research 

and Reference Reagent Repository).  Blots were visualized using the Odyssey 

Infrared Imaging System (Figure 15A).   

 Western blotting demonstrated that the RRE-driven antisense construct 

efficiently inhibited Env production, whereas the CTE-driven antisense construct  

did not inhibit Env production.  Neither the RRE- driven sense or CTE-driven 

antisense constructs altered Env expression.   

 The experiment in Figure 15B was performed with 500 ng of co-

transfected pCMV-Rev.  We cotransfected pNL4-3 provirus, pCMV-Rev and the 

RRE-driven sense or antisense using a range of molar ratios from 8:1 to 2:1 of 

provirus and vector.  This range of molar ratios uses less antisense vector than in 

the previous experiment in order to determine the effective range for inhibition of 

Env production.  Across this range of molar ratios, the RRE-driven antisense 

construct efficiently inhibited Env expression, whereas the RRE-driven sense 

construct had no obvious effect on Env expression (Figure 15B).  Together with 

the previous p24 ELISA data (Figure 9A), these results demonstrate that the 

RRE-driven antisense efficiently inhibits protein expression from HIV-1 RNAs 

containing the target  sequence.  In addition, it demonstrates that the location of 

the target sequence, whether in the 3’ UTR or within an ORF, is not a major 

determinant of efficient antisense inhibition. 
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Figure 15:  Inhibition of Env production from an HIV-1 provirus in the presence of 
antisense construct 
(A) 106 293T cells were transfected with 5 µg pNL4-3 provirus (pHR1145) and 
increasing amounts of RRE-driven sense (pHR3476) or RRE- (pHR3473) or 
CTE-driven antisense (AS) construct (pHR3474).  After 48 hours, cells were 
harvested and run on a low-bis 12% polyacrylamide-SDS gel and 
electrotransferred to Immobilon FL.  Blots were probed with a monoclonal 
antibody to Env gp120 (Env 1D6).   The molar ratio and microgram amount of 
sense or antisense (AS) vector is indicated above each lane.  The blot was 
visualized using the Odyssey Infrared Imaging System.  (B) 106 293T cells were 
cotransfected with 5 µg pNL4-3 provirus (pHR1145), 500 ng pCMV-Rev (pHR30) 
and different molar ratios of RRE-driven sense (pHR3476) or antisense (AS) 
vector (pHR3473).  After 48 hours, cells were harvested and analyzed as in (A). 
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Effect of Tap/Nxf1 coexpression on CTE-driven antisense inhibition  

 The CTE-driven antisense construct poorly inhibited particle production, 

regardless of whether the target RNA used the RRE or CTE pathway.  We have 

demonstrated that coexpression of the Tap/Nxf1 and Nxt1 proteins enhanced 

nuclear export of CTE-containing RNAs and increased the localization of CTE-

containing RNAs in the polyribosome (51, 62).  It is possible that coexpression of 

Tap/Nxf1 and Nxt1 could improve antisense inhibition by increasing cytoplasmic 

or polyribosomal localization of the antisense RNA.  In order to test this, 293T 

cells were cotransfected with a pNL4-3 derived provirus containing a 

nonfunctional rev gene, pCMV-Rev and CTE-driven sense or antisense vector in 

two molar ratios (1:1 and 1:5 of provirus and antisense) that demonstrated no 

inhibition (1:1) or 50% inhibition (1:5) of particle production in the absence of 

exogenous Tap/Nxf1 (Figure 9A).  Cells were cotransfected with equivalent 

amounts of pCMV or pCMV-Tap and pCMV-Nxt1 plasmids.  After 48 hours, 

tissue culture supernatants were assayed for particle production. 

 We found that Tap/Nxf1 and Nxt1 significantly improved antisense 

inhibition by the CTE-driven antisense vector, compared to CTE-driven antisense  

in the absence of exogenous Tap and Nxt1 (Figure 16).  However, the improved 

inhibition was still not as efficient as when the RRE-driven antisense construct 

was utilized.  For example, Figure 9A in Chapter 3 showed that at a 1:1 molar 

ratio, the RRE-driven antisense inhibited particle production to 3% of provirus  



 

 

101 

 

