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Abstract: 

Human Immunodeficiency virus (HIV) affects 30.8 to 42.9 million people and remains 

one of the top 10 causes of death worldwide. Although the use of antiretrovirals has improved 

the life expectancy of those infected with HIV, it is likely never to be curative due to its inability 

to eliminate the virus. Furthermore, the high cost of antiretroviral therapy and well-characterized 

side effects highlights the need for an alternative therapy or even a cure for HIV. One approach 

being considered to cure HIV infection is the use of gene therapy to make all HIV target cells 

resistant to HIV replication. Several anti-HIV RNAs have been proposed for use in gene therapy 

including short hairpin RNAs, decoy RNAs, ribozymes and U1 interfering RNAs (U1i RNAs). 

Similar to current antiretroviral therapy, antiviral gene therapy will likely require a combinatorial 

and multiplexing approach to reduce the likelihood of viral resistance and avoid the saturation of 

any cellular processing pathways. Therefore, there is a constant need to identify and characterize 

novel antiviral RNAs. 

U1i RNA represent attractive candidate for use in HIV-1 gene therapy and several have 

been designed to target HIV-1 RNA through splicing enhancement or inhibition of mRNA 

polyadenylation. However, there is a lack of data comparing U1i RNAs that enhance splicing of 

viral RNA to those that inhibit polyadenylation. To identify optimal U1i RNA antiviral 

candidates, we constructed and compared the antiviral efficacy of top U1i RNAs identified in 

previous studies and acting through either mechanism. We also designed and constructed new 

U1i RNAs targeting the Gag open reading frame of HIV-1 RNA. Here, we show for the first 

time that U1i RNAs targeting regions upstream of the first splice acceptor site have the potential 

to inhibit HIV-1 replication through a previously uncharacterized mechanism. We also 

demonstrate that U1i RNAs that enhance HIV-1 RNA splicing are more effective inhibitors of 
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viral replication when compared to those that inhibit polyadenylation. Preliminary toxicity 

studies indicate that U1i RNAs do not induce toxicity at high doses in cultured cells. Lastly, we 

found that the recognition domain of U1i RNAs can be increased by 6 nucleotides with little 

effect on their ability to inhibit HIV-1 replication. Overall, our results suggest that U1i RNAs 

that act through mechanisms other than inhibition of polyadenylation are competitive candidates 

for use in combination gene therapy with antiviral RNAs targeting HIV-1. 
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Résumé: 
Le virus de l'immunodéficience humaine (VIH) touche de 30,8 à 42,9 millions de 

personnes et demeure l'une des 10 principales causes de décès dans le monde. Bien que 

l’utilisation des traitements antirétroviraux ait amélioré l’espérance de vie des personnes 

infectées par le VIH, elle ne permet pas de guérir complètement de l’infection par le VIH. De 

plus, le coût élevé ainsi que les effets indésirables bien caractérisés reliés à la thérapie 

antirétrovirale soulignent la nécessité de trouver une thérapie alternative ou même un traitement 

de guérison contre le VIH. Une approche envisagée pour guérir l'infection par le VIH est 

l'utilisation de la thérapie génique pour rendre toutes les cellules cibles du VIH résistantes à la 

réplication virale. Plusieurs ARN anti-VIH ont été proposés à cet effet, notamment les ARN 

courts en épingle à cheveux, les ARN leurres, les ribozymes et les ARN interférents U1 (ARN 

U1i). De la même façon que la thérapie antirétrovirale actuelle, la thérapie génique antivirale 

nécessitera probablement une approche combinatoire multiple pour réduire la probabilité de 

résistance virale et éviter la saturation de toute voie cellulaire. Par conséquent, il existe un besoin 

constant d'identifier et de caractériser de nouveaux ARN antiviraux. 

L'ARN U1i est un candidat très prometteur pour une utilisation en thérapie génique 

contre le VIH-1 et plusieurs ont été conçus pour cibler l'ARN du VIH-1 via l'augmentation de 

l'épissage ou l'inhibition de la polyadénylation de l'ARNm. Cependant, il y a un manque de 

données de comparaison des ARN U1i qui augmentent l'épissage de l'ARN viral à ceux qui 

inhibent la polyadénylation. Dans le but d’identifier les candidats ARN U1i antiviraux optimaux, 

nous avons construit et comparé l’efficacité antivirale des principaux ARN U1i identifiés dans 

des études précédentes agissant par l’intermédiaire de l’un ou l’autre de ces mécanismes. En 

plus, nous avons conçu et construit de nouveaux ARN U1i ciblant le cadre de lecture ouvert de 
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Gag. Pour la première fois, nous avons montré que les ARNs U1i ciblant des régions en amont 

du premier site accepteur d'épissage ont le potentiel d'inhiber la réplication du VIH-1 par un 

mécanisme non caractérisé auparavant. Par ailleurs, les ARN U1i qui augmentent l'épissage de 

l'ARN du VIH-1 sont des inhibiteurs plus efficaces de la réplication virale que ceux qui inhibent 

la polyadénylation. Des études de toxicité préliminaires indiquent que les ARN U1i n'induisent 

pas de toxicité à fortes doses dans les cellules en culture. Enfin, nous avons constaté que le 

domaine de reconnaissance des ARN U1i pouvait être augmenté de 6 nucléotides, avec la même 

capacité à inhiber la réplication du VIH-1. Dans l'ensemble, nos résultats suggèrent que les ARN 

U1i peuvent être ajoutés à l'armée croissante d'ARN antiviraux ciblant le VIH-1. 
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Chapter 1: Literature Review 

1.1 Human Immunodeficiency virus  

According to the World Health Organization (WHO)’s global health observatory data 

(www.who.int), an estimated 30.8 to 42.9 million people are currently infected with human 

immunodeficiency virus (HIV) worldwide and 1.6 to 2.1 million new infections occurred in 

2016. Having claimed over 35 million lives to date, HIV remains a major public health issue. In 

most cases, infection with HIV is characterized by a week-long acute influenza or 

mononucleosis-like illness within a month or two after viral infection. Following infection, there 

is an asymptomatic phase that can last several years and eventually, if untreated, leads to the 

development of acquired immunodeficiency syndrome (AIDS) due to the scarce amounts of 

peripheral cluster of differentiation 4+ (CD4+) T lymphocytes.  

1.1.1 Discovery, history and distribution  

The term AIDS was first coined in September of 1981 by the Center for Disease Control 

(CDC) to describe a set of mononucleosis-like symptoms seen among a group of homosexual 

men found in New York City and California (1). Some of these patients went on to develop rare 

diseases typically found in immunosuppressed individuals, including Pneumocystis carinni 

pneumonia and an atypical cancer called Kaposi’s sarcoma (2,3). The first evidence that AIDS 

was caused by a sexually transmitted infectious agent arose soon after in 1983, when the female 

partners of previously diagnosed men were found to have AIDS (4). In May of 1983, Barré-

Sinoussi and colleagues isolated a retrovirus, which they named Lymphadenopathy associated 

virus (LAV), from a Caucasian male with symptoms suggestive of AIDS, providing the first hint 

at a viral etiology (5). It was not until 1984, that a causal link was established by the group of 

Gallo due to the high frequency of human T lymphocyte leukemia virus (HTLV)-III (termed 

LAV by Barré-Sinoussi) detected and isolated from patients with AIDS or at risk for AIDS (6). 
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Soon after, it was determined that HTLV-III and LAV were the same virus and in 1986 the 

International Committee on the Taxonomy of Viruses declared that the causative agent of AIDS 

will be called HIV (7). At the same time, Clavel et al. isolated a similar but new human 

retrovirus in West African patients diagnosed with AIDS which was later termed HIV-2 (8).  

HIV-1 and HIV-2 originated through multiple zoonotic transmissions of primate viruses 

known as simian immunodeficiency viruses (SIV) in West and Central Africa. There are over 40 

different species of SIV each of which infect different non-human primates (9). The cross-

species transmission is thought to be caused by the hunting and butchering of primates for 

bushmeat and the keeping of monkeys as pets (10). HIV-1 is believed to be derived from SIVs 

that infect chimpanzees and gorillas, while HIV-2 appears to be derived from SIVs that infects 

sooty mangabeys (11).  

Independent zoonotic transmission events have generated several HIV lineages. Within 

the HIV-1 species there are four known lineage groups: M (Major), N (Non-M, non-O), O 

(Outlier) and P (Figure 1.1). Group M and N originate directly and independently from 

chimpanzee SIV found in West-Central Africa. HIV-1 group N infection is confined to a small 

number of individuals living in Cameroon, while HIV-1 group M is responsible for the majority 

of infections worldwide. HIV-1 group M can be further divided into genetically distinct subtypes 

A-K. Additionally, coinfection with these group M subtypes has led to the formation of 

circulating recombinant forms (CRFs) of group M HIV-1. To date, 96 CRFs have been isolated 

(HIV Los Alamos National Laboratory Database). While the majority of HIV-1 groups cause  
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Figure 1.1 Global prevalence and distribution of HIV-1 Group M subtypes. Worldwide 

distribution of the various HIV-1 group M subtypes (A-K) and circulating recombinant forms 

(CRF) from 2004-2007 (12).  

 

 



 

18 

local infection limited to specific geographic areas, group M spread south via the Congo river to 

Kinshasa where the global HIV-1 epidemic likely initiated (13). Group O and group P are related 

to gorilla SIV identified in lowland gorillas living in southern Cameroon. Group O infection 

represents less than 1% of global HIV-1 infections and has been geographically limited to 

countries surrounding Cameroon. Lastly, group P was discovered in 2009 and so far, has been 

identified in only two patients from Yaounde, Cameroon (12).  

 Since its discovery, HIV-2 has rarely been seen outside of West Africa. Furthermore, 

overall prevalence rates have been declining, and in most areas HIV-2 is being replaced by HIV-

1 (14). The lower viral loads and the lack of mother to infant transmission seen in HIV-2 

infection explains the lower transmission rates when compared to HIV-1. Moreover, infection 

with HIV-2 rarely leads to the development of AIDS. Analogous to HIV-1, there are 8 distinct 

subtypes of HIV-2 termed groups A-H with group A and B representing the majority of 

infections (15).  

 It is important to note that while HIV-1 group M subtype B represents the majority of 

HIV-1 infections in the Americas and Europe, subtype C is the most prevalent worldwide 

(Figure 1.1). The majority of research and therapeutic development have focused on subtype B 

including the research presented in this thesis. However, inter-subtype genetic variations have 

been characterized to affect the pathogenesis, transmission and clinical management of these 

different subtypes (16). Therefore, it is imperative that future studies will include research on 

subtype C and other prominent subtypes or CRFs.  



 

19 

1.1.2 Acute infection 

Based on the levels of plasma viral RNA and peripheral blood CD4+ T lymphocyte count, 

HIV-1 infection can be divided into three distinct phases: acute primary infection, chronic 

infection and AIDS.  

HIV-1 infection can occur through several modes of transmission. These include sexual 

contact, transmission via drug injection, blood transfusions, and transmission to a fetus or infant 

from an infected mother. However, transmission rates for HIV-1 remain relatively low, ranging 

from 10% to 0.1% depending on the type of exposure (17). Upon infection, HIV disseminates to 

gut associated lymphatic tissue (GALT) where it infects CD4+ T lymphocytes. Throughout acute 

and chronic infection, GALT is considered to be a main site of viral replication. Furthermore, 

HIV-1 spreads to various different tissues including peripheral lymph nodes, spleen, bone 

marrow, nervous system and the urogenital tract (18). Following infection, there is a 2-4-week 

asymptomatic incubation phase which is accompanied by a significant increase in viral load that 

is reflected in the amount of plasma viral RNA. Increased viremia results in a rapid depletion of 

CD4+ T lymphocytes and is often accompanied by a short symptomatic phase marked by a flu or 

mononucleosis-like illness and/or general malaise. Depletion of CD4+ T lymphocytes is mainly 

due to the action of cytotoxic HIV-1 specific CD8+ T lymphocytes and may be responsible for 

the initial drop in plasma viral levels seen following peak viral loads (19). During this acute 

phase, HIV-1 establishes latent reservoirs in memory CD4+ T lymphocytes and possibly other 

reservoir cells or anatomical reservoirs. Once HIV DNA is integrated into the host chromatin of 

reservoir cells, it remains transcriptionally repressed and evades current drug therapies. 

However, it can be activated to reseed the infection once drug therapy is stopped, and represents 

the major barrier to HIV-1 elimination (20).  
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1.1.3 Chronic infection 

Following acute infection, plasma viral load decreases significantly reaching a viral set 

point and the CD4+ T lymphocytes count returns to near normal levels. The manifestation of a 

viral setpoint marks the start of the chronic phase of infection. During this phase, HIV-1 causes a 

slow depletion of circulating and tissue resident CD4+ T lymphocytes, much of which are located 

in the GALT. T lymphocyte depletion of the GALT allows for systemic translocation of bacterial 

products and leads to dramatic and sustained immune activation. The chronic immune activation 

seen in HIV-1 infection mediated by viral antigens and gastrointestinal microbial products results 

in leukocyte dysregulation and a general increase in the cell turnover rates of CD4+ T 

lymphocytes, CD8+ T lymphocytes, B-cells and natural killer cells. Ultimately, the diverse 

immune cell populations progressively lose their potential to regenerate, leading to a breakdown 

of the immune system. Overall, both direct cytopathic and indirect immune mediated effects of 

viral replication contribute to the depletion of CD4+ T lymphocytes and ultimately results in the 

development of AIDS (21).  

1.1.4 AIDS 

An HIV infected individual is considered to have AIDS once the peripheral CD4+ T 

lymphocyte count decreases bellow 200 cells/µL. The lack of adaptive immunity, marked by a 

loss of CD4+ T lymphocytes, results in a collapse of the immune system making infected 

individuals more prone to opportunistic infections as well as certain types of AIDS-related 

cancers (22,23). In certain individuals, the onset of AIDS is preceded by a switch of viral 

coreceptor use from CCR5 to CXCR4. While CXCR4-using viruses are rarely transmitted, 

transition of CCR5 to CXCR4 usage is generally correlated with rapidly progressing disease 

(24).  
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1.2 HIV-1 Replication Cycle 

1.2.1 Genome and viral structure 

HIV-1 belongs to the lentivirus genus of the retroviridae family. As with all retroviruses, 

it has the ability to reverse transcribe its single-stranded (SS) positive sense RNA genome into 

double-stranded (ds) DNA and subsequently integrate its dsDNA genome into the DNA of the 

infected host cell. Proviral integration allows for HIV-1 to hide from the hosts immune system 

and be maintained in a dormant/latent state (25). 

The HIV genome codes for three major genes gag, pol and env which are flanked by long 

terminal repeats (LTRs) containing the viral promoter. Once transcribed, these major 

polyproteins are subsequently proteolyzed to give rise to individual proteins. The Gag open 

reading frame (ORF) encodes for the major structural proteins capsid (CA), matrix (MA) and 

nucleocapsid (NC). Pol encodes the enzymes reverse transcriptase (RT), protease (PR) and 

integrase (IN), while Env encodes for surface glycoprotein 120 (gp120) and transmembrane 

glycoprotein 41 (gp41). In addition, HIV-1 has six genes coding for auxiliary and regulatory 

protein (tat, rev, vpr, vpu, nef and vif) (Figure 1.2 B).  

