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I INTRODUCTION 
 
 

1. The Human immunodeficiency virus 
 

1.1 HIV discovery and pandemic 
 
The human immunodeficiency virus (HIV) has first been characterized in 1983 as the 
etiological agent of the acquired human immunodeficiency syndrome (AIDS) (17). This disease 

first came to global attention in the early 1980s in the United States, when several patients 
presented with a severely compromised immune system with very low CD4+ T-cell counts, 

giving rise to rare opportunistic infections and cancers (17, 18, 73, 184, 217). In the following 
years, the disease has rapidly developed into a global pandemic with a great number of 

patients all over the world. Thanks to the discovery of the first antiretroviral treatment in 1987 
(64) and the establishment of a highly efficient tri-therapy in 1996 (44, 81, 136, 194), the life 

expectancy of patients has nowadays greatly improved, however, there still is neither vaccine 

nor cure (18, 184). Therefore, HIV still represents a global health issue today with 37.9 million 
infected people in 2018, a number that is continuously growing with 1.7 million new infections 

every year. Since the beginning of the pandemic, 32 million people have already died from 
AIDS and in 2018, 0.8 million deaths could still be counted. While the number of new infections, 

as well as the number of deaths per year has considerably declined since the peak of the 
pandemic between 1996 and 2004, the issue still maintains a considerable extent today (226). 

 

1.2 Origin and evolution 
 
While HIV has only been discovered in 1983, it has been introduced into the human population 

much sooner by cross-species transmission of the simian immunodeficiency virus (SIV) from 
monkeys in Africa. Molecular clock studies suggest that the first cross-species transmission 

event has occurred around 1908 (165, 222).  
Monkeys harbor a great number of different SIVs with a specific virus for each monkey species. 

SIVs are thought to have co-evolved with monkeys for around 30,000 years. In general, these 
SIVs don't cause any disease in the infected monkeys with the only potential effect being a 
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slightly reduced lifespan and overall fitness (177, 204). Cross-species transmission may occur 

from pet monkeys but also through hunting of monkeys as bushmeat. Cross-species 
transmission as well as rapid diversification of the virus is possible thanks to the ability of the 

virus to rapidly evolve. This is due to the high error rate of the viral reverse transcriptase, 
frequent recombination and rapid turnover of viral particles (165, 191, 224).  

 

 
Figure 1: Global distribution of HIV-1 subtypes in the period from 2010 to 2015. The number of people living 
with a given subtype, circulating recombinant form (CRF) or unique recombinant form (URF) of HIV-1 in the different 
regions of the world (each region being colored with different shades of grey) as well as their global distribution 
from 2010 to 2015 are represented as pie charts. The color-code for different subtypes in indicated on the right 
(adapted from 78)  

 
There has been a total of two distinct cross-species transmissions of SIV from the chimpanzee 

Pan troglodytes troglodytes (SIVcpz) to humans. The first one gave rise to HIV-1 group M, 
which is at the origin of today's pandemic, responsible for over 98 % of total HIV infections. 

The second transmission of SIVcpz resulted in HIV-1 group N. Two other cross-species 
transmission events occurred between humans and the SIVgor from gorillas (Gorilla gorilla), 

giving rise to HIV-1 group O and P. Finally, a total of 9 transmissions of SIVsm from sooty 
mangabeys (Cercocebus atys) to humans have occurred and given rise to HIV-2 groups A-I 

(165, 191, 222).  

While HIV-1 group M has spread all over the world and has infected millions of people, HIV-1 
group N, O and P, as well as HIV-2 have mostly remained confined to West and Central Africa 

with a limited number of patients. HIV-1 group M has diversified into subtypes A-D, F-H and J-
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K. Subtype C is the most virulent one causing the largest number of infections, mostly in Sub-

Saharan Africa. However, subtype B is predominant in western and central Europe as well as 
the Americas and has been the most studied (Fig. 1). In addition to the already immense 

variability of HIV due to different types, groups and subtypes as well as considerable genetic 
variability within one given subtype (8-17 % variation), further complexity is added by 

recombinant forms which present a mosaic structure combining two or more different subtypes. 
These viruses are named circulating recombinant forms (CRF) when characterized in at least 

3 unrelated individuals (85, 165, 222). 

 

1.3 Natural progression of the HIV infection 
 
HIV is contained in blood, cervicovaginal secretions, rectal secretions and breast milk of an 
untreated infected person. HIV can thereby be transmitted through sexual intercourse, 

parenterally for example by transfusion or needlestick or from the mother to the child, either in 
utero through the placenta, intrapartum or by breastfeeding (91, 205).  

 
Once the virus has reached the site of primary infection, most of the time the genital or the 

intestinal tract of the new host, it crosses the mucosal barrier in a couple of hours. During the 

first 3 days, HIV first establishes a local infection in the underlying tissue, then disseminates 
to draining lymph nodes (91, 103, 205). The main target cells of HIV are CD4+ T-cells. While 

the virus cannot infect dendritic cells productively, it can attach to the surface of these cells or 
be captured in intracellular vesicles, which helps in the transport of the virus to lymph nodes 

and its presentation to susceptible CD4+ T-cells (91, 142). These early stages of the infection 
are qualified as the eclipse phase, during which the virus cannot be detected in the blood (Fig. 

2). However, the virus already begins building a latent reservoir at this early time point. Starting 
around day 7 to 21 of the infection, HIV disseminates systemically and becomes detectable in 

the blood (142, 205). During this second phase of HIV infection, qualified as the acute phase, 
HIV replicates exponentially and reaches a peak of very high titer of approximately 106-107 

copies of viral RNA per ml of blood (Fig. 2). The acute phase can sometimes also be 

accompanied by flu-like symptoms (53, 162). After around 4 weeks starts the asymptomatic 
chronic phase of HIV infection, during which the viral load decreases to a steady state and the 

CD4+ T-cell count, which had dramatically dropped during the acute phase, partially recovers 
(Fig. 2). The chronic phase can last for a period of several years where the virus steadily 

multiplies at low levels (53, 162, 184, 224). 
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Figure 2: Natural progression of the HIV-1 infection. The viral load is represented in red, measured by the 
number of viral RNA copies in the blood. The number of CD4+ T-cells in the blood is represented in blue. The viral 
infection plays out over the course of a decade and can be separated into 4 distinct phases: the eclipse phase, 
acute infection, chronic infection and the AIDS phase (Adapted from 56). 

 
At early stages of the infection, HIV is usually R5 T-cell tropic, which means that the virus 
infects cells presenting high levels of the CD4 receptor as well as the CCR5 co-receptor at 

their surface. This is the case for most memory T-cells and activated T-cells. While activated 

T-cells are the main target cells of HIV and allow efficient viral replication, memory T-cells are 
quiescent cells with a low gene expression in which HIV establishes the main latent reservoir. 

As a result of HIV infection, the available pool of CD4+ CCR5+ T-cells rapidly decreases and 
the virus evolves in order to broaden its tropism. R4 T-cell tropic viral variants arise which use 

CXCR4 as a coreceptor instead of CCR5. This allows latent infection of naive T-cell subsets. 
In parallel the virus also becomes M-tropic, which means that it becomes competent for 

infection of cells expressing low levels of CD4, like macrophages. While infected T-cells rapidly 
die due to cytopathic effects as well as the cytotoxic immune response, infected macrophages 

can subsist for a long time and constitute a consistent source of viral production (19, 43, 47, 

181). 
 

During the phase of chronic infection, the CD4+ T-cell count decreases slowly but steadily over 
the years (Fig. 2). This is due to exhaustion of the immune system, which is caused on the one 

hand by its constitutive activation due to chronic HIV replication. Especially replication of HIV 
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in the gut-associated lymphoid tissue (GALT) leads to continuous inflammation accompanied 

by a steady depletion of CD4+ T-cells. In addition to the loss of T-cells, their homeostatic 
renewal is exhausted over time, finally leading to a drop in CD4+ T-cells (53, 162). The drop 

below the threshold of 200 CD4+ T-cells per ml of blood characterizes the onset of the AIDS 
phase (Fig. 2), where the patient becomes vulnerable to opportunistic infections and cancers, 

ultimately resulting in death (53, 162, 184, 224). 
 

This natural progression of the disease is determined by multiple factors, depending both on 

the virus and on the patient. The different variants of HIV behave differently in the infection 
(224). While HIV-1 group M viruses have efficiently spread all over the world and generally 

lead to infections resembling what has been described above, HIV-2 for example is much less 
virulent, less transmissible and harbors lower viral loads (165). During the transmission of the 

virus from an infected individual to a noninfected person, several bottlenecks contribute to the 
selection of a single viral variant which is called the transmitted virus or founder virus. On the 

side of the donor, a large variety of different viral variants circulate in the blood. Only a certain 
number is capable of penetrating the transmission fluid. On the side of the recipient, the virus 

is first selected by the mucosal barrier. Then, only the highest-fitness virus with best 

infectiousness, better interferon resistance and large burst size can establish a successful 
infection in the underlying tissue (103). It has been found that the transmitted/founder virus is 

almost always an R5-tropic virus. This particularity leads to almost full protection of people 
carrying the CCR5-∆32 deletion. Once the infection is established, most patients ultimately 

progress to the AIDS stage when not treated. Only a very small portion of patients (<1 %) 
maintain very low to undetectable levels of virus even in the absence of treatment. These 

patients are qualified as elite controllers. The better control of viral replication in these patients 
has often been associated with particular alleles of HLA (especially HLA-B5701), but also with 

an efficient and specific CD8+ cytotoxic T-cell response. Overall, people who manage to 
maintain a lower viral load during the chronic phase of the infection progress slower to AIDS 

than people with an overall higher steady state viral load (53, 103, 224). 