Figure 16:  Effect of Tap/Nxf1 and Nxt1 coexpression on antisense inhibition by a 
CTE-driven vector 
106 293T cells were transfected with a pNL4-3 provirus containg a nonfunctional 
rev gene (pHR1146), pCMV-Rev (pHR30) and CTE-driven sense (pHR3477) or 
antisense (AS, pHR3474) at a 1:1 or 1:5 molar ratio of provirus and sense/AS.  
Cells were cotransfected with either 1 µg pCMV (pHR16) or 500 ng pCMV-Tap 
(pHR2128) and 500 ng pCMV-Nxt1 (pHR2415), as indicated on the plot.  After 48 
hours, p24 expression was assayed by ELISA and plotted as a percentage of 
p24 expression from the provirus alone.  The molar ratio and microgram amount 
of sense or antisense (AS) vector are indicated on the X-axis.  Three 
independent transfections were performed on different days and standard 
deviation is indicated.  The mean p24 value for 100% was 436 ng/mL. 
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alone, whereas the CTE-driven antisense, at the same molar ratio and in the 

presence of Tap/Nxf1, inhibited only to 19.5%.  In addition, at a 1:5 molar ratio, 

the RRE-driven antisense inhibited to 0.3% of provirus alone, whereas the CTE-

driven antisense, in the presence of Tap/Nxf1 inhibited to 8.4%.  Results are 

representative of three independent experiments. These results suggest that 

exogenous Tap/Nxf1 enhances CTE-driven antisense inhibition of particle 

production from an RRE-driven provirus.   

 

Effect of Sam68 coexpression on CTE-driven antisense inhibition  

 The CTE-driven antisense construct poorly inhibited particle production, 

regardless of whether the target RNA used the RRE or CTE pathway (Figure 9A 

and B).  We have demonstrated that coexpression of Sam68 significantly 

improves localization of CTE-containing RNAs to the polyribosome (28).  It is 

possible that coexpression of Sam68 could improve antisense inhibition by 

increasing polyribosomal localization of the antisense RNA.  In order to test this, 

we cotransfected 293T cells with a pNL4-3 provirus containing a nonfunctional 

rev gene, pCMV-Rev and CTE-driven sense or antisense vector in a range of 

molar ratios from 1:1 to 1:10 of provirus and antisense, which demonstrated 

approximately 50% inhibition in previous experiments.  We cotransfected 

equivalent amounts of either pCMV or pCMV-Sam68.  After 48 hours, tissue 

culture supernatants were assayed for particle production. 
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Figure 17:  Effect of Sam68 coexpression on antisense inhibition by a CTE-driven 
vector 
106 293T cells were transfected with 5 µg pNL4-3 provirus lacking a functional rev 
gene (pHR1146), 500 ng pCMV-Rev (pHR30) and increasing amounts of CTE-
driven sense (pHR3477) or antisense (AS) vector (pHR3474).  Cells were 
cotransfected with 500 ng pCMV (pHR16) or pCMV-Sam68 (pHR2208), as 
indicated on the plot.  After 48 hours, p24 expression was assayed by ELISA and 
plotted as a percentage of p24 expression from the provirus alone.  The molar 
ratio and microgram amount of sense or antisense (AS) vector are indicated on 
the X-axis.  Three independent transfections were performed on three different 
days and the standard deviation is indicated.  The mean p24 value for 100% was 
517 ng/mL. 
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 We found that coexpression of Sam68 did not significantly improve 

antisense inhibition by the CTE-driven antisense vector (Figure 17).  Results are 

representative of three independent experiments.  These results suggest that 

exogenous Sam68 does not enhance CTE-driven antisense inhibition of particle 

production from an RRE-driven provirus, in contrast to the previous result 

demonstrating that exogenous Tap/Nxf1 enhances CTE-driven antisense 

inhibition.  Whether the function has to do with nuclear export or translation 

remains to be determined. 

 

Competition assays for RRE-driven antisense construct   

 There are two known mechanisms that can be envisaged to explain the 

inhibition of protein production from a targeted RNA by antisense. In the first 

mechanism, one target RNA is bound by one antisense RNA in order to inhibit 

protein expression. This relies on binding of the antisense RNA to its target and 

stimulation of RNase H activity.  Antisense oligonucleotides are thought to use 

this mechanism to inhibit protein expression from targeted RNAs.  Alternatively, 

the formation of double-stranded RNA is subject to editing by ADAR, which leads 

to nuclear retention due to the presence of inosine residues.  In the second 

mechanism, the antisense and target RNA duplex could be processed by Dicer 

enzyme into small effector RNAs, which can inhibit translation or induce the 

cleavage of complementary RNAs via the RISC complex.  Long double-stranded 

RNAs are Dicer substrates in vitro and the generation of multiple small RNAs  
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could explain the efficiency of antisense inhibition.  In order to distinguish 

between these mechanisms, we attempted to compete out the antisense effect 

by cotransfecting increasing amounts of complementary sense plasmid.  We 

reasoned that if the antisense effect could be competed out, then the antisense 

construct was probably using a RNase H-dependent, “classical” antisense 

mechanism.  This implies that one antisense RNA would inhibit one target RNA 

and then either be recycled or degraded in the process.  If there was no 

difference or an additional reduction of particle production, then it was possible 

that the antisense-target RNA duplex was processed by Dicer.  The additional 

double-stranded RNAs would generate many siRNAs and amplify the  

observed antisense effect.  In addition, they would access a more complex 

regulatory pathway involving the RISC complex and Argonaute family of proteins.

