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RÉSUMÉ 

Plus de 30 ans après l'identification du premier patient infecté par le VIH, le SIDA 
est toujours considéré un enjeu majeur de santé publique. La recherche sur ce virus 
nous a aidé à comprendre la pathogénèse du VIH et à développer des thérapies plus 
efficaces pour combattre ce virus. La transcription antisens chez le VIH est un 
phénomène reconnu et il est aujourd'hui supposé qu'une protéine nommée Protéine 
Antisens (ASP) puisse être codée par ces transcrits, une idée supportée par des 
analyses in silico récentes. Dans une étude précédente, nous avions réussi à détecter 
ASP dans plusieurs lignées cellulaires de mammifère par des analyses 
d'immunobuvardage de type Western, de cytométrie en flux et de microscopie 
confocale, et avons démontré que cette protéine induisait l' autophagie, 
potentiellement par le biais de sa multimérisation, tout en améliorant la production 
virale dans les cellules monocytaires. Le but de la présente étude était d'examiner en 
détail le mécanisme par lequel ASP induit !'autophagie, et d'évaluer la susceptibilité 
d' ASP à être dégradée par autophagie à l'aide de marqueurs reconnus, soit p62 et 
LC3. Dans cette étude, nous confirmons que la multimérisation d' ASP potentialise la 
capacité de cette protéine à induire !'autophagie. Nous démontrons également que la 
protéine ASP de la sous-famille (clade) A, étant tronquée de 25 acides aminés dans sa 
partie amino, montre une plus grande abondance de sa forme monomérique et une 
capacité moindre à induire !'autophagie. Grâce à des analyses de microscopie 
confocale, nous avons noté qu' ASP co-localise avec p62 (SQSTMl) et LC3 dans des 
structures cellulaires semblables aux autophagosomes. De plus, des expériences 
d'immunoprécipitation ont confirmé l'interaction entre LC3-II, p62 et ASP. Des 
approches d'immunoprécipitation additionnelles indiquent qu' ASP est ubiquitinée. 
Nous suggérons donc que, bien qu' ASP induise !'autophagie et favorise ainsi la 
réplication du VIH, l'abondance d' ASP est également contrôlée via sa dégradation 
par !'autophagie. Comprendre les mécanismes sous-jacents à la dégradation d' ASP 
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est essentiel à l'évaluation de sa fonction, et aidera à évaluer l'utilisation potentielle 
d' ASP comme cible thérapeutique pour de nouvelles thérapies ou vaccins antiviraux. 

Mots-clés: VIH-1, Protéine antisens, autophagie, LC3-II, p62 



ABSTRACT 

More than 30 years after the first identification of an Acquired Immunodeficiency 
Syndrome (AIDS) patient, HIV/ AIDS is still considered as a major threat to global 
public health. Progressive and intensive research efforts have enhanced the 
understanding of HIV pathogenesis and led to the development of efficient therapies 
to combat this epidemic. Antisense transcription has been demonstrated to occur in 
the context of HIV-1 infection. Furthermore, in silico analyses have yielded support 
for the encoding of the putative HIV-1 Antisense Protein (ASP). We have previously 
detected ASP in various mammalian cell lines by Western blot, flow cytometry and 
confocal microscopy analyses. We have shown that ASP induces autophagy, 
potentially through multimer formation, and that it improved viral production in a 
monocytic cell line. The present work aimed to further understand the mechanism of 
ASP-induced autophagy and to assess the susceptibility of ASP to degradation by 
autophagy. In this study, we first inquired about the mechanism of ASP 
multimerization and expression stemming from different HIV-1 clades. The induction 
of autophagy was evaluated by the detection of increased LC3-II and decreased p62 
(SQSTMl) protein levels, which are two well-known autophagy markers. 
Interestingly, we found that HIV-1 clade A ASP, which lacks the first 25 amino acids 
in the amino end, showed a more stable monomeric form and a lower capacity to 
induce autophagy. Through confocal microscopy, ASP was noted to co-localize with 
p62 and LC3-II in autophagosome-like cellular structures. Co-immunoprecipitation 
experiments further confirmed the interaction between LC3-II, p62 and ASP. Lastly, 
immunoprecipitation experiments demonstrated that ASP was ubiquitinated. We are 
thus suggesting that, although ASP induces autophagy, which impacts HIV-1 
replication, its abundance is also controlled by degradation through autophagy. 
Understanding the mechanisms underlying the degradation of ASP is essential to 
better assess its fonction and eventually determine if it could be a viable target for the 
development of vaccines and antiviral drugs against HIV-1. 
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CHAPTERI 

INTRODUCTION 

1.1 HIV epidemiology 

1.1.1 A brief history of the discovery of HIV 

In 1981, Dr. Michael Gottlieb and collaborators at the University of Califomia 

Los Angeles and the Centers for Disease Control of the United States (CDC) reported 

a novel type of acquired immunodeficiency syndrome (AIDS) with cases of Kaposi's 

sarcoma and Pneumocystis pneumonia among a small number of homosexual men 

(Centers for Disease 1981, Gottlieb, Schroff et al. 1981). In April of 1983, Dr. 

Françoise Barré-Sinoussi and Dr. Luc Montagnier at the Pasteur Institute in Paris 

reported the isolation of a new virus from a patient with AIDS, of which the first 

confirmed report dated back to 1959 (Nahmias, Weiss et al. 1986). The Pasteur 

Institute group named the agent "lymphadenopathy virus" (LA V) (Barre-Sinoussi, 

Chermann et al. 1983). In addition, Dr. Robert Gallo's team at National Institutes of 

Health of the United States independently published that a virus was the cause of 

AIDS, and the virus was then termed Human T-cell leukemia virus III (HTL V-Ill) 

(Gallo, Sarin et al. 1983, Popovic, Read-Connole et al. 1984). Three years later, 

Coffin and colleagues officially coined the virus as the Human immunodeficiency 

virus (HIV) (Coffin, Haase et al. 1986). 
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After the identification of AIDS in human, simian AIDS was reported in captive 

colonies of Asian rhesus macaques in USA primate centers (Henrickson, Maul et al. 

1983) (Letvin, Aldrich et al. 1983). A related lentivirus, simian immunodeficiency 

virus (SIV) was then identified (Daniel, Letvin et al. 1985). Subsequently, the 

lymphadenopathy-associated virus type 2, now known as human immunodeficiency 

virus type 2 (HIV-2), was isolated and identified from sera of Senegalese sex workers 

(Barin, M'Boup et al. 1985) and West African AIDS patients from Guinea-Bissau and 

Cape Verde (Clavel, Guetard et al. 1986). 

1.1.2 The HIV epidemic 

According to the W orld Health Organization, more than 30 years after the first 

report of an AIDS patient, it is estimated that about 76.1 million people have been 

infected with HIV virus and that more than 35 million people have <lied of HIV, 

worldwide. HIV/ AIDS thus is still considered one of the major threats in global 

public health. Based on the latest statistics, 36. 7 million people (including 2.1 million 

children under the age of 15) were living with HIV at the end of 2016, with a global 

HIV prevalence of 0.8% among adults aged 15--49 years (Figure 1.1 ). Furthermore, in 

2016 alone, 1.8 million people (including 160,000 children under age 15) accounted 

for global new infections with HIV, nearly 5,000 individuals per day- and 1 million 

patients <lied from AIDS-related illnesses. Sub-Saharan Africa still comprises the 

most severely affected area, with approximately 4.2% of adults living with HIV, and 

accounting for about 70% of the HIV carriers worldwide 

(http://apps.who.int/gho/data/node.main.620?lang=en). The main transmission routes 
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of HIV in human includes transfusion of HIV-infected blood and tissues, unprotected 

sexual intercourse, sharing of HIV contaminated needles, and mother-to-children 

transmission. 

Estlmatecl number of people llvlng wlth HIV, 2011 
--~~~~~~---~~- ~ --~---~~~~~~--
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Figure 1.1 Distribution and estimated population of people ( all ages) living with HIV-1, 

2016, WHO. 

Sub-Saharan Africa and South-East Asia still comprises the most severely affected area, 

accounting for about 80% of the HIV carriers worldwide Adapted from 

http://apps.who.int/gho/data/node.main.620?lang=en). 

1.2AIDS 

- ---- -- -~---- --- -- - ·- - -- ·----
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The course of HIV infection is divided into three phases: acute HIV syndrome, 

clinical latency, and clinical AIDS (Figure 1.2) (Pantaleo, Graziosi et al. 1993) 

(McMichael, Borrow et al. 2010). After an acute infection, the number of CD4+ 

T-cells is diminished from one week to three months. Patients are accompanied by an 

initial viremia and manifest flu-like syndromes, until HIV induces a massive 

HIV -specific CD8+ T-cell response and contributes to the control of HIV (Ndhlovu, 

Kamya et al. 2015). By the end of this phase, CD4+ T-cells are restored, while HIV is 

cleared through HIV-specific immunity from three to six months after acute infection. 

Following that, there is a phase of clinical latency, which may last from nine months 

to ten years. During latency, HIV replicates at low-level and is detectable by routine 

enzyme-linked immunosorbent assay (ELISA) of plasma viral particles and 

polymerase chain reaction (PCR) of HIV proviral DNA. HIV infects cells of the host 

immune system, of which CD4+ T-cells are the most targeted, but also macrophages 

and dendritic cells. In the final stage of AIDS, viral load rises as the number of CD4+ 

T-cells declines rapidly to a minimal level, until the physiological capacity of the 

immune system is destroyed. As a result, patients can develop 

life-threatening diseases including AIDS-related malignancies (like Kaposi's Sarcoma 

and AIDS-related lymphoma), opportunistic infections (like Pneumocystis carinii 

pneumonia and Mycobacterium tuberculosis) and neurologie complications (like 

Aseptic Meningitis and Subacute Encephalitis) (Ndhlovu, Kamya et al. 2015) 

(Boniphace, 2011 ). 
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General clinical signs and symptoms are shown from acquisition of the infection to the 

development of AIDS and death. After acute infection, the number of CD4+ T-cells 

(blue line) is diminished from one week to three months while viral RNA level (Red 

line) dramatically increases. CD4+ T-cell number are then restored while HIV is 

cleared (viral RNA drops) through HIV-specific immunity from three to six months 

after acute infection, which is followed by a clinical latency phase. In the AIDS stage, 

the viral load rises as the number of CD4+ T-cells declines rapidly to a minimal level. 

Adapted from (Lewis 2014). 

~ ·---··---------··· --- ---- -~----------------- -------------··-------·-·-----·· 



1.3 Characteristics of HIV 

1.3.1 HIV origins 
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Both HIV-1 and HIV-2 originated from Simian immunodeficiency virus (SIV) 

(Figure 1.3) (Gao, Yue et al. 1992, Gao, Bail es et al. 1999, Sharp and Hahn 2011). 

HIV-1 is most closely related to SIV cpz ( chimpanzee ). SIV s isolated from the 

chimpanzee Pan troglodytes (P. t. troglodytes) subspecies are believed to be the 

simian virus from which HIV -1 originates, since chimpanzee hunters or butchers 

were found to be infected with SIV in sub-Saharan Africa (Sharp and Hahn 2010) 

(Gao, Bailes et al. 1999). The same viral characteristics (including its genome) were 

conserved in this new host with a typically shared unique Vpu-coding sequence 

(Courgnaud, Salemi et al. 2002). Furthermore, field studies suggested that the 

pandemic HIV -1 group M ("Main" group, introduced later) virus originated in P. t. 

troglodytes populations in southeastem Cameroon, in an area bounded by the 

Boumba, Ngoko, and Sangha Rivers (Keele, Van Heuverswyn et al. 2006, Van 

Heuverswyn and Peeters 2007). Roques et al. reported evidence of a single zoonotic 

transfer event of SIV cpz to human within all monophyletic group N viruses, showing 

that the viruses displayed the same recombinant structure (Roques, Robertson et al. 

2004). The origins of HIV-1 group 0 (outlier) and P were shown to be related to SIV 

strains discovered in West African lowland gorillas (Bush and Tebit 2015, D'Arc, 

Ayouba et al. 2015). Moreover, the origins of SIVcpz have been definitively traced 

back to two different SIV: SIVrcm (red-capped mangabey, Cerco- cebus torquatus) 

and SIV gsn (greater spot-nosed monkeys, Ceropithecus nictitans) (Bailes, Gao et al. 
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2003). It is still unknown whether groups 0 and P SIV cpz were directly transmitted to 

human from chimpanzee or from gorilla. 

HIV-2 is closely related to sooty mangabey SIV (SIVsm). HIV-2 is thus a virus 

whose etiology dates to a transmission event independent from that of HIV-1. HIV -2 

and SIV sm share commonalities in their genomic attributes (Chen, Luckay et al. 1997). 

Furthermore, SIVsm geographically distributes at the HIV-2 epidemic center (Hirsch, 

Olmsted et al. 1989). Importantly, HIV-2 is less infectious and has lower mortality 

rates in human than HIV-1 (Campbell-Yesufu and Gandhi 2011). 

~ 

~ 
lineage ( sIVsun 

HIV-2/SIVsm 
lineage 

0.1 

SIVcol 
lineage 
---....: 

SIVmnd-1 

Figure 1.3 Evolutionary relationship of HIV and SIV as determined by partial 

- ------- ·---·---· ----~~--- ------··-···-



8 

characterization of pol sequences (in ellipses) 

As shown in this figure, HIV-1 is more related to SIVcpz. HIV-2 is closer to SIVsm. 

Adapted from http://www.hiv.lanl.gov. 

1.3.2 Classification 

HIV (HIV-1 and HIV-2) and SIV are classified into the genus of Lentivirus, 

belonging to the family of Retroviridae, subfamily Orthoretrovirinae. Retroviruses 

harbor a unique enzyme, named reverse transcriptase, which allows viral RNA to be 

transcribed into viral DNA. Viral DNA then integrated into the host chromosomal 

DNA as part of the viral life cycle. As shown in figure 1.4, retroviruses are grouped 

into two major classes: simple and complex retroviruses. The former mainly encodes 

Gag, Pro, Pol, and Env proteins, while the latter encodes regulatory and accessary 

proteins in addition to main structural proteins (Weiss 2006). HIV-1 and HIV-2 are 

Lentiviruses within the complex retroviruses. 

· I 
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Figure 1.4 Retrovirus genera. 
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Lentiviruses include HIV-1, HIV-2, SIVmac, FIV, MVV and EIAV. Delta-retroviruses 

include Human T-cell leukemia virus type 1 (HTLV-1), HTLV-2 and others. Classes of 

retrovirus labelled with an asterisk contain endogenous viral elements found in animal 

genomes. Adapted from (Weiss 2006) 

HIV-1 is further subdivided into four phylogenetic groups: groups M (main), 0 

( outlier) (Simon, Mauclere et al. 1998), N (non-M, non-0, also known as the "new" 

group ), and P (pending the identification of further human cases) (Plantier, Leoz et al. 

2009, Vallari, Holzmayer et al. 2011) (Figure 1.5). More than 90% of the worldwide 

HIV-1 pandemic is comprised of group M isolates. HIV-1 group M viroses are 

classified into subtypes (also known as clades) A, B, C, D, F, G, H, J, and K. 

Moreover, on the basis of phylogenetic analysis, 90 circulating recombinant forms 

- ----------·- - -··--·- --·-·· ··-- ···--
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(CRF), derived from recombination between different M subtypes (Robertson, 

Anderson et al. 2000, Tongo, Dorfman et al. 2015), have been reported to date 

(https://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html). These viroses 

account for approximately 20% of group M (Ward, Lycett et al. 2013). Based on 

recent development and characterization of new CRFs, HIV-1 subtype B 

(recombinant forms containing at least the env gene of subtype B) has become the 

most predominant strain with 60.1 % infection (Lau and Wong 2013). HIV-2 has been 

divided into eight known subgroups (A-H), with groups A and B being significant 

actors of the pandemic (German Advisory Committee Blood 2016) (Figure 1.5). 

SIVtal syk 

SIVcol mon mus gsn 

deb 

SIVmnd-1 

lho wrc 
sun 

mnd-2 drl 

agm 

smm 

At A2A3 

cpz 

~ 
F 
H,C 

D,G 

Figure 1.5 Phylogenetic tree of HIV and SIV illustrating their subtypes based on the 

analysis of the pol region ofLentiviruses. Adapted from (German Advisory Committee 

Blood 2016) 



1.3 .3 Genomic and structural composition of HIV-1 

1.3 .3 .1 HIV genome 
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The HIV genome is composed of two copies of single-stranded RNAs, which 

form a non-covalent RNA <limer and are packaged into the conical capsid core of the 

viral particle. The HIV proviral DNA genome is around 9. 7kb in length, and is 

synthesized by reverse transcription from the RNA genome. As shown in figure 1.6, 

the HIV genome encodes nine genes: gag, pol and env, common to all 

replication-competent retroviruses; genes encoding regulatory proteins: Tat 

(transactivator protein) and Rev (RNA splicing-regulator), which are crucial for virus 

repli cation; and accessory protein-encoding genes, including Vpu (virus protein u, 

Vpx in HIV-2), Vpr (virus protein r), Vif, and Nef (negative regulating factor) (Frankel 

and Young 1998, Fields, Knipe et al. 2007, German Advisory Committee Blood 

2016). In addition, it contains a tenth gene, asp, which encodes the antisense protein 

(ASP) (Torresilla, Mesnard et al. 2014, Barbeau and Mesnard 2015, Cassan, 

Arigon-Chifolleau et al. 2016) (See section 1.6. ). Both ends of the pro viral genome 

contain two untranslated regions (UTR) with long terminal repeat sequences (LTR), 

5'-LTR and 3'-LTR, respectively. These LTRs are composed ofthree identical regions: 

U3 (unique 3' end), R (repeated) and U5 (unique 5' end), involved in viral reverse 

transcription and integration of proviral DNA. Moreover, the 5' LTR harbors 

functional regions, such as TAR (transactivation region element), PBS (the primer 

binding site), DIS (the dimerization signal), and the 'V region (the packaging signal) 

(Fields, Knipe et al. 2007). Next to the 5'LTR, the gag gene encodes the Gag 

precursor protein, which is then processed into proteins of the outer core membrane 
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(MA, p 17), the capsid protein (CA, p24 ), the nucleocapsid (NC, p7) and a smaller, 

nucleic acid-stabilizing protein. The neighboring pol gene encodes the polymerase 

enzyme and is also a precursor for the enzymes protease (PR, p 12), reverse 

transcriptase (RT, p51) RNase H (p15), or/and integrase (IN, p32). Lastly, the env 

gene encodes a glycoprotein precursor of the two envelope glycoproteins gp120 

(surface protein, SU) and gp41 (transmembrane protein, TM). 

-5'LTR gag l •••••••• ~ ~- ~  ~ 1 

diïi -3'LTR 189aa 

Figure 1.5 The HIV-1 genome. 

The 9 "sense genes" are expressed from unspliced or altematively spliced transcripts. 

The HIV-1 asp gene is found in the antisense strand, overlapping with the env gene. 

1.3.3.2 HIV-1 structure 

Similar to other retroviruses, mature individual HIV-1 virions are spherical in 

shape, with a diameter of about 1 Oünrn. Pang et al. reported that the mean diameter of 

a single HIV-1 virion is 154nm (Pang, Song et al. 2014). As shown in figure 1.7, 

mature HIV-1 virions are coated with lipid bilayer membrane derived from host cells 

during budding. The viral trimeric envelopes (glycoprotein gp120/gp41) form spikes, 

which are embedded within the lipid membrane, surrounding a thin layer formed by 
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the mature MA protein, also tethered to the viral envelope. The CA protein forms a 

conical core, packaging two identical copies of viral genomic RNA, which binds NC, 

and several molecules of the viral enzymes RT and IN. Moreover, PR, Vif, Vpr, and 

Nef are also present in virus particles (Pomillos and Ganser-Pomillos 2013). 

Matrix 
--.,, ) (p17. MA) 

Viral RNA \ \ll:;L n 0 c:T A -k:;J f 
genome 

W. Vpt, Nef m p7 Protease (p11 • PR) 

Figure 1.6 Schematic diagram of the HIV-1 virion. 

Spherical HIV-1 particles package two copies of genome RNA, bound with NC, RT 

and IN within the CA core. The viral trimeric envelopes (glycoprotein gpl20/gp41) 

form spikes, which are embedded within the lipid membrane, surrounding a thin layer 

formed by the mature MA protein, also tethered to the viral envelope. PR, Vif, Vpr and 

Nef are also packaged in the virion. Adapted from (Robinson 2002) 

-----·----··--··-----·-----··--- ---------- - --- -- --~- -----~ ------- -
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1.3 .4 HIV-1 repli cation 

HIV-1 life cycle can be divided into two stages: early and late. The early stage is 

subdivided into different steps: attachment, fusion, uncoating, reverse transcription 

(RT), nuclear import, and integration. The late stage includes transcription, nuclear 

export, translation, assembly, budding, release, and maturation (Freed 2001) 

(Engelman and Cherepanov 2012). To accomplish its replication, HIV-1 recruits 

multiple host factors to hijack their function in favor of essential processes. When 

proviral DNA is integrated into the host chromosome, viral replication can also be 

halted in the memory subset of resting CD4+ T cells, allowing the establishment of 

virus reserv01rs, with ensuing clinical latency (Figure 1.8) (Siliciano, 

201 l)(Engelman and Cherepanov 2012). 

- - - - ------- ---- --- ---- ----
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Figure 1. 7 Schematic overview of the HIV-1 life cycle. 

The early stage starts with the attachmentQ), when Env interacts with the CD4 

receptor and the co-receptor CCR5 or CXCR4, triggering fusion @of the viral and 

cellular membranes. Subsequently, the viral particle enter the target cell and the core 

shell undergoes uncoating@. Reverse transcription © ensues and leads to the 

formation of the pre-integration complex (PIC). The PIC enters the nucleus® through 

the microtubule network, following by integration of the proviral DNA into the host 

genome with the help of the tetrameric IN@. Proviral DNA is next transcribed into 

viral mRNA by cellular RNAPol II (j). After splicing, different sizes of viral mRNAs 

are exported from the nucleus@. mRNAs are translated into viral proteins ®, and 

full-length viral RNA with its associated protein is assembled into viral particles @). 

Viral-particle budding (11) and release (12) and protease-mediated maturation (13) 

produce infectious viral particles. As illustrated in the figures, each step in the HIV-1 
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life cycle is a potential target for antiviral drugs (also see sectionl.5 and Table 1.1 ). 

Adapted from (Engelman and Cherepanov 2012). 

1.3.4.1 The early stage 

1.3.4.1.1 Attachment, fusion and entry 

HIV-1 infection starts with attachment, through the recognition of a mature 

HIV -1 virion to the target cell by its interaction with specific attachment factors on 

the cell surface. Due to the observed decrease in the CD4+ T-cell counts of AIDS 

patients, CD4 antigen was the first identified receptor, which mediates initial binding 

of the gp120 Env subunit (Dalgleish, Beverley et al. 1984, Klatzmann, Champagne et 

al. 1984, McDougal, Kennedy et al. 1986, Silberman, Goldman et al. 1991 ). HIV-1 

strains present different tropisms, having been divided based on their capacity to 

infect either T lymphocytes (T-tropic) or macrophages (M-tropic). The seven 

transmembrane domains of the chemokine receptors CXCR4 (a-chemokine receptor, 

C-X-C chemokine receptor type 4, fusin) (Deng, Liu et al. 1996) and CCR5 

~-  receptor, C-C chemokine receptor type 5) (Doranz, Rucker et al. 1996) 

are co-receptors that specifically confer T-and M- tropism respectively during the 

entry step. Depending on the co-receptor usage, M-tropic and T-tropic HIV-1 viruses 

have thereby been designated as R5 and X4 strains. Moreover, dual-tropic viruses are 

named R5/X4 as they use either CCR5 or CXCR4 for entry (Berger, Doms et al. 

1998). In this infection step, many other chemokines such as CCR3 (C-C chemokine 

receptor type 3) (Choe, Farzan et al. 1996), CCR2b (C-C chemokine receptor type 2b) 

(Doranz, Rucker et al. 1996), CCR8 (C-C chemokine receptor type 8), 

-------- ··-- - .. -~ - ------------------- -
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Bonzo/STRL-33/TYMSTR, BOB/GPRl 5 (Farzan, Choe et al. 1997) and GPRl 

(Loetscher, Amara et al. 1997) may also fonction as co-receptors for HIV /SIV. 

Recently, chemokine receptors CCR6 (C-C chemokine receptor type 6) (Islam, 

Shimizu et al. 2013) and CXCR6 (C-X-C chemokine receptor type 6) (Wetzel, Yi et 

al. 2017) have been added to this list of potential co-receptors for HIV /SIV and SIV, 

respectively. 

Binding to the target cell initiates the interaction of the HIV-1 Env and CD4 

receptors. Subsequently, the virus docks on the target cell and fuses with the cell 

membrane, allowing its entry and the release of viral core into the cytoplasm (Figure 

1.9) (Wilen, Tilton et al. 2012, Brandenberg, Magnus et al. 2015). In essence, the 

fusion of both viral and target cellular membranes is triggered by formation of a 

tri-molecular complex between gp120, CD4 and a co-receptor (CXCR4 or CCR5), 

and a series of conformational changes of Env subunits (Engelman and Cherepanov 

2012). The CD4 receptor binds gp120 through the CD4-binding site (CD4-BS2) in 

the inner domain of a neighboring gp 120 promoter. As expected, mutation of CD4 

residues interacting with CD4-BS2 can diminish HIV-1 infectivity (Liu, Acharya et al. 

2017). Either CCR5 or CXCR4 is recognized by and interacts with gp120 through its 

V3 loop fragment (Tamamis and Floudas 2014). Furthermore, a cholesterol-rich 

microenvironment is necessary for the interaction of CD4 and CCR5 induced by HIV 

gp120 (Yi, Fang et al. 2006). The attachment and entry stages have led to the 

development of many well-known antiviral drugs, such as fusion inhibitors and 

CCR5 inhibitors (Figurel.8 and Table 1) (Altmeyer 2004). For example, a recently 

published mimic peptide of the membrane-proximal region (MPR, aa 22-38) of 



CCR5 can inhibit HIV-1 infectivity (Tan, Tong et al. 2017). 
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Figure 1.8 HIV-1 entry. 
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The gp 120 subunits on the viral membrane recognize CD4 on the cell membrane and 

subsequently bind to coreceptors (either CCR5 or CXCR4) through the V3 loop. This 

binding triggers the insertion of gp41 into the host membrane and formation of the 

six-helix bundle, resulting in the membrane fusion and viral core deposition. Adapted 

from (Wilen, Tilton et al. 2012) 

1.3.4.1.2 Uncoating and reverse transcription 

Following entry, HIV-1 undergoes the highly regulated multistep process of 

uncoating to release the viral core into the cytoplasm of the newly infected cell, in 

which the process is still poorly understood. The viral core contains the viral RNA 

genome and associated proteins, including NC, RT, and IN. Uncoating starts with 

core opening and decapsidation at or near the nuclear pore (Arhel, Souquere-Besse et 

al. 2007, Rasaiyaah, Tan et al. 2013). Uncoating involves many host factors, such as 

cyclophilin A (CypA) (Kuang, Liu et al. 2015, Liu, Perilla et al. 2016), Transportin 3 
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(TNP03) (Brass, Dykxhoom et al. 2008, Konig, Zhou et al. 2008) and Cleavage and 

polyadenylation specificity factor 6 (CPSF6) (Price, Fletcher et al. 2012) (Figure 

1.10). CypA blocks premature uncoating by interacting with CA and involving 

TNP03, CPSF6 and NUPs, such as NUP358, NUP98, and NUPl 53 (Di Nunzio, 

Fricke et al. 2013, Matreyek, Yucel et al. 2013) to allow safe passage of viral core 

through the cytoplasm, proper uncoating and subsequent nuclear import of PICs 

through nuclear pores (Figure 1.1 OA). Other host factors, like TRIM5a. and Mx2, 

restrict HIV-1 infectivity through disruption of the CA core structure to accelerate 

uncoating (Stremlau, Perron et al. 2006, Black and Aiken 2010, Ganser-Pomillos, 

Chandrasekaran et al. 2011) or binding with CA in higher order oligomers (with Mx2) 

leading to inhibition of the uncoating process (Goujon, Moncorge et al. 2013, Kane, 

Yadav et al. 2013, Liu, Pan et al. 2013) (Bulli, Apolonia et al. 2016, Kong, Ma et al. 