Each virion contains two copies of full-length (FL) genomic RNA and is enveloped by a 

host derived lipid membrane during budding. On the surface of the viral envelop there are 

heterotrimers of gp120 and gp41 used for viral entry along with host cellular proteins. Lining the 

lipid membrane is a matrix shell composed of the MA protein p17 and surrounding the genomic 

RNA is an icosahedral core composed of CA protein p24. Within the core capsid are two strands 

of dimerized FL genomic RNA that are coated by NC protein P7. Infectious virions also contain 

proteins necessary for reverse transcription, RT, and integration, IN. In addition, auxiliary 
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proteins Negative regulatory factor (Nef), Viral infectivity factor (Vif) and Viral protein R (Vpr) 

are packaged into budding viruses  (26) (Figure 1.2 A). 

1.2.2 Viral entry, reverse transcription and integration  

Entry: The initial step of the HIV-1 replication cycle is viral binding followed by entry into 

targeted host cells. Adhesion to the targeted host cell can be mediated by viral Env proteins or 

host cell membrane proteins incorporated in the viral envelope during budding. Initial attachment 

can be nonspecifically mediated by Env interacting with negatively charged cell surface heparan 

sulfate proteoglycans or more specifically via Env interacting with a4b4 integrin or DC-SIGN 

(27,28). Attachment by any of these mechanisms brings Env into close proximity to the viral 

receptor CD4 and coreceptor C-C chemokine receptor type 5 (CCR5) or C-X-C chemokine 

receptor type 4 (CXCR4) (29). The Env glycoprotein is present on the virion surface as 

heterotrimers of gp41/gp120. The gp120 subunit is responsible for receptor binding and contains 

five conserved domains and five variable loops. Interaction of viral Env with CD4 results in 

conformational changes in both CD4 and gp120, exposing the coreceptor binding site on gp120. 

Tropism for viral coreceptors CCR5 and CXCR4 is determined by the third variable loop in the 

gp120 protein (30). Coreceptor binding leads to the dissociation of gp120 from gp41 allowing 

for the insertion of gp41 subunits N-terminal domain into the target membrane. Gp41 undergoes 

several conformational changes resulting in the formation of a six helix bundle that provides the 

energy for fusion of the viral and host cell membranes allowing for the release of viral capsid 

into the cytoplasm (31). A summary of the steps of the HIV-1 replication cycle is shown in 

Figure 1.3. 

Reverse transcription: Immediately after the release of the viral capsid into the host cell 

cytoplasm, the capsid core undergoes a process of uncoating, leading to the generation of  
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Figure 1.2 Structure of the HIV-1 virus and organization of viral genomic DNA. A) Schematic of the 

architecture of an infectious HIV-1 virus with viral proteins labeled. B) Outline of full-length genomic viral 

RNA. Based on information from (26). 
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reverse-transcription complexes (RTCs) followed by pre-integration complexes (PICs) (32). The 

distinction between the protein components of RTCs and PICs is unclear; however, reverse 

transcription is ongoing in RTCs, while PICs are defined as integration competent complexes. 

Reverse transcription is initiated in the host cell when human transfer RNA lysine 3 (tRNALys3), 

which was initially incorporated into infectious viral particles from the previous host cell, binds 

to the primer binding site (PBS) approximately 180 nucleotides from the 5’ end of the viral 

genomic RNA. tRNALys3 acts as a primer for the initiation of minus strand DNA synthesis 

towards the 5’ end of viral RNA (33). The RNA of this DNA-RNA duplex created by RT is 

subsequently degraded by the RNase H domain of RT exposing the newly synthesized minus 

strand DNA. Since the ends of viral genomic RNA contain direct repeats called R in the LTR, 

the minus stand DNA is transferred to the 3’ end of the viral RNA. Infectious HIV-1 particles 

contain two copies of viral RNA and transfer can involve the 3’ R sequence of either copy of 

viral RNA (34). After the transfer, minus strand DNA synthesis continues along the FL viral 

RNA resulting in the synthesis of the FL minus strand DNA. At the same time, RNase H 

degrades RNA that is part of the DNA-RNA duplex created by RT. The purine-rich sequence 

called the polypurine tract (PPuT), at the 3’ end of the viral genome, and the central PPuT 

(cPPuT), are relatively resistant to RNase H cleavage and serve as the primers for the synthesis 

of plus strand DNA by DNA-dependent DNA synthesis using the newly synthesized minus 

strand DNA as a template (35).  

 Plus strand synthesis continues copying the minus strand DNA and the first few 

nucleotides of the tRNALys3 primer. A second transfer or plus strand transfer occurs after the PBS 

site is reverse transcribed into minus strand DNA. The first few nucleotides of tRNALys3 in the 3’ 

end of the plus strand DNA is complementary to the PBS site in the minus strand DNA. These 

complementary sequences anneal and allow for synthesis of the 5’ end of plus strand DNA (36). 
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A third DNA strand is also formed between the cPPuT and central termination site which is 

displaced by the elongation of the 5’ end of the plus strand DNA, resulting in a discontinuous 

positive strand. This plus strand overlap or central “DNA flap”, has been demonstrated to be an 

important cis-determinant of HIV DNA nuclear import of the PIC (37). Preceding integration, 

the DNA flap is removed by human flap endonuclease (FEN-1) and the positive strand is made 

continuous by host cell DNA ligases (38). (39) 

Integration: After reverse transcription, the LTRs of the viral dsDNA are processed by IN, 

producing terminal 3’ hydroxyl groups at each LTR. 3’ end processing results in the transition of 

the RCT to the PIC which consists of viral dsDNA, termed complementary DNA (cDNA), as 

well as viral proteins IN, MA, Vpr and RT. While the viral determinants of nuclear localization 

have not been fully elucidated, along with the DNA flap structure, these proteins are thought to 

mediate transport of the PIC from the cytoplasm into the nucleus via nuclear pore complexes 

(40). The ability of the PIC to enter the nucleus distinguishes lentiviruses from other retroviruses 

and allows HIV-1 to infect non-dividing cells. Once in the nucleus, IN cuts host cell 

chromosomal DNA in a staggered fashion and simultaneously joins the viral 3’ hydroxyl ends to 

the 5’ phosphates of target cut DNA. Host cellular repair enzymes then catalyze the integration 

of the unjoined 5’ ends of the recombinant DNA intermediate resulting in an integrated provirus 

(41). Analysis of HIV-1 integration reveals that HIV-1 preferentially integrates within genes that 

are actively transcribed (42). 
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Figure 1.3 Summary of HIV-1 replication cycle. The basic steps of HIV replication are 

highlighted in the black boxes. FL, IS and CS represent full-length, incompletely spliced and 

completely spliced mRNA species, respectively. Modified from (39). 
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1.2.3 Transcription, translation and viral assembly/budding 

Transcription: Once the viral genome is integrated into the host cell DNA, transcription is 

mediated by host cellular RNA polymerase II and is initiated at the +1 site located in the R 

region of the LTR. Early on in transcription, only small amounts of FL 9 kilobase pair (kb) RNA 

is produced as the provirus is located in nucleosome complexes. Although transcribed, FL RNA 

cannot be exported from the nucleus due to its size and association with nuclear factors. Instead, 

it is spliced into smaller 1.8 kb fragments (completely spliced, CS) that are exported to the 

cytoplasm and translated into Trans-Activator of Transcription (Tat), Rev and Nef proteins. 

Efficient proviral RNA transcription requires Tat. Once produced, Tat localizes to the nucleus 

where it complexes with positive transcription elongation factor b (pTEFb) and binds to the 

trans-activation response element (TAR) stem loop located at the 5’ end of each newly 

transcribed HIV-1 RNA. Cyclin-dependent kinase 9 (CDK9), a subunit of pTEFb, 

phosphorylates the C-terminal domain of RNA polymerase II allowing for more efficient 

transcription of the provirus (43). 

In the late phase of RNA transcription, the Rev protein localizes to the nucleus and binds 

to the Rev response element (RRE) present in the Env coding region of the viral incompletely-

spliced (IS) and FL RNA. Rev mediates the export of these RNAs into the cytoplasm through the 

chromosome region maintenance 1/Exportin 1 pathway (44). IS RNAs encode for Vif, Vpr, Vpu, 

one exon Tat and Vpu/Env proteins, while unspliced FL RNA encodes for Gag and Gag-Pol 

polyproteins (45). 

Translation: Translation of viral proteins occurs in the cytoplasm of the host cells and is 

mediated by free polyribosomes. FL RNA codes for Gag and Gag-Pol polyproteins; however, the 

ORFs of Gag and Gag-Pol overlap. Alternative translation of the Gag and Gag-Pol polyprotein is 



 

28 

due to a -1 ribosomal frameshift. Gag and Gag-Pol polyproteins are cleaved by viral PR into 

their individual protein components while the other polyprotein, Env, is cleaved by a host cell 

protease, Furin, to produce gp120 and gp41 (46,47).  

Assembly and budding: After translation, unprocessed Gag polyprotein is targeted to the 

plasma membrane by domains in the MA protein. Once located at the plasma membrane, Gag 

promotes the incorporation of Env glycoproteins and mediates assembly of viral particles. The 

NC domain of Gag contains two zinc-finger-like domains that bind to HIV-1 FL RNA and 

mediates its recruitment to forming viral particles. Gag and Gag-Pol assemble into immature 

viral particles together with two copies of FL RNA. Eventually, these viral particles bud off of 

infected cells and mature through cleavage of Gag and Gag-Pol by PR forming the individual 

proteins MA, CA, NC, IN, PR and RT (48).  

1.2.4 Role of HIV-1 Auxiliary Proteins 

Additional proteins that are included in infectious HIV-1 particles are the auxiliary 

proteins Vif, Vpr and Nef. The other viral auxiliary protein viral protein U (Vpu) is not included 

in viral particles. While most of these auxiliary proteins are not directly involved in viral 

replication, they play crucial roles in the evasion of cell-mediated antiviral resistance and modify 

the cellular environment to ensure viral persistence along with replication. 

 Interaction with cell surface proteins is crucial for viral entry into targeted host cells; 

however, the adaptive immune response recognizes infected cells through viral epitope 

presentation by major histocompatibility complex (MHC) class 1 complexes and targets them for 

elimination. Both Nef and Vpu proteins modulate the expression of cell surface proteins resulting 

in evasion of the host immune responses. More specifically, Nef has the ability to decrease the 

expression of MHC class 1 and class 2 on infected cells (49,50). Furthermore, Nef regulates the 
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expression of CD4 on the surface of infected cells. Through interactions with the cytoplasmic 

domain of CD4, Nef targets surface CD4 for lysosomal degradation through the recruitment of 

clathrin coated pits (51). Vpu binds to CD4 complexed with viral protein Env located in the 

endoplasmic reticulum and induces proteasomal degradation of CD4 (52). Inhibition of CD4 

allows for the release of viral particles from infected cells, which can be inhibited by interactions 

between cell surface CD4 and viral Env. Along with inhibition of CD4, one of the major roles of 

Vpu is to counteract tetherin, an interferon induced restriction factor that prevents the release of 

viral particles from the plasma membrane of infected cells (53).  

The auxiliary protein Vif has an essential role during reverse transcription by preventing 

the cellular RNA-editing enzyme and viral restriction factor apolipoprotein B mRNA editing 

enzyme catalytic subunit 3G (APOBEC3G) from editing viral RNA. When uninhibited, 

APOBEC3G deaminates cytosine residues to uracil in minus strand reverse transcripts thereby 

inhibiting viral spread through loss of genetic integrity (54). Lastly, Vpr assists in transport of 

the PIC to the nucleus of infected cells and induces cell cycle arrest along with T lymphocyte 

apoptosis (55). 

1.3 Regulation of HIV-1 Alternative RNA Splicing  

Alternative RNA splicing of HIV-1 FL RNA is a complex process by which over 40 

different spliced mRNAs are generated. Precise modulation of HIV-1 splicing is essential for 

efficient viral replication as an overproduction or inhibition of host splicing factors drastically 

affects HIV-1 replication (56). This section will summarize the main components of cellular 

splicing as well as the mechanism by which the various mRNA species are produced during 

HIV-1 alternative splicing. A summary of the location of splice sites, exons and splicing 

elements in the HIV-1 genome is provided in Figure 1.4.  
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1.3.1 Eukaryotic splicing regulatory elements 

Eukaryotic genes consist of exons and introns that can be differentially spliced together 

allowing for a single gene to code for multiple proteins. Exons are sequences of code that will be 

included in the final mRNA product while introns are sequences that intervene between exons 

and are excluded from the mRNA products. Present in the majority of RNA introns are the core 

splicing signals, which include the 5’ splice donor site (5’ss), the branchpoint sequence (BPS) 

and the 3’ splice acceptor site (3’ss), containing a stretch of 15 to 40 pyrimidines called the 

polypyrimidine tract (PPyT). These signals are recognized by a large ribonucleoprotein complex 

known as the spliceosome, which mediates the successive phosphodiester transfer reactions 

involved in splicing (57). The spliceosome contains over 100 core proteins and 5 small nuclear 

ribonucleoproteins (snRNPs): snRNPs U1, U2, U3, U4, U5 and U6. The spliceosomal complex 

assembles onto an RNA transcript by sequential binding of its various components and each 

snRNP contains a single small nuclear RNA (snRNA) and over seven associated proteins. 

Initially, the 5’ss is recognized and bound by the U1 snRNP with the help of alternative splicing 

factor 1/pre-mRNA-splicing factor (ASF1/SF2). The PPyT is the binding site for heterodimeric 

U2 auxiliary factors (U2AF) and the BPS is bound by the branchpoint binding protein 

(mBBP/SF1) which is subsequently replaced by the U2 snRNP as spliceosome formation occurs. 

Together, binding of U2AF heterodimer and mBBP promote U2 snRNP binding to the 3’ss. U2 

snRNP binding promotes the recruitment of U4/U5/U6 trimer leading to mature spliceosome 

formation and splicing of nascent mRNA transcripts (58). 5’ss are referred to as weak or strong 

depending on the extent of base pairing with the U1 snRNA. Likewise, 3’ss are referred to as 

weak or strong depending on the affinity for U2AF and mBBP. Therefore, the extent of 

homology to the consensus 5’ss and 3’ss dictates the strength of these core splicing signals 

(59,60).  
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In mammals, splice sites are predominantly recognized in pairs across exons through a 

process termed “exon definition”. In this process, spliceosomal factors recognize the 5’ss and the 

upstream 3’ss. Alternatively, intron definition occurs across the intron with the recognition of 

5’ss and downstream 3’ss (61). In addition to core splicing signals, many RNA transcripts 

contain cis-regulatory elements that regulate exon definition. These elements include exonic 

splicing enhancers (ESEs), exonic splicing silencers (ESS), intronic splicing enhancers (ISE) and 

intronic splicing silencers (ISS). ESE and ESS promote or inhibit the inclusion of the exon they 

reside in while ISE and ISS enhance or inhibit the usage of the adjacent splice site or inclusion of 

the adjacent exon. ESEs function by recruiting members of the serine-arginine rich protein (SR 

protein) family. SR proteins bind ESEs via an N-terminal RNA recognition motif and interact 

with proteins that facilitate spliceosomal assembly through a C-terminal arginine/serine (RS) 

domain (62). On the other hand, ESSs are bound by splicing inhibitory proteins from the 

heterogeneous ribonuclear protein (hnRNP) family and repress exon definition. HnRNPs 

represent a group of diverse proteins containing one or more RNA binding domain and splice 

inhibitory domain and act through a variety of different mechanisms to inhibit splicing. ISE 

consist of sequences of DNA, the most well characterized is the G triplet (GGG) that enhance 

recognition of 5’ or 3’ss while ISS have been demonstrated to bind hnRNPs, more specifically 

hnRNP 1 (58).  