 We cotransfected 293T cells with a pNL4-3 provirus lacking a functional 

rev gene, pCMV-Rev, RRE-driven antisense and increasing amounts of RRE-

driven sense.  The provirus and antisense were cotransfected at a 5:1 molar 

ratio, respectively, where about 80% of particle production is inhibited.  RRE-

driven sense was cotransfected in a range of molar ratios up to 25-fold greater 

than the RRE-driven antisense.  After 48 hours, we assayed for particle 

production and found that there was no significant effect on antisense inhibition, 

except at the highest concentration of RRE-driven sense (Figure 18A).  When the 

experiment was repeated, there was no significant change in antisense inhibition, 

except at the highest concentration of RRE-driven sense, but the change was the 
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Figure 18:  Effect of competitor RNA on RRE-driven antisense inhibition 
(A) 106 293T cells were transfected with 5 µg pNL4-3 provirus lacking a functional 
rev gene (pHR1146), pCMV-Rev (pHR30) and RRE-driven sense (pHR3476) or 
antisense vector (AS, pHR3473) at a 5:1 molar ratio of provirus and sense/AS, 
and increasing amounts of RRE-driven sense vector (pHR3476).  After 48 hours, 
p24 expression was assayed by ELISA and plotted as a percentage of p24 
expression from provirus alone.  The molar ratio of antisense vector (AS), 
provirus and sense vector are indicated on the X-axis as well as the microgram 
amount of sense vector.  Transfections were performed in triplicate and standard 
deviation is indicated.  The mean p24 value for 100% was 609 ng/mL. (B) 
Duplicate assay to test the effect of competitor RNA on RRE-driven antisense 
(AS) inhibition.  Transfections, assay and analysis were performed as in (A).  The 
mean p24 value for 100% was 60.6 ng/mL. 
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 opposite of the previous experiment (Figure 18B).  Although we cannot explain 

this anomaly, overall, these results demonstrate that the antisense effect cannot 

be competed out and implies that the mechanism of antisense inhibition does not 

rely on one antisense RNA inhibiting one target RNA.   

 

Competition assay for CTE-driven antisense construct   

 The CTE-driven antisense construct inefficiently inhibited particle 

production, even when the target and antisense RNA used the CTE pathway.  

We wanted to determine if the mechanism of CTE-driven antisense inhibition 

relied on the “classical” antisense pathway or accessed the siRNA pathway.  

Similarly to the previous competition assay, we reasoned that if there was a 

reduction in antisense inhibition in the presence of increasing amounts of sense 

RNA, then the CTE-driven antisense might be accessing the “classical” antisense 

pathway.  Alternatively, if there was no change or a significant improvement in 

antisense inhibition in the presence of increasing amounts of sense RNA, then 

the CTE-driven antisense might be accessing an siRNA-mediated pathway. 

 We cotransfected 293T cells with a pNL4-3 provirus containing a 

nonfunctional rev gene and the MPMV CTE cloned into the nef region, CTE-

driven antisense and increasing amounts of CTE-driven sense vector.  Provirus 

and CTE-driven antisense were cotransfected at a 1:5 molar ratio, respectively, 

where approximately 80% of particle production is inhibited (Figure 9B).  We 

cotransfected up to 2-fold more CTE-driven sense than CTE-driven antisense to 
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test for derepression.  After 48 hours, we assayed for particle production and 

found that there was no significant difference in the level of antisense inhibition 

with increasing amounts of CTE-driven sense vector (Figure 19).  These results 

suggest that the CTE-driven antisense might not access the “classical” antisense 

pathway, similar to the RRE-driven antisense (Figure 18), though additional 

experiments need to be performed to confirm these results.   

 
 

Effect of EGFP antisense constructs on p24 and EGFP expression from 

pNLEGFP   

 Our results clearly demonstrated that the Rev-RRE pathway was required 

for efficient antisense inhibition of a target region in HIV-1 env (Figure 9). To 

determine if this effect could be extended to other non-HIV-1 related target 

regions, we replaced the env-derived antisense sequence with an EGFP-derived 

antisense sequence in the CTE-driven, RRE-driven and no element antisense 

constructs.  The EGFP antisense sequence was 721 nt in length as compared to 

the 927 nt env antisense.  These were then analyzed in conjunction with a pNL4-

3-derived proviral clone containing the EGFP coding sequences in env.  This 

provirus produces a truncated Env-EGFP fusion protein that is retained in the 

endoplasmic reticulum and produces non-infectious virus particles (158).  