 

1.4 Treatment 
 
Since the discovery of the virus in 1983 (17) and the development of the very first antiretroviral 
treatment in 1987 (64), considerable progress has been made in terms of treatment of HIV. 

This has led to a significant improvement of the lifespan of infected individuals to near-normal 
levels. While the first treatment was given on its own and rapidly gave rise to resistant viral 
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variants, since 1996 three different antiretroviral agents are combined into a highly active 

antiretroviral therapy (HAART) also referred to as tri-therapy, which considerably increases the 
genetic barrier for viral escape mutations (11, 18, 44, 81, 136). 

The different classes of antiretrovirals act at the different stages of the viral life cycle: 
(I) The first antiretroviral agent to be approved for treatment was 3'-azido-2',3'-

dideoxythymidine (AZT) which is a nucleoside reverse transcriptase inhibitor (NRTI). These 
nucleotide analogues are incorporated into viral DNA by the viral reverse transcriptase (RT) 

and terminate the elongation of the DNA synthesis. 

(II) Non-nucleotide reverse transcriptase inhibitors (NNRTI), like for example efavirenz, also 
inhibit the viral reverse transcriptase but instead of being incorporated into viral DNA, they bind 

to an allosteric site of the viral RT enzyme and thereby inhibit its functioning. 
(III) Fusion inhibitors, like for example enfuvirtide, which interact with the gp41 moiety of the 

viral Env protein, inhibit the entry of the virus into the cell. 
(IV) Integrase inhibitors, like Raltegravir, interact with the viral integrase enzyme and inhibit 

the strand-transfer reaction which allows the virus to integrate into the cellular genome. 
(V) Protease inhibitors, like darunavir, can either be nonhydrolyzable peptidomimetic 

analogues which directly interact with the active site of the viral protease or they can be 

nonpeptidic inhibitors. 
(VI) Co-receptor inhibitors, like maraviroc, are up to now the only antiretroviral agents which 

target the host rather than the virus itself. These molecules interact with the viral coreceptor 
CCR5 and inhibit its interaction with the viral envelope (11, 144). 

While these drugs are very efficient in inhibiting viral replication and have considerably 
improved patient lives, they don't allow a cure of the disease as HIV establishes latent 

reservoirs which are long-lived and lead to rebound of viral replication as soon as the treatment 
is interrupted (138, 199). Furthermore, despite multiple trials, no efficient vaccine against HIV 

infection has yet been found (59). 

 

1.5 HIV-1 life cycle 
 
HIV-1 is an enveloped virus of 80-150 nm of diameter. Approximately 7-14 trimers of the viral 

envelope protein (Env) are present as spikes on the surface of the particle (Fig. 3A). The inside 
of the envelope is covered by matrix proteins (MA). The conical capsid formed by viral capsid 

proteins (CA) is present in the center of the particle (Fig. 3A). This structure contains a dimer 
of the viral gRNA which is associated with nucleocapsid proteins (NC) as well as the viral 

reverse transcriptase (RT) and integrase (IN) enzymes. Certain viral accessory proteins, 
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including Vif and Vpr, as well as several cellular proteins like APOBEC3G, cyclophilin A and 

lysyl-tRNA-synthetase are also encapsidated into HIV-1 particles (32, 66, 221, 236). 
The replication cycle of HIV-1 begins with the entry of the virus into the cytoplasm of the target 

cell, where the viral RNA genome is reverse transcribed in order to form a double stranded 
DNA. This DNA is then integrated into the cellular genome as a so-called provirus which allows 

production of viral proteins and RNAs. These components assemble at the plasma membrane 
and bud in order to form new viral particles (65). In the following chapter, each of these steps 

will be described individually. For an overview over the entire viral life cycle, please refer to 

pages 31-32. 

 
1.5.1 Entry 
Env is composed of gp120 and gp41 which form a heterodimer. The gp120 is composed of 

five variable regions (V1-V5) which are exposed on the surface of the protein and protect five 
conserved regions (C1-C5) underneath. The gp41 is composed of a fusion peptide and two 

helices. On average 7-14 trimers of these heterodimers (gp120-gp41) can be found on the 
surface of each viral particle. In these so-called spikes, gp41 is at the center of the three gp120 

proteins (61). 

 

 
Figure 3: HIV-1 particle and attachment of the viral Env on cellular receptors followed by fusion. (A) 
Schematic representation of the mature viral particle. The principal components are indicated. (B) The HIV Env 
protein is composed of gp120 and gp41. gp120 binds to its receptor CD4. This induces a conformational change 
which exposes the co-receptor binding site. Co-receptor binding leads to the exposure and activation of gp41. The 
fusion peptide of gp41 is inserted into the plasma membrane. Then gp41 forms a 6-helix bundle which stimulates 
fusion of the two membranes (adapted from 55). 
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The main receptor of HIV is CD4, a transmembrane protein which is expressed mainly on T-

cells and monocytes and is composed of four immunoglubulin-like domains (D1-D4). In 
addition to CD4, one of two possible coreceptors is required to allow HIV infection of target 

cells. The possible coreceptors are CCR5 and CXCR4, two chemokine receptors composed 
of seven transmembrane domains. 

The first step of infection of a new target cell by HIV is a relatively nonspecific attachment on 
the surface of the cell through interaction of Env with heparan sulfate proteoglycans, α4β7 

integrins or DC-SIGN. This helps bringing the viral particle into close proximity with the cell 

surface but is not absolutely required to achieve infection. However, the attachment promotes 
interaction of Env with its receptor CD4. This interaction is mediated by a region at the base of 

the variable loops V1, V2 and V5 of gp120, which binds to the most distal domain of CD4 (D1). 
The binding of gp120 with its receptor induces a structural rearrangement of the spike, that 

leads to the opening of the trimer and grants accessibility to the V3 loop of gp120 and to gp41, 
which were hidden at the center of the complex before (Fig. 3B). Exposure of the V3 loop 

allows its interaction with the coreceptor followed by another conformational change which 
leads to activation of gp41. The fusion peptide domain of gp41 can then insert into the cellular 

plasma membrane. The helices of the gp41 trimer fold back on themselves to form a six-helix 

bundle. This brings the cellular plasma membrane and the viral membrane into close proximity 
of each other and finally induces their fusion (Fig. 3B). The fusion pore then allows release of 

the viral core into the cytoplasm of the target cell (28, 61, 229). 
 

1.5.2 Reverse transcription 
Directly after entry of the viral core into the cytoplasm of the new host cell, reverse transcription 
is initiated in order to form the double-stranded proviral DNA. 

The viral reverse transcriptase (RT) is a heterodimeric protein, that consists of the p66 and 
p51 moieties. The p66 comprises a domain capable to polymerize DNA from an RNA or a DNA 

template, as well as an RNase H domain, which exclusively degrades RNA in an RNA-DNA 
duplex. The p51 is identical to p61 except that it lacks the RNase H domain. In the heterodimer, 

p61 is thought to be catalytically active, while p51 only seems to play a structural role. 

 
The first step of reverse transcription is the formation of a single-stranded negative-sense DNA 
intermediate, using the positive-sense viral gRNA as a template. The reverse transcription 

begins at a region near the 5'-end of the gRNA, called the PBS, where a tRNALys3 is annealed 
with 18 nucleotides at its 3'-extremity. The viral RT starts adding nucleotides to the 3'-end of 

this tRNA until it reaches a strong stop at the 5'-end of the viral gRNA (Fig. 4). During this 
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process, the viral gRNA is degraded by the RNase H activity of the viral RT, leaving the newly 

formed negative sense DNA single-stranded. The 5'-end sequence of the viral gRNA is called 
R region and is repeated at the 3'-end of the viral gRNA. This allows what is called the first 

strand-transfer, where the newly synthetized (-) strong-stop DNA strand hybridizes with the 3'-
end of the viral gRNA (Fig. 4). RT can then continue all the way along the viral gRNA, 

degrading the RNA along on its way. Only certain pyrimidine-rich regions, called poly-
pyrimidine-tracts (ppt) resist the RNase H activity and serve as primers for synthesis of the 

positive-sense DNA. RT primarily uses a ppt near the 5' end of the (-) DNA to initiate synthesis 

of the (+) DNA, copying the 5'-extremity of (-) DNA as well as the 18 nucleotides at the 3'-
extremity of tRNALys3 (Fig. 4). At this stage, tRNALys3 is degraded by the RNase H activity of 

viral RT, however a single r-adenine is maintained at the 5'-end of (-) DNA. The sequence 
corresponding to the tRNALys3 can then hybridize with the PBS at the 3'-extremity of the (-) 

DNA in what is called the second strand-transfer (Fig. 4). RT can then extend both strands to 
form a complete double-stranded DNA. Initiation of (+) strand synthesis from a central ppt 

leads to the formation of a flap, which is later repaired (93, 95, 137, 145). 
 