1.3.2 HIV-1 RNA splice sites and regulatory elements 

The production of HIV-1 mRNA requires the host cell splicing machinery to produce IS 

(4 kb) and CS (1.8 kb) mRNA. As previously mentioned, early in infection, only CS mRNAs are 

produced and exported to the cytoplasm. CS mRNAs encode for regulatory proteins Tat, Rev and 

Nef. Tat allows for increased viral mRNA transcription and Rev allows for transport of IS and 

FL mRNAs to the cytoplasm. HIV-1 RNA contains five 5’ss (D1-D5) and nine 3’ss resulting in 
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the production of over 40 different viral mRNAs (63). 5’ss D5 and 3’ss A6 are only present in a 

small number of clade B strains, including the strain HXB2, commonly used to study HIV-1 in 

the laboratory. The extent of splicing at each of the 3’ss depends on the intrinsic strength of the 

given splice site as well as the presence of ESE, ESS, ISE and ISS. To make matters more 

complicated, viral RNA encodes for two non-coding exons between the 3’ss A1 and 5’ss D2 

(exon 2) and between the 3’ss A2 and 5’ss D3 (exon 3). IS and CS mRNA species can contain 

either one or both of these non-coding exons (56). 

Several studies have been conducted to determine the intrinsic efficiency of HIV-1 splice 

sites. 5’ss D1 and D4 were determined to be strong splice sites while D2 and D3 were found to 

be relatively weak when compared to human consensus 5’ss (64). In addition, viral 3’ss were all 

shown to be weak 3’ss when compared to consensus 3’ss. ESE sequences were determined to be 

crucial for splicing at 3’ss A1, A4c, a, b, A5 and A7 while ESSs modulate splicing at 3’ss A2 

and A3 (65). Apart from intrinsic efficiency of the various viral splice sites, the relative 

abundance of the various mRNA transcripts gives insight on the usage of viral 3’ss. The low 

abundance of mRNA encoding Vif, Vpr and Tat indicates that 3’ss A1, A2 and A3 are 

infrequently used while the high abundance of mRNA encoding Rev, Env/Vpu and Nef indicates 

the frequent usage of 3’ss A4c, b, a and A5. 3’ss A7 is also frequently used as over half of total 

spliced mRNA is CS (66). 

1.3.3 Splicing of viral mRNA: 

The formation of the various HIV-1 mRNAs are depicted in Figure 1.4 and reviewed in (67).  

3’ splice site A1: Vif mRNA is an IS mRNA formed by splicing 5’ss D1 to 3’ss A1. Along with 

Vif mRNA, CS and IS Vpr, Tat and Env/Vpu viral transcripts may contain the non-coding exon 

2. Several experiments were conducted to determine the role of the 5’ss D2 on splicing 
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Figure 1.4 Mechanism of exon definition and HIV-1 mRNA splicing. A) The mechanism of exon 

definition. The core splicing signals 5’ splice donor site (5’ss), 3’ splice acceptor site (3’ss), branch point 

sequence (BPS) and the polypyrimidine tract (PPyT) are depicted in the figure along with the various 

splicing regulatory elements described in section 1.3.1. B) The location of the 5’ss (D) and 3’ss (A) along 

the HIV-1 genome. The various incompletely spliced (IS) and completely spliced (CS) mRNAs shown 

below with the contributing exons portrayed. Based on information from (59-61) and (63) 

 



 

34 

efficiency at the 3’ss A1. Mutant HIV-1 plasmids were constructed in which the homology of the 

5’ss D2 to the U1 snRNP was increased or decreased. Mutations which increased affinity to the 

U1 snRNP resulted in an increase in the inclusion of exon 2 and increase levels of Vif mRNA 

and protein, while mutations that decreased homology of the 5’ss D2 to consensus 5’ss resulted 

in a decrease in both Vif mRNA and protein. These results indicate that the 5’ss D2 acts as an 

enhancer of splicing at 3’ss A1 by the process of exon definition (68). In addition to 5’ss D2, the 

inclusion of exon 2 is modulated by several ESEs and ESSs (65). 

3’ splice site A2 and A3: IS Vpr mRNAs are formed by the splicing of 5’ss D1 to 3’ss A2. Non-

coding exon 2 and/or non-coding exon 3 can be included in a small amount of Vpr mRNA. Since 

exon 2 and exon 3 do not contain an AUG sequence, these exons become part of the 5’-leader of 

these viral transcripts. Splicing at the 3’ss A2 has been shown to be regulated by an ESS in exon 

3 termed ESSV (69). Splicing of 5’ss D1, D2 or D3 to 3’ss A3 results in the production of CS 

two-exon Tat mRNAs or IS one-exon Tat mRNAs. Like Vpr viral transcripts, Tat mRNAs can 

include exon 2, exon 3 or both. Splicing at A3 is modulated by two ESS elements (ESS2 and 

ESS2p) and an ESE element (ESE2) (70). 

3’ splice site A4 c, a, b and A5: These four splice sites are used to produce CS Rev and Nef 

mRNAs and IS bicistronic Env/Vpu mRNAs. The mRNAs produced by A4c, a, b may include 

non-coding exon 2, 3, or both. Since the intrinsic strengths of these 3’ss are weak, the activation 

of these splice sites requires splicing enhancers. Namely, the strong 5’ss D4 and a guanosine-

adenosine rich ESE found within exon 5 (defined by 3’ss A5 and 5’ss D4) (71). As for the 5’ss 

D2, mutational studies were conducted decreasing the affinity of the 5’ss D4 to the U1 snRNA 

and showed that the process of exon definition is required for the utilization of upstream 3’ss 

within this cluster (72).  
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3’ splice site A7: Along with the 5’ss D4, usage of 3’ss A7 results in the removal of the 3’-

terminal RRE containing intron and the generation of completely spliced 1.8 kb mRNAs 

encoding Nef, two-exon Tat and Rev. Regulation of the 3’ss A7 is very complex and under the 

influence of multiple ESEs, ESSs and ISSs (73). 

1.4 HIV-1 Therapy 

1.4.1 HIV-1 drug therapy 

Current HIV-1 therapy consists of a cocktail of antiretroviral (ARV) drugs and is referred 

to as combination ARV therapy (cART). Therapeutic drugs have been designed to inhibit RT, 

IN, PR and even viral entry by targeting the host cells entry co-receptor CCR5. The nucleotide 

RT inhibitor, Azidothymidine, was the first drug approved for treatment of HIV by the United 

States Food and Drug Administration in 1987. Since then, 27 unique ARV drugs have been 

approved spanning over 5 different therapeutic classes.  cART consists of the combination of at 

least two different classes of ARVs to prevent the emergence of drug resistant viruses seen when 

using monotherapy. The development of cART in the mid-1990s has drastically changed the 

outcome of infected individuals. What was once considered to be a death sentence has been 

converted to a chronic manageable disease (74). However, there are some notable drawbacks. 

The first of which is that cART will likely never be curative due to the persistence of replication 

competent cART resistant viral reservoirs and treatment is indefinite. Furthermore, there is 

residual immune dysregulation in individuals treated with cART resulting in a considerable 

amount of morbidity, namely higher incidence of cardiovascular, liver, kidney and bone disease 

(75). More importantly, lack of access to proper medication and medical expertise in developing 

countries remains a significant concern with antiretroviral therapy reaching only 19.5 million of 

the potential 42.9 million people infected with HIV in 2016 (WHO). Given these well 

characterized issues, there is a prominent need for a cure.  
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1.4.2 HIV cure research  

HIV cure research can be separated into two broad categories: a sterilizing cure by 

eliminating all viral reservoirs or a functional cure where there is a lack of viral replication in the 

absence of cART. Currently, the most studied of the cure strategies is the shock and kill 

approach whereby latency-reversing agents are used to activate latent infected cells making these 

cells more susceptible to HIV-1 specific immune clearance and the cytopathic effect of viral 

replication. However, very little clinical progress has been documented (76). In the absence of 

complete elimination, a more feasible outcome is a functional cure mediated by better immune 

control of HIV-1 replication. Various approaches such as transplantation of genetically modified 

CD8+ T lymphocytes, vaccination with specific HIV-1 antigens and therapeutic cytokine 

injections are currently under investigation. Furthermore, a lot of research has gone into 

characterizing a small subset of HIV-1 infected individuals termed elite controllers, who in the 

absence of cART are able to maintain undetectable plasma viral levels. Lastly, the transplant of 

HIV-1 resistant cells to control HIV-1 replication has also been an area of intense research 

(77,78). 

1.4.3 HIV-1 gene therapy 

While no individual has been cured through viral elimination or immune control therapy, 

one infected individual has attained a functional cure via the allogeneic transplantation of 

genetically modified hematopoietic stem cells (HSCs) containing a homozygous deletion in one 

of the co-receptors used for viral entry (CCR5Δ32/Δ32) (79). Timothy Brown, also known as the 

Berlin patient, has remained aviremic for more than 9 years after discontinuing antiretroviral 

therapy following his transplant and is considered the only individual effectively cured from 

HIV. Unfortunately, due to the excessive risk associated with allogeneic HSC transplants and 

few CCR5Δ32/Δ32 carriers such an approach is not feasible in the majority of HIV-1 infected 
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individuals and more practical approaches are currently being investigated (80). One approach 

being considered is the autologous transplantation of ex-vivo genetically modified HSCs. In this 

approach, patients HSCs are purified, expanded and transduced with an integrative viral vector 

expressing RNA- or protein-based antivirals. These cells are then re-infused, providing a 

persistent source of HIV-resistant lymphoid and myeloid lineage cells, which include all major 

HIV target cells (81). Similar to current antiretroviral therapy, antiviral gene therapy requires a 

combinatorial approach to reduce the likelihood of viral resistance. Furthermore, a multiplexing 

approach is necessary with different classes of RNA- or protein-based antivirals to avoid the 

saturation of any cellular processing pathways (82). Several antiviral small RNA classes have 

been proposed for use in anti-HIV gene therapy including small interfering and short hairpin 

RNAs (siRNAs and shRNAs) that induce post-transcriptional gene silencing (PTGS) by the 

RNA interference (RNAi) pathway, decoy RNAs that sequester viral RNA binding proteins in a 

stoichiometric fashion, ribozymes that catalytically cleave target RNAs and U1 interfering RNAs 

(U1i RNAs) that either inhibit polyadenylation of target RNAs by interacting with Poly-A 

Polymerase (PAP) or induce excessive splicing of target RNAs (83). Understanding the 

mechanism and comparing the effects of these different classes of antiviral RNAs is crucial for 

the further development of anti-HIV genes to be used in gene therapy. 

1.4.3.1 siRNA & shRNAs: 

Several steps of the HIV replication cycle have been exploited for the development of 

therapeutic siRNAs and shRNAs. Although many have demonstrated efficacy, only two shRNAs 

have progressed to clinical trials: an shRNA targeting CCR5 in combination with a gp41-derived 

entry inhibitor peptide (C46), sponsored by Calimmune (Los Angeles, CA) (84), and an shRNA 

targeting the overlapping Tat and Rev coding sequence in HIV-1 RNA in combination with an 

anti-CCR5 ribozyme and TAR decoy RNA, sponsored by the City of Hope (Duarte, CA) (85).  
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ShRNAs function through the RNAi pathway, which directs homology-dependent PTGS 

(86). Therapeutic siRNAs or shRNAs, with perfect Watson-Crick base pairing with their target 

mRNA, induce sequence-specific cleavage by directing the endonuclease Argonaute 2 (Ago-2) 

to cleave their target mRNA (87). Unlike siRNAs, which transiently silence gene expression 

after each drug treatment, shRNAs can induce long-term repression of target genes, as they can 

be constitutively expressed within cells after transduction (82). ShRNAs are transcribed in the 

nucleus, exported to the cytoplasm and processed by the endonuclease Dicer in complex with the 

TAR RNA-binding protein (TRBP) (88). Together, Dicer and TRBP process the longer shRNA 

into a short siRNA (~21-23nt). They then associate with the molecular “scissor” protein Ago-2 

to from the RNA-Induced Silencing Complex (RISC). The two strands of the siRNA then 

separate releasing a “passenger” strand while the “guide” strand is retained by the RISC (86). 

The RISC then directs homology-dependent cleavage of target mRNAs by Ago-2 upon 

recognition and base pairing of target mRNAs with the guide RNA (88,89).  

Although shRNAs have been shown to have the greatest potency among antisense 

molecules, there are several safety concerns for the use of shRNAs in anti-HIV gene therapy. 

The first of which is their ability to saturate the RNAi pathway and disturb endogenous 

microRNA processing or function (90). Secondly, they may alter the expression of cellular 

RNAs through microRNA pathways (91) and lastly, they have the potential to elicit innate 

immune responses in human cells (92). Nonetheless, safe shRNAs can be developed for anti-

HIV gene therapy by extensive testing and the selection of potent molecules that can be 

expressed at low levels. 
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1.4.3.2 Decoy RNAs: 

 Decoy RNAs are molecules designed to bind and sequester viral RNA binding proteins 

from their natural targets. There are currently two clinically tested decoy RNAs targeting HIV-1 

Rev and Tat proteins. Rev is targeted by an RRE decoy RNA (93), consisting of a 41-nt 

sequence from the HIV-1 RRE sequence. The RRE decoy RNA sequesters Rev, reducing the 

nuclear export of FL and IS HIV-1 RNAs. Tat is targeted by a TAR decoy RNA, consisting of 

the TAR hairpin of HIV-1 RNA. The TAR decoy serves to sequester Tat, resulting in a reduction 

of transcribed HIV-1 genes. However, both TAR and RRE decoy RNAs have the potential to 

inhibit RNAi activity, due to their ability to bind TRBP and sequester it from the RISC (94).  

Clinical trials involving the TAR decoy expressed in combination with a shRNA and a 

ribozyme by the City of Hope are ongoing (84). However, clinical trials involving the 

transduction of HSCs with an RRE decoy have been terminated due to the low level of gene-

containing leukocytes present in the peripheral blood one year after engraftment. Nevertheless, 

these clinical trials have demonstrated the safety and feasibility of gene therapy and decoy RNAs 

remain competitive candidates for anti-HIV gene therapy (93). 

1.4.3.3 Ribozymes: 

 Ribozymes are an attractive candidate for use in anti-HIV gene therapy, as they do not 

require proteins for catalysis. These catalytic RNAs are found in the genomes of many organisms 

and thorough research has led to the development of therapeutic ribozymes. With molecular 

techniques, the substrate recognition domain of ribozymes has been artificially engineered to 

direct site-specific cleavage of HIV-1 RNAs. Several anti-HIV ribozymes have been clinically 

tested in a gene therapy setting (95-97) and in 2009, the first phase 2 cell-delivered gene therapy 

clinical trial involving the transduction of HSCs with a Tat/Rev specific anti-HIV ribozyme was 
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completed (98). Although the primary efficacy endpoint was not attained, HIV-1 viral loads were 

constantly lower in patients who underwent treatment (98). Limited efficacy can be attributed to 

suboptimal kinetics and function of the therapeutic ribozymes in vivo, as phase 1 clinical trials 

demonstrated successful engraftment, differentiation and expansion of autologous HSCs post 

transduction (96). Moreover, lack of conditioning during this clinical trial prior to HSC infusion 

could have resulted in poor engraftment (96). 