 We cotransfected 293T cells with the pNL4-3 provirus with the EGFP 

sequence in env, pCMV-Rev and increasing amounts of RRE-driven, CTE-driven 

or no element antisense contructs targeting EGFP.  After 48 hours, p24 levels in  
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Figure 19:  Effect of competitor RNA on CTE-driven antisense inhibition 
106 293T cells were transfected with a pNL4-3 provirus containing a nonfunctional 
RRE and rev gene and the MPMV CTE cloned into the nef region (pHR1371) and 
CTE-driven sense (pHR3477) or antisense vector (AS, pHR3474) at a 1:5 molar 
ratio of provirus and vector, and increasing amounts of CTE-driven sense vector 
(pHR3477).  After 48 hours, p24 expression was assayed by ELISA and plotted 
as a percentage of p24 expression from provirus alone.  The molar ratio of 
antisense vector (AS), provirus and sense vector are indicated on the X-axis as 
well as the microgram amount of sense vector.  Transfections were performed in 
triplicate.  The mean p24 value for 100% was 9.18 ng/mL. 
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tissue culture supernatant were measured by p24 ELISA.  Based on this 

analysis, we demonstrated that the RRE antisense was superior to the CTE and 

no element antisense in inhibiting virus production as assayed by p24 ELISA 

(Figure 20).  However, in this case, the CTE and no element antisense showed a 

better inhibition than what we observed in the case of the original constructs.  

The reason for this discrepancy is unclear.  However, these results demonstrate 

that the Rev-RRE pathway promotes efficient antisense inhibition independent of 

the target and antisense sequences.  

 The RRE-driven EGFP antisense construct efficiently inhibited particle 

production from the pNLEGFP provirus. This provirus produces a truncated Env-

EGFP fusion protein that is retained in the endoplasmic reticulum and produces 

non-infectious virion.  The EGFP sequence is similar in length to the env target 

sequence and is cloned into pNL4-3 in almost the same location as the env 

target sequence.  Since Gag, which gives rise to p24, is expressed from an 

unspliced RNA and EGFP is expressed from a singly spliced RNA, we wanted to 

determine if the antisense effect extended to EGFP.   

 293T cells were transfected with pNLEGFP, pCMV-Rev and increasing 

amounts of CTE-, RRE- or No element-containing antisense construct in a range 

of molar ratios from 10:1 to 1:10 of provirus and antisense.  After 48 hours, cells 

were harvested, run on an 8% SDS-polyacrylamide gel and electrotransferred to 

Immobilon FL.  Protein expression was analyzed using a commercial mouse 

monoclonal antibody to EGFP (Covance) and a commercial polyclonal antibody  
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Figure 20:  Inhibition of particle production from an RRE-driven provirus 
containing an EGFP target sequence.  
106 293T cells were transfected with a 5 µg pNL4-3 provirus containing the EGFP 
sequence in env, 500 ng pCMV-Rev and  increasing amounts of RRE- or CTE-
driven EGFP antisense vector (AS).  The antisense vectors are the same as 
those used in previous analyses except the env antisense sequence has been 
replaced with an EGFP antisense sequence.  After 48 hours, p24 expression was 
assayed by ELISA and plotted as the percentage of p24 expression from the 
provirus alone.  The molar ratio of provirus to antisense plasmid (AS) and 
microgram amount of antisense plasmid (AS) is indicated on the X-axis.  
Transfections were performed in duplicate.  The p24 level at 100% was 839 -/+ 
58.7 ng/mL. 
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 to ß-tubulin (Abcam).  Blots were visualized using the Odyssey Infrared Imaging 

System (Figure 21A).  

 Samples were quantitated and normalized to cellular ß-tubulin.  EGFP 

expression was expressed as the percentage of EGFP expression from the 

provirus alone (Figure 21B).  We found that expression of the Env-EGFP fusion 

protein was not inhibited by the RRE-, CTE- or no element antisense.  However, 

the quality of the blot is questionable and the experiment warrants repeating 

before drawing any conclusions regarding inhibition of EGFP expression from 

this construct. 

 

Effect of EGFP antisense constructs on expression from an LTR-driven 

EGFP construct   

 Our results demonstrated that an RRE-driven antisense construct 

targeting EGFP sequence could efficiently inhibit particle production from a 

provirus that contains the EGFP target sequence in Env. In this context, the 

target RNA is Rev-dependent and the target sequence is in the 3’ UTR.  In order 

to test whether the EGFP antisense constructs could inhibit EGFP expression 

from a Rev-independent RNA that is an ORF, we constructed an EGFP 

expression vector that uses the HIV-1 5’ LTR as a promoter in order to mimic 

transcription from a provirus (LTR-EGFP).  This construct does not contain splice 

sites and is expected to generate only one RNA transcript.  In addition, it is not 