2016). In addition, CypA mediates both restriction of TRIM5a. and Mx2 (Liu, Pan et 

al. 2013, Burse, Shi et al. 2017). 

- - - -~-----------
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(A) The viral core is stripped from its CA monomers by CypA to support the viral 

genome DNA nuclear entry. The entry process involves the association of CA with 

TNP03, CPSF6, NUP153 and NUP358 (Also mentioned in section 1.3.4.1.3). (B) CA 

mutants, CypA depletion, and CPSF6 depletion activate premature uncoating before 

nuclear entry. The host factor MX2 also blocks the viral DNA nuclear entry. (C) The 

nonhuman primate restriction factors, rhTRIM5a and TRIMCyp promote premature 

uncoating, which down-regulates reverse transcription and results in limited nuclear 

import of viral DNA. Adapted from (Ambrose and Aiken 2014) 

Reverse transcription (RT) starts in the virion during the disassembly of HIV 

virion. After viral entry, RT occurs within the reverse transcription complex (RTC), 

-~-~- ·--- - - - - ·- - -
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allowing the transitions of RTC into the pre-integration complex (PIC) preceding its 

entrance in the nucleus (Iordanskiy and Bukrinsky 2007). RTC contains the RT, 

protease, IN, MA, CA, NC, Vif, Tat, Nef, Vpr, and host factors (Li and De Clercq 

2016). RTC formation triggers uncoating through augmentation of the intemal 

pressure of the CA core, as determined by time-lapse atomic force microscopy (Arhel 

201 O)(Rankovic, V aradarajan et al. 2017). Within the RTC, the conversion of the 

viral genomic RNA into double stranded viral DNA is completed by the reverse 

transcriptase (Hu and Hughes 2012). HIV-1 RT is a heterodimer composed of p51 

and p66 subunits cleaved from a Gag-Pol polyprotein by PR. The p66 subunit 

contains domains responsible for polymerase and ribonuclease (RNase) H activities 

and plays a catalytic role. The p51 subunit, derived from p66 lacking the C-terminal 

15-kDa ribonuclease H region, plays a structural role (Dufour, El Dirani-Diab et al. 

1998) (Hu and Hughes 2012). Reverse transcription starts with host cell tRNALys3 

containing a 18-nucleotide segment binding to the primer binding site (PBS) region 

near the 5' end of the RNA genome, and then synthesizes of the(-) DNA strand up to 

the 5' end of the RNA genome. Next, the RNA portion of the RNA-DNA hybrid 

product is hydrolyzed by the RNase H activity of RT, leading to the(-) strand strong 

stop DNA (ssDNA). Following transfer to the 3' end of the ssRNA genome, (-) 

ssDNA binds the R region at the 3' end of the ssRNA genome through its 

complementary sequence and elongation of the (-) DNA strand then ensues up to the 

PBS region of the 5 '-end of the RNA genome. RNase H cleaves the RNA template at 

multiple sites, leaving two specific polypurine tract sequences (central PPT also 

called cPPT, 3' PPT) as a result of their resistance to RNase H cleavage. 

Subsequently, using PPTs as primers, (+)DNA strand synthesis initiates and 

----- - --- ---- - -
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generates upstream (U+, from the 3' PPT) and downstream (D+, from the cPPT) 

termini. RNase H activity ofRT removes PPTs and tRNA freeing the(+) strand DNA 

from the PBS sequence and allowing its annealing to the PBS region on the (-) strand 

DNA. Ultimately, the RT completes the displacement of both strands and final 

synthesis of the viral DNA flanked by LTRs at both ends (Hu and Hughes 2012) 

(Figure 1. 11 ). 
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Figure 1.11 The mechanism of HIV-1 Reverse transcription. 
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Initiation of 
( - )strand DNA synthesis 

( - )strnnd DNA transfer 

(- )strand DNA synthesis 

RNaseH cleavage 
and PPT selection 

( + )strand synthesis 
and rcmo\lal of tRNA and PPT 

( + )strand transfor 
bidirectional DNA .synthe-sis 

Firstly, the(-) strand DNA (blue) synthesis initiates using host tRNALys3 as a primer 

and starts from the PBS near the 5 ' end of the genome (orange). Next, the(-) strand 

strong stop DNA (ssDNA) is synthesized. And the RNA portion of the RNA&DNA 

hybrid product is hydrolyzed and cleaved by the RNase H function ofRT at numerous 

points. F ollowing, the central PPT and 3 'PPT are selected as primers for ( +) strand 

DNA synthesis (green). Sequentially, RNase H removes tRNA and PPTs, allowing the 
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PBS of the ( +) strand DNA anneals to the PBS on the (-) strand DNA and bidirectional 

DNA synthesis with LTRs at both ends. Adapted from (Esposito, Corona et al. 2012) 

Many host factors are involved during reverse transcription (Warren, Warrilow 

et al. 2009). APOBEC3G (apolipoprotein B mRNA-editing enzyme, catalytic 

polypeptide-like 30, also known as CEMl 5) was first reported to inhibit HIV-1 

infectivity and to be degraded through the ubiquitination proteasome pathway 

triggered by HIV-1 Vif (Mariani, Chen et al. 2003, Sheehy, Gaddis et al. 2003). 

Subsequent studies indicated that APOBEC3G could restrict elongation of reverse 

transcription (Bishop, Verma et al. 2008). Another host factor, SAM Domain and HD 

Domain-Containing Protein 1 (SAMHD 1) has been shown to inhibit HIV-1 

replication at the RT step (Hrecka, Hao et al. 2011, Laguette, Sobhian et al. 2011) 

(Descours, Cribier et al. 2012) (Figure 1.8 and 1.15). Recently, Rocha et al. reported 

that the tetraspanin CD81 associated with SAMHD 1 enhances reverse transcription 

by increasing the cellular deoxynucleotide ( dNTP) content in HIV-1-infected cells 

(Rocha-Perugini, Suarez et al. 2017). During reverse transcription, synthesized viral 

DNA strands switch frequently between the two copies of viral RNA templates (Hu, 

Rhodes et al. 2003). This contributes to the high rates of HIV-1 mutations, anti-HIV 

drug resistance and formation of HIV recombinants, which further influences HIV-1 

diversities (see section 1.3.2) (Delviks-Frankenberry, Galli et al. 2011). 
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1.3.4.1.3 The PIC Nuclear import 

As mentioned above, the matured reverse transcription complex (RTC) transits 

into a pre-integration complex (PIC) for its nucleus import through the microtubule 

network (Iordanskiy and Bukrinsky 2007). The PIC contains the viral double-strand 

DNA and viral proteins (NC, MA, Vpr, IN). Moreover, PIC recruits several host 

factors, such as CypA, the lens epithelium-derived growth factor p75 (LEDGF/p75) 

(Cherepanov, Maertens et al. 2003), TNP03 (also called transportin-SR2) (Christ, 

Thys et al. 2008), CPSF6 (Cleavage and polyadenylation specificity factor subunit 6), 

NUP358, NUP98 and NUP153 to ascertain proper transfer through the nuclear pores 

(Di Nunzio, Fricke et al. 2013, Matreyek, Yucel et al. 2013). Because the size of the 

PIC (30 nm) is larger than the nuclear pore (around 12-20 nm), PIC nuclear import is 

a highly dynamic and regulated process. CypA interacts with CA and delays PIC 

docking at the nuclear membrane as well as transport through the nuclear pore 

(Burdick, Delviks-Frankenberry et al. 2017). The interaction of CA and CPSF6 is 

crucial for PIC nuclear entry: a CA mutant with weakened interaction leads to limited 

nuclear import and reduction of HIV-1 repli cation (Saito, Henning et al. 2016). IN 

contains a nuclear localization signal (NLS) and interacts with LEDGF/p75. This 

interaction improves oligomerization of IN in the nucleus during nuclear import and 

integration, as the number of IN molecules reduces within PIC (Cherepanov, 

Maertens et al. 2003, Borrenberghs, Dirix et al. 2016). A study also showed that 

TNP03 improves HIV-1 PIC nuclear import through binding PIC-associated IN 

(Christ, Thys et al. 2008, Tsirkone, Blokken et al. 2017). Additionally, the nuclear 

l 
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entry is also a target for host restriction through the binding of Mx2 to CA mediated 

by CypA (Liu, Pan et al. 2013). 

1.3.4.1.4 Integration step 

After PIC enters the nucleus, the viral DNA is covalently inserted into the host 

chromosomal genome by the enzymatic activity of the tetrameric viral IN. This is an 

irreversible step resulting in permanent infection and latency, thereby contributing to 

the establishment of the viral reservoir. HIV-1 integration takes place at the nuclear 

periphery, where IN and essential cellular factors, the inner nuclear basket protein 

Nupl53and LEDGF/p75 are recruited. Nupl53 and LEDGF/p75 factors are involved 

in the selection of the sites of integration (Marini, Kertesz-Farkas et al. 2015). 

Through IN activity, two nucleotides are removed from each 3' end of the viral DNA, 

forming sticky ends and allowing its transfer to the host transcriptionally active genes, 

also called HIV recurrent integration genes (RIGs). The 3' ends of viral DNA then 

binds to the 5' end of host DNA via the phosphodiester bonds. After hydrolyzation of 

the two nucleosides at the 5' ends of the viral DNA, IN and the cellular DNA repair 

enzymes fill the single strand gap between viral DNA and host DNA to complete the 

integration process (Krishnan and Engelman 2012). Unintegrated linear HIV-1 cDNA 

are degraded and /or circularized by the host DNA repair system, which generates 

HIV -1 cDNA circles containing one or two L TRs. These cDNA circles are the 

general markers of integration efficiency (Butler, Johnson et al. 2002). A study has 

recently suggested that LEDGF/p75 can prevent unintegrated 3' processed linear 

HIV-1 cDNA from exonucleolytic degradation (Bueno, Reyes et al. 2017). HIV-1 NC 
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and Rev are also known to participate in the regulation of integration by joining the 

two viral DNA ends (Butler, Johnson et al. 2002). The integrated HIV DNA is called 

proviral DNA, which is replicated along with host cellular DNA during cell cycles, 

and serves as the template for transcription (Craigie and Bushman 2012). 

1.3.4.2 The late stage 

1.3.4.2.1 Transcription 

After integration in the host genome, HIV -1 proviral DNA is transcribed into 

viral mRNA by cellular RNA polymerase II (RNAP II). HIV transcription has two 

phases. In the initial phases, basal transcription is Tat-independent, while most of its 

transcription eventually becomes Tat-dependent (Van Lint, Bouchat et al. 2013). 

Tat-independent transcription is poorly efficient (limited to non-polyadenylated 

50-nucleotides long viral RNAs and occasional full-length transcripts), stimulated by 

the viral DNA motif called inducer of short transcripts (IST) (Rampalli, Kulkami et al. 

2003). Basal transcription involves many transcription factors, such as the Nuclear 

Factor NF-KB, Spl (specificity protein 1), - ~ (CCAAT/enhancer-binding 

protein beta), NFAT (Nuclear factor of activated T-cells), ATF/CREB (a group of 

transcription factors, consisting of different ATFs (Activating transcription factors)), 

and LEF-1 (Lymphoid enhancer-binding factor 1), binding to the promoter region and 

resulting in chromatin decondensation within the L TR (Rabson and Lin 2000, Kam 

and Stoltzfus 2012). In CD4+ T-cells, cytoplasmic activated NF AT shuttles to the 

nucleus and then interacts with the HIV-1 enhancer containing the NF-KB binding 

sites. This interaction  promotes chromatin  remodeling by recruitment of 
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transcriptional coactivators, like CBP and p300 (Cron, Bartz et al. 2000, Barbeau, 

Robichaud et al. 2001 ). Moreover, AP-1 cooperates with NF AT through binding to 

the three binding sites within the 5'LTR, and activates HIV-1 transcription via the 

NF-xB/NFAT binding sites (Van Lint, Amella et al. 1997). The transcription factor 

PKM2 (pyruvate kinase isoform M2) has also recently been shown to activate HIV-1 

expression in latently infected macrophages (Sen, Deshmane et al. 2017). 

As mentioned above, the various L TR regions (U3, R and U 5) are crucial for 

viral transcription. The transactivator protein Tat binds to the upper stem and U-rich 

bulge region of the T AR (Tat-responsive element, a structured element in the nascent 

viral RNA) to stimulate hyperphosphorylation of RNAP II, leading to the activation 

of progressive viral transcription (Dingwall, Emberg et al. 1990, Deng, Ammosova et 

al. 2002). HIV Tat also recruits various cellular factors, such as p-TEFb (positive 

transcription elongation factor, an essential cellular elongation transcription factor) 

and PCAF (P300/CBP-associated factor, also known as K(lysine) acetyltransferase 

2B (KA T2B)). Tat interacts with the positive transcription elongation complex 

(CDK9 bound with P-TEFb and its component cyclin Tl), leading to their binding to 

the TAR RNA and triggering the phosphorylation of the C-terminal domain of RNA 

pol IL This complex results in enhanced elongation and transcriptional activity by 

more than 100-fold (Mancebo, Lee et al. 1997, Zhu, Pe'ery et al. 1997). 

Lopez-Huertas et al. further revealed that another cellular transcription regulator 

PKCe (protein serine/threonine kinase C theta) is essential for HIV-1 replication. It 

exists in the same complex of Tat and the region containing TAR within the HIV-1 
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L TR promoter, thereby contributing to the activation of HIV-1 sense transcription 

(Lopez-Huertas, Mateos et al. 2011, Lopez-Huertas, Li et al. 2016). 

1.3.4.2.2 Molecular mechanism ofHIV-1 latency 

HIV-1 latency is thought to mainly depend on a block at the transcriptional level, 

although mechanisms responsible for HIV -1 latency in vivo are still under studies 

(Bisgrove, Lewinski et al. 2005, Colin and Van Lint 2009, Trono, Van Lint et al. 

2010, Battistini and Sgarbanti 2014). Latency may also occur at posttranscriptional 

level (i.e. inhibition of nuclear RNA export and inhibition of HIV-1 translation by 

microRNAs) (Battistini and Sgarbanti 2014). The following mechanisms contribute 

to latency and are detailed below (Figure 1.12) (Karn 2011, Abbas and Herbein 2012, 

V an Lint, Bouchat et al. 2013, Margo lis, Garcia et al. 2016, Darcis, Van Driessche et 

al. 2017, Lee, Choi et al. 2018): 

1) Viral integration into introns of highly expressed genes can block promoter activity 

through enhancer trapping, promoter occlusion, or steric hindrance. Enhancer 

trapping is due to the presence of a nearby promoter of a cellular gene. When 

provirus integration lies in the opposite orientation to the cellular gene, competition 

between the viral and cellular promoters for RNA polymerase complexes leads to 

promoter occlusion and premature termination of transcription from the weaker or 

both promoters. Steric hindrance of RNA polymerase transcription complexes is 

driven by inhibition of the preinitiation complex assembly on the HIV-1 promoter, 
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which occurs when the integration site is located downstream and in the same 

transcriptional orientation as the cellular host gene. 

Il) The "molecular switch" phenomenon, mediated by Tat and P-TEFb, regulates 

promoter-proximal pausing of RNA polymerase II or its productive elongation. 

During latency, assembly of the transcription elongation complex is impeded by the 

sequestration of P-TEFb within the 7SK small nuclear ribonucleoprotein (snRNP) 

repressive complex and its inhibition by the CTIP2/Bcll 1 b cellular cofactor. 

Ill) Host transcription factors such as Sp 1, NF-KB, and AP-1 regulates viral 

transcription. Their absence or inactivation inhibits HIV-1 transcription. In HIV-1 

latently infected cells, NF-KB remains inactive in the cytoplasm due toits interaction 

with the inhibitor ofNF-KB (IKB). IKB phosphorylation by IKK (IKB ~  results 

in its dissociation from NF-KB, nuclear shuttling and viral expression activation. 

IV) Viral transcription is also regulated by epigenetic mechanism, including 

post-translational modifications of histones (phosphorylation, acetylation, 

methylation and ubiquitination) and DNA methylation. 
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Figure 1.10 Molecular mechanisms of HIV latency. 

During latency, HIV-1 transcription is mainly blocked (i) through enhancer trapping, 

promoter occlusion, or steric hindrance to repress promoter activity, (ii) by the 

"molecular switch" phenomenon mediated by Tat and P-TEFb to pause RNA 

polymerase II activity or its productive elongation, (Tomaino, Cappello et al.2011), by 

sequestration of NF-KB in the cytoplasm and P-TEFb in the inactive 7SK snRNP 

complex, and (iv) by the post-translational modifications of histones (phosphorylation, 

acetylation, methylation and ubiquitination) and DNA methylation. Adapted from 

(Darcis, Van Driessche et al. 2017). 

1.3.4.2.3 Splicing 

After transcription from proviral DNA,  the full-length viral RNA is 

constitutively or altematively spliced into more than 40 different RNAs (Chen and 
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Manley 2009, Mueller, Berkhout et al. 2015). These variant viral RNAs can be 

classified in three groups: 1) unspliced viral RNAs represent full length RNA which 

serve as viral genome and encode gag/pol protein; Il) the singly spliced viral RNAs 

are around 4kb and encode EnvNpu, Vpr, and Vif. These two groups are mainly 

responsible for the synthesis of structural, envelope and accessory proteins; Ill) the 

multiply spliced mRNAs are around 2kb and encode Rev, Nef, and Tat. 

Splicing rel y on regulatory elements including enhancers ( exonic splicing 

enhancers (ES Es), intronic splicing enhancers (ISEs) ), and silencers (intronic and 

exonic splicing silencers, ISS and ESS) (Sertznig, Hillebrand et al. 2018). For 

specific intron excision and synthesis of unique viral transcripts, signais that promote 

or inhibit exon definition are necessary during alternative splicing. While ESEs and 

ISEs promote exon definition, ESS and ISS are inhibitors. For example, hnRNP A/B 

and hnRNP H are recruited by ISS and ESS, which prevents the use of the adjacent 

SA site, while ISE and ESE recroit SR proteins such as SRp75 to facilitate exon 

definition (Stoltzfus and Madsen 2006). HIV -1 employs multiple splicing sites, 

including 5 splicing donor (SD) sites (Dl, DlA, D2, D3 and D4) and 9 splicing 

acceptor (SA) sites (Al, Al A, A2, A3, A4c,a,b, AS and A 7). After specific SA and 

SD sites are selected, the specific spliceosome components are recruited for further 

splicing (Saliou, Bourgeois et al. 2009). 
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1.3.4.1.4 Nuclear export 

Similar to the majority of cellular mRNAs, at the early stage of the virus life 

cycle, fully spliced viral mRNAs undergo export from the nucleus to the cytoplasm 

through the cellular RNA export machinery, resulting in translation of Rev and 

additional HIV regulatory proteins. In order to export unspliced (9kb) and partially 

spliced (4kb) viral RNAs to the cytoplasm, Rev and the viral RNA sequence RRE 

(Rev responsive element) are required. RRE is the target of Rev, forming a 

highly-structured cis-acting 350 nt RNA within the env gene (nucleotides 7709-8063) 

(Malim, Hauber et al. 1989). Rev has a molecular weight of 18kDa and is composed 

of at least two functional domains: NLS and NES. The arginine-rich NLS is 

responsible for its entry in the nucleus and contains an RNA-binding domain (RBD) 

specific to the RRE. Rev/RRE binding ratios were reported to range between 5: 1 to 

13:1, although the 8:1 ratio is most often measured (Daugherty, Liu et al. 2010). The 

leucine-rich NES domain can bind to the cellular karyopherin family member CRM-1 

(exportin 1), tethering viral RNA to the CRM-1 export pathway (Rausch and Le 

Grice 2015). The CRM-1 export pathway also requires the Ran/GTPase-GTP 

complex to export viral mRNA through NPC. Rev is then recycled to the nucleus by 

importinB (nuclear import factor) (Rausch and Le Grice 2015) (Figure 1.13). 

Moreover, Rev can interact with cellular host factors, such as eIF5A, hRIP, DDXl, 

DDX3, DDX5, and Nef-associated Factor 1 (Nafl) to promote nuclear export 

(Suhasini and Reddy 2009, Edgcomb, Carmel et al. 2012, Zhou, Luo et al. 2013, Brai, 

Fazi et al. 2016). Ren et al. reported that Nafl can also interact with CRMl and 

promote nuclear export of unspliced HIV-1 gag mRNA (Ren, Wang et al. 2016). By 



34 

considering RNA trafficking as a target for antiviral treatment, a group recently 

showed that their supraphysiological NES peptides downregulated RNA trafficking 

by arresting CRMl transport complexes at nuclear pores and affecting Rev 

multimerization and its activity (Behrens, Aligeti et al. 2017). 
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Figure 1.11 The Rev-mediated nuclear export of the unspliced and incompletely 

spliced HIV-1 RNAs. 

In the early phase of the HIV life cycle (left panel), the spliced viral transcripts without 

RRE are transported to the cytoplasm via cellular standard nuclear export pathways. 

One of these RNA encodes Rev containing NLS and NES domains, which are 
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important for its nuclear import and export. In the late phase of the viral life cycle (right 

panel), the unspliced (9 kb) or partially spliced (4 kb) RRE-containing mRNAs are 

exported to the cytoplasm via a Rev-dependent export pathway. This process requires 

initial binding of Rev to the IIB motif of RRE, and additional multimeric assembly 

through Rev-Rev and Rev-RNA interactions. The export of RN As also involves CRMl 

and Ran-GTP via the Rev NES. Adapted from (Rausch and Le Grice 2015). 

1.3.4.1.5 Translation 

Once HIV-1 RNAs are exported to the cytoplasm, these RNAs are translated 

through the cellular translational machinery. As mentioned in section 1.3.4.2.3, sense 

transcripts are translated into viral structural proteins Pr55Gag and Prl 60Gag-Pol, 

gp160Env and regulatory and accessory proteins (Vif, Vpr, Vpu, Tat, Rev and Nef) 

(Fields, Knipe et al. 2007, Rojas-Araya, Ohlmann et al. 2015). Antisense transcripts 

have also been detected and can be translated into antisense protein (ASP) (Briquet 

and Vaquero 2002, Landry, Halin et al. 2007) (see section 1.6). Like most eukaryotic 

mRNAs, the HIV-1 mRNA initiates translation through a scanning mechanism. The 

40S ribosomal subunit is recruited to the cap structure with a 7-methyl-guanylic acid 

residue (m7G) located at the 5' end of the full-length unspliced HIV-1 mRNA, and 

then begins scanning until an initiation codon is encountered. The initiation complex 

directly forms and includes eIF2-GTP/Met-tRNAi (initiator tRNA), eIFlA, eIFl, 

eIF3, and eIF4F (Ohlmann, Mengardi et al. 2014). An alternative cap-independent 

mechanism of translation initiation also exists, mostly during Vpr-induced 02/M cell 

cycle arrest and results in inactivation of cap-dependent translation. Other Gag 
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isoforms are thus synthesized, due to the presence of an intemal ribosome entry site 

(IRES) within the viral 5' UTR. The ribosomal protein S25 was recently reported to 

affect this mode of cap-independent translation (Carvajal, Vallejos et al. 2016). In the 

trans-Golgi network, the gp 160 Env glycoprotein precursor, translated from the env 

gene, is processed through proteolysis into gp120 and gp41 subunits. Non-covalent 

heterodimers made of gp120/gp41 subunits further form trimeric spikes embedded in 

the viral membrane, forming an average of 14 spikes per virion (Zhu, Liu et al. 2006). 

1.3.4.1.6 Assembly and packaging 

After translation, structural proteins are transported to the plasma membrane. 

HIV-1 virion assembly then takes place within specialized membrane microdomains. 

Viral components include two copies of the positive sense gRNA, cellular tRNA Lys3, 

Env, Gag polyprotein, PR, RT, and IN (Figure 1.14A). The HIV-1 Pr55Gag and 

Prl 60Gag-Pol polyprotein regulates the assembly process and initiates the assembly into 

spherical immature particles. Pr55Gag is cleaved by PR into the structural proteins 

(MA, CA and NC) as well as three peptides (p2, pl and p6, also called "spacer 

peptides" SP2, SPl and SP6) (Figure 1.14B-C). MA is targeted to the plasma 

membrane enriched in PI( 4,5)P2 and recroit Env protein. Within the CA conical shell, 

NC acts as a chaperone and captures the viral gRNA during assembly via the 

packaging site (\f) within 5' UTR of gRNA and its retroviral zinc finger motif. NC is 

also responsible for incorporating Env into the plasma membrane (Ganser-Pomillos, 

Y eager et al. 2012), while SP 1 and SP2 regulate Gag conformation during virion 

maturation (Sundquist and Krausslich 2012). 

--~ - -·-------··-------·-------·---
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Figure 1.12 Schematic outline of HIV-1 assembly, budding, and maturation. 
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(A) The late stage of HIV-1 life cycle. (B-C) The HIV-1 Gag protein contains MA, CA, 

NC, P6, SPl and SP2 domains, which are cleaved by the viral PR during maturation. 

Simplified schematic model of an immature HIV-1 virion (D) and the mature HIV-1 

virion (E). Adapted from (Ganser-Pomillos, Yeager et al. 2012, Sundquist and 

Krausslich 2012). 
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1.3.4.1.7 Budding and maturation 

Budding of HIV-1 virions from the plasma membrane is regulated by the 

cellular endosomal sorting complex required for transport (ESCRT) machinery. The 

ESCRT system is composed of more than 30 proteins grouped into four complexes: 

ESCRT-0, 1, II and III, with 0 and 1 being indispensable for HIV-1 release (Meng and 

Lever 2013) (Scourfield and Martin-Serrano 2017). TSG 101 (Tumor susceptibility 

gene 101 protein) is a necessary component of the ESCRT system (Meng, Ip et al. 