1.4.4 Recent progress in combinatorial therapy: 

Two combinatorial gene therapies have made it to clinical trials. The first, sponsored by 

the City of Hope, uses the combination of a shRNA targeting the Tat/Rev coding sequence of 

HIV-1 RNA (sh5983), a U16 small nucleolar RNA conjugated TAR decoy RNA (snoTAR) and 

a ribozyme targeting CCR5 mRNA (85). However, antiviral efficacy could not be evaluated due 

to the scarcity of genetically modified cells preceding HSC transplant. The low frequency of 

genetically modified HSC was due to the high expression of the three antiviral RNAs from 

strong RNA Polymerase III U6 promoters, which led to cellular toxicity (85). This group has 

recently published promising preclinical data after modifying their platform to co-express three 

small RNAs polycistronically from a single Polymerase II U1 promoter. Furthermore, they have 

found that the expression of snoTAR resulted in less optimal inhibition of HIV-1 replication and 

toxicity in transduced HSCs (99). The second combinatorial strategy that has reached clinical 

trials is sponsored by Calimmune and utilizes a protein-based C46 peptide fusion inhibitor and a 

shRNA targeting CCR5 mRNA expressed from an RNA Polymerase III H1 promoter (100-102). 

They have demonstrated efficacy and safety in both cell culture and animal models and clinical 

trials of HSC transplant have recently been initiated. Although Calimmune’s combination has 

demonstrated promising pre-clinical results, the use of only two inhibitors against viral entry 

makes such an approach prone to viral resistance.  
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Collectively, these findings indicate that current antiviral RNA combinations being 

utilized in clinical trials are suboptimal and there is an ongoing need for the evaluation of 

alternative anti-HIV RNA candidates alone and in combination to identify an optimal set of 

antiviral RNAs for use in HIV gene therapy. While much research has gone into the various 

classes of antiviral RNAs described above, little attention has been given to the newly described 

U1 interference RNAs also known as U1i RNAs. 

1.5 Modified U1 snRNAs: 

1.5.1 Structure of the U1 snRNP 

As discussed previously, the U1 snRNP is an essential molecule in the process of 

splicing, more specifically in the definition of the 5’ss during spliceosomal assembly. The U1 

snRNP consists of 10 proteins which are recruited to a 164 nucleotide U1 RNA molecule. Seven 

of the proteins are Smith (Sm) proteins which are common to all U snRNPs while three, U1-70K, 

U1-A and U1-C, are specific to the U1 snRNA (103). The U1 snRNA contains a 10 nucleotide 

5’ss recognition domain, 4 stem loop (SL) regions and a single stranded region where the Sm 

proteins bind. The U1 snRNP naturally binds 5’ss with the sequence CAG|GTAAGTA (vertical 

bar represents the splice site). Association of the Sm proteins with U1 snRNAs is essential in the 

biogenesis of these molecules. Once exported to the cytoplasm, Sm proteins complex with the 

U1 snRNA forming the core RNP domain and are responsible for hypermethylation of the 5’ cap 

structure. Along with the hypermethylated 5’ cap structure, nuclear localization signals found in 

the core RNP domain mediate the nuclear import of U1 snRNP particles (104).  

U1-70K and U1-A bind to SL1 and SL2 domains of the U1 RNA molecule, respectively, 

while U1-C is recruited via protein-protein interactions with U1-70K and Sm proteins. These 

U1-specific proteins have important roles in aiding the recognition of 5’ss in pre-mRNA 
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transcripts. The U1-70K protein has an RNA binding domain allowing it to bind SL1 of the U1 

snRNA and a C-terminus arginine-serine rich RS domain which mediates interactions with other 

splicing factors such as ASF/SF2 (105). As previously mentioned, ASF/SF2 promotes 

recruitment of the U1 snRNP to 5’ss and has a role in bridging 5’ and 3’ss (106). The U1-A 

protein is not essential for splicing mediated by the U1 snRNP molecule as in vitro splicing 

occurs in the absence of U1-A. However, U1-A may have a role in the modulation of 5’ss 

selection and has been characterized to inhibit polyadenylation when binding directly to specific 

transcripts (107,108). Lastly, U1-C recruitment to the U1 snRNP molecule is dependent on prior 

binding of the Sm proteins and U1-70K and facilitates recognition of 5’ss by the U1 snRNP 

(109). While initially thought to be an essential splicing factor, depletion of U1-C only had an 

effect on a minor group of weakly defined exons (110). A depiction of the U1 snRNA molecule 

along with associated proteins can be found in Figure 1.5. 

1.5.2 Therapeutic potential of modified U1 snRNAs 

The first indication that the U1 snRNP had the potential to be used as an RNAi molecule 

came from a study conducted on the bovine papillomavirus by Furth and colleagues in 1994. In 

this study, they found that sequences homologous to 5’ss present in the 3’ untranslated region, 

proximal to the polyadenylation site (PAS) of papillomavirus RNA, are necessary for the 

inhibition of viral late gene expression. The inhibition seen was demonstrated to be dependent 

upon base pairing of the 5’ end of the U1 snRNA to these 5’ like splice sequences and was 

mediated by a decrease in polyadenylation efficiency (111). Soon after, Gunderson et al. showed 

that U1 snRNP inhibition of pre-mRNA polyadenylation is mediated by a direct interaction 

between U1-70K and PAP that result in an inhibition of proper polyadenylation (112). Other 

viruses such as Human papillomavirus 16 and HIV-1 also use the ability of the U1 snRNP to 

control 3’ end processing (113). In the case of HIV-1, binding of the U1 snRNP to the 5’ss D1 
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results in the suppression of HIV-1 pre-mRNA polyadenylation mediated by the PAS in the 5’ 

LTR and is required for expression of genomic FL RNA (114,115). Moreover, U1 snRNP 

mediated 3’ end processing has also been demonstrated to be crucial in the expression of 

eukaryotic genes. U1 snRNP suppresses cryptic PASs in eukaryotic introns protecting host cells 

from aberrant polyadenylation and premature transcript termination (116). 

1.5.3 U1 interfering RNAs 

Based on the ability of the U1 snRNP to inhibit 3’ end processing, modified U1 RNA 

molecules, termed U1 interfering (U1i) RNAs, were constructed and were demonstrated to 

inhibit the expression of exogenous and endogenous targeted genes in both cell culture and in 

vivo (117-119). To achieve inhibition, the first 10 nucleotides of the 5’ss recognition domain of 

the U1 RNA molecule are modified to contain complementary sequences to the terminal exon of 

a targeted gene. U1i RNA molecules are then expressed in plasmids under the control of the U1 

promoter or transduced for in vivo studies. The inhibitory effect of U1i RNAs is due to the lack 

of poly(A) tail addition to targeted pre-mRNA transcripts and is mediated by interactions 

between U1-70K and PAP (118). Non-polyadenylated transcripts are inherently unstable and 

rapidly degraded by the host cell machinery (120). Importantly, the inhibition seen by U1i RNAs 

directed to the 3’-terminal exon is not due to the activation of aberrant splicing as binding of U1i 

RNAs has been demonstrated to activate splicing at non-physiological 5’ss (121). The 

mechanism of action of U1i RNAs is depicted in Figure 1.5. 

Several studies have optimized the construction of U1i RNAs targeting 3’-terminal exons 

of pre-mRNA. Several aspects to take into consideration are summarized below: 

1. U1i RNAs targeting 3’-terminal exons can only inhibit the expression of pre-mRNAs that 

are polyadenylated by the host cell polyadenylation machinery.  
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2. For inhibition of polyadenylation, the U1i RNA binding site must be located in 3’-

terminal exons and can be up to 1,200 nucleotides upstream from the PAS (118). U1i 

RNAs can also target sites downstream of the PAS (122). However, these molecules 

seem to inhibit the cleavage reaction rather than the addition of the poly(A) tail and have 

not been extensively studied (123). 

3. Increasing the length of the U1i RNA recognition domain from 10 to 16 nucleotides 

towards the 3’ end has no effect on the inhibitory potential of these molecules (122). 

Increasing the recognition domain towards the 5’ end of U1i RNA molecule by 1 to 5 

nucleotides results in a loss of inhibitory activity. In contrast, molecules with recognition 

domains increased by 6 nucleotides maintained their inhibitory activity (124). 

4. U1i RNA targeting sites in secondary RNA structures or in proximity to certain 

endogenous U1 binding sites lose their inhibitory activity (124).  

5. Single mismatch differences in positions 3 to 8 of the U1i RNA target site abolish 

inhibitory activity. However, mutations in position 1, 2, 9 and 10 result in a partial loss of 

inhibitory activity (122,124). 
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Figure 1.5 U1 snRNP molecule and mechanism of U1 RNA interference. A) The sequence of the U1 snRNA 

along with the various associated proteins, U1-70K, U1-A, U1-C and 7 Sm proteins. In red is the recognition 

domain which can be modified to target mRNA transcripts for inhibition. B) The mechanism of action of U1i 

RNAs targeting 5’ss or downstream of 3’ss and 3’-terminal exons. U1i RNAs directed to 5’ss or downstream of 

3’ss increase recognition of the upstream 3’ss and result in an increase in mRNA isoforms that contain the defined 

exon. Targeting 3’-terminal exons results in a decrease in all mRNA isoforms. Based on information from (103) 
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6. Inhibitory effect of U1i RNAs targeting the terminal 3’ exon is dependent upon proper 

assembly of the SL1 domain and recruitment of the U1-70K protein (124). 

7. Co-expression of two U1i RNAs or a U1i RNA and an shRNA results in a synergistic 

inhibition of targeted mRNA transcript (118,125,126). 

Other U1i RNA have been designed to modulate gene expression by targeting 5’ss and 

disrupting proper splicing of the targeted gene (127). Since the U1 snRNP has a role in defining 

the 5’ss of pre-mRNAs, binding of a U1i RNA to a 5’ss will increase the upstream splicing at the 

3’ss by the process of exon definition. By this mechanism, U1i RNAs targeting 5’ss induce 

excessive splicing and reduce the expression of their targeted gene. However, little to no research 

has gone into determining the specificity, safety and optimization of these molecules as done for 

U1i RNA targeting terminal exons. Utilizing the same mechanism, therapeutic modified U1 

snRNAs were also developed to correct splicing defects seen in genetic diseases.  

1.5.4 Correction of splicing defects 

Over 50% of disease-causing mutations affect splicing and the most frequent mutations 

cause exon skipping. Therefore, much research is being directed at the utilization of modified U1 

snRNAs to correct these exon skipping defects. These molecules are not considered U1i RNAs 

as they do not inhibit expression of targeted transcripts. When directed to the 5’ss of mutated 

exons, these modified U1 snRNAs increase the recognition of the upstream 3’ss and reduce the 

amount of exon skipping. 

One of the best characterized disease involving exon skipping is spinal muscular atrophy 

(SMA). However, exon skipping is also implicated in various cancers, cystic fibrosis (CF) and 

Heamophilia B disorder. In 2012, Fernandez et al. demonstrated that by modifying the 5’ end of 

U1 snRNA molecules, exon-specific U1 snRNAs can be designed that are able to correct the 



 

47 

exon skipping defects in the genes involved in SMA, CF and Heamophilia B (128). This was 

taken one step further by Rogalska et al., who developed transgenic SMA mice that had a 

germline-integrated exon-specific U1 snRNA molecule designed by Fernandez et al. to rescue 

the exon skipping defect in SMA. They demonstrated that expression of the SMA specific U1 

snRNA significantly improved the disease symptoms as well as the survival of these SMA mice 

(129). More recently, studies published by Danadon et al., delivered exon-specific U1 RNAs 

utilizing an adeno-associated virus and effectively reversed familial dysautonomia, a rare genetic 

disease cause by an intronic point mutation (130). Importantly, in vivo expression of these 

modified U1 snRNA molecules did not cause any detectable toxicity. However, experiments are 

still required to analyze the specificity of these modified U1 RNA molecules and more detailed 

safety studies will be needed before they can advance to clinical trials.  

1.5.5 U1i RNAs targeting HIV-1 

To date, there have been three studies conducted utilizing U1i RNAs as a means to inhibit 

HIV-1 replication. The first was conducted by Sajic et al, in 2007 (131). To identify target sites 

in the 3’-terminal exon, consensus sequences of the Env and Nef regions of all circulating M and 

O clades of HIV-1 were analyzed for highly conserved 10 nucleotide sites. These 10 nucleotide 

sites were compared to the human genome using Basic Local Alignment Search Tool (BLAST) 

to exclude molecules that would target human genes. This led to the development of 15 different 

U1i RNAs targeting conserved sites in the terminal exon of HIV-1. Inhibition of HIV-1 was 

measured by Western blot, measuring p24 protein expression. Of the 15 U1i RNAs developed, 

two (U1 aHIV-1 #1 and #3) demonstrated complete inhibition of p24 expression. The inhibition 

seen was not due to gross toxicity and expression of these U1i RNAs did not reduce the 

expression of non-target RNA secreted alkaline phosphatase when co-expressed from a different 

plasmid. Furthermore, mutational studies demonstrated that inhibition of p24 expression was 
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dependent on the recruitment of U1-70K to the SL1 domain, the recruitment of the Sm proteins 

and to a certain extent on the recruitment of U1-A to the SL2 domain. Importantly, cells stably 

expressing U1i RNAs targeting HIV-1 showed reduced capacity to support HIV replication. 

In an independent study conducted by Knoepfel et al., 14 new U1i RNA molecules 

targeting the 3’-terminal exon of HIV-1 were designed (132). This screen included molecules 

targeting the 3’ LTR, specifically in the U3 and R regions. Inhibition of HIV-1 production was 

measured using p24 ELISA. Of the 14 U1i RNA molecules, U1i RNA J, C and BD were found 

to be potent inhibitors of p24 production. However, the expression of U1i RNAs in this study 

resulted in significant non-specific suppression of Firefly luciferase reporter plasmid indicating 

the lack of specificity of these molecules. Nonetheless, lentiviral vectors with various U1i RNA 

constructs were then used to transduce SupT1 cells. However, stably transduced cells did not 

have the ability to inhibit viral replication (132). 

Lastly, in a study conducted by Mandal et al., U1i RNAs were constructed to inhibit 

HIV-1 replication by promoting excessive splicing at HIV-1 splice acceptor sites A1, A2 and A3 

(133). To promote excessive splicing at 3’ss A1 and A2, U1i RNAs were modified to bind 5’ss 

D2 and D3. Since the 5’ss D4 is considered to be strong, to induce excessive splicing at the 3’ss 

A3, U1i RNAs were designed to target regions downstream of A3 and upstream of 3’ss A4c, a 

and b. Expression of U1i RNAs targeting the 5’ss D2 resulted in a drastic decrease in FL mRNA 

and a concomitant increase in Vif mRNA. Furthermore, RT-PCR demonstrated that expression 

of D2 specific U1i RNAs resulted in an increase in mRNA species containing non-coding exon 2 

as expected by exon definition. Expression of U1i RNAs targeting 5’ss D3 resulted in a decrease 

in FL mRNA and an increase in IS and CS mRNA containing non-coding exon 3. Finally, 

expression of U1i RNAs targeting regions downstream of 3’ splice acceptor A3 resulted in a 
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decrease of FL mRNA and an increase in IS and CS mRNA species containing exon 4. 