known to contain additional elements that control RNA splicing or stability.  
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Figure 21:  Antisense inhibition of EGFP expression from a provirus 
106 293T cells were transfected with 5 µg pNL4-3 provirus containing the EGFP 
sequence in env (pHR3603), 500 ng pCMV-Rev (pHR30) and increasing 
amounts of RRE- (pHR3755) or CTE-driven EGFP antisense (AS) vector 
(pHR3756). Cells were harvested after 48 hours, run on an 8% polyacrylamide-
SDS gel and transferred to Immobilon FL.  Blots were probed with a commercial 
monoclonal antibody to EGFP (Covance) and a commercial polyclonal antibody 
to ß-tubulin (Abcam).  Blots were visualized using the Odyssey Infrared Imaging 
System. The molar ratio of provirus and antisense plasmid (AS) and microgram 
amount of antisense plasmid (AS) is indicated above each lane.  (B) Quantitation 
of EGFP expression from a provirus.  EGFP expression levels were quantitated 
using the Odyssey software package and normalized to cellular ß-tubulin.  EGFP 
expression level is expressed as a percentage of EGFP expression from the 
provirus alone. 
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 293T cells were transfected with LTR-EGFP, pCMV-Rev and increasing 

amounts of sense or antisense vector in a range of molar ratios of 5:1 to 1:5 of 

LTR-EGFP and vector.  The amounts of antisense plasmid differ from other 

experiments due to the difference in size of the LTR-EGFP (5 kb) and the 

proviruses (15 kb).  After 48 hours, cells were harvested, run on a 10% SDS-

polyacrylamide gel and electrotransferred to Immobilon FL.  Protein expression 

was analyzed using a commercial mouse monoclonal antibody to EGFP 

(Covance) and a commercial polyclonal antibody to ß-tubulin (Abcam). Blots 

were visualized using the Odyssey Infrared Imaging System (Figure 22A).

 Following normalization to cellular ß-tubulin, EGFP expression was plotted 

as a percentage of LTR-EGFP expression in the absence of sense or antisense 

vector.  Quantitation demonstrated that the RRE-driven antisense inhibited EGFP 

expression from the LTR-EGFP construct (Figure 22B).  However, inhibition was 

not as efficient as that observed in experiments measuring particle production.  In 

addition, the RRE-driven sense construct appeared to inhibit some EGFP 

expression, again in contrast to previous experiments.  It would be prudent to 

repeat the experiment again, as this represents a single experiment.  
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Figure 22:  Antisense inhibition of EGFP expression from an LTR-driven EGFP 
plasmid 
(A) 106 293T cells were transfected with 5 µg LTR-driven EGFP plasmid that 
expresses EGFP under the control of the 5’ HIV-1 LTR from pNL4-3 (pHR3754).  
This plasmid was cotransfected with 500 ng pCMV-Rev (pHR30), 500 ng pCMV-
Tat (pHR136) and increasing amounts of RRE-driven EGFP sense (pHR3758) or 
RRE-driven EGFP antisense (pHR3755), or no element EGFP antisense vector 
(pHR3757) (AS). Cells were harvested after 48 hours, run on an 8% 
polyacrylamide-SDS gel and transferred to Immobilon FL.  Blots were probed 
with a commercial monoclonal antibody to EGFP (Covance) and a commercial 
polyclonal antibody to ß-tubulin (Abcam).  Blots were visualized using the 
Odyssey Infrared Imaging System. The molar ratio of provirus and antisense 
plasmid (AS) and microgram amount of antisense plasmid (AS) is indicated 
above each lane.  (B) Quantitation of EGFP expression from the LTR-EGFP 
construct.  EGFP expression levels were quantitated using the Odyssey software 
package and normalized to cellular ß-tubulin.  EGFP expression level is 
expressed as a percentage of EGFP expression from the construct alone. 
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Discussion 

 Results in Chapter 3 demonstrated that particle production was efficiently 

inhibited by the RRE-driven antisense vector.  Gag and Pol proteins are 

translated from an unspliced HIV-1 RNA, whereas the Env protein is translated 

from a singly spliced HIV-1 RNA.  The antisense construct targets env, so in the 

context of GagPol expression, the target sequence lies in the 3’ UTR.  For Env 

expression, the target sequence lies within the ORF.  It is possible that 

differences in the context of target sequence could affect the efficiency of 

antisense inhibition.  Our results demonstrate that, in addition to particle 

production, the RRE-driven antisense vector efficiently inhibited Env production.  

In contrast, the CTE-driven antisense construct did not efficiently inhibit Env 

production, similar to its effect on particle production.  These results demonstrate 

that antisense inhibition by the RRE-driven vector is of similar efficiency whether 

the target sequence lies in the 3’ UTR or within an ORF. 