2015) (Strickland, Ehrlich et al. 2017). The PT AP motif of the p6 viral protein 

through its glutamic acid residues serves as a docking site for TSG 101, which binds 

with its N-terminal UEA domain (Martins, Waheed et al. 2015) (Chutiwitoonchai, 

Siarot et al. 2016). A recent study showed that, during viral budding, Vpr hijacks and 

inhibits the activity of TSG 101 by competing with Gag p6 for the binding of TSG 101 

(Chutiwitoonchai, Siarot et al. 2016). 

During the budding process, virus particles are immature and the viral PR 

catalyzes virion maturation through accurate cleavage of Pr55Gag and Prl 60Pro-Pol 

(Figure 1.14 A and D). PR cleaves at five sites in Pr55Gag leading to the generation of 

MA, CA, NC, SP 1, SP2 and p6, and at five sites in Pr 160Pro-Pol leading to the 

production of RT and IN (Figure 1.14B-C). This maturation process is essential to 

produce infectious HIV particles. 

- -··--- ~---- - - ··----
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1.4 HIV-1 restriction factors 

In recent years, interactions between host cellular factors and retroviruses, 

especially HIV-1, represent important research topics. Upon infection, the innate 

immunity is the first line of defense, which includes intracellular sensors. They 

recognize pathogens and upregulates the downstream host factors in innate immune 

cascades, restricting HIV -1 replication at various stages. Since the restriction 

activity of apolipoprotein B mRNA-editing enzyme 3G (APOBEC3G) was firstly 

reported (Mariani, Chen et al. 2003, Sheehy, Gaddis et al. 2003), a series of 

interferon-stimulated genes (ISGs) have been identified with inhibition activity on 

HIV-1 replication via distinct mechanisms at different stages. They have been 

reviewed by several groups (McNab, Mayer-Barber et al. 2015, Soliman, Srikrishna 

et al. 2017), (Ghimire, Rai et al. 2018). HIV-1 has also evolved mechanism of 

evasion from restriction host factors and such examples are respectively expanded 

below. The interaction between virus and host proteins has represented a very active 

research topic during the last decade (Figure 1.15). These studies provide novel 

targets for the development of antiretroviral therapy. 

1.4.1 APOBEC3G 

Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3 

(APOBEC3) family includes APOBEC3A, APOBEC3B, APOBEC3DE, APOBEC3F, 

APOBEC3G, and APOBEC3H (Smith, Bennett et al. 2012). As the most extensively 

studied host factor, it has been clearly shown that APOBEC3G inhibits HIV reverse 
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transcription by inducing deamination events (C-+U) on the minus strand of the DNA, 

resulting in a mismatch pairing of a G-A on the plus strand, and disabling viral 

infection (Mangeat, Turelli et al. 2003, Kim, Lorenzo-Redondo et al. 2014, Okada 

and lwatani 2016). APOBEC3B, APOBEC3DE, APOBEC3F, and APOBEC3H have 

been reported to restrict HIV-1 replication as well, but compared with other 

APOBEC3 family, APOBEC3G presents the highest level of repression on HIV-1 

replication (Smith, Bennett et al. 2012). APOBEC3F and APOBEC3G can be 

detected in HIV-1 virions in the absence of the accessory protein Vif. Vif recruits a 

cullin-5-based E3 ubiquitin ligase complex and induces polyubiquitination and 

ubiquitin-dependent proteasomal degradation of APOBEC3G, which allows HIV-1 to 

neutralize its restriction activity (Mangeat, Turelli et al. 2003, Okada and Iwatani 

2016). Since Vif-mediated APOBEC3G degradation could be a potential antiviral 

target for HIV treatment, a number of research groups have identified small molecule 

inhibitors to target the Vif/APOBEC3G complex. These inhibitors interrupt the 

interaction of Vif/APOBEC3G, leading to inhibition of Vif-mediated degradation of 

APOBEC3G and rescuing APOBEC3G anti-HIV-1 activity (Zhang, Zhong et al. 

2015, Ma, Zhang et al. 2018). 

1.4.2 BST-2 

The bone marrow stroma! cell antigen-2 (Tetherin/BST-2) prevents the release 

of nascent HIV-1 particles by tethering the budding virions at the cell surface 

(Perez-Caballero, Zang et al. 2009). The anti-HIV-1 activity of BST-2 is antagonized 

by the viral Vpu Protein (Van Damme, Goff et al. 2008, Mitchell, Katsura et al. 2009). 
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Interestingly, in addition to HIV-1 Vpu (in groups M and N), Nef (in group 0) also 

antagonizes tetherin/BST-2 (Neil, Zang et al. 2008) (Jia, Serra-Moreno et al. 2009, 

Kluge, Mack et al. 2014). Furthermore, SIV Nef was reported to antagonize the 

inhibition of BST-2 from the rhesus macaques and sooty mangabeys (Jia, 

Serra-Moreno et al. 2009). Vpu blocks the trafficking of BST-2 to the cell surface and 

enhances its ubiquitination and degradation (Neil, Zang et al. 2008). When HIV-1 

Vpu losses its function, Nef from group M HIV-1 isolates were observed to 

down-regulate human BST-2 from the cell surface, which increases virus release 

(Arias, Colomer-Lluch et al. 2016). Another new host factor, mannose receptor 1 

(hMRCl), was recently reported to inhibit the detachment of mature and infectious 

HIV-1 virions from the surface of macrophage cells through BST-2-like mechanism 

(Sukegawa, Miyagi et al. 2018). 

1.4.3 IFITM 

Along the HIV-llife cycle, the interferon-induced transmembrane gene family 

(IFITM) targets and blocks HIV-1 entry by reducing plasma membrane fluidity and 

blocking hemifusion that is necessary for viral entry in target cells (Lu, Pan et al. 

2011, Li, Markosyan et al. 2013). The strong inhibition activity of IFITMl is HIV-1 

strain-dependent: it can efficiently restrict BHl 0 strain but not NL4-3 strain (Jia, 

Ding et al. 2015). Moreover, some HIV-1 strains have acquired several mutations in 

the Env or V pu region to escape IFITM repression, although HIV -1 does not have a 

specific viral protein to antagonize these restriction factors (Yu, Li et al. 2015). 
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1.4.4 Mx2/MxB 

The myxovirus resistance 2 (Mx2/MxB), a large GTPase of the dynamin 

superfamily, has also been demonstrated to inhibit the integration of proviral DNA by 

association with Cyclophilin A (CypA) (Goujon, Moncorge et al. 2013, Kane, Yadav 

et al. 2013, Liu, Pan et al. 2013). Furthermore, there are also evidences suggesting 

that Mx2 restricts the nuclear entry of the PIC (Kane, Yadav et al. 2013). Although 

HIV-1 doesn't have specific viral  protein to counteract the restriction of Mx2, 

mutations in the HIV-1 capsid protein and the integrase allow the virus to become 

resistant to Mx2 restriction (Liu, Pan et al. 2015) (Matreyek, Wang et al. 2014). 

Additionally, a research group found that human Mx2 accumulates its evolutionary 

mutants to resistant HIV-1 CA variants, most of whom are detected in the high 

prevalence HIV -1 Clade C, suggesting that Mx2 also plays an important role of 

repression during HIV-1 transmission and evolution (Wei, Guo et al. 2016). 

1.4.5 TRIMs 

The tripartite motif (TRIM) family contains 70 members. Tripartite motif 5a 

(TRIM5a) restricts HIV-1 replication at the uncoating step (Stremlau, Owens et al. 

2004). TRIM5a is also a key host factor preventing cross-species transmission of 

viroses (Soll, Wilson et al. 2013, Nakayama and Shioda 2015), since TRIM5a cannot 

inhibit viroses of the same host species. As an example, human TRIM5a cannot 

inhibit HIV-1 replication but efficiently inhibits infection by Murine Leukemia Virus 

(ML V) and Equine Infectious Anemia Virus (EIA V). In contrast, the rhesus macaque 

i _ -----~-------------- -- .. ----------···------
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orthologue TRIM5a antagonizes HIV-1 infection, but not SIV strain infecting 

macaques (Nisole, Lynch et al. 2004) (Soll, Wilson et al. 2013). Interestingly, 

TRIM22, a human paralog of TRIM5a, was reported to interfere with HIV-1 

replication differently by acting on Tat- and NF-KB- independent LTR-driven 

transcription and blocking Sp 1 binding to the HIV-1 promoter (Barr, Smiley et al. 

2008, Kajaste-Rudnitski, Marelli et al. 2011). TRIM5a inhibition cannot be 

counteracted by any HIV-1 viral proteins. However, SIV s have successfully escaped 

this inhibition by their CA mutants during ancient cross-species transmission events 

(McCarthy, Schmidt et al. 2013, Veillette, Bichel et al. 2013, Wu, Kirmaier et al. 

2016, Wagner, Christensen et al. 2018) 

1.4.6 SERINC3 and SERINC5 

SERINC (serine incorporator) are a group of serine carrier family proteins with 

five members (SERINC 1-5), supplying serine for the synthesis of 

phosphatidylserine and sphingolipids (Inuzuka, Hayakawa et al. 2005). U sami et al. 

have reported that both of IFN-a-independent SERINC3 and SERINC5 could inhibit 

HIV-1 replication and be packaged in HIV-1 particles (Usami, Wu et al. 2015). The 

mechanism behind the restricting function of SERINC5 is likely dependent on its 

association with Env, which leads to alteration of its conformation and inhibition of 

the formation of fusion pores between viruses and cells (Sood, Marin et al. 2017). 

SERINC3/5 expression is repressed by Nef, which redirects both into Rab7-positive 

endosomes through a clathrin-mediated pathway, resulting in the absence of 

SERINC3/5 in the HIV-1 virion (Rosa, Chande et al. 2015). Furthermore, a recent 

--- - ---- ----·----------------------- ----- -- - - - ----- -- ---·--- -···----
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study suggested that the Env glycoprotein also can antagonize SERINC5 inhibition 

(Beitari, Ding et al. 2017). 

1.4.7 SAMHDl 

Sterile alpha motif and histidine-aspartate domain containing protein 1 

(SAMHD 1 ), a dGTP-regulated triphosphohydrolase, removes the phosphate from 

deoxynucleotide triphosphates ( dNTP). SAMHD 1 was shown to inhibit reverse 

transcription by reducing the amount of free 2' -deoxynucleoside 5' -triphosphates 

( dNTPs) through its catalytic dNTPase activity (Laguette, Sobhian et al. 2011) 

(Goldstone, Ennis-Adeniran et al. 2011 , Hrecka, Hao et al. 2011, Lahouassa, 

Daddacha et al. 2012). Vpx antagonizes SAMHDl restriction by recruiting an E3 

ligase (Cul4A) to promote its polyubiquitination and proteasomal degradation 

(Laguette, Sobhian et al. 2011) (Goldstone, Ennis-Adeniran et al. 2011, Hrecka, Hao 

et al. 2011). 

1.4.8 Other identified host restriction factors 

SLFNll, a member of the Schlafen family, represses HIV-1 replication by 

binding to tRNAs and limiting their availability toward protein synthesis (Li, Kao et 

al. 2012, Mavrommatis, Fish et al. 2013). The membrane-associated RING-CH8 

(MARCH8) E3 ubiquitin ligase has recently been shown to inhibit the incorporation 

of the Env protein into virions (Tada, Zhang et al. 2015). Guanylate-binding protein 5 

(GBP5), an IFNa-inducible member of the dynamin superfamily of GTPases, also 
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inhibits HOV-1 replication by reducing the gp120 incorporation on the surface of 

virions and decreasing viral infectivity. Vpu is believed to counteract the restriction 

of GBP5 through mutation, as increased Env expression and decreased sensitivity to 

GBP5 was noted in Vpu-deficient viruses (Krapp, Hotter et al. 2016). 
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Figure 1.13 Host restriction factors of HIV replication. 
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A series of interferon-stimulated genes (ISGs) (blue) have been identified with 

inhibition activity on HIV-1 replication via distinct mechanisms at different stages. 

IFITM targets and blocks HIV-1 entry. TRIM5a inhibits HIV-1 replication at the 

uncoating step of the capsid. SAMHDl inhibits reverse transcription by reducing the 

amount offree 2'-deoxynucleoside 5'-triphosphates (dNTPs). APOBEC3 inhibits HIV 

reverse transcription by inducing deamination events (C-+U) on the minus strand of 

the DNA, resulting in a mismatch pairing of a G-A on the plus strand. MX2 inhibits the 

integration of proviral DNA by association with CypA. SLFNl 1 restricts the 

translation of HIV-1 proteins. MARCH8 prevents the incorporation of Env proteins 

into virions. TRIM22 restricts the production and incorporation of Gag proteins in 

virions and inhibits Tat- and NF-KB-independent LTR-driven transcription. Adapted 

from (Soliman, Srikrishna et al. 2017). 

1.5 HIV-1 treatment 

The current management of HIV/ AIDS is based on the highly active 

antiretroviral therapy, which was first reported at the 11 th International Conference 

on AIDS in Vancouver by Dr. David Ho and Dr. George Shaw. HAART (highly 

active antiretroviral therapy) improves patients' lifespans by reducing viral load and 

maintaining CD4+ T cell numbers. At the end of 2017, forty anti-HIV drugs have 

been approved by the FDA. These compounds can be grouped into 7 classes: 

Multi-class Combination Products, Nucleoside Reverse Transcriptase Inhibitors 

(NRTls), Nonnucleoside Reverse Transcriptase Inhibitors (NNRTls), Protease 

Inhibitors (Pis), Fusion Inhibitors, Entry Inhibitors - CCR5 co-receptor antagonist, 

------ --·-- - ··- ··-··--------
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and HIV integrase strand transfer inhibitors (Figure 1.8 and Table 1.1 ). 

Although important progress has been made in drug discovery, HIV/ AIDS 

remains incurable and life-long treatment is still needed for patients. Nowadays, HIV 

remains an important challenge and complete eradication of HIV-1 in infected 

individuals has not yet been attained. Challenges also include the reduction of new 

infection, control of drug resistance, and development of new drugs and efficient 

vaccmes. 

Table 1.1 Antiretroviral drugs used in the treatment of HIV infection approved by 

FDA. 

Multi-class 
Combination 
Products 

Nucleoside 
Reverse 
Transcriptase 
Inhibitors (NRTls) 

Brand 

A tripla 

Complera 

Evotaz 

Prezcobix 

Stribild 

Combivir 
Emtriva 
Epivir 
Epzicom 

Hivid 

Retrovir 
Trizivir 

Truvada 

Videx EC 
Videx 
Viread 
Zerit 

Il Generic Name IL!pproval Date 
efavirenz, emtricitabine and tenofovir 12-July-06 disoproxil fumarate 
emtricitabine, rilpivirine, and tenofovir 10-August-11 disoproxil fumarate 

atazanavir sulfate, combicistat 29-January-l 5 

cobicistat, darunavir ethanolate 29-January-15 
elvitegravir, cobicistat, emtricitabine, 27-August-12 tenofovir disoproxil fumarate 
lamivudine and zidovudine 27-Sep-97 
emtricitabine, FTC 02-Jul-03 
lami vudine, 3 TC 17-Nov-95 
abacavir and lamivudine 02-Aug-04 
zalcitabine, dideoxycytidine, ddC (no 19-Jun-92 longer marketed) 
zidovudine, azidothymidine, AZT, ZDV 19-Mar-87 
abacavir, zidovudine, and lamivudine 14-Nov-OO 
tenofovir disoproxil fumarate and 02-Aug-04 emtricitabine 
enteric coated didanosine, ddl EC 31-0ct-00 
didanosine, dideoxyinosine, ddl 9-0ct-91 
tenofovir disoproxil fumarate, TDF 26-0ct-01 
stavudine, d4 T 24-Jun-94 
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Ziagen abacavir sulfate, ABC 17-Dec-98 
Edurant rilpivirine 20-May-11 
Intelence etravirine 18-Jan-08 
Rescriptor delavirdine, DL V 4-Apr-97 

Nonnucleoside Sustiva efavirenz, EFV 17-Sep-98 
Reverse Viramune 
Transcriptase (lmmediat nevirapine, NVP 21-Jun-96 
lnhibitors e Release) 
(NNRTls) Viramune 

XR(Exte nevirapine, NVP 25-Mar-11 
! nded 

Release) 
Agenerase amprenavir, APV (no longer marketed) 15-Apr-99 
Aptivus tipranavir, TPV 22-Jun-05 
Crixivan indinavir, IDV, 13-Mar-96 
Fortovase saquinavir (no longer marketed) 7-Nov-97 
Invirase saquinavir mesylate, SQV 6-Dec-95 

Protease Inhibitors Kaletra lopinavir and ritonavir, LPV/RTV 15-Sep-OO 
(Pis) Lexiva Fosamprenavir Calcium, FOS-APV 20-0ct-03 

Norvir ritonavir, RTV 1-Mar-96 
Prezista darunavir 23-Jun-06 
Reyataz atazanavir sulfate, A TV 20-Jun-03 
Viracept nelfinavir mesylate, NFV 14-Mar-97 

Fusion Inhibitors Fuzeon enfuvirtide, T-20 13-Mar-03 
Entry Inhibitors -
CCR5 co-receptor Selzentry maraviroc 06-August-07 
antagonist 

~-

HIV integrase Isentress raltegravir 12--0ct-07 
strand transfer dolutegravir 13-August-13 
inhibitors Vitekta elvitegravir 24-Se_e-14 

Adapted from 

(htt:gs://www.fda.gov/ForPatients/Illness/HIV AIDS/Treatment/ucml 18915.htm). 

1.6 Antisense transcription and antisense protein (ASP) 

1.6.1 Antisense transcription of retroviruses 

The first demonstration of the existence of antisense transcripts has been shown 

m bacteriophage (Barrell, Air et al. 1976). Antisense transcription was first 

considered to be a transcriptional noise or by-products, but eventually have been 
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reconsidered as important regulator of gene expression and as RNA with encoding 

potential (Pelechano and Steinmetz 2013, Beltran and Garcia de Herreros 2016) 

(Werner 2013, Wight and Werner 2013). The majority of antisense transcripts are 

non-coding RNAs that regulate the expression of their complementary sense 

transcripts (Beltran and Garcia de Herreros 2016) (Rosikiewicz and Makalowska 

2016). There are two types of natural antisense transcripts (NATs): (1) the cis-NATs 

that are situated on the same locus and therefore perfectly complementary to sense 

transcripts; and (Il) trans-NATs that are expressed from a different locus with limited 

complementary sequence to its targeted transcript (Pelechano and Steinmetz 2013) 

(Rosikiewicz and Makalowska 2016). 

In 1988, Miller reported the first evidence for antisense transcription in 

retroviruses based on in silico analyses of proviral DNA sequences from 12 HIV-1 

isolates leading to the identification of a conserved 190 amino acid-encoding ORF 

(Miller 1988). However, retroviral antisense transcription was more directly 

suggested in cells chronically infected with HTL V -1 (Human T-cell lymphotropic 

Virus type 1) (Larocca, Chao et al. 1989). Antisense transcription from HTL V-1 has 

later been shown to encode a leucine zipper motif (bZIP)-containing protein, named 

HBZ (HTL V-1 bZIP factor) (Gaudray, Gachon et al. 2002). Numerous functional 

studies have contributed to a better understanding of its role in HTL V -1 pathogenesis 

and viral persistence, which involves the modulation of transcriptional activities of 

different transcription factors (c-Jun, JunB, JunD, CREB, NF-KB, NFAT, etc.), and 

promoting T cell proliferation by boosting IL-2-independent cell growth (Zhao and 

Matsuoka 2012, Barbeau and Mesnard 2015, Ma, Yasunaga et al. 2016, Baratella, 
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F orlani et al. 2017, Kinosada, Y asunaga et al. 201 7). It is now acknowledged that 

both HBZ mRNA and HBZ protein are constantly expressed in ATL (Adult T-cell 

leukaemia) cells, although it was reported that most asymptomatic carriers only 

express HBZ mRNA but not the HBZ protein (Matsuoka, Dam et al. 2009, Saito, 

Matsuzaki et al. 2009, Raval, Bidoia et al. 2015) (Baratella, Forlani et al. 2017). 

Similar antisense transcripts and encoded proteins have also been characterized in 

other retroviruses, such as HTLV-2, -3 and -4, encoding APH-2, APH-3, and APH-4, 

respectively (Halin, Douceron et al. 2009, Larocque, Halin et al. 2011, Larocque, 

Andre-Arpin et al. 2014) (Figure 1.16). In Murine Leukemia Virus (MLV)-infected 

samples, a study has identified several non-coding antisense transcripts (Rasmussen, 

Ballarin-Gonzalez et al. 2010). Antisense transcription has also been reported in cell 

lines and tissues of cats infected with feline immunodeficiency virus, which has the 

potential to encode a 103 amino acid-long protein (Briquet, Richardson et al. 2001 ). 
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Figure 1.14 Antisense transcriptions of human retroviruses. 

HTLV-1, HTLV-2, and HIV-1 viral sense genes are illustrated. Antisense open reading 

frames (ORFs) [HBZ for HTLV-1, antisense protein ofHTLV-2 (APH-2) for HTLV-2, 

and antisense protein (ASP) for HIV-1] are depicted below. Their promoter localizes in 

in the 3' LTR. Adapted from (Barbeau and Mesnard 2015). 

1.6.2 Antisense protein (ASP) of HIV-1 

1.6.2.1 Identification of the ASP ORF 

Miller's first report on the existence of HIV-1 antisense protein (ASP) 

positioned the ORF in the 3'LTR/nef region of the antisense strand of the provirus 

overlapping the RRE and the gp 120/gp41 junction of the Env protein (Miller 1988) 

--- --
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(Barbeau and Mesnard 2015, Berger, Llano et al. 2015, Dimonte 2017) (Figure 1.17). 

A recent in silico-based study was performed to further investigate the origin, 

evolution, and conservation of the asp gene through large dataset of ,...,23,000 

HIV-1/SIV sequences from the Los Alamos HIV Sequence Database (Cassan, 

Arigon-Chifolleau et al. 2016). In this study, Cassan et al. showed that the most 

prevalent M subtypes contained the highly conserved asp ORF in a large majority of 

proviral DNA, whereas the asp ORF in less prevalent subtypes and nonpandemic 

groups (N, 0, P) was less frequently observed. This study revealed that the asp ORF 

is largely favoured in group M and might have contributed to its pandemic state. 

The existence of ASP in infected cells remains a source of controversy, which is 

partly associated to its difficult detection. However, more emerging evidences are 

have confirmed that HIV-1 antisense transcripts can be detected in HIV-1-infected 

cells (Landry, Halin et al. 2007, Laverdure, Gross et al. 2012, Schopman, Willemsen 

et al. 2012, Dimonte 201 7, Zapata, Campilongo et al. 2017). ASP detection was first 

examined by Vanhee-Brossollet et al. (Vanhee-Brossollet et al., 1995). Using rabbit 

reticulocytes, ASP was initially synthesized in vitro and could be immunoprecipitated 

by antisera from HIV-1-infected patients (Vanhee-Brossollet et al., 1995). In 2015, 

Berger et al. suggested the existence of five potential antisense HIV ORFs using 

sequence alignment and computational approaches, with the longest one 

corresponding to ASP. Three different studies have successfully detected 

CTL-specific responses toward ASP, demonstrating the expression of this protein in 

HIV-1-infected patients (Bansal, Carlson et al. 2010, Berger, Llano et al. 2015) (Anne 

Bet 2015). 

--- - ------- ------- - ----- - -- ----- ~ -~~ -··-----·---
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The ASP ORF covers part of the RRE of HIV-1 and localizes on the complementary 

strand of the env gene. ASP starts in the complementary sequence of gp41 (yellow) and 

ends within the complementary sequence of gp120 (cyan). Adapted from (Dimonte 

2017). 

Many studies have firstly focused on HIV antisense transcripts. Compared  with 

5' LTR-driven sense transcription, 3' LTR-dependent transcription is weak, but can be 

triggered by deletion or mutation of the 5' L TR promoter (Klaver and Berkhout 1994, 

Landry, Halin et al. 2007). Other studies have underscored the importance of NF-KB, 

USF (upstream  transcription factor) and Spl in the induction of  antisense 

transcription (Michael,  Vahey et al. 1994,  Peeters, Lambert et  al. 1996, 
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Kobayashi-Ishihara, Yamagishi et al. 2012). Tat has been described, as either a 

positive or negative inducer of antisense transcription (Michael et al., 1994)(Bentley, 

Deacon et al. 2004). More studies are needed to clearly assess its role in the 

regulation of the antisense promoter. 

1.6.2.2 Functional studies of the antisense transcripts and of ASP 

Antisense transcripts were first identified with capability of inhibiting the HIV-1 

(BRU, IIIB, NDK) replication (Michael, Vahey et al. 1994). It has been suggested 

that HIV-1 antisense transcription initiates at multiple sites in either the U5 or U3 

region of the 3 'LTR, and relies on initiator (INR) motifs (YYANWYY) (Ludwig, 

Ambrus et al. 2006). Barbagallo et al. identified six highly conserved upstream 

antisense short open reading frames, which were spliced and only one of them was 

kept and further potential regulate ASP expression (Barbagallo, Birch et al. 2012). 

In 2012, a Japanese group reported the detection of antisense transcripts in 

HEK293T cells transfected with HIV-lNL4_3 DNA and their localization within nuclei 

of acutely or chronically infected cell lines and acutely infected human PBMC cells. 

These antisense transcripts were further shown to negatively regulate HIV-1 

replication (Kobayashi-Ishihara, Yamagishi et al. 2012). Another study highlighted 

that the majority of HIV-1-infected MDDCs (Monocyte-Derived Dendritic Cell) 

presented high expression levels of antisense promoter activity and did not express 

Gag, thereby providing further evidence for the negative impact of antisense 

transcripts on HIV gene expression in MDDCs (Laverdure, Gross et al. 2012). In a 
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subsequent study, a small non-coding RNA, complementary to the first 154nt of the 

asp ORF was observed to activate HIV gene expression. This again implied that 

antisense transcripts (or its encoded ASP protein) could inhibit HIV-1 repli cation by 

suppressing viral gene expression (Saayman, Ackley et al. 2014). More recently, 

Zapata et al. detected HIV-1 antisense transcripts using highly sensitive, negative 

strand-specific quantitative RT-PCR assay in HIVnm infected CD4+ T cells and 

CD4+ T cells of infected patients under suppressive antiretroviral therapy for more 

than 24 months (Zapata, Campilongo et al. 201 7). They also showed that antisense 

transcripts could bind to the polycomb repressor complex 2 (PRC2) and recruit the 

complex to the 5' LTR leading allowing H3K27me3 histone modification II and 

inhibition of proviral transcription in Jurkat cells. These results thus confirmed the 

previous findings from Saayman et al. (Saayman, Ackley et al. 2014). Recently, 

Kobayashi further showed that the knockdown of antisense transcription of HIV-1 

increased sense expression (Kobayashi-Ishihara, Terahara et al. 2018). Importantly, 

these studies demonstrated that ASP expression might be determinant in the 

establishment and maintenance of HIV-1 latency (Zapata, Campilongo et al. 2017). 