 
Figure 4: Reverse transcription of the HIV genomic RNA. The viral reverse transcriptase uses the tRNALys3 as 
a primer for synthesis of the (-) DNA strand (green) and poly-pyrimidine-tracts (ppt or cppt) for synthesis of the (+) 
DNA strand (violet). Dashed lines indicate degraded RNA due to RNase H activity. The R region is repeated on the 
5'- and 3'-extremity of the viral gRNA and allows the first strand transfer (red circles). The region hybridizing to the 
tRNALys3 allows the second strand transfer (blue circles). The resulting proviral DNA contains LTRs composed of 
the U3, R and U5 regions at both ends and a central flap (cflap) due to the cppt which is later repaired. 
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While it is possible to form the entire viral DNA from a single gRNA molecule, the virus actually 

very often makes use of both gRNA molecules inside the viral particle by jumping from one to 
the other leading to recombination. This contributes to the formation of mosaic viruses that 

combine sequences from different viral strains, like it is the case for CRFs (93, 145). 
The reverse transcription complex (RTC) formed by the viral core at this stage of the viral life 

cycle contains multiple viral proteins that influence reverse transcription, apart from the RT 
itself. Notably, MA, CA, NC, IN and Vpr are present within the RTC (93). CA protects the RTC 

from cellular antiviral sensors in the cytoplasm while still allowing import of the necessary 

nucleotides for reverse transcription through pores formed at the center of each CA-hexamer 
(100). NC possesses a nucleic acid chaperone activity, that facilitates reverse transcription. 

Vpr interacts with cellular UNG2 (Uracil-DNA glycosylase), implicated in DNA-repair 
mechanisms (93). 

 
1.5.3 Uncoating, Nuclear Import and Integration 
During reverse transcription, the viral RTC is transported through the cytoplasm from the site 
of viral entry towards the nucleus using dynein-dependent transport along the microtubule 

network. Once reverse transcription is achieved, the so called pre-integration complex is 

transported into the nucleus through the nuclear pore, where viral DNA is integrated into the 
cellular genome (35, 232). 

At some stage along these steps the viral genome has to be uncoated. While the core needs 
to stay assembled in order to protect the viral genome from detection by antiviral sensors in 

the cytoplasm, nuclear import of an intact core (50-60 nm width) seems to be impossible due 
to size constraints imposed by the nuclear pore (upper limit of approximately 40 nm). The 

cellular cyclophilin A (CypA) plays an important role in the process. CypA has been shown to 
interact with the viral capsid, stabilizing the viral core and thereby regulating the early steps of 

the viral life cycle. Several mechanisms have been proposed for uncoating. While dynein and 
kinesin-dependent transport of the viral core seems to favour uncoating, the main driving force 

for uncoating is thought to be the reverse transcription process itself. The transformation of the 

flexible viral gRNA into a relatively rigid double-stranded DNA leads to the build-up of pressure 
inside the core and this pressure ultimately induces disassembly. Nevertheless, a certain 

amount of capsid proteins and other viral factors present in the viral core stay associated with 
the pre-integration complex up until after the import into the nucleus, where they play important 

regulatory roles for integration into cellular DNA (4, 35, 174, 232). 
While MA, IN and also Vpr contain nuclear localization signals (NLS) that might play a role in 

nuclear import of the pre-integration complex, CA seems to be the major player in this process, 
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interacting with many essential cellular factors. It has been shown that the cellular factors 

NUP358 (Nucleoporin 358), CPSF6 (Cleavage and polyadenylation specific factor 6), TNPO3 
(Transportin 3) and NUP153 are necessary for nuclear import. The viral pre-integration 

complex is thought to dock to the nuclear pore by CA interaction with NUP358, a filamentous 
protein which is positioned at the cytoplasmic side of the nuclear pore. Then, the interaction of 

the pre-integration complex with CPSF6 and TNPO3 allows shuttling through the pore to the 
nuclear side, where NUP153 is present and helps to achieve the process (88, 137, 232). 

Nuclear import is directly followed by, and to a certain extent coupled with integration of the 

viral DNA into the cellular genome. This is influenced by NUP153, which recruits active 
chromatin to the periphery of nuclear pores through binding of Tpr (Translocated promoter 

region protein). CPSF6 and LEDGF (Lens epithelium-derived growth factor) target the pre-
integration complex to the body of actively RNA-Pol-II-transcribed genes in proximity of the 

nuclear pore (128, 137, 230). 
 

 
Figure 5: Integration of proviral DNA into the cellular genome. (A) The proviral DNA (yellow+green) and the 
cellular DNA (red and blue). (B) The viral DNA is activated by 3'-end processing, which generates reactive 3'-OH 
residues. (C) The 3'-extremity of each strand attacks a target sequence in the cellular DNA, around 5 nts apart. (D) 
This generates a duplicated, 5 nts region in the cellular DNA as well as a 2 nts overhang of viral 5'-extremities due 
to previous 3'-end processing. (E) The cellular machinery repairs the gap which results in the integrated provirus 
(adapted from 45). 

 
The core of the pre-integration complex is formed by an intasome composed of an IN tetramer, 

one dimer of IN being associated with each end of the viral DNA. The first step of integration 

is 3'-end processing, during which IN cleaves the 3'-end of each DNA strand at a CA 
dinucleotide in order to form a hydroxyl extremity (Fig. 5A-B). This hydroxyl group is then used 

in a second step for a nucleophilic attack on the cellular DNA, called strand-transfer (Fig. 5C). 
The integration of both extremities of the viral DNA is targeted towards a sequence, 5 base 

pairs apart, which leads to a duplication of 5 nucleotides of the target sequence (Fig. 5D). The 
integration intermediate that is formed comprises a single-stranded region and an overhang, 

that are repaired by the cellular repair machinery (Fig. 5E) (49, 128). 
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1.5.4 Expression of the viral genome and latency 
 

The virus is integrated into the cellular genome as a so-called provirus with a length of 
approximately 9.7 kb flanked by two long terminal repeats (LTRs) which each contain the U3, 

R and U5 regulatory regions (Fig. 6). U3 contains the promoter of transcription composed of 
one TATA box, 3 SP1 (specificity protein 1) binding sites as well as 2 enhancer regions (Fig. 

6). Binding of the transcription factors NFκB (Nuclear factor kappa-light-chain-enhancer of 

activated B cells) or NFAT (Nuclear factor of activated T-cells) to the enhancer regions as well 
as recruitment of SP1 proteins to their binding sites stimulates transcription initiation and 

facilitates recruitment of the TFIID (Transcription factor II D) complex to the promoter through 
interaction of its TBP (TATA binding protein) subunit with the TATA box. This stimulates the 

recruitment of additional transcription factors, notably TFIIH, as well as RNA pol II. The CDK7 
(Cyclin dependent kinase 7) subunit of TFIIH phosphorylates the C-terminal repeat domains 

of RNA pol II at the Ser5 position, which allows transcription initiation. The association of NELF 
(Negative elongation factor) and DSIF (DRB sensitivity inducing factor) causes stalling of RNA 

pol II after transcription of the first elements of the viral RNA which include the TAR (Trans-
activation response) region. The TAR region allows recruitment of Tat to the transcription 

complex. Tat itself recruits the transcriptional stimulator p-TEFb (positive transcription 

elongation factor) which is composed of CDK9 and CycT1 (Cyclin T1) and is sequestrated in 
an inactive state in a 7SK-snRNP. CDK9 then phosphorylates NELF, DSIF as well as the Ser2 

position of the C-terminal repeat domain of RNA pol II, leading to dissociation of NELF and 
recruitment of additional stimulatory complexes like SEC (super-elongation complex). This 

results in resuming of transcriptional elongation (104, 138, 154, 216). 

 
Naive as well as memory CD4+ T-cells are in a quiescent state where the overall transcriptional 

activity is low. Transcriptional activators like NFAT and NFκB are sequestered in the cytoplasm 
and thereby can't access the viral promoter. Furthermore, the chromatin is in a condensed 

state with several epigenetic markers, like deacylation of histones as well as methylation of 

histones and DNA, which repress transcriptional activation. In these cells, the HIV provirus 
enters an inactive state defined as latency. Activation of the host cell for example by stimulation 

of its TCR (T-cell receptor) can lead to reactivation of viral transcription (8, 138, 187). 
The entire unspliced transcript of around 9 kb represents the viral gRNA and also serves as 

an mRNA for translation of the Gag and GagPol polyproteins. However, this RNA can be 
incompletely spliced to generate mRNAs of Vif, Vpr, Env and Vpu or completely spliced to 

generate mRNAs of Tat, Rev and Nef. In total, alternative splicing through the 4 different splice 
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donor and 8 acceptor sites (Fig. 6) generates over 100 different viral transcripts. Splicing is 

regulated by binding of SR proteins (Serine and arginine-rich proteins) to splicing enhancer 
sites and binding of hnRNPs (heterogenous nuclear RNPs) to splicing silencer regions (104, 

156, 182, 201). 
 