 The CTE-driven antisense inefficiently inhibits both particle production and 

Env expression from an RRE-driven provirus.  Additional results demonstrated 

that the GagPol and antisense RNAs localize to the cytoplasm and the 

polyribosome.  Tap/Nxf1 has been shown to enhance cytoplasmic localization of 

CTE-containing RNAs (48, 51). The Tap/Nxf1 and Sam68 proteins have been 

shown to increase polyribosomal localization of CTE-containing RNAs (28, 62).  It 

is possible that enhancing cytoplasmic or polyribosomal localization of the CTE-

driven antisense RNA could enhance antisense inhibition.  To test this, we 
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cotransfected an RRE-driven provirus with different amounts of CTE-driven 

sense or antisense vector in the absence or presence of Tap/Nxt1 or Sam68 

expression plasmids.  We found that coexpression of Tap/Nxf1 significantly 

improved CTE-driven antisense inhibition of particle production from an RRE-

driven provirus, whereas coexpression of Sam68 did not significantly improve 

CTE-driven antisense inhibition.  These results suggest that Tap/Nxf1 accesses 

a cellular compartment or factor that contributes to efficient antisense inhibition.  

Sam68 does not access this compartment or factor, but it is not clear whether 

Tap/Nxf1 and Rev are accessing the same cellular compartment or factor.  In 

addition, it is not clear whether enhanced antisense inhibition is due to the 

nuclear export or polyribosomal localization phenotype established for Tap/Nxf1.  

Additional experiments are required to determine the precise role of Tap/Nxf1 in 

CTE-driven antisense inhibition. 

 We wanted to distinguish whether a single antisense RNA inhibits a single 

target or whether the antisense-target duplex is processed into small effector 

RNAs, like siRNAs, which can act on multiple targets.  We tested this by 

cotransfecting increasing amounts of the RRE- or CTE-driven sense constructs 

and testing their ability to compete out RRE- or CTE-driven antisense inhibition, 

respectively.  If “classical” antisense inhibition, of one antisense and one target 

RNA, was the mechanism, we expected that the antisense effect would be 

competed out.  If the duplexes were processed into small effector RNAs, then we 

would not expect to be able to compete out the antisense inhibition, since it 
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would result in increasing amounts of effector RNA.  We found that both RRE- 

and CTE-driven antisense inhibition could not be competed out.  Thus, we cannot 

rule out that the duplexes may be processed into small effector molecules by 

Dicer.     

 An RRE-driven EGFP-targeted antisense construct efficiently inhibited 

particle production from an RRE-driven provirus containing the EGFP target 

sequence in env.  In this provirus, EGFP has been cloned into the env gene and 

generates an Env-EGFP fusion protein containing the KDEL ER retention signal 

(158).  GagPol expression generates the proteins required for particle formation 

and the antisense target sequence lies within the 3’ UTR of GagPol RNA.  In the 

context of the Env-EGFP fusion protein, the antisense target sequence lies in the 

ORF of the coding RNA.  It is possible that the env sequence is somehow 

sensitive to antisense inhibition, especially by the RRE-driven antisense vector.  

In order to rule out this possibility, we used the EGFP provirus and EGFP-

targeting antisense vectors to determine if protein expression was inhibited 

similarly by EGFP-targeted antisense constructs.  Preliminarily, we found that 

EGFP levels were not significantly reduced by either the CTE-, RRE- or no 

element-containing antisense construct, but the experiment was not of good 

quality and needs to be repeated.  This result contrasts with earlier results 

demonstrating that Env expression was efficiently inhibited by the RRE-driven 

antisense construct.  However, particle production was efficiently inhibited by the 
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RRE-driven antisense vector, suggesting that the env sequence is not 

significantly more sensitive to antisense inhibition than other sequences. 

 We wanted to determine if EGFP expression could be inhibited by the 

antisense constructs in a non-proviral context.  It is possible that the presence of 

additional control elements that regulate splicing or stability could influence 

sensitivity to antisense inhibition. To address this possibility, we constructed an 

LTR-driven EGFP expression plasmid that does not contain splice sites or other 

RNA control elements that might be present in the provirus.  We tested the ability 

of RRE-driven sense or antisense constructs to inhibit EGFP expression from this 

construct and found that the RRE-driven antisense construct inhibited EGFP 

expression, though incompletely.  In contrast, the no element antisense and 

RRE-driven sense vectors did not inhibit EGFP expression as efficiently as the 

RRE-driven antisense vector, demonstrating that the RRE pathway confers an 

advantage with antisense inhibition.  This advantage is apparent even when the 

target sequence is not in a proviral context and implies that the RRE may be a 

crucial element to consider in antisense vector design and that the context of the 

target sequence does not influence its sensitivity to antisense inhibition. 

However, this conclusion should be considered as a preliminary one since the 

level of inhibition with the RRE antisense was not as great as when an HIV-1 

target was used.  EGFP is a relatively stable protein, which allows the possibility 

that the protein could accumulate in transfected cells before antisense inhibition 
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can occur (17). It will be necessary to test a variety of reporter constructs before 

a firm conclusion can be drawn. 
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Concluding Remarks and Future Directions  

 The RRE-driven antisense construct is an effective tool for suppressing 

HIV-1 replication.  It is also a new platform for using antisense inhibition to 

specifically suppress gene expression.  Currently, the therapeutic has only been 

tested in HIV-1-infected individuals, but the potential of this construct to be used 

for protection from initial HIV-1 infection has yet to be examined.  It would be 

interesting to see if the antisense construct would prevent initial HIV-1 infection. 