Antisense protein must also play a very important role on HIV-1 replication. 

Briquet et al. was the first to demonstrated cytoplasmic and nuclear localization of 

ASP by electron microscopy in infected cells. Moreover, ASP was found in cell 

membrane structures and was suggested to be packaged in HIV-1 virions (IIIB and 

HXB2) (Briquet and Vaquero 2002). Laverdure et al. have also confirmed that ASP 

has the potential to localise at the plasma membrane in transfected Jurkat T cells and 

in cells infected with Flag-tagged ASP-expressing HIV-1 viruses (Clerc, Laverdure et 
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al. 2011). In 2013, we reported that antisense transcripts are produced from HIV-1 

proviral DNA and that human codon optimized ASP can be detected by confocal 

microscopy and Western blot in transfected COS-7 cells. We also found that ASP 

induced autophagy and that ASP knockout in proviral DNA inhibited HIV-1 

replication, suggesting that ASP could be functionally dependent on its 

autophagy-inducing capacity to postively impact HIV-1 replication (Torresilla, 

Larocque et al. 2013). 

1. 7 Implication of different HIV-1 genes in the modulation of autophagy 
Adapted from (Liu, Xiao et al. 2017) 

Autophagy is an importantly regulated catabolic process, which degrades and 

clears excess or damaged proteins, organelles, and pathogen-derived proteins, and 

maintains cellular nutrient levels during conditions of starvation (Feng, He et al. 2014). 

In mammals, there are three distinct autophagie pathways: macroautophagy, 

microautophagy, and chaperone-mediated autophagy (CMA) (Mizushima, Levine et 

al. 2008). These three autophagy pathways have distinct features, which allow each to 

degrade specific cellular components by distinctive machineries. The first pathway is 

termed macroautophagy and degrades substrates of diverse origins packaged into a 

double-membrane structure termed the autophagosome, which eventually fuses with 

lysosomes. The second pathway, microautophagy, directly captures target cytosolic 

substrates through the invagination of membranes into the lysosome. The third 

pathway, referred to as the chaperone-mediated autophagy, leads to the degradation of 

proteins harboring the KFERQ domain, which allows them to internet with the 

lysosomal membrane protein LAMP2A (Lysosome-associated membrane protein 2) 

and the HSC70 (Heat shock cognate 71 kDa protein) chaperone (Yang and Klionsky 

2009). In addition to these autophagy pathways, a fourth pathway has also been 
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described, which selectively degrades defective mitochondria and is consequently 

termed mitophagy. 

The major form of autophagy is macroautophagy and will be hereafter referred to 

as "autophagy" for simplicity. Ever since autophagy has been first reported in 1962 

(Ashford and Porter 1962), autophagy has been highlighted as a pathway in which 

degradation is mediated by the autolysosomes, which are formed by the fusion of 

autophagosomes to lysosomes. Non-essential and excess cellular components from the 

endoplasmic reticulum (Liu, Chenet al.), the Golgi, mitochondria, or endosomes are 

thus recruited to the double-membrane autophagosome structure and then digested by 

lysosomal acid hydrolases. These cellular constituents include dysfunctional cellular 

organelles, protein aggregates, misfolded proteins, and even invasive pathogens, such 

as viroses (Deretic, Saitoh et al. 2013 ). An important number of previous studies have 

indicated that HIV infection can trigger and restrict autophagy, although data show 

important differences in the outcome of the infection, which is dependent on the 

studied cell type (Nardacci, Ciccosanti et al. 2017). 

1. 7 .1. The Molecular Machinery of Autophagy 

Autophagy is a cellular pathway, which is highly conserved in all eukaryotes and 

regulated by more than thirty identified autophagy-related genes (Saha, Patgaonkar et 

al. 2014) (Figure 1.18). The autophagy pathway includes three distinct stages: 1) 

initiation by inactivation of the mammalian target ofrapamycin (mTOR), an important 

inhibitor of autophagy; 2) formation of the autophagosome involving the binding of the 

LC311 (LC3 (Microtubule-associated protein lA/lB-light chain 

3)-phosphatidylethanolamine conjugate) autophagy factor to the double-membrane 

vesicle and cytoplasmic constituents, such as subcellular organelles and microbial 

pathogens engulfed into autophagosome; and 3) autophagosome-lysosome fusion, 
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which leads to the degradation of targeted substrates (Glick, Barth et al. 2010, 

Mizushima, Y oshimori et al. 2011 ). 
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Figure 1.18 Three types of autophagy and regulatory mechanisms. 

Three types of autophagy are presented: CD macroautophagy, ® microautophagy, 

and ® chaperone-mediated autophagy. Macroautophagy is divided in five steps: 

initiation, nucleation, expansion, fusion and degradation. Nutritional starvation, stress, 

and immunological signals initiate autophagy via inhibition of mTOR, which actas 

suppressors of the autophagy pathway through activation of the ULKl (unc-51-like 

kinase 1) complex. Nucleation and autophagosome formation further requires the 

Beclin-1-Atg 14 L-V ps34 complex (producing PB P (phosphatidy lino si tol-3-phosphate)) 

and two ubiquitin-like conjugation systems: Atg12-Atg5-Atg16Ll and PE 

(phosphatidylethanolamine) conjugation of LC3-I forming LC3-II. After the fusion of 
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autophagosome to lysosome, lysosomal hydrolases degrade the content of the 

autophagosome. 

Induction of autophagy initiates from the inhibition of mTOR activity by a variety 

of stress and immunological signals (Laplante and Sabatini 2012). There are two 

typical complexes that are involved in the tight regulation of autophagy: mTOR 

complex 1 (mTORCl) and mTOR complex 2 (mTORC2) (Kim and Guan 2015). Two 

important upstream kinase regulators are implicated in this regulation: MAP4 K3 

(mitogen-activated protein kinase kinase kinase kinase 3) (Findlay, Yan et al. 2007) 

and hVps34 (the human ortholog of yeast vacuolar protein sorting 34, Vps34) also 

referred to as PBKIII (phosphoinositide 3-kinase class III) (Russell, Tian et al. 2013). 

ULKl (unc-51-like kinase 1), a serine/threonine protein kinase (the orthologue ofyeast 

Atg 1) initiates autophagy by phosphorylating Beclin-1, which leads to the dissociation 

of Beclin-1 from Bcl-2, another inhibitor of autophagy (Nazarko and Zhong 2013, 

Russell, Tian et al. 2013, Wrighton 2013). Subsequently, Beclin-1 activates the lipid 

kinase Vps34 to form the Beclin-1-Atg14L-Vps34 complex thereby producing 

phosphatidylinositol-3-phosphate (PI3P) (Burman and Ktistakis 2010, Kang, Zeh et al. 

2011) and providing a membrane platform for the assembly of autophagie proteins, 

which sequentially regulates membrane trafficking and initiation of the nucleation and 

elongation of the autophagosomes (Nascimbeni, Codogno et al. 2017). In the next step, 

during the elongation stage of autophagy, two ubiquitin-like conjugation systems are 

required: Atg12-Atg5-Atg16Ll (catalyzed by Atg7 and AtglO) and the 

phosphatidylethanolamine (PE)-conjugated LC3-I forming LC3-II (catalyzed by Atg4, 

Atg7, and Atg3). LC311 is embedded in the autophagosome membrane and regulates its 

formation and maturation. This important component of the autophagosome is often 

referred to as a classical autophagy marker (Lee and Lee 2016). At the last step of 

autophagy, the small GTPase Rab7 supports the fusion of autophagosomes and 
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lysosomes, leading to formation of autolysosomes and ensuing degradation of their 

captured contents (Hyttinen, Niittykoski et al. 2013, Ao, Zou et al. 2014). 

Unlike general autophagy, selective autophagy assembles and degrades substrates 

specifically recognized by autophagy adaptors (sequestosome-1-like receptors), such 

as p62/SQSTM1 (Sequestosome-1 ), Optineurin and NDP52 (nuclear dot protein 52 

kDa) (Zaffagnini and Martens 2016). Importantly, p62/SQSTM1 has multiple 

functional domains, including a Phoxl and Bemlp (PBl) domain (aggregating 

p62/SQSTM1 multimers), an LC3-interacting region (LIR, recognizing and interacting 

with LC3-II, allowing the packaging of p62/SQSTM1 cargos), and a 

ubiquitin-associated (UBA) domain (recognizing and interacting with ubiquitinated 

substrates) (Lippai and Low 2014). Other domains are also present in p62/SQSTM1, 

such as nuclear shuttling signals, a Keap 1-interacting region (KIR), and a tumour 

necrosis factor receptor-associated factor 6 (TRAF6) binding domain, which acts as a 

signaling hub to regulate mTORCl translocation and activation to lysosome by 

interaction of p62/SQSTM1 and TRAF6 (Linares, Duran et al. 2013, Liu, Ye et al. 

2016). Importantly, autophagosome-packaged p62/SQSTM1 and its cargo are 

subsequently degraded, which makes p62/SQSTM1 another marker to monitor 

autophagy. 

1. 7 .2. A Crosstalk between Autophagy and HIV-1 

The influence of viral proteins on the activation of the autophagy machinery has 

been illustrated in numerous studies using different viroses and has shown high levels 

of variation due to diff erences in cell types and cellular environments (Espert, 

Beaumelle et al. 2015, Jackson 2015, Cao, Glazyrin et al. 2016, Nardacci, Ciccosanti et 

al. 2017). These reports have provided important information as to the complexity of 

autophagy and how diff erent steps can be targeted and functionally altered by various 
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viral proteins. Interestingly, certain viruses are known to use autophagie membranes to 

maximize their replication, while certain viruses escape autophagy-induced 

degradation by hijacking Atgs and restricting autophagy (Jackson 2015). Due to the 

requirement of autophagy for the early replication steps of HIV-1, this virus has 

developed man y strategies to escape the antiviral properties of this biological process. 

A genomic screen has, in fact, identified a number of autophagy-related host factors, 

including Atg7, Atg8, Atg12, and Atg16L2, which were essential for HIV-1 infection 

(Brass, Dykxhoom et al. 2008). Several excellent reviews have summarized the 

complex relationship between autophagy and HIV infection (Espert, Beaumelle et al. 

2015, Jackson 2015, Cao, Glazyrin et al. 2016, Nardacci, Ciccosanti et al. 2017) and, in 

the following sections, we will discuss and update recent reports on the association 

between autophagy and  HIV -1 with a focus on the implicated viral proteins (Figure 

1.19). 
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Figure 1.19 The link between HIV-encoded proteins and the autophagy pathway. 
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Different HIV-1 proteins modulate autophagy and these are exemplified herein. While 

HIV-1 Env and ASP (Antisense protein) induce autophagy, the viral Nef protein 

restricts this pathway by activating mTOR or inhibiting transcription factor EB (TFEB) 

phosphorylation and binding with Beclin-1. Tat is another viral protein which blocks 

autophagy by interacting with LAMP2A. Certain viral proteins, such as Tat (in its 

ubiquitinated form), p24, and ASP, can also be targeted by p62-mediated autophagy. 

1. 7 .2.1. Env 

The HIV-1 env gene encodes an envelope glycoprotein precursor, which, upon 

cleavage by the furin cellular protease, results in the generation of gp120 and the gp41 

transmembrane glycoprotein (Checkley, Luttge et al. 2011). Interestingly, it has been 

reported that gp 120 can induce apoptosis of uninfected bystander T cells expressing 

CD4 and CXCR4 or CCR5 through various mechanisms (Perfettini, Castedo et al. 

2005). An important publication has subsequently demonstrated that this 

apoptosis-associated phenomenon was also paralleled by the accumulation of Beclin 1 

in uninfected CD4+ T lymphocytes via CXCR4 binding and autophagy induction 

(Espert, Denizot et al. 2006). This important report highlighted that CD4 signaling and 

p56lck were not required and that autophagy was necessary for apoptosis to be 

induced. In a subsequent study, the team of Biard-Piechaczyk further demonstrated 

that CXCR4 signaling was not implicated in Env-induced autophagy, but was highly 

dependent on the gp41 fusion domain (Denizot, Varbanov et al. 2008). Autophagy can 

also be induced by R5 virus-derived Env upon binding to uninfected CCR5-expressing 

CD4+ T cells but is inhibited in CD4+ T cells infected by either X4 or R5 strains 

(Espert, Varbanov et al. 2009). Interestingly, autophagy is not similarly induced in 

uninfected macrophages following exposure to viral particles, despite being positive 

for the presence of autophagosomes. However, in infected macrophages, viral 

- - ---- -- -·-·------ ---- --- --- - - .. -- ---- -·--- ··-----
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replication is being favored by induced autophagy (see below). At a more 

physiologically-relevant level, Zhou et al. found that the levels ofBeclin 1, Atg5, Atg7, 

and LC311 increased in postmortem brains presenting HIV-1 encephalitis compared 

with HIV-1 patients without encephalitis. Additionally, these authors confirmed that, 

in the neuroblastoma SK-N-SH cell line, overexpression of both CXCR4- or 

CCR5-specific gp120 increased the presence of these autophagy markers. This study 

thereby further suggests that HIV -1 gp 120 induces autophagy in neuron cells, and that 

the induction of autophagy might be related to the pathogenesis of neuroAIDS (Zhou, 

Masliah et al. 2011). 

1.7.2.2. Gag 

Kyei et al. showed that, during the early steps of autophagy, the Gag-derived 

polypeptides were found to interact with LC3-II in macrophages, as determined by 

confocal microscopy and immunoprecipitation experiments (Kyei, Dinkins et al. 

2009). They provided additional evidence that Gag processing was augmented when 

autophagy was induced, demonstrating that this biological process led to maximal viral 

replication in infected macrophages. 

An important characteristic of autophagy is that it also plays an important role in 

innate and adaptive immunity, and that viruses have evolved mechanisms to counteract 

the process by which they are subjected to degradation by the autophagolysosome. Of 

note, half of the tripartite motif (Martinez-Outschoom, Trimmer et al. 2010) protein 

family, harboring known HIV restriction factors, has been identified as regulators and 

as cargo receptors of autophagy. In this respect, Mandell et al. provided interesting 

evidence that TRIM proteins can interact with and regulate ULKl and Beclinl, 

resulting in the formation of a multimolecular complex and that it acted as a cargo 

receptor mediating its viral restrictive function through autophagy-dependent 

------··------·---- --- ------ ·-- - - --- . - - ··-- ··--····--- -- - - --· -··--- - - - - - ·· - - -
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de gradation of the viral particle (Mandell, Kimura et al. 2014, Hatakeyama 201 7). In 

fact, TRIM5a, an important inhibitor of HIV-1 replication (O'Connor, Pertel et al. 

2010, Chan, Towers et al. 2014), restricts HIV-1 replication by binding p62/SQSTM1 

and by recognizing and targeting HIV-1 Gag p24 for selective autophagy degradation 

(Mandell, Jain et al. 2014, Mandell, Kimura et al. 2014). Of further importance, 

TRIM21 regulates autophagy by interacting with IRF3 (IFN regulatory factor 3) and 

modulating its stability during virus infection (Yang, Shi et al. 2009). 

1.7.2.3. Tat 

Tat is differently targeted by processes, which alter its abundance. Ubiquitination 

is a post-translational modification that has been shown to target this viral protein. 

Indeed, ubiquitination of Tat leads to proteasome-dependent degradation although 

Bres et al. have also shown that a different type of ubiquitination of Tat promotes a 

higher lev el of L TR transactivation (Bres, Kieman et al. 2003, Zhang, Qin et al. 2014). 

A recent study has shown that autophagy also selectively targets Tat through a 

ubiquitin-independent interaction of Tat and p62/SQSTM1 in CD4+ T lymphocytes. 

Further evidence in this study, however, suggests that Tat degradation is eventually 

blocked to allow viral replication (Sagnier, Daussy et al. 2015). In another study 

focusing on patients suffering from HIV-associated neurocognitive disorder (RAND), 

Tat was shown to induce a decrease in the abundance of the autophagy markers LC311 

andp62/SQSTM1 associated to membrane in neurons (Fields, Dumaop et al. 2015). 

The authors further demonstrated that Tat could bind to the lysosomal-associated 

membrane protein 2A (LAMP2A) both in vivo and in vitro, thereby possibly leading to 

an upregulation of the fusion of autophagosomes with lysosomes. 
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1.7.2.4. Nef 

Nef has also been shown to be an important modulator of autophagy and in fact 

inhibits late steps in order to avoid degradation of viral particles. Detailed studies have 

revealed that Nef binds to the conserved domain of the autophagy regulatory factor 

Beclin-1, which competes for the binding of glioma-associated oncogene 

pathogenesis-related 2 (GLIPR2). This might be responsible for the inhibition of 

autolysosome maturation observed in macrophages and eventually lead to the escape 

of viral capsids from autophagy-mediated de gradation (Kyei, Dinkins et al. 2009, 

Shoji-Kawata, Sumpter et al. 2013). Another report has demonstrated that, during early 

stages of HIV -1 replication in macrophages, autophagy is induced by HIV -1, through 

the toll-like receptor 8 (TLR8) which, in tum, depends on Beclinl-dependent 

dephosphorylation and nuclear translocation of the transcription factor EB (TFEB). 

Upon active HIV-1 replication, autophagy is restricted through mTOR activation and 

phosphorylation/cytoplasmic sequestration of TFEB mediated by the interaction of Nef 

and Beclinl (Campbell, Rawat et al. 2015). Interestingly, studies in astrocytes have 

revealed that high expression of Nef typically observed in astrocytes ofHIV-1-infected 

brains increased LC311 and p62/SQSTM1 levels in these cells  and that this 

accumulation strongly correlated with blocking of the fusion of autophagosome to 

lysosome and escape of viral de gradation (Sardo, Iordanskiy et al. 2015, Saribas, 

Khalili et al. 2015). 

1.7.2.5. Vif 

Vifwas also reported to be implicated in autophagy. It was reported that Vif could 

interact with LC311 independently of the presence of APOBEC3G. Furthermore, 

autophagy was induced in ~ Vif-infected cells, while Vif overexpression led to 

autophagy inhibition. Despite its potential inhibitory role, Vif can nonetheless be a 
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substrate toward autophagy. Indeed, the HDAC6/A3G complex can positively regulate 

autophagy and induce subsequent de gradation of the Vif protein (Valera, de 

Armas-Rillo et al. 2015). Accordingly, HDAC6 interacts with and promotes Vif 

degradation, and thereby blocks Vif-mediated A3G degradation (Valera, de 

Armas-Rillo et al. 2015). 

1.7.2.6. Vpu 

Vpu, another HIV-1 accessory protein, enhances virion budding by targeting 

human CD4 and Tetherin/BST2 (bone marrow stromal cell antigen 2) to proteasome 

degradation. A recent study by Madjo et al. indicated that Vpu selectively binds to the 

autophagy factor LC3C, which leads to the removal of BST2 from the HIV-1 budding 

region and could thereby counteract BST2 restriction (Madjo, Leymarie et al. 2016). 

1.7.2.7. ASP 

Antisense transcription has been demonstrated to be important in the modulation 

of HIV-1 gene expression but has further been proposed to encode a protein termed 

antisense protein (ASP), whose existence has recently been supported by detailed in 

silico analyses (Landry, Halin et al. 2007, Cassan, Arigon-Chifolleau et al. 2016). In 

our recent study, we have demonstrated that expression of ASP induced autophagy, 

potentially through its capacity to form multimers (Torresilla, Larocque et al. 2013). 

We have further shown that in monocytic cells, ASP-induced autophagy led to an 

increase in HIV-1 replication, which concurs with a previous observation by Kyei et al. 

(Kyei, Dinkins et al. 2009). 
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Since the early study showing that the envelope protein could impact uninfected 

cells, the association between HIV-1 infection and autophagy has been strongly studied 

for over 10 years. Numerous studies have since then revealed that several viral proteins 

are capable of modulating autophagy to favor HIV-1 replication although these effects 

appear to be context-dependent. Like for other viroses, HIV-1 needs to modulate 

autophagy in order to replicate itself in infected cells and to alter immune responses. As 

it has been clearly shown, the modulation of autophagy by HIV -1 is very complex and 

involves many viral proteins, including those most recently associated Vpu and ASP. 

1.8 Project objectives 

The existence of antisense transcription in HIV-1 has been suggested over 

previous years and readdressed in several recent reports. Moreover, this transcript has 

been proposed to encode a protein ASP, which is supported by in silico analyses. Our 

group have been able to clearly detect the ASP protein for the first time by Western 

blot and various other approaches ( confocal microscopy and flow cytometry) in 

transfected cell lines. Our results have demonstrated that human codon optimized 

ASP forms multimers, and that ASP is unstable and capable of inducing autophagy, 

which likely accounts for difficulties in its detection in infected cells. Moreover, our 

previous study also suggested that ASP can interact with autophagy marker protein 

LC3-II. The aims of these studies were to further examine multimerization and 

posttranslational modification of ASP and mechanisms responsible for the induction 

of autophagy through the testing of ASPs from various HIV-1 clades. To achieve 

those goals, this study was divided into three specific objectives. 

·----·-.-- --------· ··---
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(1) Using deletion mutants and analyses of ASP from various clades including 

clade A  ( devoid of the first 25 amino acids ), to identify key domains ASP 

multimerization, which are related to the extent of autophagy induction through 

confocal microscopy. 

(II). ASP-induced autophagy was further characterized through autophagy 

markers (Atg5, Atg7, Atg12, Beclin-1, p62 and LC3-II) using immunoprecipitation 

and confocal microscopy, and CRISPR-based knockout in different cell lines. 

(III) Based on the propensity of ASP to form multimers and induce autophagy, 

ASP from various HIV-1 clades will be analyzed for their capacity to associate with 

the multimer-binding autophagy factor p62 and to be subject to polyubiquitination. 

----------------·------.... - - ---------



CHAPTERII 

METHODS 

2.1 Plasmids 

Expression vectors for the Myc-tagged optimized ASP and GFP-ASP optimized 

fusion proteins have been previously described (Torresilla, Larocque et al. 2013). A 

series of deletion mutants (15 and 30 amino acids at amino or carboxyl ends) and 

intemal deletion of cysteine triplet or PXXPXXP motif were generated by PCR from 

1 
Myc-tagged optimized ASP expression vector using primers presented in Table 2.1. 

These resulted in the constructs termed - - ~ -  

- - ~ -  - - ~  74-189, 

- - ~ -  - - ~  and 

pMyc-optimized-ASP ~  Proviral DNA p94CY032 (clade A), NL4.3 (clade B), 

JR-FL (clad B), 89.6 (clade B), MJ4 (clade C), p92NG003 (clade G) and p92NG083 

(clade G) were obtained through the NIH AIDS Reagent Program, while proviral 

DNAp97HAG2 (clade A), Mal (clade D) and IndieCl (clade C) were pro".'ided by Dr. 

Anne Gatignol (McGill University, Montreal, Canada) and proviral DNA 9004SDM 

(clade A) was given by Dr. Beatrice H. Hahn (University of Pensylvania, Philadelphia 

--·-----~ ---- - ~- -~--- ---
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PA). DNA fragments encoding His-or Flag-tagged antisense protein (ASP) were 

amplified by PCR from these proviral DNA or the Bal (clade B) envelope expression 

vector (provided by Dr. Michel J. Tremblay, Laval University, Quebec city, Canada) 

using specific forward and reverse primers bearing Notl and BamHI restriction site, 

respectively at their 5' end. After Notl/ BamHI digestion, PCR products were inserted 

into the vector pTT5 (Cat#VT2202, Youbio Inc. China), which was similarly digested. 

CRISPR-Cas9 knockout plasmids (LentiCRISPRv2, Addgene: 98290 and psPAX2, 

AddGene: 12260) were constructed as previously described (Koike-Yusa, Li et al. 

2014, Shalem, Sanjana et al. 2014). Pairs of oligonucleotides were designed for 

specificity toward targeted genes listed in Table 2.2. Annealing of each pair further led 

to the generation of BsmBI restriction sites, which were used to insert the resulting 

dimerized oligonucleotide in the BsmBI-digested LentiCRISPRv2 vector. Plasmids 

pDEST-GST-P62, - - -~  - - -~  and 

pDEST-GST- -~  1 were kindly provided by Dr. Lucile Espert (Université 

Montpellier, Montpellier, France) and express wild-type and various deletion mutants 

of p62 (Sagnier, Daussy et al. 2014). pRK5-HA-Ubiquitin-WT (Addgene, #17608), 

pRK5-HA-Ubiquitin-KOR, pRK5-HA-Ubiquitin-K 48 and 
1 

pRK5-HA-Ubiquitin-K63 and the empty vector (Addgene #17605) were gifts from 

Ted Dawson (Lim, Chew et al. 2005). pRK5-HA-Ubiquitin WT expresses 

HA-tagged wild-type ubiquitin, while pRK5-HA-Ubiquitin-KOR expresses an 

ubiquitin version in which all lysines were mutated to arginine. 

- ---- ------- ---~-- - - -~~----- ------ - ------------···--------
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Table 1.1 Primers used for generation of ASP deletion mutants 

Name of Prim ers 

mutations 

Optimized ASP Forward GCC CTG TCC AAG CTG TTC T 

~ -  Reverse GTC CTC CTC GCT GAT CAG CTT 

Optimized ASP Forward CTG GCC TGC ACA GTG AGC 

~ -  Reverse GTC CTC CTC GCT GAT CAG CTT 

Optimized ASP Forward TGA GGT ACC AAG CTT AAG TTT AAA 

~  74-189 Reverse CTGCAGCACGCTAGGGTC 

Optimized ASP Forward CAC AGA TCC GTG CAG AAT GAA 

~ -  Reverse CTG CAG CAC GCT AGG GTC 

Optimized ASP Forward GCC TCT ATC GCC CTG TCC AAG 

~  Reverse GCG GTT GCA GCT CAC GGT CT 

Optimized ASP Forward AAAAAT CCAAGGAACAAG GC 

~  Reverse CAG CAC GAT GGG GGC GGC 

Optimized ASP Forward AGG AAC AAG GCC CCC ATC CC 

~  Reverse CAG CAC GAT GGG GGC GGC 
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Table 2.2 Primers used for generation of expression vectors for CRISPR-mediated 

knockout of ATG5, ATG 7, and ATG 12 genes. 

Name Prim ers 

sgATG5-1 CAC CGA ACT TGT TTC ACG CTA TAT C 

AAA CGA TAT AGC GTG AAA CAA GTT C 

sgATG52 CAC CGA AGA TGT GCT TCG AGA TGT G 

AAA CCA CAT CTC GAA GCA CAT CTT C 

sgp62- 1 CAC CGC ACC GTG AAG GCC TAC CTT C 

AAA CGA AGG TAG GCC TTC ACG GTG C 

sgp62-2 CAC CGA CCG TGA AGG CCT ACC TTC T 

AAA CAG AAG GTA GGC CTT CAC GGT C 

sgATG7-1 CAC CGG AAG CTG AAC GAG TAT CGG C 

AAA CGC CGA TAC TCG TTC AGC TTC C 

sgATG7-2 CAC CGG CTG CCA GCT CGC TTA ACA T 

AAA CA T GTT AAG CGA GCT GGC AGC C 

2.2 Cell lines and transfection 

Human embryonic kidney 293T, African green monkey kidney COS-7 and 

human cervical HeLa cell lines were cultured in Dulbecco's modified Eagle medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) (Western, Inc, USA). All 

DNA plasmids were transfected using Polyethylenimine (PEI) (Polysciences, cat# 

23966-2) at a 7: 1 ratio of PEI (µg): total DNA (µg) in FBS-free DMEM: empty 
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vectors were added to normalize DNA quantity in between transfection and for 

transfections control samples. After an incubation of 20 min at room temperature, the 

PEI/DNA mixture was added to cells for 6 h, after which medium was removed and 

replaced by fresh supplemented DMEM medium. In certain transfections, cells were 

treated with Bafilomycin Al (1 OO nM) for 6 h at 24 h post-transfection. 