 
Figure 6: Organization of the HIV-1 genome. The positions are indicated in nucleotides on the top. Protein coding 
sequences are indicated as grey boxes. The regulatory regions which constitute the long terminal repeats are 
indicated in color. The main splicing donor site positions (D) and acceptor sites (A) are indicated and numbered. 
The position of the RRE is indicated with a red star. The transcription promoter with enhancer sequences, SP1 
binding sites and a TATA box are situated in the U3 region. The R region starts with the transcription start site (TSS) 
and contains the TAR and Poly-A signal. Between U5 and the Gag coding sequence are the PBS as well as the 
packaging signal Ψ (adapted from 59, 96, 123). 
 
While entirely spliced transcripts are exported into the cytoplasm using the regular Tap/p15 

export machinery of most cellular mRNAs, incompletely and unspliced viral transcripts are 
bound by the viral Rev protein through specific recognition of the RRE (Rev response element), 

positioned in the Env coding region (Fig. 6). Rev binds to this element, multimerizes and 
recruits Crm1 (Chromosomal maintenance 1) through its nuclear export signal (NES). Crm1 in 

association with the GTP-bound Ran protein (ras-related nuclear protein) then mediates export 
of these RNAs through the nuclear pore (63, 104, 175, 182). 

 
1.5.5 Assembly, budding and maturation 
 
In order to form new virions, the viral proteins have to assemble at the plasma membrane. Env 

is a membrane protein that is co-translationally inserted into the membrane of the endoplasmic 
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reticulum (ER) followed by its trafficking to the plasma membrane. On its way, it is maturated 

through glycosylation and furin-mediated cleavage into gp120 and gp41. Gag as well as Gag-
Pol are expressed in the cytoplasm and recruit the viral gRNA through interaction of the two 

CCHC zinc fingers of the NC domain. The gRNA is specifically selected for packaging from 
the pool of available cellular and spliced viral RNAs through a yet unknown mechanism which 

seems mediated by interaction of Gag with the stem-loop 1 of the packaging region (Ψ, Fig. 6) 
of the RNA and specificity is significantly influenced by the p6 domain of Gag (58, 131, 146, 

221).  

 

 
Figure 7: HIV-1 virion assembly and maturation. The Gag polyprotein consists of an MA domain (blue), a CA 
domain (green), an NC domain (red) and a p6 domain (yellow). It also exists in fusion with Pol, which is composed 
of the protease (violet), the reverse transcriptase (orange) and the integrase (brown). Gag recruits gRNA and Env 
to lipid rafts in the plasma membrane, where it multimerizes to form a budding viral particle. The p6 domain of Gag 
mediates recruitment of the ESCRT machinery which allows scission of the new viral particle from the cell. The viral 
polyproteins are then maturated by the viral protease (adapted from 60). 

 

HIV gRNAs form dimers through the dimer initiation site (DIS), a palindromic sequence in the 
Ψ region which forms a kissing-loop complex (161, 213). Gag is targeted to the membrane 

through its MA domain which contains many basic residues that interact preferentially with the 
PIP2 (Phosphatidylinositol 4,5-bisphosphate), cholesterols and sphingomyelins of lipid rafts 

(Fig. 7). Once at the plasma membrane, a myristic acid added post-translationally on the MA 

domain is inserted into the lipid bilayer in order to anchor Gag. MA also interacts with the 
cytoplasmic tail of gp41, which recruits Env to the forming particle. Gag multimerizes through 



I INTRODUCTION 

- 25 - 
 

interactions in the CA domain and the forming particle starts budding (Fig. 7). The p6 domain 

mediates recruitment of the ESCRT (Endosomal sorting complex required for transport) 
machinery through direct interaction with the TSG101 (Tumor susceptibility gene 101) subunit 

of ESCRTI (Fig. 7). The subsequent recruitment of ESCRTIII and VPS4 (Vacuolar protein 
sorting-associated protein 4) allows scission of the new virion from the plasma membrane. 

During or shortly after budding, the maturation of the new particle begins through cleavage of 
the Gag and Gag-Pol polyproteins by the viral protease. Liberation of the different domains 

allows capsid formation, stabilisation of the gRNA dimer through formation of additional 

interactions and structural changes that render Env fusion-competent. The mature particle has 
a diameter of 80-150 nm and can disseminate to infect new target cells (Fig. 7) (56, 66, 96, 

221). 

 

2. Host immune defenses and viral counter-defenses 
 

2.1 The immune system 
 
The human immune system is characterized by an innate and an adaptive immune response, 
which work in concert to eliminate invading viruses. HIV infects immune cells and deeply 

disregulates the entire system in order to escape immune defenses (7, 50, 167).  
 

As described above, the viral infection begins by a local amplification of HIV in CD4+ cells 
present at the site of primary infection. This local infection triggers production of inflammatory 

cytokines which lead to recruitment of immune effector cells and to activation of dendritic cells. 
Dendritic cells patrol the entire organism in the search for pathogens. Upon encounter of an 

infection, they take up antigens and present them on major histocompatibility complex (MHC) 
class I and II molecules on their surface. This is followed by activation and maturation of the 

dendritic cells and their migration to lymph nodes, where they present captured antigens to 

CD4+ T-cells. In the case of an HIV infection, the virus takes advantage of dendritic cell 
migration to disseminate to lymph nodes and infect CD4+ cells. When a naive T-cell specifically 

recognizes the MHC-II-associated proteins on a dendritic cell through their TCR, it becomes 
activated and undergoes clonal expansion (2, 50, 167).  

CD4+ T-cells represent a central hub in the adaptive immune response due to their important 
role in activation of CD8+ cytotoxic T-cells as well as antibody-producing B-cells.  
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When B-cells are activated, they undergo class-switch recombination and maturation of their 

B-cell receptor (BCR) by hypermutation. These processes are stimulated by the cytosine 
deaminase AID (activation-induced cytidine deaminase). B-cells with a BCR that efficiently 

recognizes the viral antigen undergo clonal expansion and secrete a soluble version of their 
BCR in the form of antibodies. Antibodies bind to viral particles and can inhibit viral attachment 

and entry into target cells (50). In the case of an HIV-infection, the antibody response is often 
poorly efficient because produced antibodies rarely achieve broad specificity, easily allowing 

viral escape by mutations in the targeted antigens (167).  

The cytotoxic immune response seems more efficient and is thought to be in part responsible 
of the decline in viral titer following the acute infection. Cytotoxic CD8+ T-cells recognize 

infected cells thanks to the viral antigens presented on the MHC-I, which is ubiquitously 
expressed on all cell types. CD8+ T-cells then secrete cytotoxic molecules like perforin and 

granzyme in order to kill the target cell. Some viruses downregulate MHC-I from the cell surface 
in order to evade CD8+ T-cell-mediated cytotoxicity, however, cells lacking MHC-I are 

recognized and killed by natural killer cells (NK-cells) (2, 7, 50). 
 

The innate immune response is essential to activate and direct adaptive immune responses. 

Indeed, the two are connected by dendritic cells which are differentially activated by the 
cytokine environment present at the site of infection (2, 50, 186). 

The initial sensing of the pathogen is the first step in the innate immune response. This sensing 
is mediated by pattern recognition receptors (PRR) which are ubiquitously expressed and 

specifically recognize different types of pathogen- and damage-associated molecular patterns 
(PAMPS and DAMPS, respectively). Amongst these PRRs are for example membrane-

associated receptors like TLRs (Toll-like receptors), cytoplasmic receptors like RLRs (RIG-I-
like receptors) and cytoplasmic DNA sensors. TLR-7 and 8 recognize for example viral single-

stranded RNA in endosomes (Fig. 8). RIG-I (Retinoic acid-inducible gene I) and MDA-5 
(Melanoma differentiation-associated protein 5) are RLRs and recognize double-stranded 

RNA in the cytoplasm. IFI16 (Gamma-interferon-inducible protein 16) and cGas (Cyclic GMP-

AMP synthase) are DNA sensors, which can sense HIV DNA in the cytoplasm (Fig. 8). DAMPS 
include for example reactive oxygen species (ROS) and extracellular ATP which signalize cell 

damage (3, 50, 186, 225). 
Upon sensing of an invading pathogen, a signaling cascade is triggered which leads to 

activation of NFκB, IRF3 and IRF7 (Interferon regulatory factors 3, 7), transcription factors that 
drive expression of antiviral effector proteins, interferons (IFN) and inflammatory cytokines 

(Fig. 8) (3, 176).  
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Type I IFNs play an important role in antiviral immune defenses. They are secreted and bind 

to cells through the IFNAR receptor (Interferon-α/β receptor) in an autocrine, paracrine and 
endocrine manner. This leads to activation of a JAK/STAT signaling cascade, resulting in 

expression of interferon-stimulated genes (ISGs; Fig. 8). ISGs are important mediators of the 
innate immune response, their expression in the cell leading to an environment that 

suppresses viral infection. Amongst ISGs are for example cytokines, antigen presenting 
molecules as well as restriction factors (42, 57, 197). 