In this case, healthy individuals would receive cells transduced with the construct. 

Additional studies have to be performed to establish the safety of the construct 

for non HIV-1-infected individuals, since lentiviral vectors have not been 

successfully used in the past.  Lentiviruses do not have predictable sites for 

integration into the host genome, so there is the potential for adverse effects, 

such as oncogenesis.  The potential for inappropriate integration will have to be 

evaluated before being approved for wider use. 

 For now, the antisense construct appears to be an effective second-line 

therapy, reserved for HIV-1-infected individuals who do not respond to traditional 

anti-HIV-1 therapies.  Other second line therapies include entry inhibitors, such 

as enfuvirtide.  Unfortunately, Fuzeon-resistant HIV-1 has already been observed 

in patients.  In contrast, long-term passaging of HIV-1 in cells transduced with the 

antisense vector did not result in resistant viruses.  While it cannot be ruled out 

that drug resistance could eventually develop, the construct has demonstrated 

great promise in studies up to now.  It will be necessary to perform additional 
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trials in HIV-1-infected individuals before the potential of developing drug 

resistance can be ruled out.  

 Another interesting use for this construct is to target other viruses or 

cellular RNAs.  We demonstrated the potential to target EGFP with the antisense, 

either in a provirus or expression construct, suggesting that other RNAs could be 

effectively inhibited by antisense.  An attractive target for antisense inhibition is 

HTLV-I, which is another complex retrovirus that can cause T-cell leukemia 

(109).  HTLV-I relies on an RRE homolog, the RexRE, and Rev homolog, Rex, to 

accomplish nuclear export of viral RNAs (82).  Since they share Rev/RRE-like 

regulatory elements and target similar cell types, HTLV-I would be another target 

for antisense inhibition. The use of antisense therapeutics for other viral targets 

also needs to be explored.   

 We have demonstrated that the RRE-driven antisense vector efficiently 

inhibits particle production and Env expression from an HIV-1 provirus.  We 

observed efficient antisense inhibition by the RRE-driven vector with both RRE-

driven and CTE-driven proviruses.  It would be interesting to test whether the 

RRE homolog from HTLV-I, the RexRE, and the Rev homolog from HTLV-I, Rex, 

can substitute for Rev and the RRE for efficient antisense inhibition (82).  Rex 

uses the Crm1 pathway and can substitute for Rev for RRE-mediated nuclear 

export (53).  It is possible that trafficking through the Crm1 pathway specifically 

confers an advantage for antisense inhibition.  This conclusion is supported by 

the experiments with the RevM10-Tap fusion protein. Additional experiments are 



 

 

123 

required to elucidate the precise Rev functions that confer an advantage to the 

RRE-driven antisense vector.   

 The precise mechanism by which the construct inhibits gene expression 

remains to be seen, but our results suggest that antisense inhibition prevents 

production of stable protein from targeted mRNAs in polyribosomes.  It is not 

clear why both the GagPol and antisense RNA engage the polyribosome or 

whether this contributes to efficient antisense inhibition.  A possible explanation 

for the antisense RNA engaging the polyribosome is that the vector used in these 

studies contains the Gag start codon, with coding sequence up to the cloning site 

used to incorporate the env antisense sequence.  As a result of this short ORF, 

the antisense RNA could be recognized as an mRNA and allowed to engage the 

polyribosome.  In contrast, the VIRxSYS antisense construct does not contain the 

Gag start codon, but its localization to the polyribosome has not been examined. 

An interesting experiment to test whether the start codon has any contribution to 

efficient antisense inhibition would be to mutate the start codon in our antisense 

construct and examine its polyribosomal localization.  While both our construct 

and the VIRxSYS construct have been shown to efficiently inhibit particle 

production, this could have an impact on defining the mechanism of antisense 

inhibition. 

 In addition, it would be interesting to identify factors that contribute to 

antisense inhibition, either by evaluating Rev interactors for antisense functions 

or identifying proteins associated with translationally silenced RNAs in the 
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polyribosome.  It is important to determine the precise Rev functions that 

contribute to efficient antisense inhibition.  Such a study would also reveal new 

details of Rev regulation and the HIV-1 life cycle. 