Expression of these U1i RNAs drastically reduced viral production when co-transfected with an 

HIV-1 proviral plasmid (pNL4-3) and inhibited viral replication in transduced T lymphocytes. 
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Rationale for manuscript:  

Several antiviral small RNA classes have been proposed for use in anti-HIV gene therapy 

with some even advancing to clinical trials. However, research has indicated that the current 

combinations of small RNA molecules in clinical trials are suboptimal and there is still a need to 

identify novel antiviral RNA molecules. U1i RNAs are attractive candidates to be used in gene 

therapy against HIV-1 as they have been demonstrated to be synergistic when expressed with 

other U1i RNAs or shRNAs and are potent inhibitors of HIV-1 replication. To date, there has 

been three different studies utilizing U1i RNAs to target and inhibit HIV-1 replication. However, 

there is a lack of data comparing the efficacy of anti-HIV U1i RNAs targeting the 3’-terminal 

exon to those that target upstream of 3’ss. Our goal was to compare top U1i RNA candidates 

from these studies in order to identify molecules to be further researched for gene therapy. 

Furthermore, the lab has previously characterized a site in the Gag open reading frame that when 

targeted by an anti-HIV-1 ribozyme and shRNA resulted in a drastic decrease in HIV-1 

replication. We hypothesized that U1i RNAs targeting this site in Gag can be effective 

suppressors of viral replication. We also hypothesized, that by comparing different anti-HIV-1 

U1i RNAs, we can identify a set of highly potent and non-toxic molecules to be used in future 

studies. The aims of this study were: 

1. Construct and test U1i RNAs targeting the Gag open reading frame for their ability to 
inhibit HIV-1 replication. 

2. Compare top U1i RNAs that induce excessive splicing to those that inhibit 
polyadenylation in terms of inhibition of viral replication, effects on viral RNA, toxicity 
and protein requirements. 

3. Elongate the recognition domain of U1i RNAs and determine the effect on the efficacy of 
these molecules as well as their specificity. 
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Characterization of novel and potent U1 interference RNAs 
targeting HIV-1  
 

ABSTRACT: 

U1 interference (U1i) RNAs can be designed to correct splicing defects and target pathogenic 

RNA, such as HIV-1 RNA. They represent promising candidates for HIV-1 gene therapy and 

several have been designed to target HIV-1 RNA through splicing enhancement or inhibition of 

mRNA polyadenylation. Here we show for the first time that effective U1i RNAs can be 

designed to inhibit HIV-1 production by targeting sites upstream from the first splice acceptor 

site in the Gag coding region of HIV-1 RNA. One Gag U1i RNA was as effective at inhibiting 

HIV-1 production as some of the top U1i RNAs that enhance HIV-1 RNA splicing and more 

effective than top U1i RNAs that inhibit polyadenylation of HIV-1 RNA. Our results suggest 

that the U1i RNA targeting Gag acts through a mechanism distinct from splicing enhancement or 

inhibition of polyadenylation. By changing the length of the U1i RNA recognition domains, we 

show that an increase by 6 nucleotides has little effect on the antiviral efficacy of these 

molecules. Overall our results indicate that, U1i RNAs acting through mechanisms other than 

polyadenylation inhibition, represent the best candidates for HIV-1 gene therapy and several 

optimized candidates from the different classes are described. 
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INTRODUCTION: 

 Despite the availability of numerous effective antiretroviral therapies (ARTs), HIV-1 

remains a global epidemic and is responsible for a considerable amount of morbidity and 

mortality. Current HIV-1 treatment consists of a combination of anti-retroviral therapy (cART) 

which can successfully control HIV-1 replication and prevent the onset of acquired 

immunodeficiency syndrome (AIDS) (1). While cART has drastically improved the lifespan of 

individuals infected with HIV, it does have limitations, including drug-related toxicity, patient 

compliance issues, high costs and emergence of viral resistance (2). Moreover, the persistence of 

viral latent reservoirs during cART leads to rapid rebound of viremia following treatment 

cessation requiring cART to be a lifelong therapy (3). Due to these well-known limitations 

associated with current HIV-1 therapy, a cure for HIV-1 infection remains a highly desirable 

goal to improve the lives of HIV-1 infected individuals.  

In the past 10 years, a substantial amount of research has focused on a gene-based cure 

for HIV. One approach involves the use of antiviral RNAs such as short hairpin RNAs 

(shRNAs), ribozymes, decoy and aptamer RNAs,  designed to target and reduce HIV-1 

replication (4). However, viral escape remains a significant issue (5). As with cART, gene 

therapy will require a combination of antiviral genes to prevent the development of resistant 

virus. Although several clinical trials have begun, there still remains a need for the identification 

and characterization of novel and potent antiviral RNAs.  

 The U1 small nuclear RNA (U1 snRNA), in complex with seven Smith (Sm) proteins and 

three U1-specific proteins (U1-70K, U1-A and U1-C), is a fundamental component of the 

spliceosome, a ribonucleoprotein (RNP) complex that catalyzes precursor mRNA splicing (6). 

During the early steps of spliceosome assembly, 5’ splice donor sites (5’ss) (CAGGTAAGTA) 



 

64 

of pre-mRNAs are recognized by the U1 snRNA through RNA-RNA interactions with the 5’ 

recognition domain of the U1 snRNA (Figure 1A). U1 snRNP binding along with the recognition 

of the upstream 3’ splice acceptor sites (3’ss) polypyrimidine tract (PPyT) by the U2AF 

heterodimeric cellular splicing factor and the branch point sequence by branch point binding 

protein (SF1/mBBP) allows for recruitment of the U2 snRNP and proper formation of the 

spliceosomes catalytic core. Spliceosomal assembly across exons leads to splicing by a process 

termed “exon definition” (7,8). The U1 snRNP has also been implicated in repressing 3’ end 

polyadenylation of pre-mRNAs via interactions with cis-elements located upstream or 

downstream of polyadenylation sites (PAS) (9). Inhibition of 3’ end processing is mediated by 

interactions between U1-specific U1-70K protein and the Poly-A-polymerase (PAP) (10). 

Transcripts that lack a poly(A) tails are inherently unstable and are rapidly degraded by host cell 

machinery (11). 

 U1 interference (U1i) is a technique to inhibit the expression of a targeted gene by 

utilizing the properties of the U1 snRNP to inhibit 3’ end polyadenylation when targeting 3’-

terminal exons or by promoting splicing when bound to a 5’ss or downstream of a 3’ss by the 

process of exon definition. Inhibition is achieved by modifying the 5’ recognition domain of U1 

snRNAs to contain sequences complementary to regions in the terminal exon or downstream of a 

3’ss of a targeted transcript (Figure 1B). These modified U1 snRNAs are often referred to as U1i 

RNAs (12) and some studies have shown that they have a synergistic inhibitory effect on mRNA 

expression when combined with other U1i RNAs or shRNAs that use the RNAi pathway to 

target mRNAs (13,14).  

To date, there has been three independent studies utilizing U1i RNAs to inhibit HIV-1 

replication. Two of these have designed U1i RNAs targeting highly conserved sequences in the 
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3’ end of HIV-1 RNA and demonstrated that U1i RNAs that inhibit polyadenylation are potent 

inhibitors of HIV-1 production in cell culture (15,16). The last study demonstrated that U1i 

RNAs designed to interfere with HIV-1 splicing by targeting 5’ss or downstream of 3’ss were 

also potent inhibitors of HIV-1 production (17). However, these U1i RNAs have shown mixed 

efficacy against HIV-1 replication in transduced T lymphocyte cell lines with one study 

demonstrating zero efficacy against HIV-1 replication (16,17). While all three of these studies 

identified potent anti-HIV-1 U1i RNAs, there has yet to be a study comparing the efficacy of 

these various molecules. Moreover, a comparison between U1i RNAs that induce excessive 

splicing to those that inhibit polyadenylation has not been performed. 

In this study, we identify and characterize a novel and potent U1i RNA targeting the Gag 

open reading frame of HIV-1. After comparing its efficacy to previous U1i molecules targeting 

splicing or polyadenylation of viral transcripts, we found that U1i RNAs that induce excessive 

splicing and the U1i targeting Gag are more potent than U1i RNAs that inhibit polyadenylation, 

furthermore, that they depend on the recruitment of the U1-70K protein. We were able to 

increase the recognition domains of U1i RNAs with little effect on their antiviral efficacy and 

found that a U1i RNA that induces excessive splicing inhibits HIV-1 replication in transduced T 

lymphocytes at levels similar to an shRNA currently in clinical trials for anti-HIV-1 gene 

therapy. 
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Figure 1. Structure of the U1 snRNP and mechanism of action of U1i RNAs. (A) Left, The U1 snRNP 

with associated proteins U1-70K, U1-A, U1-C and Sm. Right, a U1i RNA in which the U1 snRNA recognition 

domain is changed to be complementary to a target RNA sequence. Stem loops (SL) 1 and 2 mutated 

sequences used for domain mutation experiment are illustrated. (B) Depiction of the mechanism of action of 

U1i RNAs targeting 5’slice donor sites (5’ss) or 3’- terminal exons of targeted HIV-1 mRNA. Left, U1i RNAs 

targeted to a 5’ss or downstream of a 3’ splice acceptor site (3’ss) enhance splicing at the upstream 3’ss 

resulting in an increase in mRNA species containing a particular exon and a decrease in unspliced RNA and 

mRNA species that do not include that particular exon. Right, binding of U1i RNAs to the 3’-terminal exon of 

mRNAs results in an inhibition of polyadenylate polymerase (PAP) at the polyadenylation site (PAS) and a 

decrease in all mRNA species.    

 

PAS represents the polyadenylation site while 3’ss indicates 3’ splice acceptor sites. 
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MATERIAL AND METHODS: 

Plasmid constructs 

UBC plasmids expressing wild-type (WT) and HIV-1 specific U1 snRNAs (U1-Rev and 

U1-Env) were provided by Dr. Cochrane (15). All other HIV specific U1 snRNA plasmids were 

created using polymerase chain reaction (PCR)-mutagenesis on the WT UBC plasmid (U1-WT).   

The 5’ (mutagenic) primers used to create the various U1i RNAs are shown in Table 1. The 3’ 

primer was, 5’-AGTGCCAAGCTTGCATGCCAGCAGGTC-3’. A base change (underlined) 

was introduced into the 3’ primer to remove a Pst I site found in the U1-WT plasmid and allow 

for Pst I digestion discrimination against WT plasmids. PCR products and the U1-WT plasmid 

were digested with restriction enzymes Bgl II and Hind III (Fermentas) overnight at 37°C and 

ligated using T4 DNA ligase (InVitrogen). Ligated products were then used to transform DH5α 

bacteria and mini-preps were performed using Pure Link HiPure™ Plasmid Miniprep Kit 

(Invitrogen). Primers for the elongated U1i RNAs are shown in Table S1. 

U1 snRNA stem loop 1 and 2 mutants (SL1Mut, SL2Mut) described in (15) were 

generated with the Q5 site directed mutagenesis kit (New England Biolabs) using the primer 

pairs provided in supplementary Table S2. For SL1Muts, site directed mutagenesis was 

performed on the individual U1 plasmids while for SL2Muts site directed mutagenesis was 

performed on the U1-WT plasmid and the various U1 plasmids were cloned using PCR-

mutagenesis, as described above. For all plasmids, correct construction was confirmed by 

sequencing, using forward (5’-CCCAGTCAGGAGGTTGTAAAACG-3’) and reverse (5’-

AGGGGATAACAATTTCACACAGG- 3’) primers. 

 

 



 

68 

Cells and transfections 

Transfections were performed as described in (18). Briefly, Human embryonic kidney 

(HEK) 293T cells (ATCC) were maintained in Dulbecco’s Modified Eagle’s medium with high 

glucose (HyClone) containing 10% fetal bovine serum (HyClone) and 1% 

penicillin/streptomycin (Life Technologies). Cells were seeded at 2.25 x 105 cells/ml 24 hrs prior 

to transfection in 96, 24, 12 or 6 well plates in a volume of 150, 500, 1000 or 2000 µl, 

respectively. Plasmid transfections were performed using TransIT®-LT1 (Mirus) according to 

the manufacturer’s protocol. For all transfection experiments, assays were performed 48 hrs after 

transfection. 

HIV-1 production assay 

Viral production was determined by measuring the activity of HIV-1 reverse transcriptase 

(RT) in the supernatant of co-transfected cells, as previously described (19). Briefly, HEK293T 

cells were co-transfected with 100 ng of HIV-1 molecular clone pNL4-3 (Genebank M19921) 

and different amounts of U1i RNA plasmids in 24 well plates. 48 hrs after co-transfection, 5 μl 

of supernatant was incubated for 2h in 50 μl of RT cocktail (60 mM Tris-HCl, 75 mM KCl, 5 

mM MgCl2, 1.04 mM Ethylenediaminetetraacetic acid, 1% NP-40, 10 µg/ml Poly(A), 0.33 

µg/ml oligo dT, 8 mM dithiothreitol (DTT, C4H10O2S2) and [32P] dTTP (3000 Ci/mmol)). 5 µl 

of the reaction mixture was then spotted onto a glass fiber Di Ethyl Amino Ethyl (DEAE) filter 

mat (PerkinElmer) and left to dry for 10 min. Filter mats were washed 5 x 5 min with 2X saline 

sodium citrate (SSC) buffer (20X SSC buffer: 3M NaCl and 0.3M sodium citrate), followed by 2 

x 1 min washes in 95% ethanol. Counts per minute (cpm) were measured using a microplate 

scintillation counter (MicroBeta TriLux). RT data were normalized to cells co-transfected with 

negative control plasmids (U1-WT, U1-SL1-WT, U1-SL2-WT).  
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Cell viability assay 

Cell viability was estimated by measuring the metabolism of WST-1 (4-[3-(4-

Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (Sigma-Aldrich) to 

formazan (dark red) in HEK293T cells transfected with U1 plasmids in 96 well plates. As a 

positive control for cell toxicity, 10 mM of 3% w/v H2O2 (Sigma-Aldrich) was added to control 

wells at the time of transfection. Forty-eight hours after transfection, 100 µl of cell culture media 

was removed from each well and 20 μl of WST-1 reagent was added. Cells were then incubated 

for 4 hrs at 37°C and 5% CO2. Plates were read at 450 nm using a Benchmark Plus Microplate 

spectrophotometer (BioRad). All results were normalized to cells transfected with U1-WT. 

Sequence conservation estimates 

The QuickAlign tool on www.hiv.lanl.gov/content/index was used to estimate the 

conservation at the nucleotide level of sites targeted by U1i RNAs among circulating HIV-1 

strains as previously described (19,20). Briefly, sequence alignments containing all complete 

HIV-1 genome sequences (3666 at the time of analysis) were generated using the QuickAlign 

tool. Jalview alignment editor (Version 2.9) was used to calculate the % conservation for each 

nucleotide in the selected target site expressed as the % of sequences containing the consensus 

nucleotide at each position. 