 

 
Figure 8: Detection and signaling of HIV infection by the innate immune system. In the cytoplasm, viral RNA 
can be detected by RIG-I, which binds to MAVS and activates STING. Viral cDNA can be detected by IFI16 or 
cGAS, which directly activate STING. STING can activate TBK1 and IKK. TBK1 phosphorylates IRF3, which is 
activated and induces transcription of different genes. In endosomes, viral RNA can be recognized by TLR7, which 
recruits MYD88. This leads to activation of IKK. IKK phosphorylates IκB, which leads to detachment of IκB from 
NFκB. NFκB and IRF7, which is also activated by MYD88, can then translocate into the nucleus and induce 
transcription. IRF3, NFκB and IRF7 induce for example production of type I IFN, which is secreted and binds to its 
receptor IFNAR. This activates JAK1 and TYK2 which phosphorylate STAT1 and 2. STAT1 and 2 then translocate 
into the nucleus and induce transcription of ISGs. PRRs are represented in red, kinases in blue and transcription 
factors in yellow (adapted from 51, 209). TYK2: Tyrosine kinase 2; JAK1: Janus kinase 1; STAT: Signal transducer 
and activator of transcription; STING: Stimulator of interferon genes; IκB: Inhibitor of NFκB; IKK: IκB kinase; 
MYD88: Myeloid differentiation primary response gene 88; ISRE: Interferon-stimulated response element; IRF: 
Interferon regulatory factor. 
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2.2 Restriction Factors 
 
Restriction factors are amongst the first effectors of innate immunity against viral pathogens. 

Many different restriction factors have been described that inhibit the different steps in the life 
cycle of HIV and more are continuously being discovered. Discovery of restriction factors has 

mostly been performed by comparison of expression profiles of permissive cells, in which viral 

replication can take place even in the absence of certain viral accessory proteins, and non-
permissive cells where viral replication is restricted. These non-permissive cells intrinsically 

express restriction factors which immediately and directly inhibit viral replication (25, 51, 71, 
133). Moreover, restriction factors are also ISGs and can therefore be induced by innate 

immune signalling pathways. Restriction factors are not only essential effectors of innate 
immunity, but can also participate in the regulation of the immune response, for example by 

stimulating immune signalling and favouring recognition of infected cells (25, 45, 197). In 
summary, restriction factors apply a strong block of viral replication, which can in certain cases 

be part of the species barrier to infection (52, 191). The study of restriction factors is a central 
topic in HIV research, because it can not only contribute to the understanding of essential viral 

replication processes, but the enhancement of this preexisting restriction in cells could also be 

a strategy for novel antiviral drugs (102, 171, 192).  
Viruses are under strong evolutive pressure to counteract restriction factors in order to be able 

to efficiently replicate in non-permissive cells. This counteraction can for example be mediated 
by viral auxiliary proteins (133, 190, 212, 220). Restriction and counteraction both often rely 

on the ubiquitin-proteasome system. This is further detailed in the following review.  
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Abstract: The ubiquitin-proteasome system (UPS) ensures regulation of the protein pool in the cell
by ubiquitination of proteins followed by their degradation by the proteasome. It plays a central
role in the cell under normal physiological conditions as well as during viral infections. On the one
hand, the UPS can be used by the cell to degrade viral proteins, thereby restricting the viral infection.
On the other hand, it can also be subverted by the virus to its own advantage, notably to induce
degradation of cellular restriction factors. This makes the UPS a central player in viral restriction and
counter-restriction. In this respect, the human immunodeficiency viruses (HIV-1 and 2) represent
excellent examples. Indeed, many steps of the HIV life cycle are restricted by cellular proteins, some of
which are themselves components of the UPS. However, HIV itself hijacks the UPS to mediate defense
against several cellular restriction factors. For example, the HIV auxiliary proteins Vif, Vpx and Vpu
counteract specific restriction factors by the recruitment of cellular UPS components. In this review,
we describe the interplay between HIV and the UPS to illustrate its role in the restriction of viral
infections and its hijacking by viral proteins for counter-restriction.

Keywords: HIV; ubiquitin; proteasome; restriction factors; TRIM5↵; March8; APOBEC; SAMHD1;
BST2/Tetherin

1. Introduction

The human cell is in a continuous arms race with various viruses. This has led to the coevolution
of cellular restriction factors on the one hand and viral proteins for counter-defense on the other
hand. Restriction factors are generally induced as a result of an interferon response—they use
unique mechanisms to impair specific steps of the replication cycle and they exhibit a dominant
and autonomous effect. In this continuous fight, the ubiquitin-proteasome system (UPS) plays a
central role on the cellular as well as on the viral side. The cell expresses restriction factors, some of
which are themselves components of the UPS, targeting viral proteins for degradation and thereby
inhibiting some crucial steps of the viral life cycle. However, viruses have evolved to use the UPS to
their own benefits, subverting components of the UPS to degrade restriction factors, thereby protecting
themselves from the cellular defense machinery to allow their dissemination. In this review, we will
describe the mechanisms by which the human immunodeficiency viruses (HIV-1 and 2) use and
subvert the UPS in the continuous battle between cellular defense and viral counter-defense.

2. The Ubiquitin-Proteasome System

The ubiquitin-proteasome system (UPS) is an important pathway in the cell, ensuring regulation
of the protein pool in the cytoplasm as well as in the nucleus. The UPS is constituted by three
main components: the proteasome holoenzymes, several ubiquitin ligases and a large variety of
deubiquitinating enzymes (DUBs) [1]. Ubiquitin is a ubiquitously expressed and well-conserved
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eukaryotic peptide of 76 amino acids, which can be conjugated to proteins, mainly on their lysine
residues. The addition of a single ubiquitin or small ubiquitin chains is involved in many regulatory
functions, whereas poly-ubiquitination at lysine 48 (K48), corresponding to the addition of chains
exceeding four ubiquitins, serves as a signal for degradation [2–5]. Ubiquitination is dependent on
the ubiquitin machinery: the ubiquitin-activating enzyme E1 first forms a high-energy thiol-ester link
with ubiquitin in an ATP dependent manner; ubiquitin is then transferred onto a thiol group of the
ubiquitin-conjugating enzyme E2; finally, the ubiquitin ligase E3 transfers ubiquitin onto a lysine of its
substrate (Figure 1A) [6,7]. In humans, there are two E1 enzymes, around 40 different E2 enzymes,
which primarily determine the type of ubiquitin chain that is added, as well as over 700 different
E3 ubiquitin ligases, which ensure targeting of various substrates and can be separated into two
main families: HECT (Homologous to E6-AP Carboxyl Terminal) and RING (Really Interesting New
Gene) ubiquitin ligases. DUBs are equally important for maturation, regulation and recycling of
ubiquitin [2–5].

A protein can be conjugated to different types of polyubiquitin chains, depending on which
of the seven lysine residues of ubiquitin is used to link ubiquitin moieties in the chain. Proteins
ubiquitinated by K48-linked chains are mainly destined for proteasomal degradation [8,9]. The 20S
proteasome is a barrel-shaped structure composed of four rings: two outer rings composed of seven
↵-subunits and two inner rings composed of seven �-subunits, which carry the protease activity
on the inside of the ring. The 26S proteasome is formed by association of a 20S proteasome with
two 19S lids, which ensure specific recognition of ubiquitinated substrates, recycling of ubiquitin
through deubiquitination, unfolding of the target protein and translocation through the 20S barrel
(Figure 1B) [2,10–14]. While the proteasome represents the main degradation mechanism used in
cells, some membrane-associated proteins are degraded by the endo-lysosomal pathway, which can
be induced by mono-ubiquitination or K63-linked polyubiquitination. In this pathway, ubiquitinated
membrane proteins are endocytosed and are then recognized by the endosomal sorting complexes
required for transport (ESCRT), which mediate invagination of the endosomal membrane surrounding
the ubiquitinated protein. The core ESCRT machinery consists of the ESCRT-I, ESCRT-II and
ESCRT-III complexes, ALIX (Apoptosis-Linked gene 2-Interactiong protein X) and VPS4 (Vacuolar
Protein Sorting-associated 4). This results in the formation of small vesicles inside the endosome,
thereby generating what is called a multivesicular body (MVB). This MVB can then fuse to the lysosome,
where the internal vesicles and their associated proteins are degraded [3,15–17].
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Figure 1. Schematic representation of the ubiquitin-proteasome system. (A) Transfer of ubiquitin from
the ubiquitin-activating enzyme E1 to the ubiquitin-conjugating enzyme E2 followed by its transfer
onto the target protein X by the ubiquitin ligase E3. The broken line symbolizes the thiol-ester bond;
(B) the 26S proteasome, composed of the 20S barrel and two 19S lids. The ubiquitinated target protein
X is recognized by one of the lids and translocated through the barrel where it is degraded by the
proteases located on the inside of the �-rings.
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The UPS plays a central role in many viral infections (reviewed in [18–20]), with five main modes
of action on the viral life cycle:

(1) Some cellular E3 ubiquitin ligases recognize viral proteins and induce their ubiquitination,
which can have a positive effect on viral replication. For instance, ubiquitination of the p6
domain of the HIV-1 Gag polyprotein is important for the interaction of p6 with the ESCRT
machinery. However, the mono-ubiquitination of lysine residues within the p6 domain (K27
and K33) does not seem to be sufficient to facilitate budding of new virions, the latter being also
dependent on the cumulative ubiquitination of NC-p2 (NucleoCapsid-peptide 2) domain [21–24].
Ubiquitination of the HIV-1 accessory protein Tat by cellular E3 ligases stimulates transcription
of viral RNA [25,26].