2.3 Generation of CRISPR-Cas 9 stable cell lines 

Pseudotyped lentiviruses were produced by co-transfecting 293T cells with 

lentiCRISPRv2 or lentiCRISPRv2-sgRNA (specific to ATG5, ATG7 or p62) (Table 3), 

the HIV-1 backbone-containing psPAX2 and the VSV envelope pVSVg (Addgene: 

#8454) using the PEI agent. At 36h post-transfection, viral supematants were filtered 

with 0.22um filters (Millipore Corporation, Billerica, MA, USA) and added to 293T 

and COS-7 cells. CRISPR-Cas9 stable knockout cell lines (293T and COS-7) were 

selected and kept in DMEM supplemented with 10% FBS and 0.2ug/ml puromycin. 

Clones were generated by 1 OX serial dilution and single clone wells were further 

expanded in puromycin-containing medium. Selected and amplified clones were 

analyzed by PCR for the targeted region and resulting amplicons were subsequently 

sequenced. 

2.4 Antibodies 

Anti-GST antibodies were purchased from GE Healthcare Life Science (Chicago 

IL). Anti-Flag, anti-tubulin, anti-LC3, anti-ATG5, anti-ATG7, anti-ATG12, 
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anti-Beclin-1 and anti-p62 antibodies were purchased from Sigma-Aldrich (St-Louis 

MO). Antibodies against Mye, His and HA tags, HRP-conjugated anti-GFP and 

HRP-conjugated goat anti-mouse and anti-rabbit IgG antibodies were ordered from 

Santa Cruz Biotechnology Inc (Dallas TX). Mouse TrueBlot® ULTRA (Anti-Mouse 

Ig HRP) was purchased from Rockland Inc. (Limerick PA). Goat anti-mouse IgG 

coupled to Alexa Fluor 488 or to Alexa Fluor 568 were obtained from Thermo Fisher 

Scientific (Waltham MA). Monoclonal anti-ASP antibodies generated by Eurogentec 

(Liege, Belgium) were kindly provided by Dr. Jean-Michel Mesnard (Université 

Montpellier, Montpellier, France) and are specific to the amino acid sequence 

indicated in Figure 3.4A. 

2.5 Western blotting 

Cells were washed with PBS lX (Wisent Inc) and then lysed in lysis buffer (Tris 

50mM pH8.0, NaCl 1 OOmM, EDTA lmM, 1 % Triton with proteinase inhibitor (Roche, 

Mississauga, Canada)) on ice for 15 min. In certain experiments, ~-  

(2 %) and varying concentrations ofDTT (0.1 to 0.5 M) were added to the lysis buffer. 

The lysates were centrifuged at 12,000 rpm for 15 min at 4 °C for separate the cell 

debris. Proteins (the supematant) were denatured by mixing 20 µl lysates with 4X 

loading solution (12% sodium dodecyl sulfate (SDS) with 3 mM Tris pH 6.8 and 0.05% 

bromophenol blue ), followed by incubation at 70°C for 10 min. Samples were run on 

a 10-12% SDS-PAGE and blotted onto an Immun-Blot™ PVDF membrane (Bio-Rad 

Laboratories, USA) in PBS-T (0.2% Tween 20 in lX PBS). Membranes were blocked 

with 5% skimmed milk in PBS-T at room temperature for 1 h and incubated with 

- - --··- ----.---
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anti-Myc (1 :250), anti-ASP (1 :2000), anti-GFP (1 :5000), anti-HA (1: 10000), 

anti-GST (1 :3000) anti-His (1 :5000), anti-p62 (1 :2000), anti-GAPDH (1: 1000), 

anti-tubulin (1: 10000), anti-ATG5 (1 :2000), anti-ATG7 (1 :2000), anti-LC3 (1 :500), or 

anti-Beclin-1 (1 :500) antibodies at 4°C overnight. Membranes were next incubated 

with the appropriate HRP-conjugated secondary antibodies (1 µg/ml) at room 

temperature for 2 h and visualized with the ECL Western blotting detection kit 

((Immobilon TM Western, Millipore Corporation, Billerica, MA). Image acquisition 

was performed with Fusion FX7 (Vilber Lourmat, France). For certain experiments, 

densitometric analyses were conducted on LC3-related signals and a LC3-II/LC3-I 

ratio was calculated and normalized over cells transfected with an empty vector (set 

at a value of 1 ). 

2.6 Immunoprecipitation 

SureBeads™ Protein G Magnetic Beads (Bio-Rad, California, USA) were 

resuspended (20ul per sample) and washed two times with 500 µl cold PBS-T. 

Antibodies diluted in 500 µl PBS-T (anti-Myc (1:200), anti-p62 (1:100), anti-His 

(1 :200), and anti-GST (1: 1 OO)) were then added to the beads for 1 h at room 

temperature and beads were next washed three times with cold PBS-T. At 36 h 

post-transfection, cells were lysed with 50 mM Tris-HCl pH 8, 1 OO mM NaCl, 1 mM 

EDTA and 1 % Triton. Total cell extracts were then incubated with the antibody-bead 

complex overnight at 4 °C. After three washes with cold PBS-T, bound fractions were 

eluted with 20 µl of 2X loading buffer heated at 100°C. All samples were used for 

Western blot analyses. 

--·--- -----·-·------ . ~--- -
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2. 7 Flow cytometry 

Transfected COS-7 and 293T cells were washed three times with PBS 

containing 2% FBS and lmM EDTA, then fixed with 4% paraformaldehyde (PFA) 

for 10 min, and permeabilized with 0.1 % Triton X-100 for 5 min at room temperature. 

Next, cells were blocking with blocking solution with 2% FBS+ 1 % BSA for 2 hours 

at 4 D. After three additional washes with cold PBS-T and centrifugation at 1500rpm 

for 5 min to remove all supematant, cells were incubated with the anti-Myc antibody 

(dilution 1 :250) ovemight at 4 °C. After three times washes with cold PBS-T, cells 

were incubated with goat anti-mouse lgG antibodies coupled to Alexa Fluor 488 

(1/500) (lnvitrogen Canada Inc) for 1 h at 4°C. Cells were washed three times again 

with cold PBS-T and finally fixed with 1 % paraformaldehyde and incubated 

ovemight at 4 °C before analysis with the FAC Sean device (BD Biosciences ). 

2.8 Confocal microscopy 

COS-7 and HeLa cells were seeded in 24-well plates containing a 1.5-mm-thick 

coverslip for 12 h and then transfected, as described above. At 48 h post-transfection, 

cells were rinsed twice with cold PBS and fixed with 4% formaldehyde/PBS for 10 

min at room temperature on a slow rotatory shaker. Cells were next washed four 

times with PBS/ 0.1 % Triton X-100. Fixed cells were incubated with a blocking 

solution (3% BSA, 5% milk, 50% FBS, 0.1 % Triton X-1 OO and 0.05% NaN3 PBS) 

ovemight at 4°C, then rinsed with cold PBS three times and incubated with anti-p62 
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(1 :250), anti-ATG5 (1 :250), anti-ATG7 (1 :250), anti-LC3 (1 :250), anti-ASP (1 :500), 

or anti-Myc (1 :250) antibodies in a PBS solution containing 3% BSA, 0.1 % 

TritonX-100 and 0.05% NaN3 at 4°C ovemight. Cells were next washed with cold 

PBS/0.1 % Triton X-100 and incubated with a secondary antibody (1 :500: goat 

anti-mouse IgG coupled to Alexa Fluor 488 or goat anti-rabbit IgG coupled to Alexa 

Fluor 568) in the PBS solution described above for 45 min. at room temperature. 

Cells were washed with PBS/0.1% Triton X-100 and incubated in the immune-mount 

solution in the presence of 1 % DAPI. All cell samples were visualized with a Nikon 

A 1 laser scanning confocal microscope (Nikon Canada, Mississauga, Canada) 

through a 60X objective under oil immersion. All confocal images were analyzed 

with ImageJ software. The multi-point selection feature was used to select ASP-and 

ASP/p62-positive punctuated signais, which were then automatically counted. Data 

were analyzed by a paired Student's t-test. 

--··-·------ -----·-- - ·-- - ------- ------------------~--------------------- ---- ---~--  -- ----- - ----·-·---------



CHAPTERIII 

RESULTS 

3 .1 Analyses of ASP multimers 

3 .1.1 Multimerization of ASP involves disulfide bonds 

A limited number of studies have shown that ASP could be detected in infected 

and transfected cells (Briquet and Vaquero 2002, Torresilla, Larocque et al. 2013). 

U sing a mammalian expression vector harbouring a human codon-optimized ASP 

cDNA, we have successfully detected ASP in 293T and COS-7 cells and 

demonstrated that it was forming multimers and could induce the formation of 

autophagosomes, thereby providing an explanation for its difficult detection 

(Torresilla, Larocque et al. 2013). Herein, we sought to further define the mechanism 

leading to autophagy induction by ASP and to extend these analyses to ASP from 

different HIV-1 clades. 

We were first interested in confirming the self-multimerization potential of 

NL4.3 (clade B) ASP using expression vectors for Myc-tagged and chimeric 
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GFP-optimized ASP (Figure. 3 .1 ). Extracts from co-transfected 293 T cells were 

immunoprecipitated with anti-Myc antibodies and subsequently analysed in parallel 

with total extracts by Western blot. As depicted in Fig. lA, a specific signal was 

detected corresponding to the GFP-tagged ASP in immunoprecipitated extracts, 

which could not be accounted by significant diff erence in expression of the fusion 

protein in the different analysed samples. To confirm that ASP could self-multimerize 

in a different cell line, similar co-transfection experiments were conducted in COS-7 

cells and again revealed that both ASP versions were associated (Figure 3.lB). As 

cysteine-rich regions of the protein might mediate these high molecular complexes, 

we pretreated the extract from Myc-tagged-ASP expressing COS-7 cells with high 

concentrations of reducing agents, DTT and B-mercaptoethanol. Upon treatment, 

intensity of the high molecular signais was strongly diminished with either agent and 

resulted in increased intensity of the 20 and 200kDa signais (Figure 3.lC). Very high 

concentration (0,5 mM) of DTT equally led to disappearance of the high molecular 

weight signais (Figure 3. lD) 
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Figure 3.1 Multimerization of ASP involves disulfide bonds. 

A-B. 293T (A) and COS-7 (B) cells were transfected with expression vectors for 

GFP-optimized NL4.3 ASP, Myc-tagged-optimized NL4.3 ASP and/or the empty 

vector pcDNA3.1. At 48 h post-transfection, immunoprecipitation was performed 

using the anti-Myc antibody and Western blot analyses were conducted through 

anti-GFP and anti-Myc antibodies. Total cellular extracts were similarly analysed in 

parallel. C-D. Extracts from COS-7 cells transfected with the Myc-tagged optimized 

NL4.3 ASP expression vector (vs. pcDNA3.1) were treated with ~-  

and/or DTT (at different concentrations in panel D) prior to Western blot analyses with 

anti-Myc and anti-GAPDH antibodies. Both stacking and resolving gels are depicted 

and high molecular weight (including 200 kDa multimers) vs. monomeric 20kDa ASP 

signais are indicated. 
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3.1.2 The N-terminal end of ASP affects its multimerization 

In light of these results, a series of deletion mutants were next generated, in 

which the first 15 and 30 amino acid residues from the amino or carboxyl end of 

Myc-tagged NL4.3 ASP were deleted. The vectors pMyc-optimized-ASPflNl-15 and 

pMyc-optimized-ASPflNl-30 vectors expressed ASP mutants, from which 4 and 7 

conserved cysteine residues (presumed to be implicated in multimer formation) were 

removed, respectively, (Figure 3 .2A). ASP mutants with similar deletion at their 

carboxyl end served as controls. Upon transfection of COS-7 cells, flow cytometry 

analyses showed that mutants and wild-type ASP were detected at comparative levels, 

except for mutant pMyc-optimized-ASP flNl-30, which showed a reduced signal 

(Figure 3.2B). The multimerization potential of these mutants were next analysed by 

Western blot (Figure 3.2D). Interestingly, the loss of the first 15 residues at the amino 

ep.d strongly reduced the abundance of high multimer complexes, and led to a light 

increase in the levels of monomers, while no such effect was observed with mutants 

bearing deletion at their COOH end. The ASPflNl-30 mutant presented reduced 

signal for both monomeric and high molecular weight signals when compared to 

wild-type-expressing cells, which was likely due to reduced overall abundance of the 

protein. Confocal microscopy analyses were next performed in transfected cells 

(Figure 3 .2F). Deletion of the first 15 amino acids reduced (but not completely 

abolished) the presence of punctuated ASP signals, having previously been identified 

as autophagosomes. Deletion of the carboxyl end did not lead to differences in the 

distribution of the resulting ASP mutant from the wild-type version (Figure 3.2F). 
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Numbering of the punctuated structures in cells transfected by each express10n 

vectors further confirmed the reduced presence of ASP-positive autophagosome-like 

structures in ASP ~ - -  cells in comparison to cells expression either 

ASP WT or ~  74-189 (Figure 3.20). Another mutant in which the conserved 

PXXP domain (position 47-53) was partly or completely deleted, was also tested in 

COS-7 cells and revealed no clear change in expression level, multimer formation or 

induction of autophagy (Figure 3 .2C, E and F). 
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A. Schematic representation of the different domains of ASP and the generated 

deletion mutants targeting the first 15 or 30 amino acids of either the N-or C-terminal 

of ASP and the PXXPXXP region. B-G. COS-7 cells were transfected with expression 

vectors for these different ASP mutants and the wild-type version vs. pcDNA3 .1 

(empty vector) and, at 48 h post-transfection, were analysed with an anti-Myc antibody 

by flow cytometry (B-C), Western blot (D-E) and confocal microscopy (60X objective 

with numerical aperture of 1.4) (F-G). In panels D and E, high molecular weight 

(including 200 kDa multimers) vs. monomeric 20kDa ASP signals are indicated. Cells 

analysed by confocal microscopy were also stained for their nuclei with Hoechst (F) 

and quantified for the number of ASP-positive punctuated structures (20 cells each 

condition were counted) (G). 

3 .1.3 The cysteine triplet of ASP is implicated its multimerization and partly in its 

autophagy-inducing capability 

Since a cysteine triplet is present in the first 15 amino acids region of the ASP 

ORF, we specifically deleted these cysteine residues (Figure 3.3A). Flow cytometry 

indicated that the resulting mutant was detected at levels equivalent to those of 

optimized-ASP WT in transfected COS-7 cells (Figure 3.3B). Expression of the 

optimized ASP ~  mutant in COS-7 cells resulted in a typical punctuated 

distribution in the cytoplasm (Figure 3.3D), while Western blot analyses 

demonstrated that multimerization capacity of ASP ~  appeared less pronounced 

with a concomitant increase in the monomeric signal, suggesting that this cysteine 

triplet was partially contributing to ASP multimer formation and autophagy induction 

L_ ---------------- ------ - --------------
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(Figure 3 .3C). To confirm these results, the amino and cysteine deletion mutants were 

tested in 293T cells (Figure 3.3E). When compared to WT ASP, these mutants again 

affected ASP multimer formation and markedly increased monomeric ASP levels. 

These results hence demonstrated that the amino terminus (and cysteines) of 

ASP contributes to its capacity to multimerize, and is partly implicated in its 

autophagy-inducing properties. 
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Figure 3.3 Deletion of the first cysteine triplet of ASP reduces multimer formation 

and autophagosome signals. 

A. Schematic representation of the different domains of ASP and the deletion mutant of 

the first cysteine triplet (1°CCC12). B-D. COS-7 cells were transfected with expression 
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vectors for wild-type or cysteine triplet-deleted ASP vs. pcDNA3.1 (empty vector). 

After 48h of transfection, using anti-Myc antibodies, cells were analysed by flow 

cytometry (B), Western blot (C) and confocal microscopy (60X objective with 

numerical aperture of 1.4) (D). In panel C, high molecular weight (including 200 kDa 

multimers) vs. monomeric 20kDa ASP signals are indicated. Cells analysed by 

confocal microscopy were also stained for their nuclei with Hoechst (D). E. 293T cells 

were transfected with expression vectors for optimized NL4.3 ASP WT, 61-15, 6 

1-30 and 6CCC vs. pcDNA3.1 (mock) and analysed by Western blot using anti-ASP 

antibodies. 

3 .2 Expression and detection of ASP from various clades 

In order to address the mechanism leading to ASP-mediated autophagy in a more 

representative manner, we next generated expression vectors for His-tagged ASP 

representing HIV-1 clade A, B, C, D and G. Importantly, these ASP ORFs were 

directly derived from the original proviral DNA sequence and were not 

codon-optimized, as we had previously performed in our earlier study (Torresilla, 

Larocque et al. 2013). Sequence comparison of the ASP genes tested in this study is 

presented in Figure 3.4A and highlights the previously observed absence of the first 

25 amino acids in clade A ASP (Cassan, Arigon-Chifolleau et al. 2016). This thereby 

allowed us to assess multimer formation and the autophagy-inducing capacity of an 

ASP version naturally missing the typical amino end. Following transfection in 293T 

cells, we first used our monoclonal anti-ASP antibody derived against the epitope 

indicated in Figure 3.4A to determine if ASP could be detected by Western blot. As 
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depicted in Figure 3.4B, despite variation in the amino acid sequence of the epitope in 

between tested ASP, we demonstrated the presence of the expected 20 kDa signal 

( albeit with some variation in molecular weight and intensity between clades). Clade 

A ASP was detected at a lower molecular weight signal in comparison to other clade 

ASP, except for the 92NG083 ASP. The signal specific for 92NG083 ASP was not 

due to preferential usage of the intemal methionine residue, as demonstrated by the 

similar monomeric signals observed upon analyses with an anti-His antibody (Figure 

3 .4C) but could be accounted by lower amino ac id number of this ASP in the variable 

COOH end region. In addition, high molecular weight signals including important 

aggregates were detected in cells transfected with the diff erent ASP expression 

vectors. As expected and due to the absence of the first 25 amino acids, clade A ASP 

showed a more abundant monomeric vs. its multimeric form, while ASP from other 

clades showed a marked preference for multimeric ASP. Unexpectedly, a similar 

behavior was noted for the clade G ASP representative (92NG083): few high 

molecular weight ASP-specific signals were observed as opposed to the more 

abundant monomeric form. 

These results hence showed that His-tagged ASP from different clades can be 

detected with anti-ASP and anti-His antibodies. Furthermore, these results confirmed 

that multimer formation likely involved the amino end, but that, based on the 

variation of multimer intensities among various tested ASP (including results with the 

clade G representative ), other regions of ASP are more likely affecting the extent of 

multimer formation. 
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A. Sequence alignment of the predicted amino acids of ASP from diff erent HIV-1 

isolates representing different clades. The peptide region used to generate anti-ASP 

monoclonal antibodies is highlighted over the sequence from amino acid 47 to 61. B-C. 

Expression vectors of His-tagged ASP from various HIV clades were transfected in 

293T cells and cell lysates were subsequently analysed by Western blot for ASP (B: 

anti-ASP and C: anti-His). Depicted on the right side of the panels are multimers, high 

molecular weight and monomeric 20kDa ASP signals. Clade type for each tested ASP 

is indicated on top of each lane. 

3 .3 Induction of autophagy by ASP from different HIV-1 clades 

3 .3 .1 The expression of different ASP increases LC3-II levels 

Since the expression of all tested ASP could be detected and led to variation in 

the extent of multimer formation, we were next interested in determining if these 

different ASP proteins could indeed induce autophagy. Based on our previous results 

showing that levels of the lipid-modified microtubule-associated protein 1 light chain 

3 (LC3-II), a well-known autophagy marker, was increased in 293T and COS-7 cells 

expressing ASP (Torresilla, Larocque et al. 2013), we used this same marker to 

evaluate the autophagy-inducing capacity of ASP from different clade representatives. 

As depicted in Figure 3.5A, the presence of ASP was again confirmed for all 

transfected ASP vectors and was detected as monomers and multimers. Importantly, 

ASP from the different clades all increased levels of LC3-II, albeit to different extent 

in transfected 293T cells. Furthermore, based on these Western blot analyses, clade A 

ASP 94CY032 was capable of inducing autophagy, when compared to other ASP 
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expression vector. 

We then sought to validate that this increase in LC3-II levels was due to an 

induction of autophagy and not the inhibition of the late step of the autophagy, both 

of which would lead to increase in the abundance of LC3-II levels. Hence, transfected 

293T cells were treated with Bafilomycin Al, a blocking agent of lysosomal 

degradation. In these conditions, ASP-dependent induced levels of LC3-II should be 

maintained if ASP led to induced autophagy, while no such increase should be noted 

if ASP inhibited the last step of autophagy. In Figure 3.5B, Western blot analyses 

revealed that LC3-II levels were indeed increased upon Bafilomycin Al treatment, as 

expected but that induction was still noted for all tested clade ASP (A, B, C, D, and 

G). To more clearly quantify and normalize changes in LC3-II levels, densitometric 

analyses were performed for both LC3-I and LC3-II bands in all transfected samples. 

LC3-I/LC3-II ratios were then calculated and shown to be higher than for similarly 

treated cells (-/+ Bafilomycin A 1) and transfected with the empty vector, thereby 

further confirming that ASP from the tested clades increased LC3-II levels through 

induced autophagy. 
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A-B. Expression vectors of His-tagged ASP from various HIV clades and the empty 

vector were transfected in 293 T cells and cell lysates were analysed by Western blot for 

the detection of ASP (anti-His), LC3-II levels (anti-LC3) and tubulin. Signais for 

LC3-I, LC3-II and ASP are indicated on the left of each panel. In panel B, after 

transfection, cells were treated with DMSO (-) or with 100 nM Bafilomycin Al (+) 

(Baf Al) for 6 h. LC3-II/LC3-I ratios are indicated for each lane and are representative 

of fold value over the calculated ratio for untreated cells transfected with the empty 

vector. C. Increasing quantity of clade 89.6 ASP expression vector was transfected in 

293T cells and cell lysates were analysed by Western blot for ASP, p62 and tubulin. D. 

Expression vectors for His-tagged ASP from NL4.3, 94CY032, IndieCl and Mal 

proviral DNA (vs. empty vector) were transfected in 293T cells and cell lysates were 

analysed by Western blot for ASP (anti-His), p62 and tubulin. Clades of origin of the 

different tested ASP representative are indicated above each lane. E-F. COS-7 cells 

were transfected with expression vectors of Myc-tagged ASP from various clades. 

After fixation, cells were labeled with anti-Myc antibodies followed by goat 

anti-mouse IgG coupled to Alexa Fluor 488, stained with DAPI and observed by 

confocal microscopy. Cells transfected with the expression vectors for NL4.3 ASP 

(clade B) and 94CY032 ASP (clade A) were next quantified for the number of 

ASP-positive punctuated structures (F). 

3 .3 .2 The expression of different ASP decrease p62 levels 

Since p62 degradation can also be used as a marker of autophagy, we conducted 

additional Western blot analyses in 293T cells transfected with increasing quantity of 

----- ·--
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the Bal (clade B) ASP expression vector. A dose-dependent decrease in p62 levels 

was confirmed upon ASP expression, further confirming induced autophagy (Figure 

3 .5C). Expression vectors of ASP from clade A, B, C and D further revealed reduced 

levels of p62 in transfected cells when compared to empty vector-transfected cells 

(Figure 3.5D). To further demonstrate that autophagy was induced by these different 

ASP-expressing vectors, transfected COS-7 cells were analysed by confocal 

microscopy using anti-Myc antibodies. Analyses of transfected cells revealed the 

presence of cytoplasmic punctuated ASP-positive signals (including cells expressing 

clade A ASP), which was reminiscent of autophagosomes (Figure 3 .5E). To more 

quantitatively assess autophagy induction in clade A vs. clade B ASP, the number of 

ASP-positive autophagosome-like structures were counted in NL4.3 (clade B) and 

94CY032 (clade A) ASP-expressing cells and revealed a significant reduction in 

number of ASP-positive punctuated signals in clade A ASP-expressing cells 

compared to clade B ASP-expressing cells (Figure 3.SF). 

These results confirmed that ASP from different clades induced autophagy and 

that no striking differences were noted in between clades, except for clade A ASP, 

which indeed led to induced autophagy but to a lesser extent than ASP from other 

clades. They also did not support an inhibitory action of ASP on late stage of 

autophagy leading to degradation of autophagosome content. 

3 .4 Knockout of autophagy factors increase the abundance of ASP 

U sing inhibitors of early and late steps of autophagy, we have previously 
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demonstrated that the abundance of codon-optimized NL4.3 ASP increased 

(Torresilla, Larocque et al. 2013). In order to further confirm the involvement of 

autophagy in the regulation of ASP, we conducted targeted knock-out of the ATG5 

and ATG7 genes using the CRISPR/Cas9 system by lentivirus-mediated transduction 

(Figure 3.6). 293T cells were first stably transduced with lentivirus expressing 

selective sgRNA and following puromycin selection, two clones per knock-out were 

subsequently transfected with the His-tagged NL4.3 ASP (clade B) expressing vector. 

Resulting extracts were analysed for ASP, ATG5 and ATG7 expression. Knock-out of 

ATG5 or ATG 7 through targeting of two diff erent regions resulted in the reduced 

levels of the ATG5-ATG12 complex, (although more limited for clone sgATG5-1) 

and, of ATG7, respectively (Figure 3 .6A and B). Importantly, His-tagged ASP levels 

increased in these clones, with a more increased abundance associated with lower 

expression levels of the targeted gene. 

The results thereby confirmed that ASP levels in transfected cells were 

modulated by autophagy, and that typical autophagy factors, i.e. ATG5-ATG 12 and 

ATG7, were implicated. 

--~ -----~ -- --------------  - ------------------- ~-------  
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Figure 3.6 Suppressed expression of ATGS and ATG7 leads to increased ASP 

express10n. 

Two different 293T cell clones knocked out for either ATGS (sgATG5- l and sgATG5-2) 

(A) or ATG7 (sgATG7-1 and sgATG7-2) (B) and control stably transfected clones were 

transfected with an His-tagged NL4.3 ASP expression vector. Cell lysates were 

prepared and analysed by Western blot using anti-His, anti-ATG-5, anti-ATG7 and 

anti-tubulin antibodies. Monomeric and multimeric signais are representing different 

ASP signais. The signal for ATG5 is shown as the typical covalently linked 

ATG5-ATG 12 complex. 