HIV intracellular RNA expression 

HEK293T cells were transfected with 400 ng of HIV-1 pNL4-3 and 1000 ng of U1 

plasmids in 6 well plates.  48 hrs after co-transfection, cell lysates were harvested in TRIzol 

(Invitrogen). Total RNA was isolated using phenol chloroform extraction followed by clean-up 

using RNeasy Mini Kits (QIAGEN). 20 μg of RNA was resolved on a 1% agarose gel (1 g 

agarose in 84.6 ml water, 10 ml of 10 x MOPS buffer (200 mM MOPS, 50mM sodium adetate, 
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10 mM EDTA, 0.1% DEPC, pH 7.0), 5.4 ml of 37% formaldehyde; Emd Millipore and 10 μl 

RedSafe™) and transferred to a Hybond-N membrane (GE Healthcare Amersham). Equal 

loading was determined by UV visualization of the agarose gel prior to the transfer. Blots were 

hybridized with DIG-Labelled DNA probes targeting the HIV-1 LTR (generated by PCR using 

the primers 5’-CTAATTCACTCCAAAGAAGA-3’ and 5’-TGCTAGAGATTTTCCACACTG-

3’). DIG-labelling, hybridization, washes and visualization of RNA were performed as in the 

DIG DNA Labelling and Detection Kit protocol (Roche).  

RT-PCR analysis of viral RNA species 

Total RNA was isolated as indicated above. One microgram of DNase treated RNA was 

used for cDNA synthesis using ProtoScript II First Strand cDNA Synthesis Kit (New England 

Biolabs). Viral cDNA was subsequently amplified using forward primer 5’-

CTGAGCCTGGGAGCTCTCTGGC-3’ and reverse primer 5’-

TCATTGCCACTGTCTTCTGCTCT-3’ for 4 kb viral RNA and forward primer 5’-

CTGAGCCTGGGAGCTCTCTGGC-3’ and reverse primer 5’-

CCGCAGATCGTCCCAGATAAG-3’ for 2 kb viral RNAs. The PCR products were resolved on 

a 3% agarose gel (25 μl of RedSafe™) and visualized with UV light.  

HIV-1 infection assay 

U1i RNA expression cassettes from this study and shRNA expression cassettes generated 

in our previous study (20) were sub-cloned into HIV-7-eGFP plasmid (donated by Dr. Rossi) 

(21). Lentiviral vectors were produced by co-transfecting the HIV-7-eGFP plasmids with a VSV-

G expression plasmid (from Dr. Rossi) and a 2nd generation packaging plasmid (pax2, addgene 

#12260) into HEK293T cells. The supernatants were collected 48 hrs later and the lentiviral 

particles were concentrated using Lenti-X (Clontech) according to the manufacturers protocol. 
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 Lentiviruses were tittered on SupT1 cells using the % GFP-positive cells as a readout and a 

multiplicity of infection (MOI) of 4 was used to infect SupT1 cells for the HIV-1 infection assay. 

48 hrs after infection with lentiviruses, cells we resorted for GFP expression. 24 hrs after, sorted 

cells were plated at 1 X 105 cells/well in a 96 well plate and infected with HIV-1 in triplicate. 

 HIV-1 replication was monitored by measuring HIV-1 RT activity in cultured supernatants of 

infected cells.   

RESULTS: 

U1i RNAs targeting the Gag coding sequence of HIV-1 RNA are effective inhibitors of 

HIV-1 production. 

For antisense-based molecules targeting HIV-1 RNA, an important consideration for their 

development as therapies is that they target highly conserved sequences. In a previous study, we 

identified a conserved target site in the Gag coding sequence of HIV-1 RNA that was accessible 

to inhibition by a ribozyme and an shRNA (20). To determine whether the target sequence is also 

accessible to inhibition by U1i RNAs, four U1i RNAs (U1-Gag1, 2, 3, and 4) were designed, 

targeting overlapping regions within the Gag target site (Table 1, Figure 2A). The effects of U1i 

RNAs on HIV-1 production were evaluated by co-transfection of HEK293T cells with HIV-1 

molecular clone pNL4-3 and increasing concentrations of U1i RNA constructs. HIV-1 

production was compared by measuring the activity of the HIV-1 RT enzyme in culture 

supernatants, and data were expressed as a percentage of RT activity in cells co-transfected with 

the WT U1 snRNA expressing construct. Out of the four U1i RNAs targeting Gag, U1-Gag1 and 

U1-Gag2 dose dependently inhibited HIV-1 production, with U1-Gag2 providing the most potent 

inhibition (Figure 2B). The Gag target site is not downstream of a splice acceptor site, nor is it in 

the 3’-terminal exon, suggesting that U1-Gag1 and U1-Gag2 inhibit HIV-1 production through a 

mechanism distinct from previously designed U1i RNAs targeting HIV-1 replication (15-17).  
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Figure 2. Noncanonical U1i RNAs targeting the Gag open reading frame inhibit HIV-1 production. (A) Outline 

of the site targeted by constructed U1i RNAs as well as an shRNA described in our previous study. (B) Inhibition of 

HIV-1 production by U1-Gag1, U1-Gag2, U1-Gag3 and U1-Gag4 when transfected at 5, 25, 50, 100 ng. The dotted 

line in the graph represents the level at which 50% of HIV-1 production is inhibited. Results are expressed as a 

relative percentage of HIV-1 inhibition to the U1-WT transfected cells. All data are represented as the mean +/- 

standard error means (SEM) of at least three independent transfections with 3 replicates (n = 9). 
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U1-Gag2 is more effective compared to top U1i RNAs targeting polyadenylation and has 

similar effects compared to top U1i RNAs that enhance HIV-1 RNA splicing.  

To directly compare the effects of U1-Gag2 to other U1i RNAs targeting HIV-1 RNA we 

constructed the top three U1i RNAs designed to inhibit polyadenylation, identified in the initial 

U1i RNA screen (15), and the top five candidates designed to induce excessive splicing of HIV-1 

RNA (17). U1i RNAs that inhibit polyadenylation all target the 3’ proximal region of HIV-1, 

while those that induce excessive splicing target 5’ss D2 or D3 and sequences downstream of the 

first, second and third 3’ss, A1, A2 and A3. The target sequences for the U1i RNAs are provided 

in Table 1 and their positions within the HIV-1 RNA open reading frames are illustrated in 

Figure 3A. All U1i RNAs constructed inhibited HIV-1 production in a dose dependent manner 

(Figure 3B). However, U1-Gag2 and U1i RNAs designed to elicit excessive splicing (U1-D2, 

D3, T3, T4, T6) were found to be the most potent candidates, providing a 50 % inhibition of viral 

production at around 5 ng or less of input DNA, compared to around 25 ng for U1i RNAs that 

inhibit polyadenylation (U1-Env, Ref, Nef). Of the U1i RNAs that inhibited polyadenylation, 

only U1-Env was able to provide a near complete inhibition of viral production at higher doses, 

similar to U1-Gag2 and U1i RNA molecules that induce excessive viral RNA splicing. These 

results suggest that U1i RNAs acting through mechanisms other than polyadenylation inhibition 

are more potent at inhibiting HIV-1 production. Moreover, that U1-Gag2 is a competitive 

candidate for further development. 

Using the HIV Los Alamos database and methods previously developed in our lab 

(19,20), we estimated the conservation at the nucleotide level of sites targeted by U1i RNAs 

among all complete HIV-1 sequences available in the database (3666 at the time of analysis). 

Sites targeted by U1-D2, U1-D3 and U1-Gag2 had the highest conservation among the HIV-1  
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Figure 3. U1i RNAs that induce excessive splicing and U1-Gag2 are more potent inhibitors of HIV-1 when 

compared to U1i RNAs that inhibit polyadenylation. (A) Outline of the HIV-1 genome and organization of the major 
splice donors and acceptors. (B) Inhibition of HIV-1 production by U1i RNAs at 0.5, 1, 5 ,25, 50 and 100 ng. The dotted 

line in the graph represents the level at which 50% of HIV-1 production is inhibited. Results are expressed as a relative 

percentage of HIV-1 inhibition to U1-WT co-transfected cells. (C) Conservation estimates of sequences targeted by the 
various U1i RNAs. (D) Toxicity of U1i RNA molecules. HEK293T cells were mock transfected with U1-WT or 

transfected with 1000 ng/ml of U1i RNAs targeting Gag, U1i RNAs that induce excessive splicing and U1i RNAs that 
inhibit polyadenylation. Cells treated with H2O2 were used as a positive control. Cell viability was estimated by measuring 

the metabolism of WST-1 48 hrs post transfection. Data are expressed relative to U1-WT treated cells (%). All data are 

represented as the mean +/- SEM from three experiments with three replicates (n = 9). 
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strains in the database with over 90% conservation at each nucleotide (Figure 3C). Sites targeted 

by U1-Env, U1-Rev, U1-Nef and U1-T6 had an intermediate level of conservation with most 

nucleotides conserved in greater than 80% of the strains and sites targeted by U1-T3 and U1-T4 

had the lowest conservation, with several nucleotides conserved in less than 60% of the strains 

(Figure 3C).  

A significant concern for the development of antiviral RNAs for use in gene therapy is 

their potential to cause cellular toxicity, as this can alter the interpretation of experimental results 

and limit their potential for use in clinical settings. To evaluate whether the reduction of HIV-1 

production seen when expressing U1i RNAs is due to toxicity in HEK293T cells, we assessed 

the ability of U1i RNAs to affect cell viability. HEK293T cells were transfected with U1i RNAs 

at 1000 ng/ml of cultured supernatant, a dose several folds higher than their maximal inhibitory 

concentrations. Cell viability was estimated using the WST-1 colorimetric assay and data were 

expressed as relative WST-1 metabolism compared to cells transfected with the U1-WT 

construct. While treatment of cells with 10 mM of H2O2 resulted in significant cell death, there 

were no significant differences between U1i RNA-transfected and U1-WT transfected cells 

(Figure 3D). Based on the lack of cellular toxicity, conservation of their target sites and their 

ability to inhibit HIV-1 production, U1-Gag2, D2, T6, Rev, Env and Nef were selected for 

further evaluation. 

U1i RNA expression alters HIV-1 RNA accumulation 

To determine whether the U1-Gag2 inhibited HIV-1 production by enhancing HIV-1 RNA 

splicing, we next compared the effects of the selected U1i RNAs on HIV-1 RNA accumulation 

by Northern blot following co-transfection with pNL4-3 in HEK293T cells (Figure 4A). 

Consistent 



 

76 

with previous results (17), co-transfection with U1-D2 and U1-T6 resulted in a near complete 

reduction of full-length (FL) HIV-1 RNA and an increase in incompletely spliced (IS) or both IS 

and completely spliced (CS) RNA species. In contrast, U1-Gag2, U1-Rev and U1-Nef 

expression resulted in a decrease of all RNA species, suggesting that these molecules do not 

enhance HIV-1 RNA splicing. Unexpectedly, U1-Env expression resulted in an increase in CS 

RNA, suggesting that at least part of its effect on HIV-1 production can be attributed to its ability 

to enhance HIV-1 RNA splicing. 

  To further explore the effects of U1i RNAs on HIV-1 RNA expression, we next 

constructed cDNA libraries from the RNA extracted from co-transfected HEK-293T cells and 

used previously described primer sets (17,22) to amplify CS and IS cDNAs. The position of 

these primers and major exons used for the generation of HIV-1 RNA splice variants are 

illustrated in Figure 4B. The products of the amplification were run on an agarose gel and 

visualized with UV light (Figure 4C). Consistent with previous results (17), U1-D2, targeting the 

5’ss D2, increased inclusion of exon 2 or exon 2E. This is shown by the increase in CS mRNA 

species 1.2.5.7 (nef3) and IS 1.2E (vifE) and 1.2.5E (env5) and a decrease in other viral mRNA 

species. Also consistent with the previous study, expression of U1-T6 resulted in increased 

inclusion of exon 4 or exon 4E. This is demonstrated by the increase in CS species 1.4.7 (Tat1), 

1.2.4.7 (Tat2), and 1.3.4.7 (Tat3), as well as IS spliced species 1.4E (Tat5). As seen with the 

Northern blot results, U1-Env had major effects on the splicing pattern of HIV-1 RNA. These 

results suggest that like U1-T6, U1-Env acts through increasing inclusion of exon 4 and to a 

lesser extent, exon 4E. This is shown by the increase expression of CS species 1.4.7 (Tat1) and 

1.3.4.7 (Tat3) and IS species 1.4E (Tat5) (Figure 4C). Although there were no apparent effects of 

U1-Rev on splicing in the Northern blot (Figure 4A), a small effect was detected when we 

looked at the IS species, where a modest increase in 1.4E was observed, suggesting that, like U1-
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Env and U1-T6, U1-Rev can lead to an increase in the inclusion of exon 4E. These results 

demonstrate that some U1i RNAs targeting the terminal exon of HIV-1 RNA can enhance HIV-1 

RNA splicing and that some of their effects on HIV-1 production can be attributed to this 

mechanism. The results also demonstrate that enhanced HIV-1 RNA splicing does not contribute 

to the inhibition of HIV-1 production provided by U1-Gag2 and U1-Nef.   

HIV-1 suppression by all U1i RNAs is dependent on the proper function of the SL1 

domain. 