(2) Ubiquitination of viral proteins can also induce their degradation, thereby blocking the viral
life cycle. This is a strategy used by certain restriction factors. The polymerase PB1 (Protein
Binding 1) of the Influenza A virus (IAV) for example is ubiquitinated (K48-linked ubiquitin) by
the cellular E3 ubiquitin ligase TRIM32 (TRIpartite Motif-containing protein 32), followed by
its degradation by the proteasome [27]. This seems to be a general mechanism as PB1 proteins
derived from various IAV serotypes (H1N1 (Hemagglutinin 1 Neuraminidase 1), H3N2, H5N1
or H7N9) associate with TRIM32 in multiple cell types and this suggests that PB1 has not yet
adapted to avoid TRIM32 targeting [28]. The Human herpesvirus type I (HSV-1) capsid protein
Vp5 has also been shown to be degraded by the ubiquitin proteasome system, leaving the viral
genome exposed to innate immune sensors [29]. Interestingly, TRIM5↵ was reported to inhibit
HSV-1 and -2 replication at an early stage of the infection cycle [30], suggesting a role for this or
related protein in cytosolic sensing of herpesvirus capsids.

(3) Certain viruses have evolved to recruit the cellular E3 ligases to induce the degradation of
cellular proteins that might have harmful effects on the viral life cycle. For instance, the protein
E6 of Human papillomavirus (HPV) recruits the cellular E3 ubiquitin ligase E6-AP to induce
ubiquitination and degradation of p53, thereby allowing viral replication [31,32]. The NSP1
(Non-Structural RNA binding protein 1) protein of Rotaviruses subverts the Skp1-Cul1-Fbox
(SCF) E3 ligase to induce the ubiquitination and degradation of �-TrCP (�-Transducin repeat
Containing Protein). �-TrCP is by itself a substrate adaptor of an E3 ligase and its degradation
leads to accumulation of the NF-{B inhibitor I{B, resulting in inhibition of the NF-{B induced
antiviral responses [33,34]. These mechanisms are important for HIV replication and will be
detailed in Section 5.

(4) Other viruses directly encode their own E3 ligases. Kaposi sarcoma herpesvirus (KSHV) protein K3
and K5 (RING-CH family of ligases) ubiquitinate MHC-I (Major Histocompatibility Complex I),
resulting in its down-regulation from the cell surface through a clathrin-dependent sorting
pathway to an endolysosomal compartment [35,36]. This endolysosomal sorting requires
K63-linked instead of K48-linked polyubiquitin chains [19]. Another well-known example
is the ICP0 protein (Infected Cell Protein 0) of HSV-1, an E3 ubiquitin ligase which induces the
degradation of the ND10 (Nuclear Domain 10) nuclear body components PML (Promyelocytic
Leukemia Protein) and Sp100 through the UPS, thereby avoiding antiviral sensing [37,38].
ICP0 has also been shown to have a RING-independent E3 ligase activity that polyubiquitinates
the E2 enzyme cdc34. ICP0 influences many cellular pathways and is required for the activation
of most viral and many cellular genes, for reactivation from latency and suppression of innate
immunity [19].

(5) Finally, ubiquitin modifications can be reversed by the isopeptide-bond specific proteolytic
activity of DUBs. In addition to cellular DUBs, it has been reported that various virus families code
their own DUBs (Coronavirus, Herpesvirus etc.) to evade host antiviral immune response and
promote virus replication (for a recent review see [1]). For instance, in the herpesviridae family,
a variety of DUBs play an important role in the virus life cycle (e.g., UL36USP (Ubiquitin Ligase
36 Ubiquitin Specific Protease) of HSV-1, tegument protein pUL48 of human cytomegalovirus
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(HCMV)). Regarding HIV-1, a recent study reported that several cellular DUBs (USP7 and USP47,
Ubiquitin Specific Protease family) play an important role in its replication by regulating Gag
processing and thus the infectivity of released virions and simultaneously the entry of Gag into the
UPS and MHC-I pathway [39]. Moreover, this study showed that treatment with DUB inhibitors
targeting USP47 causes a general Gag processing defect, indicating that USP47 interacts with Gag
and prevents its entry into the UPS. Similarly, proteasome inhibitors have been shown to impact
HIV-1 replication by reducing the release and maturation of infectious particles [40,41] or by
suppressing its transcription [42]. Taken together, these studies suggest a potential antiretroviral
activity of DUB and proteasome inhibitors.

The importance of the UPS in antiviral restriction will be discussed here using HIV as an example.

3. The HIV Life Cycle

HIV-1 and 2 are retroviruses of the genus Lentivirus. Their genome is composed of two (+) single
stranded RNAs encoding the Gag, Pol and Env polyproteins, which correspond to the structural
(matrix, capsid, nucleocapsid and p6), enzymatic (protease, reverse-transcriptase and integrase) and
envelope (transmembrane and surface) viral proteins. In addition, the genome of these two viruses
express two regulatory (Tat and Rev) and four auxiliary (Nef, Vpu/Vpx, Vpr and Vif) proteins,
which regulate several steps in the viral life cycle [43,44]. The main difference between HIV-2 and
HIV-1 is the lack of the Vpu protein in the former, which is replaced by Vpx [45]. Following viral
attachment and entry into the target cell, the dimeric viral genomic RNA is partially uncoated and
transported to the cell nucleus. Concomitantly, reverse transcription of the viral genomic RNA takes
place to form the pre-proviral DNA, which is then integrated into the cellular genome. The integrated
provirus mediates the synthesis of new full-length viral RNA (or unspliced RNA), which will be used
as genomic RNA encapsidated into viral particles and as mRNA for structural and enzymatic proteins
and mono- and multi-spliced viral mRNAs, which encode the viral envelope and the regulatory and
auxiliary proteins in the infected cell. Finally, the components of the viral particle assemble at the
plasma membrane, where new viral particles bud, maturate and disseminate to other host cells in the
infected organism (Figure 2) [43,44,46–49].

During its life cycle, HIV is subjected to different cellular restriction factors (Figure 2), the first
line of defense of cellular immunity. The newly discovered SERINC3 (SERine INCorporator 3) and
SERINC5 proteins target the very beginning of the viral life cycle by inhibiting correct fusion of the
viral envelope with the plasma membrane, thereby preventing the virus from entering into a new host
cell [50,51]. IFITM (InterFeron-Induced TransMembrane) proteins 1, 2 and 3 also target the viral entry
into the cell by inhibiting viral fusion with target cells. The exact mechanism of restriction is yet a
matter of debate, as well as whether IFITM incorporation in virions or its expression in target cells is
responsible for the antiviral effect. IFITM proteins might act on Env to inhibit its functions in viral
fusion and it has been shown that some mutations in the Env protein can indeed confer resistance to
IFITM restriction [52–57]. Once the virus has entered the cell, TRIM5↵ (TRIpartite Motif-containing
protein 5↵) can inhibit the early steps of the viral life cycle in a species-specific manner by accelerating
viral uncoating [58–60]. The viral capsid protein also seems to be the target of Myxovirus resistance 2
(Mx2/B), a restriction factor that inhibits nuclear import and subsequent integration of the provirus
through an unknown mechanism.

Some mutations in the capsid protein have been shown to confer resistance to Mx2 and particularly
some mutations located at the site of interaction with cyclophilin A, an important host factor for
HIV-1 infectivity [61–66]. SAMHD1 (Sterile Alpha Motif and Histidine Aspartate domain-containing
protein 1) also targets the early phase of viral infection: this deoxynucleotide-triphosphohydrolase
inhibits reverse transcription by depleting the pool of cellular dNTPs (deoxy Nucleotide
TriPhosphates) [67,68]. During reverse transcription of the viral RNA, the restriction factor APOBEC3G
(APOlipoprotein B mRNA Editing enzyme, Catalytic polypeptide-like 3G, or A3G) and other factors
from the APOBEC3 family, can induce G to A hypermutations, which prevent production of functional
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viral proteins [69–71]. The amount of viral proteins that are produced in an infected cell can be
limited by Schlafen11 (SLFN11). Due to the bias of HIV-1 towards A/U rich codons, the virus
stimulates production of corresponding tRNAs by the cell to increase viral translation, a mechanism
that seems to be partly counteracted by SLFN11, which binds tRNAs in a codon-specific manner [72–74].
The final steps in the viral life cycle can be targeted by Tetherin/BST2 (Bone marrow STromal
antigen 2), which inhibits release of new viral particles from the host cell [75–77] and March8
(Membrane-Associated RING-CH 8 protein), which decreases incorporation of envelope proteins
into newly produced virions, thereby decreasing their infectivity [78]. Two of these restriction factors,
TRIM5↵ and March8, use the UPS to exert their restricting activity.