3.5 ASP interacts with autophagy factor p62 

3.5.l ASP co-localizes with LC3-II and p62 

Given that ail tested ASP could induce autophagy, albeit to a lower extent for 

clade A ASP, we next investigated on the possible mechanism leading to this 
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induction. We first focused our attention on determining whether ASP could associate 

and co-localize with specific autophagy factors by confocal microscopy (Figure 3.7). 

As we have previously reported (Torresilla, Larocque et al. 2013), we first confirmed 

that expression of NL4.3 (clade B) ASP in 293T cells showed association to LC3 

upon co-immunoprecipitation with anti-ASP followed by Western blot analyses 

(Figure 3.7A). In addition, ASP was confirmed to partially co-localize with LC3-II in 

COS-7 cells co-transfected with expression vectors for NL4.3 ASP and the GFP-LC3 

fusion protein (Figure 3.7B). We next performed confocal microscopy experiment to 

identify potential co-localization with the autophagy factor p62. Our results revealed 

that a clear co-localization between NL4.3 ASP and p62/SQSTM1 was observed in 

both HeLa and COS-7 cells (Figure 3.7C). COS-7 cells transfected with clade A and 

B ASP were further used for numbering of autophagosome-like structures doubly 

positive for ASP and p62 (Figure 3.7D). Results demonstrated that double positive 

(p62 and ASP) signals were identified in clade A ASP-expressing cells, but too a 

significantly reduced level in comparison to clade B ASP-expressing cells. 
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Figure 3.7 Association between ASP and p62 and effect of p62 knock-out on ASP 

expression levels. 

A. 293T cells were transfected with expression vectors for optimized NL4.3 ASP or 

the empty vector pcDNA3.1. At 48 h post-transfection, immunoprecipitation was 

performed using the anti-ASP antibody and Western blot analyses were conducted 

using anti-ASP and anti-LC3 antibodies. The Mouse TrueBlot® ULTRA (Anti-Mouse 

Ig HRP) (for ASP) was used as secondary antibody for Western blot analyses. The 

LC3-II signal is shown by an arrow. B. Expression vectors for optimized NL4.3 ASP 

and GFP-LC3 were co-transfected in COS-7 cells. After fixation and nuclei staining 

with DAPI, ASP was detected with anti-ASP antibodies followed by a goat 

anti-mouse IgG antibody coupled to Alexa Fluor 568. C. The NL4.3-ASP expression 

vectors was transfected in COS-7 (upper panels) and HeLa (bottom panels) cells. 

Nuclei were stained with DAPI, and ASP was detected with anti-ASP antibodies 

followed by goat anti-mouse IgG antibodies coupled to Alexa Fluor 568 (COS-7) or 

Alexa Fluor 488 (HeLa), while p62 was detected with anti-p62 antibodies followed 

by goat anti-rabbit IgG antibodies coupled to Alexa Fluor 488 (COS-7) or Alexa 

Fluor 568 (HeLa). D. Expression vectors for NL4.3 and 94CY032 ASP were 

------ --~------~- -- --- ---------- -- ___ __._ 
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transfected in COS-7 cells. ASP and p62 were detected as described in panel C. Cells 

were next quantified for the number of punctuated structures doubly positive for ASP 

and p62. E-F. Expression vectors of His-tagged ASP of various HIV clades were 

transfected in 293T cells and after 48 h, cellular extracts were used for 

immunoprecipitation with the anti-His (E) or anti-p62 antibodies (F). 

Immunoprecipitated samples and total extracts were analysed by Western blot using 

anti-p62, anti-His and anti-tubulin antibodies. G. Expression vector for His-tagged 

NL4.3 ASP (vs. empty vector) was transfected in 293T cells and at 48 h 

post-transfection, cellular extracts were used for immunoprecipitation with anti-His 

antibodies. Immunoprecipitated samples and total extracts were analysed by Western 

blot using anti-His, anti-ATG5, anti-ATG7, anti-p62 and anti-tubulin antibodies. The 

ATG5-ATG 12 signal is shown by an arrow. H. A 293T cell clone knocked-out for the 

p62 gene (sgp62) and a control stably transfected clone (Ctrl) were transfected with 

His-tagged NL4.3 ASP expression vector. Cell lysates were prepared and analyzed by 

Western blot using anti-His, anti-p62 and anti-tubulin antibodies. Monomeric and 

multimeric signais (including high molecular weight) are identified on the right side 

of the panels. 

3.5.2 ASP from different HIV-1 clades bind p62 

Since ASP forms multimers and that p62 is an important cargo transporter of 

multimerized proteins toward the autophagy pathway, we next tested whether ASP 

and p62/SQSTM1 could indeed associate. 293T cells were transfected with 

expression vectors of His-tagged ASP of different clades and resulting extracts were 

L-------------------------------------------------- -- - -·-- ---·· ---··--·-- --- ----·--- -----
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used for co-immunoprecipitation with an anti-His antibody (Figure 3.7E). Upon 

Western blot analyses, p62 indeed could co-immunoprecipitate with ASP in 

transfected 293T cells. To confirm these data, immunoprecipitation was performed in 

similarly transfected 293T cells with anti-p62 antibodies and analyzed with anti-His 

antibodies (Figure 3.7F). These analyses confirmed the association between ASP and 

p62. The specificity of this interaction was demonstrated in 293T cells expressing 

NL4.3 ASP by the lack of association of ASP with other autophagy factors, such as 

ATG5 and ATG7, as assessed by similar co-immunoprecipitation experiments (Figure 

3.7G). The impact of this association between ASP and p62 was further tested 

through knockout of the p62 gene in 293T cells. Although two different targeted 

regions were tested, only one strategy (sgp62-1) provided sufficient reduction in p62 

abundance. Knockout cells were thus transfected with the NL4.3 (clade B) ASP 

expression vector and analyzed by Western blot. These analyses indicated that 

reduction in p62 levels led to a marked increase in ASP abundance (Figure 3. 7H). 

These data thus indicated that p62 co-localized and associated to the different 

ASP clade representatives, and that this association led to induction of autophagy. 

3.6 Interaction domain of p62 and ASP ubiquitination 

3.6.1 PB 1 is the key domain for the interaction between ASP and p62 

We next sought to identify the domains of p62, which were responsible for its 

association with ASP. These domains are known as UBA, LIR and PB 1 and have 

-·· ----~- ---- -----~- ---~- - ---~ ----
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been previously shown to interact with ubiquitinated protein, LC3 and p62 itself, 

respectively (Figure 3.8A). Expression vectors of different p62 mutants deleted for 

these various domains and fused to the GST protein were thus co-transfected with the 

Myc-tagged NL4.3 (clade B) ASP expression vector in 293T cells and resulting 

extracts were co-immunoprecipitated with anti-GST antibodies (Figure 3.8B). Upon 

Western blot analysis of immunoprecipitated extracts, interaction of ASP (monomeric 

and multimeric) was shown to be importantly reduced in cells expressing the PB 1 

domain-deleted p62 mutant (Figure 3.8B). Expression of other mutants (deleted for 

LIR or UBA regions) led to retention of ASP in extracts co-immunoprecipitated with 

anti-GST antibodies, thereby suggesting that these other domains were not crucial for 

the association between ASP and p62. To demonstrate that the interaction was not 

dependent on the presence of a Mye tag, similar experiments were performed with 

His-tagged version of ASP (Figure 3.8C). Following co-transfection of expression 

vectors for the various p62 mutants and His-tagged NL4.3 ASP in 293T cells, similar 

results were obtained upon Western blot analyses in that deletion of the PB 1 domains 

led to loss of the association with ASP. 

-·---- ---- -
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Figure 3.8. The interaction of p62 with ASP requires its homodimerization domain 

despite ASP ubiquitination. 

A. The various domains  of the p62 protein are depicted and include the 

ubiquitination-binding domain UBA, the LC3-binding domain LIR, NLS and NES 
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regions and the homodimerization domain PBl. B-C. 293T cells were co-transfected 

with expression vectors of GST-tagged wild-type and deletion mutants of p62 and 

Myc-tagged (B) or His-tagged (C) NL4.3 ASP. At 48 h post-transfection, 

immunoprecipitation was performed using the anti-GST antibody and Western blot 

analyses of immunoprecipitated samples along with total extracts were conducted 

using anti-GST, anti-Myc/anti-His and anti-tubulin antibodies. D-E. 293T cells were 

co-transfected with expression vectors for His-tagged NL4.3 or 94CY032 ASP (panel 

D only) and for the HA-tagged Ub-KOR mutant (restricted to monoubiquitination). In 

panel E, expression vectors for HA-tagged Ub WT or restrictive Ub-K48 and Ub-K63 

were also included. At 48 h post-transfection, immunoprecipitation was performed 

with anti-His antibodies and Western blot analyses of immunoprecipitated samples 

along with total extracts were conducted using anti-His, anti-HA and anti-tubulin 

antibodies. Arrows on the right side of the right panels indicate the position and 

expected MW (25-30 kDa) of the ubiquitinated ASP from the different tested proviral 

DNA. 

3.6.2 ASP can be ubiquitinated 

Since p62/SQSTM1 has been often implicated in ubiquitin-dependent autophagy, 

it was surprising that the association between ASP and p62 did not involve the 

ubiquitinating interacting UBA domain. We were thus interested in determining if 

ASP was nonetheless ubiquitinated. Immunoprecipitation experiments were thus 

conducted in 293T cells co-transfected with expression vectors for clade B NL4.3 and 

clade A 94CY032 His-tagged ASP and for pRK5-HA-Ubiquitin-KOR (expressing an 
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HA-tagged ubiquitin protein limiting targeted proteins to monoubiquitination). Upon 

transfection of 293T cells and immunoprecipitation with anti-His antibodies, Western 

blot analyses revealed that ASP was indeed ubiquitinated, as revealed by the expected 

size of a ubiquitinated monomeric ASP form for both clade A and clade B 

ASP-expressing cells (between 25 and 30 kDa) (Figure 3.8D). In addition, high 

molecular weight multimers were detected in immunoprecipitated extracts. 

Interestingly, for both tested ASP expression vectors, levels of the non-ubiquitinated 

form was also importantly increased in transfected cells expressing ubiquitin KOR, 

likely suggesting that these might represent non-ubiquitinated ASP protein composing 

ASP multimers targeted for ubiquitin-dependent degradation. In fact, high molecular 

signals were also importantly more abundant in ubiquitin KOR-expressing cells. 

Further experiments using 293 T cells co-transfected with vectors expressing 

His-tagged NL4.3 ASP and HA-tagged Ubiquitin selective toward K48-linked 

(UPS-prone) or K63- linked (autophagy-prone) polyuquitination revealed that ASP 

was targeted by both polyubiquitin chains, as indicated by immunoprecipitation 

experiments using anti-His antibodies (Figure 3.8E). 

Together, these data demonstrated that, despite the implication of the 

homodimerization domain of p62 in its association with ASP, ASP is ubiquitinated, 

which impacts its abundance in its monomeric and multimeric forms. 



CHAPTERIV 

DISCUSSION 

In recent years, the interaction between host cellular factors and HIV-1 viral 

proteins has become a very intensively pursued research area. In the context of these 

studies, the primary contribution of this thesis was to demonstrate that HIV-1 ASP 

from different viral isolates induce autophagy and that they associate with p62, which 

likely culminate in autophagy induction. Although HIV-1 antisense transcription and 

ASP have been studied for several years and characterized in a number of studies 

(Barbeau and Mesnard 2015), both of their functions remain largely unknown. We 

have formerly detected ASP in different cell types by various technical approaches 

and further demonstrated that this viral protein induced autophagy (Torresilla, 

Larocque et al. 2013). In the present study, we conclude that various HIV-1 clades 

ASP proteins can induce autophagy and internet with p62, which is mainly supported 

by two findings: I) expression of all tested HIV-1 clades ASP can oligomerize and 

induce autophagy; II) ASP associates with the autophagy factor p62 via its 

oligomerization domain. A more detailed discussion of our findings is presented in 

the next sections. 

-----~-- -- - -------~ ---------~---------- ----·- ··-- ---· ··-----------------------
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4.1 ASP multimerization and its autophagy induction 

Based on our earlier studies linking ASP-induced autophagy to its 

multimerization capacity, we pursued our analysis of the ASP multimers and 

confirmed that ASP is indeed part of the multimers by showing the interaction 

between two diff erently tagged ASP. As cysteine residues can mediate 

multimerization, denaturing agents were tested and indeed reduced the formation of 

the aggregates. Furthermore, removal of the cysteine-rich amino region of ASP led to 

similar lower abundance of detected high molecular signals. This was further 

supported by the lower abundance of multimers in cells expressing clade A ASP 

lacking the first 25 amino acid cysteine-rich region. These results argue that cysteine 

residues are implicated in the formation of these ASP multimers, which is reminiscent 

of other HIV-1 proteins (Bischerour, Leh et al. 2003, Yuan, Craig et al. 2005). 

However, we have not yet deciphered which cysteines are important but it is highly 

probable that various different cysteine residues ( 10ccc 12 and 22CCC24
) are involved, 

some of which could also lie outside of the tested regions. Furthermore, since 

autophagy was not completely abrogated in cells expressing amino deleted version of 

NL4.3 ASP, we speculate that other highly conserved regions (Cassan, 

Arigon-Chifolleau et al. 2016) are likely to be involved in the multimerization of 

ASP. 

To better address this possibility, we have thus tested expression vectors of 

various ASP from various clade representatives from both clinical isolates and 
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laboratory strains. Importantly, for the first time, we show that we can detect ASP 

from those different isolates at the expected molecular weight in transfected cells. 

Again, high molecular weight signals and multimers were prevalent in these analyses, 

albeit at different abundance, a variation potentially accountable by the absence of the 

cysteine-rich amino end in the case of clade A. Despite variation in multimer 

formation, all tested ASP induced autophagy, as determined by p62 and LC3-II levels 

and by the presence of autophagosome-like signals via confocal microscopy. 

Although we have not tested all known clades (having limited out analyses to most 

frequent ones ), our data argue for a conserved capacity of ASP from the different 

clade families to induce autophagy and that lower abundance of multimers for certain 

ASP is nonetheless sufficient for this induction. 

Our results thereby strongly suggest that ASP multimers in the form of potential 

aggregates induce autophagy, which is paralleled with similar aggregating proteins, 

subsequently targeted for de gradation by this pathway (Kragh, Ubhi et al. 2012, 

Gatica, Lahiri et al. 2018). We have further confirmed the implication of autophagy 

on the  abundance of ASP by targeting known autophagy factors through 

CRISPR-mediated deletion. Although certain selected clones still expressed varying 

levels of target protein (likely reminiscent of either more than one clone and/or single 

allele inactivation), resulting ASP levels (monomer and multimers) were increased 

and correlated with the remaining levels · of the targeted protein. To improve this 

CRISPR-mediated deletion, more efficient gRNA should be designed and monoclonal 

cells should be selected under the puromycin pressure. 
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4.2 ASP ubiquitination and p62 driven autophagy 

We have further explored the potential mechanisms of ASP-inducing autophagy 

through localization and immunoprecipitation experiments. The association between 

ASP and p62 was detected, which is dependent on the PB 1 homodimerization domain 

but not the ubiquitin-interacting UBA region. Interestingly, other viral proteins have 

been reported to interact with p62 via an ubiquitin-independent manner (Orvedahl, 

MacPherson et al. 2010, Sagnier, Daussy et al. 2015). In fact, HIV-1 Tat, one of these 

proteins, is selectively degraded through autophagy by associating with p62 in an 

ubiquitin-independent manner. 

These latter results are unexpected given that we further revealed that ASP is 

ubiquitinated and that these post-translational modifications contributed to ASP 

degradation, as demonstrated by the use of the ubiquitin mutant preventing 

polyubiquitination. Expression of this polyubiquitination-blocking ubiquitin version 

indeed led to an important increase in abundance of the non-ubiquitinated monomeric 

and multimeric forms of ASP, the former likely resulting from their presence in 

multimer complex and subsequent release upon cell extract preparation. Hence, these 

multimers being composed of non-ubiquitinated and ubiquitinated ASP are subject to 

degradation by autophagy through their interaction with p62. Although it is not clear 

how ASP triggers autophagy, the recent publication of Lu et al. might shed light on 

the exact mechanism behind ASP-dependent induction of autophagy. The authors 

indeed argued that association of ubiquitinated multimeric proteins to p62 with 

subsequent induced autophagy is more dependent on the formation of aggregates than 

-------·---···------· ··--------.. ·----·--- -- - - · ---~-



---·--· - ·- -" ----- - -

109 

on ubiquitination itself (Lu, den Brave et al. 201 7). In this perspective, it is likely that 

the association of ASP with p62 depends on its oligomeric form and that the 

interaction with the ubiquitin-interacting UBA domain might not be detectable in our 

immunoprecipitation experiments as the association is more dependent on the 

multimeric form of ASP than the affinity toward ubiquitin conjugates. This is thus 

different from the previously suggested view that autophagy vs. UPS is mainly 

dependent on the type of linked ubiquitin in the polyuquitination chain (K48 vs. K63) 

(Khaminets, Behl et al. 2016) . Our results in fact argue that both types of 

modification are present in monomeric and multimeric forms of ASP (Figure 3.8D). 

It is well known that autophagy is primarily responsible for the degradation of 

most long-lived proteins in cells, but also targets aggregated proteins as well as 

cellular organelles and infectious organisms (Glick, Barth et al. 2010). The 

importance of autophagy in modulating the abundance of ASP might be crucial to 

maintain its abundance at low level, as this protein is likely detrimental to cell 

survival (if in high excess ), especially given its propensity to form important 

multimers. In addition, the capacity of ASP to fonction as an inducer of autophagy 

also depends on other concomitantly expressed viral proteins, which have been 

associated to this degradation pathway (Liu, Xiao et al. 2017). As previously reported, 

Nef can inhibit autophagy at late steps of viral replication in macrophages and could 

thus block ASP-induced autophagy (Kyei, Dinkins et al. 2009, Campbell, Rawat et al. 

2015). Another interesting aspect of our studies relate to the essential role played by 

autophagy in antigen presentation in cells, such as dendritic cells. Infected DC might 

thus be altered in their capacity to adequately process and present antigen, especially 

----- - - - -··--- ---- ··----- ---· --
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knowing that our previous study showed that ASP presented the highest expression in 

this cell type when compared to macrophages and activated CD4+ T cells (Laverdure, 

Gross et al. 2012). 

4.3 Mapping of ASP domains implicated in induced autophagy 

Based on the alignment of various HIV ASPs, ASP contains highly conserved 

structural regions, although it has a poorly conserved region at its C-terminal end 

(Figure 3.4A). Sequence analysis also shows that the ASP protein is rich in cysteine, 

leucine, proline and serine (Figure 3 .4A). Furthermore, Briquet and Vaquero reported 

that the cellular localization of ASP is associated with either the endoplasmic 

reticulum or the plasma membrane, as observed by electron microscopy (Briquet and 

Vaquero, 2002). They also suggested that ASP contains two or three potential 

transmembrane domains, one of which lies in the N-terminus related to ASP 

multimerization and autophagy induction. In fact, in our study, we found that one of 

the triple cysteine motif of ASP contributes to its capacity to multimerize, and is 

partly implicated in its autophagy-inducing properties, although we have not yet 

deciphered which cysteines are important. Thus, to confirm the cysteines triplet 

domain affecting the capacity of ASP to induce autophagy, the mutagenesis (C-A) in 

provirus should be done and those chimeric mutants related to autophagy induction 

should be tested. Moreover, the identification of one of three cysteines in the 10ccc 12 

important for ASP multimerization, ASP inducing autophagy, and interaction between 

ASP and p62 should also be done in the future. Additionally, ASP also contains a 

PxxPxxP motif known to interact with SH3 binding domains (SRC Homology 3 
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Domain) (Aitio, Hellman et al. 2010) (Figure 3.4A), although it need further testing 

to determine if it is involved in protein-protein interactions. This region was not 

implicated in ASP multimerization or induced autophagy in cell lines that we have 

tested, but should be further analyzed in human CD4+ T lymphocytes, MDMs and 

MDDCs. 

Our data suggested that ASP binds to p62 via its PBl domain, although we have 

not identified the ASP region contributing to this interaction. As stated above, clade 

A ASP lacking the amino end maintains an interaction with p62, which suggests that 

the important domains might be localized in conserved segment of the protein located 

in the middle region (Figure 3.4A). 

4.4 Identification of ASP lysine residues targeted for ubiquitination 

Based on the demonstration that ASP is ubiquitinated, we have searched for 

conserved lysines and have identified three such residues, Kl 9, KS 1 and Kl 06 

(Figure 3.4 A). Since clade A ASP is also ubiquitinated (Figure 3.8 C-D), the Kl 9 

residue, which is absent in clade A ASP, does not seem to be essential, at least for 

this clade group. K51 and K106 are thus reasonable choice as potential sites of ASP 

ubiquitination, although we have not been able yet to precisely identify which lysine 

residual is crucial. It is also unknown whether ASP ubiquitination is necessary for its 

interaction with p62. By identifying ubiquitinated lysine residues, we could generate 

mutants to assess its impact on ASP multimerization, autophagy induction and 
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stability of the protein. The study could allow us to detect ASP in more relevant cells 

in the context of proviral DNA with lysine mutagenic ASP. 

4.5 Cellular localization of ASP 

Our confocal microscopy data indicated that ASP co-localizes with p62 in the 

cytoplasm, but in proximity to the nucleus. This localization might be related to its 

functions. It has been well documented that p62 is a nucleocytoplasmic shuttling 

protein and plays an important role in recruiting nuclear polyubiquitinated proteins 

(Pankiv, Lamark et al. 2010). Therefore, ASP might localize in the nucleus. In fact, 

we have confocal and Western blot data showing that ASP also localized to the 

nucleus (data not shown). The nuclear localization of ASP could mediate interaction 

with Tat through its association with p62 in an ubiquitin-independent manner (Sagnier, 

Daussy et al. 2015). This could then lead to inhibition of the Tat-depedent LTR 

activity, decrease in viral sense gene expression and the establishment of latency 

(Donahue, Kuhl et al. 2012) (Kamori and Ueno 2017). ASP could thus be an 

important player in the formation and maintenance of the viral reservoir. Interestingly, 

HBZ, the antisense protein of HTLV-1, has in fact been shown to contribute to the 

establishment of viral latency by down-regulating Tax-induced LTR activation and 

viral gene expression. (Philip, Zahoor et al. 2014, Barbeau and Mesnard 2015). 

Several studies have already demonstrated that antisense transcription can inhibit 

HIV-1 replication in vitro and play an important role in generating viral latency 

(Kobayashi-Ishihara, Yamagishi et al. 2012) (Torresilla, Larocque et al. 2013, Zapata, 

Campilongo et al. 2017) (Kobayashi-Ishihara, Terahara et al. 2018), although this 

l_ -- -------------- ------··----- . --~-------- -----~- --  
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phenomenon is more associated with the transcript itself. Nonetheless ASP could 

have the potential to impact HIV-1 latency, and this will need to be directly addressed 

in vivo, especially in latently infected cells where it expresses. 

4.6 Regulation of expression of HIV-1 antisense transcripts and their functions 

A number of studies have been devoted to the analyses of the HIV-1 antisense 

RNA during HIV-1 infection, some of which have involved testing samples from 

HIV+ patients (Vanhee-Brossollet, Thoreau et al. 1995, Ludwig, Ambrus et al. 2006, 

Landry, Halin et al. 2007, Kobayashi-Ishihara, Yamagishi et al. 2012, Torresilla, 

Larocque et al. 2013, Imamichi, Dewar et al. 2016, Dimonte 2017, Zapata, 

Campilongo et al. 2017, Kobayashi-Ishihara, Terahara et al. 2018). Although it is well 

established that the 3 'LTR promoter is crucial in driving antisense transcription in 

HIV-1, the mechanism behind initiation of HIV-1 antisense transcription is still 

unclear. It has been suggested that HIV-1 antisense transcription initiates at multiple 

sites in either the U5 or U3 region of the 3'LTR (Ludwig, Ambrus et al. 2006, 

Kobayashi-Ishihara, Yamagishi et al. 2012). Landry et al. have determined that, due 

to the lack of a TATA box in the 3'LTR promoter region (Landry, Halin et al. 2007, 

Arpin-Andre, Laverdure et al. 2014), multiple initiation sites promoted antisense 

transcription through initiator INR motifs (YYANWYY) (Ludwig, Ambrus et al. 

2006). Based on in silico analyses of the antisense promoter region, other elements 

have been suggested to be implicated (Manghera, Magnusson et al. 2017). In fact, 

Spl, USF (Uhl, Kepp et al.) and NF-KB have all been reported to modulate HIV-1 

antisense transcription (Michael, Vahey et al. 1994, Peeters, Lambert et al. 1996, 
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Clerc, Laverdure et al. 2011, Lin, Zhang et al. 2015). Moreover, Laverdure et al. have 

demonstrated that HIV-1-infected MDDCs lacking Gag expression present 

significantly higher levels of antisense transcription than activated T cells. In HIV-1 

monocyte-derived macrophages (MDMs), antisense transcription activity was also 

significantly higher than in activated T cells (Laverdure, Gross et al. 2012). In future 

experiments, other potential binding sites need to be further studied to identify 

transcription factor(s) implicated in the regulation of antisense transcription of HIV-1 

in different cell context, and most importantly in HIV-1-infected MDDCs and 

quiescent vs. activated T cells. 

Although a limited number of studies have focused on the function of HIV-1 

antisense transcripts, important progress has been achieved. Kobayashia et al. 

reported that the antisense RNA (2.6kb) transcribed from the U3 region of the 3'LTR 

inhibits HIV-1 replication in acutely and chronically infected cell lines, as well as in 

infected human PBMCs (Kobayashi-Ishihara, Yamagishi et al. 2012). This suggests 

that antisense transcripts could be involved in HIV-1 latency. As indicated in section 

1.6.1, both HIV and HTLV demonstrate bidirectional promoter activity. These 

retroviruses likely maintain the balance between sense and antisense transcription 

through the viral trans-activators Tat and Tax, respectively (Landry, Halin et al. 2007, 

Yoshida, Satou et al. 2008). For HTLV-1, it has been supported by several studies that 

sense transcription from the 5' LTR of HTLV-1 can suppress antisense transcription 

from the 3' LTR (Barbeau and Mesnard 2011, Belrose, Gross et al. 2011, Barbeau and 

Mesnard 2015). HBZ plays a key role in establishing HTLV-1 latency by 

downregulating Tax-dependent viral transcription and virion production, upregulating 

- -- ------------------···--- ----·-- - -·-- ---·-- - - -- - - ---- ---
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its own expression, and promoting T-cell proliferation (Barbeau, Peloponese et al. 