 The endogenous U1 snRNA molecule exerts its function in the form of a 

ribonucleoprotein (RNP) complex that consists of three specific U1 proteins, U1-A, U1-70K and 

U1-C, and 7 Sm proteins (23). To determine whether the inhibition of HIV-1 production by the 

U1i RNA molecules was dependent upon proper assembly of the U1 snRNP, we mutated the 

stem loop 1 (SL1) domain of all the U1i RNAs in a manner that results in a loss of U1-70K 

binding and the stem loop 2 (SL2) domain in a fashion that results in the loss of U1-A binding 

(as previously demonstrated (15)). The mutated sequences are illustrated in Figure 1A. While, 

U1-70K binding and to a lesser extent U1-A binding is required for inhibition by U1i RNAs that 

inhibit polyadenylation, the U1 snRNP domain requirements of U1i RNAs that induce excessive 

splicing have yet to be determined (10,15).   
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Figure 4. The effects of U1i RNA expression on HIV-1 mRNA. (A) Total RNA isolated from HEK293T cells 

transfected with 400 ng of pNL4-3 in the presence or absence of U1i RNAs (1000 ng) were analyzed by 

Northern blotting. Full-length (FL), incompletely spliced (IS) and completely spliced (CS) RNA species are 

indicated. (B) The numerous HIV-1 mRNA species produced by alternative splicing at the various splice donor 

(D1-5) and splice acceptor (A1-7) sites are indicated. Primers used for RT-PCR analysis are depicted in red for 

IS and CS. (C) RT-PCR analysis of completely spliced (1.8 kb) and singly spliced (4.0 kb) RNA species in the 

presence of U1i RNAs or U1-WT expressing plasmid.   
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The effects of the SL1 and SL2 mutants on HIV-1 production were compared with the 

nonmutated versions of the selected U1i RNAs at different doses (Figure 5).  Inhibition of HIV-1 

production by all U1i RNAs was found to be dependent on the binding of U1-70K to the SL1 

domain as little to no inhibition was observed for the SL1 mutants at all doses evaluated (Figure 

5A-F). These results suggest that the inhibition of HIV-1 production by all U1i RNAs evaluated  

was dependent on the formation of a U1 snRNP complex and not the result of antisense 

RNA effects alone. At higher doses, SL1 mutants U1-T6 and U1-D2 had some effects on HIV-1 

production (Figure 5 A, B). This could be the result of antisense effects or may be related to   

competitive inhibition of 3’ss or 5’ss by mutated U1i RNAs, impeding the normal binding and 

subsequent splicing by the spliceosome complex. Mutation of the SL2 domain had little to no 

effect on U1-D2 and U1-T6 that were designed to induce excessive splicing (Figure 5A, B), 

suggesting that binding of the U1 SL2 loop to the U1-A protein is dispensable for their effects. In 

contrast, SL2 mutations abolished the inhibitory effects of U1i RNAs designed to inhibit 

polyadenylation (U1-Rev and U1-Nef) (Figure 5C, D). Although U1-Env was designed to inhibit 

polyadenylation, our results in Figure 4 demonstrated that it had major effects on HIV-1 RNA 

splicing. Consistent with a predominant effect on HIV-1 production through splicing 

enhancement, mutation of the SL2 domain did not have major effects on inhibition provided by 

U1-Env (Figure 5E). Although it was demonstrated that the U1-Gag2 does not enhance HIV-1 

RNA splicing (Figure 4), the SL2 mutant of this U1i RNA also had similar effects compared to 

the nonmutated version (Figure 5F), suggesting that binding to the U1-A protein is also 

dispensable for its mechanism of inhibition. 
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Figure 5. HIV-1 suppression by all U1i RNAs is dependent on the proper assembly of the SL1 domain and 

recruitment of U1-70K while only U1i RNAs that inhibit polyadenylation depend on the SL2 domain and 

recruitment of U1-A. (A-F) The effects of U1 snRNA SL1 and SL2 domain mutations on the suppression of HIV-1 

production. Dose response curves were created of HEK293T cells co-transfected with 1- 500 ng of mutated U1i 

RNAs and 100 ng of pNL4-3. RT activity measurements were log transformed and a nonlinear regression 

log(inhibitor) versus response equation with least squares (ordinary) fit was determined using GraphPad Prism. All 

data-points are represented as the mean +/- SEM of at least 3 independent transfections with 3 replicates (n = 9). 
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U1i RNAs with increased recognition domains maintain their antiviral efficacy 

 U1i RNAs typically have recognition domains of 10-11 nucleotides and increasing its 

length would improve the specificity by decreasing off-target effects. Increasing the recognition 

domain towards the 3’ end of the molecule by 6 nucleotides did not severely compromise the 

inhibitory effect of U1i RNAs in one study and could improve their specificity for their intended 

target sites (24).  In contrast, in another study, extending the recognition domain towards the 5’ 

end of the U1i RNA molecule abolished or severely limited its inhibitory activity of U1i RNAs 

except for molecules that had a recognition domain increased to 16 nucleotides long towards the 

5’ end (25). To evaluate the impact of increasing the recognition domain on the selected U1i 

RNAs targeting HIV-1 production, we increased the recognition domains by 3 or 6 nucleotides 

towards the 3’ or 5’ end of the viral genome. These length variants were named according to the 

direction of the increased recognition domain (towards the 5’ or 3’ end of the viral genome) and 

by the number of nucleotides added (3’-3, 3’-6, 5’-3 and 5’-6) and were compared to the original 

U1i RNAs for effects on HIV-1 production (Figure 6). U1i RNAs that induce excessive splicing 

(U1-D2, U1-T6) maintained their ability to inhibit viral production even when the recognition 

domain was increased by six nucleotides towards the 3’ or 5’ end of the viral genome (Figure 

6A, B). For U1-Rev, increases of three nucleotides had a negative impact on inhibitory activity, 

whereas increases of six nucleotides did not have any major effects (Figure 6C). While an 

increase of three nucleotides on the 5’ end of the U1-Nef target site had a negative impact on its 

inhibitory activity, an increase of six nucleotides resulted in a more effective inhibition (Figure 

6D). Increases in the recognition domain of U1-Env towards the 5’ end of the viral genome 

abolished its ability to inhibit HIV-1 production, while increasing it at the 3’ end of the viral 

genome had no effect (Figure 6E). Lastly, increasing the recognition domain in either 
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Figure 6. Increasing the recognition domain of U1i RNA molecules is feasible with minimal loss to their 

inhibitory activity. (A-F) The recognition domains of U1i RNAs were increased by 3 or 6 nucleotides going 

towards the 3’ or 5’ end of the viral genome. These length variants are named according to the direction of the 

increased recognition domain (towards the 5’ or 3’ end of the viral genome) and by the number of nucleotides added 

(3’-3, 3’-6, 5’-3 and 5’-6). HEK293T cells were co-transfected with the various constructs and pNL4-3 at 100ng. As 

a comparison cells were transfected with non-elongated constructs. Results are expressed as a relative RT percentage 

of HIV-1 inhibition to the WT-pUCB co-transfected cells. All data are represented as the mean +/- SEM from three 

experiments with three replicates (n = 9). 
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direction for U1-Gag2 eliminated its ability to inhibit viral replication (Figure 6F). These results 

suggest that, with the exception of U1-Gag2, increasing the recognition domain of U1i RNAs 

targeting HIV-1 production can be done with negligible impacts on antiviral effects and in one 

case (U1-Nef 5’-6) it can even improve the antiviral effects.   

Cells transduced with U1-T6 support lower levels of HIV-1 replication than cells 

transduced with a short hairpin RNA in clinical trials.   

To evaluate the potential of U1i RNAs that inhibit polyadenylation and those that 

enhance HIV-1 RNA splicing to inhibit HIV-1 replication, we used an HIV-based lentiviral 

vector expressing an enhanced green fluorescent protein (eGFP) reporter gene (HIV-7) (21), to 

transduce SupT1 cells with cassettes expressing U1-WT, U1-Nef, U1-T6 and an shRNA 

targeting the tat/rev region of HIV-1 RNA (shRNA-tat/rev). Previous U1i RNA studies have 

shown either no efficacy or various efficacies to inhibit viral replication over an 8 to 10 day 

period (16,17). Following transduction, cells were sorted for GFP expression to obtain similar 

populations of transduced cells and eliminate high and low expressing cells. The sorted cells 

were infected with HIV-1 NL4-3 and viral replication was monitored by measuring HIV-1 RT 

activity in culture supernatants (Figure 7). In agreement with the previous study (16), cells 

transduced with U1-Nef, which our results suggest acts exclusively through inhibition of 

polyadenylation (Figure 4), supported viral replication with similar kinetics as the empty vector 

(HIV-7) and U1-WT transduced cells. In contrast, U1-T6 transduced cells had very low levels of 

viral replication up to 10 days post infection, with even lower levels compared to shRNA-tat/rev 

transduced cells (Figure 7). These results suggest that U1i RNAs that induce excessive splicing, 

such as U1-T6, are highly effective at restricting HIV-1 replication in T cells and may be even 

more effective compared to an shRNA found in clinical trials (26).    
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Figure 7. Inhibition of HIV-1 replication in T lymphocytes expressing U1i RNA molecules. SupT1 cells were 

transduced with HIV based lentiviral vectors (HIV-7-eGFP) expressing U1-WT, U1-T6, U1-Nef and shRNA-tat/rev 

at an MOI of 4. As a negative control cells were transfected with empty HIV-7-eGFP. The cell lines were then 

infected with NL4-3 and viral replication was monitored for 10 days by measuring HIV-1 RT activity in cultured 

supernatant. The mean RT activity (cpm) in cultured supernatants across two independent infections performed in 

triplicates (n = 6) is shown for the 10 days following infection. 
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DISCUSSION: 

Similar to current antiretroviral therapy, antiviral gene therapy requires a combinatorial 

and multiplexing approach to reduce the likelihood of viral resistance. While several RNA based 

antiviral genes are being tested in pre-clinical and clinical settings (26-30), saturation of cellular 

pathways, suboptimal antiviral inhibition and cellular toxicity remain significant concerns (31-

33). Modified U1 snRNAs, termed U1i RNAs, have been demonstrated to be an attractive 

candidate for gene therapy targeting HIV-1. Multiple U1i RNA molecules targeting the 3’-

terminal exon of HIV-1 transcript were demonstrated to be potent inhibitors of HIV-1 

production, although no resistance to HIV-1 replication was observed upon transduction into T 

lymphocytes. U1i RNAs targeting HIV-1 5’ss and sites downstream from 3’ss, induced 

excessive splicing of HIV-1 RNA inhibited HIV-1 production and one reduced viral replication 

in T lymphocytes. Our aim was to construct novel U1i RNAs targeting the Gag 1498 site 

characterized in our previous studies (20,34), to compare its efficacy to U1i RNAs targeting the 

HIV-1 3’-terminal exon and those enhancing HIV-1 RNA splicing to determine the best 

molecule to use in gene therapy setting.  

Our first goal in this study was to determine if U1i RNAs targeting a highly conserved 

site in the Gag open reading frame could inhibit HIV-1 replication. We constructed four U1i 

RNA molecules. While most demonstrated some ability to inhibit HIV-1 replication, U1-Gag2 

was found to be the most potent (Figure 2). Expression of U1-Gag2 reduced all HIV-1 RNA 

isoforms as seen by Northern blotting and RT-PCR analysis (Figure 4A, C) suggesting that it 

does not act through enhancing HIV-1 RNA splicing. The viral inhibition seen in HEK293T cells 

transfected with U1-Gag2 was dependant on SL1 sequence integrity, strongly suggesting that 

proper assembly of an RNP through binding of the 70K protein to the SL1 domain was required 

for function rather than an antisense mechanism alone (Figure 5F). While it is possible that U1-
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Gag2 could be acting through inhibition of polyadenylation, the fact that it was not dependent on 

binding of the U1-A protein to the SL2 domain, whereas both polyadenylation inhibitors U1-Rev 

and U1-Nef were, suggests that it acts through a distinct mechanism. In addition, of all the U1i 

RNAs evaluated, only U1-Gag2 completely lost its activity when its recognition domain was 

increased by three or six nucleotides in either direction along its target site (Figure 5). Altogether 

our results suggest that U1-Gag2 is acting through a mechanism distinct from polyadenylation 

inhibition or enhancement of HIV-1 RNA splicing.  

A possible explanation is that U1-Gag2 sequesters U1 RNA proteins resulting in 

suboptimal splicing at the D1 splice donor site and a subsequent decrease in all viral RNA 

isoforms. Another mechanism can be that U1-Gag2 is interfering with D1 splice site utilization 

by inhibiting the action of cellular splice enhancer factors. This hypothesis is compatible with 

intronic splicing enhancer sequences located in the Gag open reading frame that regulate D1 

splice site usage (35,36). Future studies will elucidate the mechanism of U1-Gag2 and determine 

whether other U1i RNAs can inhibit HIV-1 production by targeting sites upstream from acceptor 

site 1. 

Our main goal is to find the most potent molecules in each antiviral RNA class to be used 

in an anti-HIV-1 gene therapy setting. Therefore, we compared new and previously characterized 

U1i RNAs for their ability to inhibit HIV-1 production when transfected at various doses. We 

found that U1i RNAs that induce excessive splicing are more potent than those that inhibit HIV-

1 RNA polyadenylation (Figure 3B). The inhibition by both U1i RNAs that induced excessive 

splicing and those that inhibited polyadenylation was dependant on the SL1 domain (Figure 5). 

This is in concordance with previous studies that demonstrated that the action of the endogenous 

U1 snRNP depends on proper association of the U1-70K with the SL1 domain of the U1 
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molecule (10,37). Surprisingly, mutations in the SL2 domain that inhibit recruitment of U1-A 

abolished the inhibition of viral replication by U1-Rev and U1-Nef. Previously, Sajic et al. 

showed that mutations in the SL2 domain of U1i RNA molecules targeting the 3’-terminal exon 

resulted in a reduction in antiviral effects but did not completely abolish their effects. In contrast, 

our results indicate otherwise when looking at viral replication using an RT assay and are 

coherent with a recent publication indicating that U1-A binding is dispensable for the 

improvement of exon and intron definition by therapeutic U1 snRNAs designed to correct exon 

skipping (37). One possible explanation for this observed discrepancy is a blockage after the 

production of Gag protein that inhibits viral replication. Furthermore, their experiments were 

conducted with the HxBruR-/RI- HIV-1 plasmid which expresses a HIV-1 provirus with 

deletions in the RT and integrase genes. 

 The most potent U1i RNAs altered the expression of viral RNA isoforms. The 

expression of U1-D2 resulted in an increase in IS HIV-1 RNA (Figure 4A) and inclusion of exon 

2 (Figure 4C) while expression of U1-T6 resulted in an increase of both IS RNA and CS viral 

RNA and an increase in inclusion of exon 4. In addition, U1-Env, which was previously 

characterized to inhibit HIV-1 polyadenylation induced excessive splicing in our study as 

demonstrated by the increase in CS RNA (Figure 4A) and in mRNA species containing exon 4 

(Figure 4C). During HIV-1 replication, exclusion of the intron between 5’ splice donor D4 and 

3’ splice acceptor A7 is required to generate CS mRNA coding for two-exon Tat, Rev and Nef. 

This process is dependent on the complex interplay between exon splice silencer (ESS) and exon 

splice enhancer elements (ESE) located downstream of the A7 splice acceptor site. Both, ESS 

and ESE modulate the binding of U2AF, a subunit of the U2 snRNP, to the PPyT which 

stabilizes the U2 snRNP binding to the 3’ss (38). Furthermore, U1 snRNP binding proximal to a 

3’ss has been demonstrated to increase the recruitment of U2AF to the PPyT (39). Therefore, we 
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hypothesize that U1-Env increases recognition of splice acceptor site A7 by increasing 

recruitment of U2AF. This is further exemplified by U1-Rev which binds in proximity to U1-

Env and is seen to increase inclusion of exon 4 in IS mRNA (Figure 4C). However, U1-Rev 

induces a general reduction in viral RNA species on Northern blot (Figure 4A), suggesting that 

the inhibition seen is mainly mediated through the inhibition of polyadenylation.  

An important consideration when designing molecules to be used in HIV-1 gene therapy 

is that they target highly conserved sites and can cover the majority of circulating HIV-1 strains. 

While the majority of U1i RNAs targeted conserved sites in the HIV-1 genome, U1-Gag2, D2, 

T6 and Env were found to be the most potent and to target relatively highly conserved sites 

(Figure 3C). When compared to WT transfected cells, none of the U1i RNAs induced cellular 

toxicity indicating that the inhibition seen was not due to cell death. Although in vivo 

experiments in mice have demonstrated that long term expression of U1i RNAs does not result in 

any detectable toxicity, with a recognition domain of 10-11 nucleotides the specificity of these 

molecules remains a significant concern (13,40). U1i RNAs that inhibit polyadenylation were 

previously shown to distinguish between target sequences that differ by one or two nucleotides 

(24). Furthermore, a single mismatch in positions 3 to 8 of the U1i RNA recognition domain that 

differ from GU completely abrogated its silencing activity (25). In contrast, expression of U1i 

RNAs, in one study, resulted in non-specific inhibition of a Renilla expressing plasmid 

emphasizing the need to better explore the specificity of U1i RNAs with therapeutic potential 

(16).  