HIV is able to counteract restriction factors using its accessory proteins (Figure 2): Nef prevents
SERINC5 incorporation into virions by mediating its relocalization to late endosomes through
interaction with the clathrin adaptor AP-2 [50,79]. Vif counteracts A3G by inducing its proteasomal
degradation as well as by reducing its transcription and translation [69,80–82]. Vpx (and Vpr of certain
Simian Immunodeficiency Virus (SIV) strains) counteracts SAMHD1 by inducing its proteasomal
degradation [67,83,84]. Vpu (Env for HIV-2 and Nef or Vpu for SIV) counteracts BST2/Tetherin by
sequestering it away from sites of viral budding [76,77,85]. Amongst these accessory proteins, Vif, Vpx
and Vpu hijack the UPS to exert their counter-defense. In the following section, we will discuss in detail
the restriction factors as well as the viral proteins which use the UPS for their respective mechanisms.
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Figure 2. Schematic representation of the HIV-1 life cycle. The main HIV-1 restriction factors and the
viral auxiliary proteins that counteract these factors (represented by T bars) are highlighted in red and
blue boxes, respectively. See text for a description of the different steps of the life cycle.

4. Cellular Factors Mediating Viral Restriction Using the UPS

4.1. TRIM5a

One example of the cell using the UPS to restrict HIV is TRIM5↵, an E3-ubiquitin ligase that
interacts with the viral capsid after its entry into the cell. TRIM5↵ mediates a species-specific block:
HIV-1 is restricted by the TRIM5↵ proteins of old world monkeys like rhesus or cynomolgous
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monkeys, while the TRIM5↵ of human or new world monkeys have no or only a very weak effect
on HIV-1 [59,60,86,87]. TRIM5↵ thereby constitutes one of the factors responsible for the interspecies
barrier. The restriction of HIV-1 by TRIM5↵ is mediated by the interaction of the TRIM5↵ SPRY
(SPIa and RYanodine Receptor) domain (Figure 3A) with the viral capsid in the cytoplasm of newly
infected cells [59]. This interaction leads to premature decapsidation of the viral core. Moreover, viral
capsid and integrase proteins are degraded (Figure 3C 1�) and the reverse transcription of the viral
genome is inhibited in the presence of a restricting TRIM5↵. These effects seem to be mediated by
the UPS, since treatment with proteasome inhibitors restores a normal decapsidation rate and reverse
transcription. It has also been shown that the proteasome co-localizes with TRIM5↵ and viral cores
in the cytoplasm [88,89]. TRIM5↵ is also degraded by the proteasome but only in the presence of
susceptible viral cores [90], suggesting that TRIM5↵ recruits the proteasome to the viral cores and
induces their degradation. This mechanism seems to be mediated by the E3-ubiquitin ligase activity
of TRIM5↵, through its RING domain (Figure 3A) [58,91]. Nevertheless, TRIM5↵ inhibits integration
of the proviral DNA independently of the proteasome, suggesting that TRIM5↵ uses an additional,
yet uncharacterized, strategy to block viral infection (Figure 3C 2�) [92,93]. Finally, the association
of TRIM5↵ with the viral capsid enhances its E3-ubiquitin ligase activity, which, in conjunction
with the E2 enzyme UBC13/UEV1A (UBiquitin-Conjugating enzyme 13/Ubiquitin-conjugating
Enzyme Variant 1A), leads to the synthesis of free K63-linked ubiquitin chains, thus stimulating
TAK1 (Transforming growth factor �-Activated Kinase 1) and finally activating AP1 and NF-{B
signaling (Figure 3C 3�) [94,95]. This indicates that TRIM5↵, in addition to its direct antiviral activity,
also functions as a sensor that induces a general antiviral state of the cell.
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Figure 3. Restriction of HIV by TRIM5↵ and March8. (A,B) Schematic representation of the main
domains of (A) the TRIM5↵ and (B) March8 proteins. Black boxes correspond to transmembrane
domains (TM). Amino acid positions of the beginning and end of the domains as well as the total
length of the proteins are indicated; (C) mechanism of TRIM5↵ restriction. The dimeric TRIM5↵
(red) recognizes the viral capsid and 1� induces the proteasomal degradation of the capsid (blue),
the integrase (yellow) and itself, leading to premature decapsidation of viral RNA. 2� TRIM5↵ also
blocks integration of the provirus (red T bar) and 3� induces activation of AP1 and NFB pathways;
(D) March8 (red) mediates intracellular retention of envelope proteins (Env, brown), leading to reduced
Env incorporation into virions, thereby decreasing infectivity.
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4.2. March8

March8 has recently been identified as a restriction factor of HIV-1, expressed by differentiated
myeloid cells like monocyte derived macrophages and dendritic cells [78]. March8 significantly reduces
infectivity of virions produced from March8-expressing cells by decreasing the number of Env-proteins
incorporated into budding virions. March8 is a transmembrane E3-ubiquitin ligase, possessing
an N-terminal, cytoplasmic RING domain (Figure 3B), known to downregulate multiple cellular
proteins from the plasma membrane by ubiquitination followed by degradation in the endo-lysosomal
pathway [96–99]. In the case of HIV-1 restriction, it has been shown that March8 interacts with Env
and causes its downregulation from the cell surface. The RING-domain of March8 is necessary for
this mechanism, suggesting that ubiquitination plays a role. However, Env does not seem to be
degraded in the endo-lysosomal pathway like cellular proteins targeted by March8 but seems rather to
be retained in intracellular compartments. March8 thus sequesters Env away from HIV-1 budding
sites, thereby reducing Env incorporation into newly formed virions, making them less competent for
infection of new target cells (Figure 3D) [78].

5. Counteraction of Restriction Factors by Viral Auxiliary Proteins Using the UPS

5.1. Vif

The family of Apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 3
(APOBEC3/A3) proteins, is a family of 7 cytosine deaminases (A3A to A3H) which induce transition
of cytosine to uracil on single-stranded DNA, with a preferential recognition of CC sequence motifs
by A3G and TC motifs by the others [100–102]. A3G (Figure 4A) has been the first member of this
family to be identified as a potent antiviral factor. It is incorporated into budding HIV virions and is
thereby carried over into the next infected cell [69]. During reverse transcription of the viral genomic
RNA, the single stranded negative sense DNA is sensitive to the cytosine-deaminase activity of
A3G, leading to C to U transitions [70,71]. These mutations can either be recognized by uracil DNA
glycosylases, like the virion-associated UNG2 (Uracyl N-Glycosylase 2), leading to the degradation of
the provirus by abasic site endonucleases [103], or they can be conserved in the provirus. Due to the
sequence preference of A3G, these mutations very frequently introduce new stop codons in the viral
genome, thus leading to the expression of non-functional mutated or/and truncated viral proteins
(Figure 4C). HIV-1 counteracts A3G with its Vif protein, which prevents A3G incorporation into
virions by inducing its degradation through the proteasome [80]. To do so, Vif recruits an SCF-like
E3-ubiquitin ligase, composed of Cullin5, Rbx2, Elongin B and C. In this complex, Vif possesses the
role of a substrate adaptor, directly interacting with A3G through its N-terminal domain (Figure 4B),
thereby recruiting it for ubiquitination (Figure 4C 3�) [104].

The recruitment of Cullin5 is mediated by the zinc-binding domain of Vif [105] and Cullin5 in turn
recruits the E2-ubiquitin-conjugating enzyme Rbx2. The recruitment of Elongin B and C is mediated
by the BC-box domain of Vif (Figure 4B), which can be negatively regulated by phosphorylation.
In this complex, not only A3G but also Vif is ubiquitinated, which might contribute to the transport of
A3G to the proteasome [106]. The cellular protein HDAC6 (Histone Deacetylase 6) has been shown
to play a role in this process, by inducing Vif degradation through autophagosomes as well as by
protecting A3G from ubiquitination and degradation [107]. The expression level of Vif is also regulated
by Mdm2 (Mouse double minute 2 homolog), an E3-ubiquitin ligase that can induce the ubiquitination
of Vif and its proteasomal degradation [108]. CBF-� (Core Binding Factor �), a co-factor of the
RUNX transcription factor family, is recruited by Vif and ensures its stability by inhibition of Mdm2
binding [109]. CBF-� is also necessary to allow assembly of the SCF-like E3-ubiquitin ligase mediated
by Vif, resulting in the inability of Vif to induce ubiquitination and degradation of A3G in the absence
of CBF-� [110,111]. Moreover, by sequestering CBF-� in the E3-ubiquitin ligase complex, Vif indirectly
causes a decrease in A3G transcription as the A3G gene is regulated by the RUNX transcription factor
family, which requires CBF-� as cofactor (Figure 4C 1�) [81]. Degradation of A3G through the UPS
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has been known for a long time as the main mechanism for HIV-1 to counteract cellular restriction;
however it has been shown that Vif can also inhibit A3G translation [82,112,113] and this inhibition
significantly contributes to the counteraction mechanism (Figure 4C 2�) [82,112,113]. While A3G is the
main member of the A3-family that efficiently restricts HIV, A3D, F and H also showed a restricting
activity towards HIV-1 in the absence of Vif, even though to a lesser extent than A3G [114]. Vif is also
able to recruit these A3 proteins by different motifs of its N-terminal domain (Figure 4B), thus inducing
their degradation by the proteasome similarly to A3G [115–117].
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Figure 4. Restriction of HIV by APOBEC3G and counteraction by Vif. (A,B) Schematic representation
of the main domains of (A) the APOBEC3G and (B) Vif proteins. Amino acid positions of the beginning
and end of the domains as well as the total length of the proteins are indicated; (C) the mechanism
of APOBEC3G restriction and Vif counteraction. APOBEC3G (red) is incorporated into virions and
induces hypermutations of the provirus leading either to its degradation or production of truncated
viral proteins. Vif (blue) decreases A3G transcription 1�, inhibits its translation 2� (Red T bar) and
induces its degradation by the proteasome 3�.