 Another intriguing possibility for the mechanism of antisense inhibition is 

that the target and antisense RNA form a duplex that is processed into small 

RNAs by Dicer.  As discussed in the Introduction, double-stranded RNAs are 

substrates for Dicer and its role in siRNA metabolism is well established (see 

Small interfering and other small RNAs).  While our experiments examining the 

stability of both the GagPol and antisense RNAs suggest that degradation is not 

occurring, Dicer-mediated processing of duplex RNA, even in small amounts, 

cannot be ruled out.  Very low concentrations of siRNA have been shown to have 

potent effects on gene expression, so the amount of Dicer processing could be 

below the level of detection by our analysis of RNA degradation.  A more 

informative experiment would be to perform a targeted knockdown of Dicer using 

siRNAs.  If the the efficiency of antisense inhibition was reduced due to Dicer 

knockdown, it would suggest a role for Dicer in antisense inhibition.  To date, our 

attempts to knockdown Dicer have not been successful.  The appropriate use of 

positive controls and reliable detection of Dicer knockdown are required to draw 

any conclusions regarding the role of Dicer in this mechanism.  

 Rev function in nuclear export has been well established, but it may have 

additional functions that contribute to antisense inhibition.  One way to separate 

the Rev nuclear export function from some other Rev-mediated process is to 
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construct a Rev or RevM10 fusion protein containing the MS2 RNA binding 

domain and a leucine rich NES, possibly by duplicating the Rev NES, and an 

antisense construct containing MS2 binding sites.  MS2 is a bacteriophage 

protein that binds to a stem-loop sequence in phage RNA that has been used in 

heterologous gene constructs to examine RNA localization in the cell (115). The 

MS2 binding domain could substitute for Rev RNA binding while the NES 

conserves the crucial RNA export function in the fusion protein, independent of 

the Rev NES.  In such an experimental system, extensive mutational analysis 

could be used to explore any additional Rev functions that might contribute to 

antisense inhibition.  Studying these functions could provide great insight into the 

mechanism of antisense inhibition, aid vector design and contribute to our 

understanding of HIV-1 biology.  

 While Rev and the RRE can overcome nuclear retention of edited RNA, a 

role for the RNA-editing enzyme ADAR in antisense inhibition cannot be ruled 

out.  It is possible that edited RNA is recognized by a cellular factor in the 

cytoplasm that prevents its translation.  This factor could act in the polyribosome 

or recruit additional factors to the edited RNA.  Since the long isoform of ADAR1 

is localized to the cytoplasm, it could act as a cytoplasmic equivalent of p54/nrb, 

which binds to inosine-containing RNAs in the nucleus.  It is not known whether 

ADAR has a direct role in translation regulation.  It would be interesting to assay 

for the presence of ADAR in the polyribosome-associated fractions following 

separation of cytoplasmic fractions by sucrose gradient centrifugation.  Another 
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way to test the role of ADAR in antisense inhibition is to overexpress ADAR in the 

presence of the antisense and target RNAs.  If ADAR overexpression enhanced 

antisense inhibition, this would suggest a role for ADAR.    

 We demonstrated that the antisense vector specifically inhibited GagPol 

production and not production of non-targeted proteins, such as Nef. However, 

this is not a direct demonstration of translation inhibition.  A more direct measure 

of translation inhibition would be to perform a pulse-chase/IP experiment to assay 

for synthesis of GagPol Pr160 in the presence of antisense.  This experiment 

would establish whether protein synthesis is inhibited, in which case no protein 

would be immunoprecipitated, or whether the newly synthesized protein is 

unstable, resulting in a decrease of the Pr160 half-life. 

 We demonstrated that the GagPol RNA and both sense and antisense 

vector RNAs localize to the polyribosome.  In spite of polyribosomal localization, 

little GagPol protein is produced in the presence of antisense RNA.  Treatment of 

the cytoplasmic extracts with 15 mM EDTA demonstrated that the localization 

was specific to the polyribosome and not some other cytoplasmic complex.  One 

possible explanation is that translation of the GagPol RNA is stalled or actively 

inhibited. Nef is produced in the presence of antisense RNA, implying that there 

is not a global downregulation of translation.  It is possible that there are subsets 

of polyribosomes that associate with specific factors responsible for maintaining 

an active or inactive state of translation.  It would be interesting to identify these 

factors, as it would have a profound impact on our understanding of both this 
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mechanism of antisense inhibition and the regulation of translation in the cell.  

Another intriguing possibility is that newly synthesized protein is immediately 

degraded as a result of antisense inhibition.  While it is not clear how such a 

mechanism would be regulated, it has been suggested in the literature as a 

mechanism of miRNA inhibition (102). 

 Future experiments should give insight into the precise mechanism of 

antisense inhibition. With greater understanding of the cellular mechanism behind 

antisense targeting, additional viral targets for antisense therapeutics can be 

identified. In addition, research and development of new therapeutics will give us 

greater insight into basic cell biology. Beyond increasing our understanding of 

RNA metabolism and viral replication, development of such novel therapeutic 

strategies for a wide variety of diseases represents an important approach for 

improving public health.   
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