2013). In that context, ASP is likely expressed in latently infected cells, due to the 

negative impact of sense transcription on its expression. ASP could thus have an 

important function in the establishment of HIV latent infection. Indeed, recently, 

Kobayashi et al. showed that knockdown of antisense transcription could increase 

sense expression (Kobayashi-Ishihara, Terahara et al. 2018), confirming that antisense 

RNA inhibits HIV-1 replication (Torresilla, Larocque et al. 2013, Zapata, Campilongo 

et al. 2017). They also demonstrated that two types of latently infected T lymphocytes 

cells exist and that those expressing antisense RNA are more importantly resistant to 

reactivation of integrated proviral DNA (Kobayashi-Ishihara, Terahara et al. 2018). 

Recently, another group has reported that antisense RNA binds to the Polycomb 

Repressor Complex 2, promoting nucleosome assembly on the 5' LTR and HIV-1 

latency (Zapata, Campilongo et al. 2017). 

4.7 Detection of ASP and its functions in vivo 

Our present study shows that ASP from various HIV-1 clades induce autophagy, 

although this needs to be confirmed in vivo. We hypothesize that the ASP protein is 

produced during HIV-1 infection and plays a functional role in the HIV-1 life cycle 

through the induction of autophagy. Based on this hypothesis, ASP should be detected 

in HIV-1- infected cells. As stated above, ASP could be involved in the establishment 

and maintenance of HIV-1 latency. Partly due to the low percentage of circulating 

infected cells, the detection of ASP in cells from infected individuals is always 

difficult. Interestingly, however, a recent study showed that latency results from 

- --
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infection of CD4+ T cells within a narrow time window after activation ( day 6-10 

after initial infection). In fact, in this study, X4 Tropic viruses could more efficiently 

establish latency in comparison to R5 viruses (Shan, Deng et al. 2017). Therefore, by 

narrowing the detection time window, we could enrich ASP-expressing cells and 

possibly detect ASP expression in HIV+ patients. Furthermore, this will permit to 

study the relevant functions of ASP toward viral latency. However, according to Shan 

et al. (Shan, Deng et al. 2017), the frequency of latently infected cells in clinical 

samples is extremely low, around 1 OO per million cells. With this low abundance, and 

knowing that it has been estimated that less than ten copies of ASP RNA are present 

per infected cell with an intact provirus (Zapata, Campilongo et al. 2017), single cell 

analysis would help functionally study of ASP RNA and protein in HIV-1 latency 

cells. 

In addition, it is still unclear if sufficient number of antisense transcripts are 

transported from the nucleus to the cytoplasm for translation. This in fact could be 

another mechanism by which ASP expression is regulated. To study 

nucleocytoplasmic shuttling of ASP RNA, a programmable RNA tracking system 

with CRISPR/Cas9 called RNA-targeting Cas9 (RCas9), which is dysfunctional Cas9. 

But it can efficiently recognize unmodified endogenous mRNAs and label them with 

GFP, without altering mRNA abundance or amount of translated protein could be 

used (Nelles, Fang et al. 2016). This RNA tracking system would allow to assess 

levels of antisense RNA arrested in the nucleus and further to understand the 

mechanisms responsible for its low abundance of ASP during HIV-1 infection. 



117 

T cells from lymphoid tissues (LTs) are also potential sources of ASP expression. 

Most studies related associated to HIV-1 pathogenesis in the context of T cells have 

used peripheral blood of HIV-infected individuals. However, more than 98% of CD4+ 

T cells are in lymphoid tissues (LTs ), where HIV infection primarily takes place 

(Roan 2018). As mentioned above, ASP could act on the maintenance of viral latency. 

Recently, Benjamin et al. identified that CD32a is a specific marker of HIV-1 latent 

lymphocytes reservoir (Descours, Petitjean et al. 2017). ASP could induce the CD32a 

expression by some specific mechanism to maintain HIV-1 latency. 

4.8 Conclusions 

In the present study, we provide the first evidence that the autophagy-inducing 

properties of ASP are observed with ASP from different clades and that 

multimerization acts on the induction of autophagy, an important cellular process 

implicated in the degradation of excess or defective material. Our results further 

indicate that the association of p62 to ASP is likely essential for ASP and that ASP is 

ubiquitinated, also aff ecting the stability of the monomeric and multimeric forms of 

ASP. These results thereby provide and explanation for the unstable nature of ASP in 

mammalian cells. Our studies have important ramification in the understanding of 

viral replication and the pathogenesis associated with HIV-1 in infected individuals. 

Indeed, autophagy is implicated in antigen presentation during the immune response 

and could thus be rendered inefficient in infected cells, such as dendritic cells. 

Furthermore, a possible link with HIV-1-associated Neurological Disorder (HAND) 

might also be a possible association with the capacity of ASP to induce autophagy. 
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The fonction of ASP in HIV-1 infection in vivo has yet to be defined but our results 

suggest that autophagy could link ASP to HIV-mediated pathogenesis and the state of 

chronic infection. Future studies will be determinant in providing more information 

on these potential roles. 

Overall, despite the important progress and findings made on HIV-1, more 

studies are needed. ASP represents a new research area and offers better 

understanding of HIV -1 replication and pathogenesis, Future studies on this protein 

will also permit to assess its potential use as a marker for disease 

progression/efficiency of treatment, and as an interesting target for new antiviral 

therapies and vaccine design. 
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SUMMARY 

HTL V-1 is the etiological agent of Adult T-cell leukemia-lymphoma and 

HTL V-1-associated myelopathy/Tropical Spastic Paraparesis. The HTL V-1 bZIP 

(HBZ) gene, is expressed as a major isoform known as sHBZ and is thought to 

contribute to the proliferative ability of infected malignant cells. Based on previous 

reports, we hypothesized that the nucleolar localization of sHBZ is associated with 

nucleolus-residing proteins. We herein show that sHBZ interacts with nucleolar B23 in 

transfected and infected cell lines. No similar interaction was seen with antisense 

proteins of related HTL V-2, -3 and -4 viruses. Complex formation involved basic 

region/DNA-binding domain of sHBZ and the RNA-binding domain of B23 and was 

increased upon B23 and sHBZ nucleolar localization and RN Ase treatment. Our results 

suggest that B23 acts on sHBZ function, especially in the nucleolus and could impact 

posttranslational regulation of sHBZ expression and proliferation of malignant cells. 
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INTRODUCTION 

Adult T-cell leukemia-lymphoma (ATL) is a very aggressive CD4+ T cell leukemia 

caused by the oncogenic retrovirus Human T-cell Leukemia Virus type 1 (HTL V-1) [1, 

2]. The worldwide prevalence for HTL V-1 has recently been estimated to 5 to 10 

million [3], ofwhich 2-5% of infected individuals will develop ATL [4, 5]. In addition, 

HTL V-1 has been associated with different inflammatory-based disease, including the 

prominent HTL V-1-associated myelopathy/Tropical Spastic Paraparesis (HAM/TSP) 

[ 6, 7]. Current treatments have limited efficacy on patients suffering from the acute 

form of ATL and HAM/TSP [8-11]. Importantly, other members of the HTLV family, 

known as HTL V-2, -3 and -4, despite their similarity in genomic structure and viral 

genes, have not been associated with any human malignancies [ 12-14]. 

Several studies have been devoted to provide a mechanistic understanding behind the 

development of A TL in a limited number of infected individuals. One of the HTL V-1 

gene associated to A TL is HTL V -1 basic leucine zipper factor (HTL V -1 bZIP) HBZ, 

which is encoded from the antisense strand of the HTLV-1 genome [15-18]. Former 

studies have revealed that HBZ expression is frequently detected in A TL cells, even 

when the provirus is deleted [19]. We and others have previously demonstrated that 

two isoforms ( sHBZ and uHBZ) are expressed from this gene, as their synthesis is 

dependent on spliced vs. unspliced transcript, respectively [20, 21]. Importantly, the 
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sHBZ isoform is the most abundant and has been estimated to be expressed four times 

higher than uHBZ at the mRNA level in HTLV-1-infected cells [21]. Localization 

studies have further demonstrated differences between uHBZ and sHBZ: although both 

HBZ isoforms target the nucleus through three nuclear localization signals (NLS) [22], 

only sHBZ localizes to the nucleolus [23] while uHBZ has only been observed in the 

perinucleolar region associated to heterochromatin [22]. In addition to these NLS, 

other domains have been identified and include the characteristic Leucine zipper [24] 

motif responsible for its interaction with several other LZ motif-bearing transcription 

factors, such as various Jun family members, CREB, CREB2 and a multitude of other 

factors [15, 25-28]. These LZ-dependent interactions as well as additional 

interactions with other segments of the proteins are considered important for the 

different functions attributed to sHBZ, such as viral latency maintenance through 

inhibition of the HTL V-1 transactivator Tax and induced proliferation of infected 

malignant cells. The association of sHBZ with A TL development has been strongly 

supported by reports showing that sHBZ transcripts are six-fold more abundant in ATL 

patients versus asymptomatic carriers and that its expression correlates with proviral 

load, a known predisposing factor toward ATL development [29, 30]. This hypothesis 

is further supported by proliferation studies showing that sHBZ silencing in 

HTL V-1-positive cells and ATL cell lines reduced T-cell proliferation [16, 31]. 

Interestingly, while sHBZ induces growth of IL-2-dependent T cells in the absence of 

IL-2, the unspliced HBZ isoform is unable of inducing similar IL-2-independent 

proliferation [16, 32]. Reports have also underscored the oncogenic potential of sHBZ 

in various transgenic mouse models infected with HBZ-deficient HTL V -1 virions [31, 

33, 34]. Several mechanism have been proposed to accounts for the capacity ofHBZ to 
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transform cells, such as induced hTERT expression [35] and interaction with nuclear 

proteins pRb, Nuclear Factors Associated with double-stranded RNA (NF AR) proteins 

NF90/110 and THEMIS [36-38]. Of interest, the equivalent antisense protein encoded 

by the HTL V-1 related non-leukemogenic HTL V-2 virus is also frequently expressed 

in primary cells from HTL V-2-infected individuals [39], but does not induce 

IL-2-independent growth in IL-2-dependent T cell lines [12]. Furthermore, APH-2 

localizes to the nucleus, but does not show nucleolar localization. 

The nucleolus is a dynamic cellular structure and, in addition to its essential 

role in ribosome biogenesis, is involved in many biological processes such as 

transcription, cell cycle control, genomic stability, cellular aging and viral infection 

[ 40]. The two most abundant nucleolar phosphoproteins, B23 ( also known as 

nucleophosmin, NPMl) and C23 (also termed nucleolin) are implicated in these 

processes [41-45]. Although mainly localized to the nucleolus, the proteins are known 

to shuttle freely between the nucleus and cytoplasm [ 46]. Important links between 

cellular transformation and B23 have been highlighted in recent years. Indeed, the loss 

of function of B23 has been observed in Anaplastie large-cell lymphoma (ALCL ), 

Acute promyelocytic leukemia (APL) and Acute myeloid leukemia [47-54]. 

Mechanistically, B23 negatively acts on cell proliferation through its association with 

p14ARF' a complex which is then stabilized and act on the stability of p53 [55, 56]. 

Several viral proteins, such as HIV Rev and HTL V-1 Rex are known to target 

cell nucleoli in order to enhance viral replication [57, 58]. While sHBZ has been 

determined to interact with many cellular partners [22-24] [36-38], interactions 
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between sHBZ and nucleolar proteins have never been previously investigated. Based 

on the nucleolar localization of sHBZ and the implication of nucleolar proteins in 

transformation-related processes, we herein hypothesized that nucleolar proteins could 

be interacting with sHBZ, thereby being implicated in functions or properties attributed 

to sHBZ. W e have focused our investigation on the nucleolar protein B23. W e report 

that B23 is a new HBZ-interacting partner, an interaction which was not apparent with 

antisense proteins from other HTL V viruses. Basic regions of sHBZ and the 

RNA-binding domain of B23 were found to mediate this interaction while RNA itself 

interfered with sHBZ-B23 complex formation. W e suggest that the association of HBZ 

with B23 could partly modulate HBZ post-translational regulation and account for the 

role of sHBZ with pathogenesis of HTL V -1-associated HAM/TSP and / or A TL. 

----- - - -- - ·--- -------- - -- ---- -- --·----
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RESULTS 

1. HBZ co-localizes and associates with the nucleolar protein B23. 

Previous studies have demonstrated that sHBZ localises to nuclear speckles in addition 

to the nucleolus [23]. The uHBZ isoform shows a similar nuclear pattern, although it 

does not predominantly localise to the nucleoli, but rather present strict perinucleolar 

localization [22]. B23 being a major nucleolar protein implicated in hematological 

malignancies, we thus investigated whether HBZ could associate with B23. W e first 

analysed Myc-tagged sHBZ and uHBZ in COS-7 cells co-transfected with a 

dsRed-fused B23 expression vector. As previously demonstrated, we first show that, 

although both HBZ isoforms were distributed as nuclear speckles, sHBZ also showed 

important localization to the nucleolus, while uHBZ was rather perinucleolar (Fig. 1 A. 

Upon expression of the B23 expression vector,, a strong co-localized signal was 

apparent for sHBZ, especially at the nucleolar region while partial co-localisation was 

visualized for uHBZ. To further confirm these co-localization data, similar 

co-transfection experiments of COS-7 cells were performed with GFP-HBZ fusion 

expression vectors (Fig. lB; Fig. Sl). Again, higher co-localisation levels were noted 

for the sHBZ isoform with a predominant nucleolar localisation, while more partial 

co-localisation was exemplified by uHBZ. Additional sets of experiments were 

conducted in HeLa cells and further indicated strong overlapping distribution between 

- - - -------- ------- -- - -------- -- -- ------ ----- ------
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B23 and sHBZ at the nucleolar region (Fig. I C). Importantly, in these experiments, we 

also noted that sHBZ was more prominent in the nucleoli when B23 was 

overexpressed, while a number of uHBZ-expressing cells showed relocalization pf 

uHBZ from the perinucleolar to the nucleolar B23-positive region (Fig. IF). 

To clearly determine if either HBZ isoform could associate with B23, extracts 

from 293T cells transfected with Myc-tagged HBZ and DsRed-B23 expression vectors 

were immunoprecipitated with anti-Myc antibodies and analysed by Western blot. As 

depicted in Figure ID, sHBZ was strongly associated to exogenous dsRed23 as well as 

to endogenous B23. Although levels of uHBZ was lower that sHBZ, due to its inherent 

instability, uHBZ showed a specific signal for both endogenous and exogenous forms 

of B23. The presence of dsRedB23 was not required for endogenous B23 to be 

co-immunoprecipitated with HBZ, as demonstrated by analysis of immunoprecipitates 

from cells transfected with sHBZ only (data not shown). Extracts from similarly 

transfected HeLa cells also revealed interaction between sHBZ and endogenous B23, 

when immunoprecipitated samples were analysed by W estem blot (Fig. I E). 

These data hence demonstrated that both isoforms of HBZ associated to B23. 

Nucleolar localisation was not required, but seemed to favor the interaction between 

both proteins. 

2. Antisense proteins from other HTL V members do not interact with B23 

We next sought to determine if B23 could interact with antisense-transcript-encoded 

proteins ofHTLV-2, HTLV-3 and HTLV-4 known as APH-2, APH-3 andAPH-4. We 

have previously demonstrated that APH-2 was nuclear but non-nucleolar in its 

!_ _ _____ --------------·-·-----------
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distribution [39]. On the other hand, APH-3 and APH-4 were observed to localize in 

the nucleus and the nucleolus, although our confocal microscopy analyses revealed 

differences in localisation in comparison to sHBZ [59, 60]. 293T cells were first 

transfected with expression vectors for GFP-sHBZ and GFP-APH-2 fusion ~  

followed by immunoprecipitation of cellular extracts with anti-GFP antibodies. 

Resulting Western blot analyses suggested that, unlike sHBZ, APH-2 did not 

co-immunoprecipitate with B23 (Fig. 2A). 

We next tested if APH-3 and APH-4 could indeed associate with B23. We 

conducted confocal microscopy analyses of COS-7 cells co-transfected with 

DsRed-B23 and Myc-tagged APH-3 or APH-4 expression vectors. Results confirmed 

our previous findings that B23 co-localized with either APH-3 or APH-4 in nucleoli 

(Fig. 2C). However, when 293T cells were transfected with expression vectors for 

Myc-tagged sHBZ, APH-3 and APH-4 and resulting extracts were immunoprecipitated 

with anti-Myc antibodies, no association between B23 and APH-3 or APH-4 were 

convincingly demonstrated (Fig. 2B). However, as previously reported, in these 

analyses, APH-3 were less abundant in transfected cells and the interaction between 

APH-3 and B2 might have been not detected in these experiments. 

These results hence demonstrated that, APH-2 and APH-4 (and possibly 

APH-3) are not capable to interact with B23, even if strong co-localisation with B23 is 

apparent for both PHA-3 and APH-4, thereby suggesting that a specific HBZ region is 

required for proper association. 
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3. sHBZ forms a complex with B23 and C23 without disturbing their association 

We next investigated if the abundant nucleolar C23 protein (nucleolin) might also be 

part of the sHBZ-B23 complex. Firstly, the localisation of sHBZ and C23 were 

examined in COS-7 and HeLa cells co-transfected with Red-C23 and Myc-tagged 

sHBZ or uHBZ expression vectors. Confocal microscopy analyses indicated partial 

co-localisation between C23 and both uHBZ and sHBZ in COS-7 and HeLa cells 

(Figure 3A-B). Strikingly, regions of HBZ-related fluorescence included areas in 

which C23 was not observed. As partial co-localisation was nonetheless detected 

between sHBZ and C23, immunoprecipitation experiments were next conducted in 

transfected 293T cells (Fig. 3C). When extracts from 293T cells expressing 

Myc-tagged sHBZ were immunoprecipitated with anti-Myc antibody, signals for both 

C23 and B23 were detected along with sHBZ (Fig. 3C). Similar results were obtained 

in sHBZ-expressing HeLa cells showing C23 association to the shBZ-B23 complex 

(data not shown). Co-immunoprecipitation experiments also revealed the presence of 

C23 when GFP-fused sHBZ was immunoprecipitated from transfected 293T cells (Fig. 

S2). 

As previous studies have demonstrated that B23 can interact with C23 and 

shuttle C23 to the nucleolus [ 61, 62], we were interested in evaluating if sHBZ could 

impact the interaction between B23 and C23. 293T cells were transfected with 

increasing amounts of the sHBZ expression vector and extracts were subjected to 

immunoprecipitation using an anti-B23 antibody. As shown in Fig. 3D, levels of C23 

co-immunoprecipitated with B23 remained steady regardless of the abundance ofB23. 

---- - ---·- . --- -- ···----- -·---- ·--------·····-·····-- ----····-- - ---



131 

These results hence suggested that C23 could associate with the sHBZ-B23 

complex but was not outcompeted from its binding to B23 by sHBZ, thus suggesting 

different B23 regions needed for the interaction with these two nucleolar proteins. 

4. The HBZ ,ïs necessary for the interaction between HBZ and B23 

HBZ is comprised of several functional domains: the activation domain (AD), NLS 

(including basic region BR2, BRl and DBD), and the Leucine Zipper region (ZIP) (Fig. 

4A) [63, 64]. The ZIP region has been shown to be a crucial region for protein-protein 

interaction, although other domains have also been implicated in many of its protein 

interactions [15, 63, 65, 66]. To determine which domain of HBZ is essential for its 

binding to B23, expression vectors for Myc-tagged sHBZ, ~  and 

~ ~  were transfected in 293T cells. Following immunoprecipitation with 

anti-Myc antibody, Western blot analyses were performed. Both mutants and WT HBZ 

were able to associate with B23 and C23. However, the ~ ~  mutant 

seemed to harbour enhanced affinity toward both B23 and C23 (Fig. 4B). Interestingly, 

in transfected COS-7 cells, this mutant exhibited a more important nucleolar 

localisation than for the WT sHBZ with a concomitant higher co-localisation with 

either B23 or C23 (Fig. 4C). To refine the region required for B23 interaction, we 

tested a series of GFP-fused HBZ deletion mutants previously described and 

containing different combination of the basic regions (BRl, BR2 and DBD) (Fig. 4D) 

[22]. All tested mutant showed specific binding to B23 upon analyses of 

anti-GFP-immunoprecipitated extracts from transfected 293T cells, and suggested that 

the shared BRl region was important for the association of sHBZ with B23. 

---- ----------- - -

1 
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These data thus indicated that the basic regions of sHBZ are required for its 

association to B23 and that the removal of the AD domain and ZIP region 

concomitantly induces higher B23 association and nucleolar localisation. 

5. The RNA-binding domain of B23 is required for interaction with sHBZ 

B23 is characterized by the presence of an homo-oligomerization (HoD) domain, an 

heterodimerization domain (HeD) and a nucleic acid binding domain (NBD) (Fig. 5A) 

[ 41]. In order to characterize which domain of B23 is important for its interaction with 

sHBZ, deletion mutants were generated and co-localization with sHBZ was assessed 

by confocal microscopy in transfected COS-7 cells. As seen in Fig. 5B, sHBZ 

co-localized with HoD- and HeD-deleted B23 mutants to nucleoli. As expected, these 

deletion mutants were co-immunoprecipitated with sHBZ in transfected 293T cells 

(Fig. 5D). However, in cells expressing the NBD deletion mutant, the interaction with 

sHBZ was weaker, as assessed by co-immunoprecipitation. 

To further determine the role of the NBD in the sHBZ/B23 interaction, NBD 

fused to DsRed was expressed in COS-7 cells and, upon analysis by confocal 

microscopy, shown to strongly co-localize with sHBZ (Fig. 5C). In transfected 293T 

cells, as opposed to the NBD-deleted form of B23, the NBD only containing mutant 

was shown to be associated with sHBZ (Fig.5D-E). To validate that nucleolar 

localisation is important for the associate, a DsRed-B23 fusion protein with a point 

mutation at position 290 (B23 W290A), previously reported to be non-nucleolar [67, 

68], was co-expressed with sHBZ in 293T cells and analysed by 

------ ------- -------·---- ----
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co-immunoprecipitation. As depicted in Fig. 5E, association of this mutant with 

sHBZ was not observed, despite its successful immunoprecipitation. 

These data hence provided strong evidence that the NBD domain is responsible 

for the association of B23 to sHBZ and further confirmed the importance of nucleolar 

localisation for the interaction. 

6. sHBZ-B23 association in transfected T cell lines and HTL V-1-infected cells 

To further validate the association between sHBZ and B23, more representative cell 

lines were analysed in transfection experiments. Hence, SuptTl T cells were thus 

transfected with Myc-tagged uHBZ and sHBZ expression vectors and subsequently 

analysed by co-immunoprecipitation (Fig. 6A). We indeed confirmed that both HBZ 

isoforms forma complex with B23 in this T cell line. Similar analyses were conducted 

in HBZ-expressing Jurkat T cells and revealed an association between sHBZ and B23 

(data not shown). 

To more appropriately address the interaction between sHBZ and B23 with 

more relevant expression levels of sHBZ, chronically infected T cell lines, C8166-45 

and MT2, were tested. First, extracts from the C8166-45, sHBZ-expressing 293T and 

uninfected Jurkat cells were used for immunoprecipitation with anti-B23 antibodies 

(Fig. 6B). Following immunoprecipitation with anti-B23 antibodies and Western blot 

analyses, sHBZ-specific signals were detected in both immunoprecipitated 293T and 

C8166-45 extracts. No similar signals were obtained in these experiments with 
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non-HBZ-expressing Jurkat extracts or when extracts were immunoprecipitated with a 

control non-specific IgG (Fig. 6B; Fig. S3A). Confocal microscopy analyses of 

C8166-45 cells further confirmed the co-localisation ofHBZ and B23 in nucleolar-like 

structure, while specificity of the HBZ signal was confirmed by the absence of any 

signals in uninfected H9 cells (Fig. 6C; Fig. S3B). The interaction between sHBZ and 

endogenous B23 was also confirmed by immunoprecipitation experiments in 

chronically infected MT2 cells (Fig. 6D). 

W e further tested the sHBZ-B23 interaction in freshly infected cells. U sing a 

previously described protocol [69], HeLa cells were co-cultured with MT2 cells for 6 

h, which were then removed by thorough washing. As shown in Fig. 6E, HBZ was 

detected in infected HeLa cells and no signals were observed in control co-cultured 

HeLa-Jurkat cells. When infected HeLa cells were analysed, a clear co-localisation 

between B23 and HBZ signals could again be demonstrated, while no similar 

HBZ-specific signal was present in co-cultured HeLa-Jurkat control. Importantly, 

following immunoprecipitation with anti-B23 antibodies, HBZ was detected in 

infected HeLa cells and not in uninfected cells. Furthermore, immunoprecipitation of 

infected HeLa cell extract with a control IgG did not lead to a HBZ-specific signal (Fig. 

6F). W e then tested isolated CD4+ T cells from a women suffering from HAM/TSP 

[70]. Due to the limited number of cells, only confocal microscopy was used to 

confirm co-localisation of B23 and HBZ. Frequent co-localisation of HBZ and B23 

was observed in patient-derived CD4+ T cells, while no HBZ-specific signal was noted 

in CD4+ T cells from a healthy individual (Fig. 6G). 
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These results hence clearly demonstrated that HBZ co-localizes and interacts 

with B23 in HTL V-1-infected cells and that this interaction was most prominent in the 

nucleolus. 

7. Interaction between B23 and HBZ is accentuated by RNase treatment 

Because the above results demonstrated that he B23 NBD domain was sufficient for 

interaction with sHBZ, we were next interested in determining if DNA or RNA could 

be involved in sHBZ-B23 association. To address this possibility, extracts from 293T 

cells co-transfected with expression vectors for sHBZ and DsRed-B23 or 

DsRed-B23 DNBD and were immunoprecipitated with anti-B23 followed by DNase or 

RNase treatment before elution of the immunoprecipitated complex (Fig. 7 A). As 

demonstrated above, the interaction of sHBZ was reduced with the NBD-deleted B23 

mutant compared to WT B23. After DNase treatment, no change in the intensity of the 

interaction between sHBZ and B23 was apparent, as revealed by the analysis of the 

immunoprecipitated samples. Surprisingly, when immunoprecipitated extracts were 

treated with RNase, B23 was more strongly associated to sHBZ than without treatment. 

A similar important increase in the association between these proteins in the presence 

ofRNase was revealed in transfected 293T in the absence of overexpressed DsRedB23 

(Fig. 7B). We further extended these analyses to C8166-45 cells. Extracts were thus 

immunoprecipitated with anti-B23 antibodies and treated or not with RNase (Fig. 7C). 

Again, RNase treatment led to stronger association between HBZ and B23. 

Interestingly, when C23 was analysed in the complex, comparable levels were detected 

regardless of the addition of RNase treatment. 

-- ~-- - ----- - --· ---··-·- -
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These results hence strongly suggested that RNA was competing for the 

interaction between sHBZ and B23 and that removal increased the stability of the 

association. 
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DISCUSSION 

Several DNA and RNA viroses are known to make use of the nucleolus for efficient 

replication. Viral proteins in fact shuttle to the nucleolus and viral infection can lead to 

relocalisation of nucleolar components into the cytoplasm, or reversibly import 

cytoplasmic constituents into the nucleus or nucleolus in order to enhance viral fitness 

[71, 72]. B23 is another mediator of the association between the nucleolus and viral 

replication and has been shown to associate to HIV-1 Rev and Tat proteins [73, 74]. 