With the aim of increasing the specificity of U1i RNA molecules, we increased the length 

of the recognition domains. Although several studies have demonstrated that maximal inhibition 

of targeted RNA is achieved with a 10 to 11 nucleotide long target site, molecules that inhibit 
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polyadenylation can have their recognition domain increased by 6 nucleotides towards the 3’ end 

of the molecule with little effect on their inhibitory activity (24). In other studies, increasing the 

recognition domain of U1i RNAs by 1 to 5 nucleotides towards the 5’end of the molecule 

completely abolished their activity, whereas molecules whose recognition domains were 

increased by 6 nucleotides maintained their inhibitory activity and expression levels (25,41). 

With the exception of U1-Gag2 and U1-Env, we found that the recognition domain of all U1i 

RNAs evaluated could be increased without affecting their activity and for U1-Nef, one 

permutation even increased its activity (Figure 6D). Taken together, these results suggest that the 

specificity of U1i RNAs could be increased without affecting their potency and could result in a 

more targeted inhibition. 

Based on the efficacy of the molecules and the conservation of their respective target site, 

we decided to use U1-T6 and U1-Nef to stably transduce SupT1 cells and determine their ability 

to restrict HIV-1 infection/replication. SupT1 cells were transduced with lentiviral vectors 

expressing the various U1i RNA molecules. Cells were challenged with NL4-3. Expression of 

U1-T6 resulted in a greater than 90% inhibition of viral production. Furthermore, when 

compared to a shRNA targeting HIV Tat/Rev, U1-T6 demonstrated superior inhibition of HIV-1 

replication highlighting its higher potency and clinical potential.  

In conclusion, we have demonstrated that U1i RNAs that induce excessive splicing are 

potent inhibitors of HIV-1 replication. Their distinct mechanism of action and ability to act 

synergistically with shRNAs make them very attractive candidates to be used in a gene therapy 

approach for HIV-1(14). While specificity remains an ongoing concern for these molecules, our 

results suggest that it is possible to increase the recognition domain of some very active U1i 

RNAs to 16 nucleotides and maintain their efficacy. Future studies will focus on determining the 
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long-term safety and toxicity of these molecules as well as their synergistic or antagonistic 

potential when combined with other antiviral RNA technologies such as ribozymes, decoy 

RNAs, aptamers and shRNAs. 
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Chapter 3: Additional Experiments 
The experiments presented in this chapter were performed to complement the manuscript 

presented in Chapter 2, but were not included in the version that will be submitted. I performed 

the experiments shown in figure 8. The objectives were to analyze the activity of the U1i RNAs 

at the protein level. 

Methods: 

HIV-1 intracellular protein expression and immune activation 

HEK293T cells were co-transfected with 400 ng of HIV pNL4-3 and 1000 ng of different 

U1i RNA plasmids in 6 well plates. 48 hrs after co-transfection, cell lysates were harvested in 50 

μl of lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 10 % v/v glycerol, 1 % v/v 

NP-40) containing antiproteases and antiphosphatases (Roche). 100 μg of total protein was 

resolved on a 10% denaturing polyacrylamide gel and transferred to a Hybond ECL 

nitrocellulose membrane (GE Healthcare) as previously described (1). Membranes were first 

incubated with HIV-1 anti-p24 capsid (183-H12-5c) at a 1/1000 dilution. Membranes were 

stripped by incubation with Re-Blot Plus Strong (Millipore) for 10 mins and then incubated with 

anti-GAPDH (sc-322333, Santa Cruz) at a dilution of 1/500. Following primary antibody 

incubation, membranes were incubated with anti-mouse IgG-horseradish peroxidase (GE 

healthcare) at a 1/5000 dilution for 1 hr. Bands were visualized with chemiluminescence reagent 

plus (ECL) (GE Healthcare) on films. The relative amount of Gag (p55/GAG) precursor and 

capsid (p24/CA) products were determined by quantification of the chemiluminescence of each 

protein band using Image J densitometry software (Version 10.2). All ratios were expressed 

relative to the Gag and capsid bands of cells co-transfected with U1-WT and pNL4-3.  



 

99 

Results: 

U1i RNAs that induce excessive splicing alter HIV-1 Gag processing 

It has been previously shown that mutations in HIV-1 second 5’ss, D2, which increase its 

homology to the endogenous U1 snRNA results in Gag protein processing defects (4). Therefore, 

we next asked whether U1i RNAs, which inhibit polyadenylation or induce excessive splicing, 

also affected Gag processing. To examine this question, total cellular protein extracts of 

HEK293T cells co-transfected with pNL4-3 and different U1i RNAs were analyzed for 

expression of the Gag polyprotein (p55), the matrix-capsid intermediate (p41) and fully 

processed CA (p24) protein of HIV-1 using an antibody directed against the capsid protein 

(Figure 8). To evaluate effects on processing of the Gag polyprotein, the ratios of processed Gag 

(p24) and Gag polyprotein (p55) to WT transfected cells was determined using Image J 

densitometry software (Figure 8C). U1i RNAs designed to target excessive splicing (U1-D2 and 

U1-T6) strongly reduced the ratio of processed Gag (p24), suggesting that they can inhibit Gag 

processing as previously reported (5). In contrast, U1-Gag2 partially reduced Gag processing and 

U1i RNAs designed to inhibit polyadenylation did not significantly affect Gag processing 

(Figure 8C). Preliminary experiments demonstrate that U1-Env also has the ability to alter Gag 

processing (Figure 8D). These results suggest that the more effective inhibition of HIV-1 

production observed for U1i RNAs targeting HIV-1 splicing compared to those that inhibit 

polyadenylation, may be due to an additional effect of the U1i RNAs on Gag processing. 
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Figure 8. U1i RNAs that induce excessive splicing alter Gag processing. (A) Analysis of Gag processing 

in protein isolated from HEK293T cells transfected with 400 ng of pNL4-3 alone or in combination with 

1000 ng of U1-WT, U1i RNAs that induce excessive splicing (U1-D2, T6) or U1i RNAs that inhibit 

polyadenylation (U1-Rev, Nef). 48 hrs post transfection cell were harvested and the processing of p24 was 

assessed by Western blot. Gag precursor (p55), intermediate (p41) and capsid (p24) are indicated. (B) 

Relative RT activity in cultured supernatant of transfected HEK293T cells. Results are expressed as a 

relative RT percentage of HIV-1 inhibition to the U1-WT co-transfected cells. (C) p55 and p24 band 

intensities were calculated relative to U1-WT co-transfected cells using ImageJ software. All data are 

represented as the mean +/- SEM from three independent experiments (n = 3). (D) Preliminary analysis of 

Gag processing by U1-Env (n = 1). 
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Chapter 4:Reflection and Future Directions 
Specificity and Toxicity of U1i RNAs 

A big concern for the use of these U1i RNA molecules in gene therapy to inhibit HIV-1 

replication is their specificity. With a 10 nucleotide recognition domain, binding sites are 

expected to occur by chance every 106 base pairs representing roughly 3000 occurrences in the 

human genome (8). Since exons represent 2% of the human genome and U1i RNAs are believed 

to only inhibit mRNAs when targeting regions within 3’-terminal exons, it was thought that 

rationale design of specific U1i RNAs was possible. However, it has been shown that U1i RNAs 

targeting not only 5’ss but also downstream of 3’ss have the ability to induce splicing by the 

process of exon definition (5). Moreover, we demonstrate that U1i RNAs targeting a site that is 

upstream of a 3’ss has the ability to inhibit HIV-1 replication. Therefore, it is necessary to 

perform experiments to determine the overall specificity of these molecules especially in the case 

of U1i RNAs that target 5’ss.  

There are around 300 000 5’ss found in the human genome. The majority of these have 

modest complementarity with the U1 snRNA with a mean of 6 out of 10 nucleotides. Binding of 

U1i RNAs to sequences with little complementarity is regulated by various ESE and ISE (9). 

Since little homology is required, designing U1i RNAs targeting 5’ss may result in significant 

off-target effects. Looking at the recognition domain of U1-D2 in our study (5’-

CCTTCACCCTG-3’) and comparing it to that of the endogenous U1 snRNA (5’-

TACTTACCTG-3’), there are 7 nucleotides in common (underlined) indicating that there is a 

high potential for off-target effects. The same is true for U1-D3 which also has 7 nucleotides in 

common with WT-U1. In order to avoid potential off-target effects, U1i RNAs designed to 

enhance splicing should target regions upstream of 3’ss as they likely have lower homology to 
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the endogenous U1 snRNA. This is exemplified by U1-T3 and T4 which only have 1 nucleotide 

in common with the endogenous U1 snRNA and U1-T6 which has 3 nucleotides in common. To 

further avoid off-target effects when designing U1i RNAs, sequences should be checked using 

BLAST for potential binding sites in human genes and should not contain nucleotides A, G and 

T at positions 2, 8 and 9, respectively, to avoid targeting cryptic 5’ss (10). Future experiments 

will consist of screening regions downstream of the 3’ss A1, A2, A3, A4, A5 and A7 in the HIV-

1 genome to identify conserved sites that can be safely targeted by U1i RNAs. Newly 

constructed U1i RNAs will be tested for their anti-HIV-1 capacity to identify the most potent 

compounds. Once we have identified several candidate molecules, we will then attempt to 

increase their specificity and perform toxicity studies. 

To potentially increase the specificity of these molecules, we have elongated the 

recognition domain by 6 nucleotides towards the 5’ or 3’ end of the molecule. Surprisingly, 

molecules with 16 nucleotide-long recognition domains had the same antiviral efficacy as 

unmodified molecules. However, whether or not this increases the specificity of these molecules 

has yet to be determined. Abad et al. found that mutating the U1-binding site positions 3 to 8 of 

the targeted transcripts made them resistant to U1i RNA molecules, revealing the critical 

importance of these positions for inhibition (11). However, single point mutations in positions 1, 

2, 9 and 10 were tolerated. Therefore, for molecules with elongated recognition domains, there is 

a potential that the added nucleotides do not contribute to the overall specificity of the molecules 

and that U1i specificity depends on the 8-nucleotide central sequence.  

 Future studies will consist of introducing single and subsequently multiple point 

mutations in the recognition domain of the elongated U1i RNA molecule and determining their 

ability to inhibit HIV-1 replication using the same methods as our study. Furthermore, we will 
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construct elongated U1i RNA molecules with mutations in the SL1 U1-70K recognition domain 

to determine if the inhibition seen when expressing these modified U1i RNAs is mediated by 

antisense mechanisms or is dependent upon proper assembly of these molecules. It would also be 

interesting to create U1i RNAs that have elongated recognition domains towards the 3’ and 5’ 

end of the molecule. After identifying potent and specific anti-HIV-1 U1i RNAs, preliminary 

toxicity studies will consist of testing their ability to induce cellular toxicity by the WST-1 assay 

and to activate innate immune responses. Specifically, the expression of interferon-stimulated 

genes and activation of dsRNA immune sensors will be assessed by Western blotting. While 

costly, microarray studies should be performed to determine if expression of these modified 

molecules alter the levels of human mRNA expression through off-target effects.  

U1i RNAs and Gag Processing 

 The relationship between U1i RNAs that induce excessive splicing of HIV-1 RNA and 

Gag processing is not entirely clear. One possible explanation for the defect in Gag protein 

processing in cells transfected with U1-D2 is that the overproduction of Vif protein inhibits 

proper proteolytic processing of Gag (12). However, this is likely not the case as U1-T6 and U1-

Env which do not increase the production of Vif mRNA also have an impact on Gag processing. 

There is a possibility that particle assembly is affected by the reduced amount of FL mRNA seen 

when cells are transfected with U1-D2, U1-T6 and U1-Env. This seems unlikely as U1-Gag2, 

U1-Rev and U1-Nef also reduce the amount of FL HIV-1 RNA and have no effect on Gag 

processing. Therefore, we think that the defect in Gag processing is due to a failure of Gag to 

assemble and associate with the plasma membrane. This mechanism is likely specific to U1i 

RNAs that induce excessive splicing. We have begun to do immunofluorescent studies staining 

for U1i RNA in transfected cells using antibodies against p24 and co-staining for cellular 

membrane protein in order to demonstrate lack of Gag recruitment, but these studies were 
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inconclusive. Therefore, future experiments will consist of using a cell fractionation kit to isolate 

the cellular membrane of HIV-1 infected cells transfected with U1i RNAs and perform Western 

blots to determine the recruitment of p24. 

Synergistic Potential of U1i RNAs 

The increased inhibition seen when combining two antiviral RNA molecules is very 

desirable in antiviral gene therapy as synergism allows for potent viral inhibition with decreased 

doses of the antiviral molecules. This is therapeutically relevant as shRNAs have been 

characterized to have dose-dependent off-target effects (13). Moreover, high expression of 

antiviral RNAs from strong RNA pol III U6 promoters has resulted in cellular toxicity in 

combinatorial anti-HIV gene therapy clinical trials ran by the City of Hope (14). Therapeutically, 

achieving high inhibition of viral RNA production is essential, as an inhibition of 97.5% of HIV-

1 RNA production would leave twice as many viral RNA copies when compared to an inhibition 

of 98.75%. Because the replication of a few viral particles may be sufficient to sustain viral 

infection in individuals, achieving the strongest inhibition remains a priority (15). One way of 

achieving high viral RNA inhibition is through the expression of antiviral molecules that act 

synergistically. Previously, U1i RNAs have been characterized to have a synergistic antiviral 

effect when co-expressed with another U1i RNA or shRNA targeting the same mRNA transcript. 

However, not all combinations of U1i RNAs and shRNAs result in synergistic inhibition (16). 

Therefore, future studies will consist of co-expressing potent anti-HIV U1i RNAs and shRNAs 

to identify synergistic combinations. Seemingly, these combinations will have to be identified 

empirically as the mechanism of synergistic inhibition obtained when combining shRNAs and 

U1i RNAs has yet to be determined. Since U1i RNAs inhibit viral RNA production at the level 

of the nucleus, it would be interesting to see if there is synergism when co-expressed with other 
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antiviral RNA molecules that target cytoplasmic viral RNA such as ribozymes and aptamer 

RNAs.  

Concluding Remarks 

In summary, there is an emergent international effort aimed at finding a cure for HIV 

infection. A huge concern in almost all cure strategies is the risk to benefit ratio. Delivery of 

cART may not be accessible for many individuals. However, those who do have access and 

adhere to the drug regimen generally have a good prognosis (17). Nonetheless, life-long cART 

has been estimated to cost around 420,000 to 755,000$ while the cost of an autologous bone 

marrow transplant with additional care and treatment has been estimated to costs around 250,000 

to 300,000$ per patient. Furthermore, HSC based gene therapy has been shown to be safe and 

feasible (18,19). Although there are many hurdles that must be addressed, the identification of 

synergistic combinations of antiviral genes is essential for the development of HSC based gene 

therapy to cure HIV. Here we demonstrate that U1i RNA could make a great addition to current 

combinatorial anti-HIV-1 gene therapy and warrant future studies to characterize their specificity 

and potential synergism with other antiviral RNA molecules. 
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