The HTL V-1 virus also depends on B23 for its replication, most specifically through 

ists interaction with Rex [7 5]. Another study has revealed that the auxiliary protein 

p3011 presented a regulatory role for this interaction [7 6]. Herein, we have focussed 

on another HTL V-1 protein localised to the nucleolus, i.e. HBZ. Interestingly, although 

sHBZ has been shown to localize to the nucleolus in ATL cells [23], limited amount of 

data is available as to its nucleolar localisation. Our findings demonstrate that both 

unspliced and spliced HBZ isoforms associate with B23, thereby suggesting that B23 is 

a new interacting partner of HBZ. Furthermore, our data suggest that this interaction is 

affected by RNA associated to either factor. 

Based on the nucleolar localisation of sHBZ and the previous functions attributed to 

B23 related to control of cell proliferation and its implication in various leukemic 

cancers, we first verified if sHBZ could interact with B23. Confocal experiments in 
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COS-7 and HeLa cells confirmed that sHBZ, as opposed to uHBZ, presented a 

nucleolar distribution and strongly co-localised with B23 in these specific regions. 

Interestingly, uHBZ did present some co-localisation, mostly at the periphery of the 

nucleolus and in certain punctuated structures. By co-immunoprecipitation 

experiments, we further provided evidence that a complex between sHBZ and B23 was 

confirmed in various transfected cell lines. Although we are unable to determine if the 

strength of the interaction was different between the two different isoforms due to the 

previously reported lower stability of the unspliced form, these results hence suggested 

that B23 interaction also occurs extemally to the nucleolus. This is reminiscent of the 

C23-B23 interaction, which has also been observed in the nucleoplasm outside of the 

nucleolus [62]. This is in line with the fact that B23 can shuttle between different 

nuclear compartments and further argues that B23 does not facilitate nucleolar 

localisation of sHBZ. However, of note, when B23 was over-expressed along with 

sHBZ and uHBZ, sHBZ seemed to localize to nucleoli to a greater extent in 

conjunction with a partial co-localisation with B23, while we were able to observe a 

nucleolar localization for uHBZ in a small amount of cells. These results suggest that 

B23, being a shuttling protein, may help HBZ to be retained in the nucleoli in a similar 

manner to other cellular and viral proteins, such as HIV-1 Tat [71, 74]. 

Our analyses have further validated the interaction ofHBZ with B23 in transfected 

T cell lines, chronically infected T cell lines and freshly infected HeLa cells by 

confocal microscopy and co-immunoprecipitation experiments. Additional experiment 

revealed co-localisation by confocal analysis of CD4+ T cells from a HAM/TSP 

patient. Although the exact isoform detected in infected cells by our analyses was not 

- - - - ----------- - ··- --- ··--- -· ··--- ··-· ~ -- ---·-- --- --- -
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determined, previous studies have indicated that the  sHBZ isoform was the main 

isoform detected in these cells, which is further supported by the nucleolar-like 

distribution of most of our HBZ signais. These results hence confirm the importance of 

the interaction of HBZ with B23 in more relevant expression levels. 

An important finding in this study was that APH-2, APH-3 and APH-4 were 

unable to co-immunoprecipitate B23. Although the lack of interaction of APH-3 with 

B23 might be to its limited abundance in transfected cells, the important interaction 

reported here between sHBZ and B23 is likely not apparent with other APH proteins 

regardless of the fact that APH-3 and APH-4 shared the same nucleolar compartment 

with B23. We and others have previously reported on functional differences between 

APH proteins and sHBZ in addition to difference in subcellular localisation[59, 77, 78] 

[79] [39]. Indeed, as an example, HBZ acts as a negative regulator of the 

transactivation potential of several AP-1 complexes as opposed to the positive impact 

by other APH proteins [59, 79]. Furthermore, APH-2 has been shown to inhibit 

Tax-dependent activation of viral expression by a different mechanism  than sHBZ 

[77]. These functional differences might be dependent on the cellular localisation of 

these proteins and might also be attributed to their varying affinities toward interacting 

partner. Whether B23 might be impacting on the outcome of various antisense proteins 

over the activation potential of various transcription factors remain to be determined. 

An important interacting partner of B23 is C23 (nucleolin). Among its many 

functions, C23 plays a crucial role in cell proliferation and survival [80]. Based on 

!-- -·- -------~---- ---~---- -- ~- ····--·---·- -·· ··--- --·-----
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our results, C23 does not interact as strongly as B23 to sHBZ. In fact, we suggest that 

the C23 depends on its previously reported interaction with B23 to be part of the 

sHBZ-associated complex. Indeed, our confocal microscopy and immunoprecipitation 

results concur with this idea and also demonstrate that B23-C23 interaction is not 

outcompeted by sHBZ. In fact, previous studies have used C23 to demonstrate 

nucleolar localisation of sHBZ or deleted mutants of uHBZ [22, 23 , 81]. Furthermore, 

early studies had indicated that these two nucleolar proteins are not usually found in the 

same nucleolar compartment: C23 is mainly located it the dense fibrillar component 

(DFC), while B23 is concentrated in the granular component (GC) [82, 83]. These 

results are also in agreement with our finding that the NBD region is important for the 

interaction with sHBZ while different regions are at play for the interaction with C23 

[61]. 

To better understand the interaction between B23 and sHBZ, we sought to 

determine which regions of sHBZ and B23 were responsible for sHBZ binding. B23 

has an heterodimerization domain (HeD), which is often involved in the binding of 

other cellular proteins, such as C23 [61]. The presence of a RNA-binding domain 

(RBD) with two critical tryptophan residues is associated with its nucleolar 

localization [84]. The mutant deleted of the NBD domain was however severely 

hampered in its interaction with sHBZ. The remaining interaction might be due toits 

capacity to interact with endogenous B23 through its HoD domain as part of a complex 

composed of multiple B23 proteins. In fact, immunoprecipitation experiments argued 

for potential interaction between NBD-deleted B23 mutant and endogenous B23 (data 

not shown), which could thereby help in redirecting this mutant to the nucleolus. 

-- ---··--- ---·-------- - -·-- -
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Interestingly, in the case of sHBZ, deletion of its AD domain and bZIP lead to stronger 

interaction with B23 with more intense nucleolar localization, as previously 

demonstrated [22]. These results suggest that interaction with other cellular proteins 

through theses domains may compete for the sHBZ nucleolar localization and/or B23 

interaction. We have further shown that the interaction likely depends on the BRl and 

BR2 basic region, although these regions are also essential for nuclear and nucleolar 

localization and are likely to impact the extent of sHBZ-B23 association. As the two 

known HBZ isoforms only differ in their first amino acids (four vs. seven for sHBZ and 

uHBZ, respectively), it is expected that both have the potential to interact with B23, 

especially since we show that the intemal basic region of HBZ are sufficient for B23 

interaction. More analyses are needed to precisely decipher the regions and amino 

acids required from both proteins for their interaction and comparison ofBRl and BR2 

sequences between sHBZ and antisense proteins from other HTL V viruses will be 

helpful. 

Herein, we have further shown that the implication of the B23 NBD domain in 

sHBZ interaction was independent of RNA or DNA, but that in fact the sHBZ-B23 

complex was stronger upon RNase treatment thereby arguing for potential competition 

between RNA and sHBZ interaction through this domain. Although RNase treatment 

was performed in lysed extracts, we suggest that concomitant RNA binding of RNA 

destabilizes B23 interaction with sHBZ. More experiments are needed to understand 

the function and role of this HBZ-B23-RNA complex, although it might suggest that 

HBZ could also be involved in processes, such as post-transcriptional of viral and 

cellular genes. 
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B23 has been implicated in different cancers through its tumour suppressor 

potential [85], association of mutant version to various haematological diseases, such 

as Anaplastie large-cell lymphoma (ALCL), Acute promyelocytic leukemia (APL), 

and Acute myeloid leukemia [47-50] and its associated higher expression levels to 

ovarian, prostate, colon and bladder cancers [86-89]. Our results have shown that 

sHBZ interacts strongly with B23 and in a more prominent manner in the nucleolus. As 

B23 has been linked to numerous T-cell linked cancers, we further speculate that a 

nucleolar distribution and a strong interaction with B23 might be important features of 

sHBZ to induce T-cell proliferation, an attribute not shared with non-proliferation 

inducing and non-nucleolar uHBZ and APH-2. Altematively, other functional 

properties of sHBZ might also be attributed or modulated by the capacity of this viral 

protein to interact with B23 in the nucleolus. 

In conclusion, our study demonstrates that B23 is an interacting partner of HBZ. 

The nucleolar distribution presented in this interaction with the major isoform allows 

us to propose possible functional attributes to this interaction, which is not observed for 

other HTL V -related antisense proteins. Gaining a better understanding of how sHBZ 

interacts with B23 and the outcome of this interaction at the cellular level might 

provide a better understanding of the IL-2 independent proliferation-inducing capacity 

of sHBZ and eventually provide new avenues for more targeted treatment against 

ATLL. 
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MATERIALS AND METHODS 

Cell lines. 

293T, COS-7 and HeLa cells were cultured in DMEM supplemented with 10% fetal 

bovine serum (FBS) (P AA Laboratories Inc., Toronto, Canada). Jurkat, MT2 and 

C8166-45 cells were cultured in RPMI/1640 with 10%FBS. All cell lines were 

cultured in a 5% C02 atmosphere at 37°C. 

HTLV-1 infection of He/a cells. 

Infection ofHeLa cells were performed as previously described [69, 90]. HeLa cells 

were first seeded at 5 x 105 /ml, left ovemight and co-cultured with Jurkat or MT-2 cells 

(1.5 x106/ml). After 6 h, MT-2 cells were removed by several washes with 

supplemented RPMI/1640. HeLa cells were then cultured for 5 days and used for 

further analyses. 

P BMC and CD4 + T cell isolation. 

PBMCs were isolated from blood samples of a non-infected volunteer and a 

HTLV-1-infected patient (female, age 60, diagnosed for HAM/TSP)[91] using the 

MACSprep™ PBMC Isolation Kit according to manufacturer's instructions (Cat# 
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130-115-169, Miltenyi Biotec Inc). CD4+ T cells were further isolated with the CD4+ 

T Cell Isolation Kit (Cat# 130-096-533, Miltenyi Biotec Inc). Usage of samples from 

the patient and subsequent analyses were approved by the Medical Research Ethics 

Committee of the Second Affiliated Hospital of Fujian Medical University and Fujian 

Province Government, China (2016-SAH-FMU-No.48). 

Plasmid constructs. 

Expression vectors for sHBZ and uHBZ (provided by Dr. J.M. Mesnard, Universitéde 

Montpellier 1, Montpellier, France) APH-2, (provided by Dr. R. Mahieux, ENS Lyon, 

France), APH-3-and APH-4-have been previously described and express chimeric 

GFP or Myc-tagged proteins (pmyc/his-spHBZ, pmyc/his-uHBZ, pmycAPH-3, 

pmycAPH-4, pAPH-3-GFP and pAPH-4-GFP) [60][39]. The - ~  

and - ~ ~  plasmids have also been previously described and 

express different deletion mutants of HBZ [81]. The pRed-nucleolin and pRed-B23 

plasmids were a generous gift from Dr. D. Archambault and expressed B23 or C23 

fused to DsRed fluorescent protein [92]. Deletion mutants were generated from 

pRed-B23 using the Phusion ™ Site-Directed Mutagenesis Kit (Thermofisher 

Scientific INc.) according to manufacturer's instructions and primers listed in Table 1. 

Cell transfection. 

Cells ( 5 x 104 COS-7 and 1 x 10 7 2 93 T) were plated for 24 h prior to transfection using 

the poly(ethyenimine) (P.E.I) reagent with 0.25 µg and 6 µg ofDNA, respectively at a 

1 :9 DNA:P .E.I ratio (Polysciences Inc ). After 6 to 12 h, cells were washed and 

- --· ·---- - - -
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replenished with fresh supplemented media. Cells were analysed at 24 or 48 h 

post-transfection. 

Confocal microscopy. 

Cells were washed three times with PBS and fixed with PFA 4% followed by 

permeabilization with 0.5% Triton. Infected HeLa, C8166-45 and CD4+ T cells were 

additionally treated with trypsin (2.5 µg/ml) for 5 min at 37°C prior analyses [93]. 

Cells were then washed with cold PBS three times and incubated ovemight in the 

presence of mouse anti-HBZ (1: 1 OO), anti-Myc (1: 1 OO), anti-B23 (1 :250) or 

anti-fibrillarin (1 :250) antibodies (Yang, Jian-Ming. 2001 clinical immunology), 

followed by an incubation with goat anti-mouse IgG coupled to Alexa Fluor 488 or 

goat anti-rabbit lgG coupled to Alexa Fluor 594 (1 :500) for 1 h at room temperature 

(Life technologies). After three washes in cold PBS, cells were incubated with DAPI 

for 5 min and coverslips were then mounted in ProLong Antifade reagent. Samples 

were observed at room temperature with a 60X objective under oil immersion and with 

a numerical aperture (NA) of 1.4 with a Nikon Al laser scanning confocal microscope 

(Nikon Canada, Mississauga, Canada). 

Immunoprecipitation experiments. 

Cell extracts were prepared by resuspending cells in lysis buffer (50 mM Tris-HCl pH 

8, 1 OO mM NaCl, 1 mM EDTA, 1 % Triton). Immunoprecipitation was performed 

using Dynabeads Protein G (Invitrogen) according to manufacturer's instructions. 

Briefly, 40 µl of Dynabeads Protein G (Invitrogen) was incubated 2 h at room 

·--- ~- -~ -·-·--
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temperature with 5 µg anti-Myc or 4 µg anti-B23 or anti-DsRed or anti-GFP 

antibodies. Cell extracts were then incubated ovemight at 4 ° C with the antibody-bead 

complex. For certain experiments, RNase (100 µg/mL) or DNasel (10 µg/ml) was 

added to the antibody-bead complex and incubated for 20 min at room temperature. 

Bound fractions were eluted with 20 µl ofloading buffer and then analysed by Western 

blot 

Western blot. 

Immunoprecipitated or total extracts were separated on a 12% SDS-P AGE and 

transferred to a PVDF membrane (Millipore, Mississauga, Canada). Membranes were 

blocked in PBS/5% milk or PBS/0.3% BSA and incubated with anti-HBZ antibodies 

(provided by Dr. J.M. Mesnard) [15], anti-B23 (Santa Cruz Biotechnology Inc., Santa 

Cruz CA) (1 :500), anti-C23 (Santa Cruz Biotechnology Inc) (1 :500), anti-Red (Santa 

Cruz Biotechnology Inc.), (1/1000) or anti-Myc (dilution 1 :250) antibodies for 

ovemight. After several washes, membranes were incubated with HRP-conjugated 

sheep anti-rabbit lgG antibodies (1 :5000) or anti-mouse IgG antibodies (1 :5000) for 2 

h, washed several times and incubated with the BM Chemiluminescence Blotting 

Substrate. Membranes were analyzed using the Fusion FX7 device. 

~--------- -- --------- -------------------- -- ---------------- ---~------ --~- --- - ----------. ----· ------------ - -
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Table 1. Primers used to generate the pRed-B23 deletion mutants 

Name Prim ers 

~  5 '-GCTGTGGAGGAAGATGCAGA-3' 

5 '-GT ACCGTCGACTGCAGAATTC-3' 

~  5'TCTCTTCCCAAAGTGGAAGCC-3' 

5 '-AGCTTCCTCATCATCAAAA TCATCA-3' 

~  5'-TAATCTAGAGGATCCACCGGATCT-3' 

5' -ACCACCTTTTTCTAT ACTTGCTTGC-3' 

NBD 5' -TCTCTTCCCAAAGTGGAAGCCAAA TTC-3' 

5'-CATGGTACCGTCGACTGCAGAATTCG-3' 

W290A 5 '-GGCTATTCAAGA TCTCTGGCAGGCGAGGAAGTCTCTTT AA-3' 

5 '-TT AAAGAGACTTCCTCGCCTGCCAGAGATCTTGAAT AGCC-3' 
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Figure 1. Co-localisation and association of sHBZ and uHBZ wuth B23. A. COS-7 

cells were co-transfected with expression vectors for Myc-tagged sHBZ or uHBZ (vs. 

pcDNA3.1) alone or in the presence of pRedB23. Fixed cells were incubated with 

anti-Myc antibodies followed by goat anti-mouse IgG coupled to Alexa Fluor 488 

and stained with DAPI. Cells were then analyzed by confocal microscopy. B-C. 

COS-7 (B) and HeLa (C) cells were co-transfected with pEGFP-C 1-sHBZ, 

pEGFP-Cl-uHBZ or pEGFP-Cl and with pDsRedB23 (vs. empty vector). Cells were 

fixed and stained with DAPI prior to confocal analyses. D-E. Expression vectors of 

Myc-tagged sHBZ or uHBZ (vs. pcDNA3.l) and pRedB23 were co-transfected in 

293T (D) and HeLa cells (E). Cells lysates were immunoprecipitated with an 

anti-Myc antibody. Immunoprecipitates and cell extracts were analyzed by Western 

blot using anti-B23, anti-DsRed or anti-Myc antibodies. F. COS-7 cells were 

co-transfected with expression vectors for pEGFP-C 1-sHBZ, pEGFP-C 1-uHBZ or 

pEGFP-Cl and ~ -  (vs. pDsRed). Cells were fixed, stained with DAPI and 

analyzed by confocal microscopy. 
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Figure 2. Comparison between sHBZ, APH-2, APH-3 and APH-4 for their 

co-localisation and association with B23. A-B. 293T cells were transfected with 

expression vectors for EGFP-fused sHBZ or APH-2 (vs. empty vector) (A) or for 

Myc-tagged sHBZ, APH-3 and APH-4 (vs. empty vector) (B). Cell lysates were 

immunoprecipitated with anti-GFP or anti-Myc antibodies and analyzed by Western 

blot using anti-B23 , anti- GFP or anti-Myc antibodies. C. COS-7 cells were 

co-transfected with expression vectors for Myc-tagged sHBZ, APH-3 or APH-4 and 

pRedB23. Cells were analyzed by confocal microscopy with an anti-Myc antibody 

following DAPI staining. 
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Figure 3. sHBZ associates with C23 but does not impact its interaction with B23. 

A-B. HeLa (A) and COS-7 cells (B) were co-transfected with expression vectors for 

GFP-fused sHBZ or uHBZ (vs. pEGFP-Cl) and pRedC23. Fixed cells were analyzed 

by confocal microscopy following staining with DAPI. C. 293T cells were 

transfected with expression vectors for Myc-tagged sHBZ or uHBZ (vs. empty vector 
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pcDNA3.l). Cell extracts were immunoprecipitated with an anti-Myc antibody. 

Immunoprecipitates and cell extracts were analyzed by Western blot using anti-C23, 

anti-B23 or anti-Myc antibodies. D. 293T cells were co-transfected with increasing 

concentrations of the Myc-tagged sHBZ expression vector. Cells were lysed and 

lysates were used for immunoprecipitation with an anti-B23 antibody. 

Immunoprecipitates and cell extracts were analyzed by Western blot using anti-C23, 

anti-Myc or anti-B23 antibodies. 
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Figure 4. The NLS domain of sHBZ is sufficient for its association with B23. A. 

Important domains/regions of sHBZ. B. 293T cells were co-transfected with 

Myc-tagged sHBZ, sHBZL'.1AD, or sHBZL'.1ADL'.1bZIP expression vectors with 

pRed-B23. Cellular extracts were immunoprecipitated with anti-Myc  antibodies. 

Immunoprecipitates or total cellular extracts were subsequently analyzed by W estem 

blot using anti-Myc, anti-C23 or anti-B23 antibodies. C. COS-7 cells were 

co-transfected with sHBZ or sHBZL'.1ADL'.1bZIP expression vectors and pRed-B23 (top 

panels) or pRed-C23 (bottom panels). Cells were fixed, stained with DAPI and 

analyzed by confocal microscopy. D. 293T cells were transfected with expression 
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vectors for EGFP-fused sHBZ, sHBZ-BRlBDB or sHBZ-BR2BR1 (vs.EGFP-Cl). 

Cellular extracts were immunoprecipitated with an anti-GFP antibody. 

Immunoprecipitates or total cellular extracts were subsequently analyzed by WB 

using anti-GFP or anti-B23 antibodies. 



A 

B23WT 

0231\HoD 

623,-'.HeD 

8236.NBD 

NBD 

B23W290A 

c 
GFP-sHBZ 

C") 

N 
al 

~ 

0 
CD 
z 

D 

anti-Myc 

~ 
(') 

N 
Ill 

-0 
<Il 
0::: 
Ill 
0 

DsRed 

IP: anti-Myc 

0 0 
0 Q) 

~ 
I I 

< <I 
C") (") (') 

N N N 
CD CD Ill 
,:, -0 -0 
Q) Q) <Il 
0:: 0:: 0::: 
!Il Vl Vl 
0 0 0 

NLS 

1 1 1 HeD 

DAPI 

0 
al 
z 

~ ~ <l 
C") (') (') 

N N N 
CD CO CD 

-0 -0 -0 
Q) <Il (1) 

0:: 0::: 0::: 
<J) (/) (/) 

0 0 0 

169 

: . 1 ..... . .. 
.. 

-. -
W291l". .. 

• . 
"" .. 
• 
1 

"" .. 
-

E IP: anti-DsRed Input 

0 ~ 0 ~ 
CO O'l CO O'l 

0 ~ ~ 0 ~ ~ 
~~ ~ ~~ ~ 

~ a;i a;i :::;: a;i ~ ~ a;i ~ a;i 
"OUUUU "'C"'CU"'C-0 
Q)Q)Q)<l>CIJ Q)Q)Q)-O)Q) 

0::: .0::: 0:: 0:: 0:: 0::: a::: 0::: a::: a::: 
Cil (/) (/) (/) Cil tJ) tJ) (/) (/) If> 
00000 00000 

anti-Myc l ---~-  1 

Input 

0 0 0 
0 Q) CO 
I I z 
<1 <J <J D -anti-DsRed 

-

~~ 

~ -  

'·''·" ~ 

(') (') (') 

N N N 
CD Cil CO 
,:, -0 -0 
Q) (1) <Il 
0::: 0::: a: 
Ill (/) Ul 
0 0 0 anti-8231 --- 1 ~ 

DsRed 823 

endoB23 

Figure 5. The RNA-binding domain of B23 is required for its association with sHBZ. 

A. Domains of B23 and deletion/point mutants. B-C. COS-7 cells were co-transfected 
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with expression vectors for GFP-fused sHBZ and DsRed-fused B23 WT, ~  

~  (B) or NBD (C). ). Cells were  fixed, stained with DAPI and analyzed by 

confocal microscopy. D-E. 293T cells were co-transfected with expression vectors for 

Myc-tagged sHBZ and wild-type or deletion/point mutants of B23 fused to DsRed. 

Cellular extracts were immunoprecipitated with anti-Myc (D) or anti-DsRed 

antibodies (E). Immunoprecipitates and total extracts were analyzed by Western blot 

with anti-Myc, anti-DsRed, anti-B23 or anti-tubulin antibodies. 
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Figure 6. sHBZ interacts with endogenous B23 in infectèd cells. A. SupTl cells 

were transfected with the Myc-tagged sHBZ expression vector and extracts were 
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immunoprecipitated with anti-Myc antibodies. Western blot analyses were 

conducted with anti-Myc, anti-B23 or anti-tubulin antibodies B. Extracts from 

Jurkat, C8166-45 and 293T cells transfected with the Myc-tagged sHBZ expression 

vector were immunoprecipitated with an anti-B23 antibody. Immunoprecipitates 

and total cellular extracts were subsequently analyzed by Western blot using 

anti-B23 or anti-Myc antibodies. C. C8166-45 cells were analyzed for B23 and 

HBZ localization by confocal microscopy. D. MT-2 cell extracts were 

immunoprecipitated with anti-HBZ antibodies and total or immunoprecipitated 

extracts were analyzed by Western blot using anti-B23 or anti-HBZ antibodies. E. 

HeLa cells were co-cultured with Jurkat or MT-2 cells for 5 days and analyzed by 

confocal microscopy for HBZ and B23. F. Extracts from He La cells co-cultured 

with Jurkat or MT2 were immunoprecipitated with anti-B23 or control IgG 

antibodies and analysis of immunoprecipitated and total extracts was followed by 

Western blot using anti-HBZ or anti-B23 antibodies. G. CD4+ T cells from an 

healthy uninfected individual and an HTL V-1-infected patient were analyzed by 

confocal microscopy for B23 and HBZ. For confocal microscopy (C, E and G), cells 

were incubated with anti-HBZ and anti-B23 antibodies, followed by goat 

anti-mouse IgG coupled to Alexa Fluor 488 and goat anti-rabbit IgG coupled to 

Alexa Fluor 594, respectively and final DAPI staining. 
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Figure 7. RNA hampers association between sHBZ and B23. A-B. 293T cells were 

transfected with the expression vector for Myc-tagged sHBZ alone (B) or in the 

presence of pDsRed-B23, - ~  or pDsRed (A). Cell extracts were 

immunoprecipitated with anti-DsRed (A) or anti-B23 (B) antibodies, and next treated 

with DNase or RNase before elution. Immunoprecipitated and total extracts were 

analyzed by Western blot using anti-Myc, anti-DsRed, anti-B23 or anti-tubulin 

antibodies. C. Extracts from Jurkat and C8166-45 cells were immunoprecipitated 

with anti-B23 antibodies and treated or not with RNase before elution. 

Immunoprecipitated and total extracts were analyzed by Western blot using 

anti-HBZ, anti-B23 and anti-C23 antibodies. 
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Figure S 1. Co-localisation of B23 and HBZ in COS-7 cells. COS-7 cells were 

co-transfected with expression vectors for GFP-fused uHBZ or sHBZ and 

DsRed-B23. Cells were analyzed by confocal microscopy for HBZ and B23. 
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Figure S2. Association between C23 and GFP-fused sHBZ. 293T cells were 

transfected with the pEGFP-sHBZ expression vector. Cell extracts were 

immunoprecipitated with anti-GFP. Immunoprecipitated and total extracts were 

analyzed by Western blot with anti-GFP or anti-C23 antibodies. 
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Figure S3. A. Absence of HBZ-specific signals in co-localisation and 

immunoprecipitation experiments in T cells. A. Extracts from 293T cells transfected 

with pMyc-sHBZ and C8166-45 were immunoprecipitated with anti-B23 or control 

IgG antibodies. Immunoprecipitated and total extracts were analyzed by Western blot 

with anti-HBZ or anti-B23 antibodies. B. Uninfected H9 cells were incubated with 

anti-HBZ and anti-B23 antibodies, followed by addition of goat anti-mouse IgG 

antibodies coupled to Alexa Fluor 488 and goat anti-rabbit IgG antibodies coupled to 
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Alexa Fluor 594, respectively and final DAPI staining. Cells were analyzed by 

confocal microscopy with anti-HBZ and anti-B23 antibodies. 
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