5.2. Vpx

Sterile alpha motif and histidine-aspartate domain-containing protein 1 (SAMHD1, Figure 5A)
is a dGTP-regulated deoxynucleoside-triphosphohydrolase that catalyzes the hydrolysis of dNTPs
to deoxynucleosides and inorganic triphosphate [118,119]. In non-cycling myeloid cells as well as in
resting CD4+ T cells, this restriction factor causes a block in the early steps of the HIV-1 life cycle [67]
by depleting the intracellular pool of dNTPs [68], which leads to abortion of the viral genomic
RNA reverse transcription and accumulation of defective viral cDNA (Figure 5C) [120]. This block
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strongly affects infectivity of HIV-1 in these cell types but has no effect on HIV-2 infectivity [121].
Indeed, HIV-2 possesses the viral protein X (Vpx, Figure 5B) which alleviates the post-entry block
mediated by SAMHD1 by inducing its degradation by the proteasome. Vpx has been found to recruit
the CUL4A-DDB1-DCAF1(DDB1 and CUL4 Associated Factor 1) E3 ubiquitin ligase through a direct
interaction with its substrate recognition protein DCAF1 (DDB1 and CUL4 Associated Factor 1) [122]
while also interacting with the C-terminal domain of SAMHD1, thereby loading SAMHD1 onto the
E3 complex and inducing its ubiquitination followed by its proteasomal degradation (Figure 5C).
The nuclear localization of SAMHD1 is required for its Vpx-induced proteasomal degradation,
suggesting the nuclear UPS is important in this mechanism [123,124]. Degradation of SAMHD1
leads to an increase in cellular dNTP levels and the efficiency of proviral DNA synthesis [120]. In this
manner, the Vpx protein allows HIV-2 to efficiently infect human dendritic and myeloid cells and it
significantly increases the infection by HIV-1 [83]. Vpx therefore seems to be an important protein for
viral replication, however it is present exclusively in HIV-2 and some SIV strains.

In these lineages, the Vpx gene has evolved from Vpr which is present in all HIV and SIV strains
and whose main function is the induction of cell cycle arrest [125–129]. Vpx and Vpr share many
similarities, like for example their interaction with the same CUL4A E3 ubiquitin ligase [122,125].
Interestingly, the Vpr protein of some SIV strains has been shown to induce proteasomal degradation
of SAMHD1, thereby compensating for the lack of Vpx. Indeed it seems that the ability to degrade
SAMHD1 has first been acquired by the Vpr protein in certain lentiviral strains before the evolution of
a separate Vpx gene which has subsequently conserved the function of SAMHD1 antagonism [84,130].
Nevertheless, many lineages, like HIV-1 for example, lack an anti-SAMHD1 activity. HIV Interestingly,
SAMHD1 seems to be regulated in cells by phosphorylation mediated by CDK6-(Cyclin-Dependent
Kinase 6) dependent CDK2, which links its activity to cell cycle control. Indeed, SAMHD1 is
phosphorylated in cycling cells which blocks its activity as a dNTP hydrolase [131]. This correlates with
the permissiveness of cycling cells for HIV-1 infection as opposed to non-cycling cells. Moreover, HIV
infection is made possible despite the lack of a viral factor counteracting SAMHD1 by different cellular
proteins: CD81 for example has recently been shown to favor HIV-1 infection by interacting with
SAMHD1 and stimulation of its proteasome-dependent degradation [132]. Cyclin L2 also induces
SAMHD1 proteasomal degradation through interaction with SAMHD1 and DCAF1, a mechanism
interestingly similar to the one used by Vpx [133].
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Figure 5. Restriction of HIV by SAMHD1 and counteraction by Vpx. (A,B) Schematic representation of
the main domains of (A) SAMHD1 and (B) Vpx. The nuclear localization signal (NLS) is indicated in
red. Amino acid positions of the beginning and end of the domains as well as the total length of the
proteins are indicated; (C) the mechanism of SAMHD1 restriction and Vpx counteraction. Tetrameric
SAMHD1 (red) hydrolyzes dNTPs, leading to a block of reverse transcription of the viral genome.
Vpx (blue) induces SAMHD1 ubiquitination followed by its degradation by the proteasome.
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5.3. Vpu

In the absence of Vpu, newly formed virions remain tethered to the plasma membrane of their host
cell after budding and are eventually endocytosed and degraded [75]. The cellular restriction factor
responsible for the block of virion release is Tetherin/BST-2. BST-2 is found as a disulfide-bond-linked
dimer which is anchored into the plasma membrane by two domains: a transmembrane domain
close to its N-terminus and an extracellular C-terminal glycosyl-phosphatidylinositol (GPI)-anchor
(Figure 6A) [134]. These two domains mediate virion-tethering to the host cell, one remaining in
the plasma membrane and the other one being inserted into the viral envelope (Figure 6C). It has
been shown that this tethering involves approximately a dozen of BST-2 dimers and that among
the two membrane-associated domains, the GPI-anchor is preferentially incorporated into budding
virions [135]. The extracellular domain of BST-2 thereby acts like a molecular ruler, maintaining the
virus at a constant distance of the plasma membrane, preventing it from disseminating to other target
cells [134].

The viral protein Vpu counteracts BST-2 by direct interaction of their transmembrane domains
embedded in the plasma membrane [136]. The exact mode of action of Vpu is still a matter of debate,
but it seems clear now that Vpu sequesters BST-2 away from virion budding sites, thereby preventing
it from incorporation into the viral envelope (Figure 6C 1�) [77,85,137,138]. Several studies have shown
that in the presence of Vpu, newly synthesized BST-2 is sequestered in intracellular compartments,
particularly the trans-golgi-network (Figure 6C 2�). This finally results in the downregulation of surface
levels of BST-2, thereby allowing normal rates of virion release in the presence of Vpu [77,85,137,138].
BST-2 is constitutively regulated by ubiquitination and lysosomal degradation mediated by the
cellular E3 ubiquitin ligases March8 and NEDD4 (Neural precursor cell Expressed Developmentally
Down-regulated protein 4) [139]. It is still a matter of debate however, whether Vpu also uses the
endo-lysosomal system for BST-2 counteraction. The E3-ubiquitin ligase adaptor �-TrCP is known to be
recruited by the cytoplasmic DSGxxS motif of Vpu (Figure 6B) [140], which might lead to ubiquitination
of BST-2 followed by its degradation in the endo-lysosomal system (Figure 6C 3�) [137,141].

Even though the interaction of Vpu with �-TrCP, as well as the capacity of �-TrCP to recruit
an E3-ubiquitin ligase seem to be required for BST-2 counteraction by Vpu [137,142,143], conflicting
data have also been reported [144–146]. Certain components of the autophagy pathway, as well as
clathrin adaptors AP-1 and 2 and components of the ESCRT system might also be involved in the
downregulation of BST-2 by Vpu, which would corroborate transport of BST-2 in the endosomal
system [137,147–149]. However, degradation of BST-2 might not be absolutely required for viral
counteraction of BST-2, since Vpu is capable of intracellular sequestration of BST-2 independently of
its degradation [85,138]. The guanylate binding protein 5 (GBP5) has very recently been discovered as
a new restriction factor of HIV-1 infection, that interferes with viral Env proteins, thereby decreasing
infectivity of produced virions [150,151]. As Vpu and Env are expressed from the same transcript
by leaky scanning, the loss of Vpu expression can in this case lead to an increase of Env expression,
as observed in the macrophage tropic AD8 isolate [152], allowing the virus to partly overcome GBP5
restriction. Surprisingly, such Vpu mutants seem to occur frequently despite the presence of BST-2.
HIV-2 and SIV are also counteracted by BST-2 proteins expressed by their respective host species
in a species-dependent manner, but some of them lack Vpu to counteract this mechanism. It has
been shown that the HIV-2 Env protein can enhance virion release in the presence of BST-2 thereby
substituting for Vpu [153,154]. Certain SIV strains, like SIVagm, SIVblu and SIVmac also lack the Vpu
gene and rely on the accessory protein Nef to counteract BST-2. Other SIV strains like SIVmon, SIVmus,
SIVgsn and SIVden express Vpu and use it to counteract BST-2. Even though SIVgor and SIVcpz
express Vpu, Nef seems to take over the role of BST-2 counteraction. This gives interesting clues about
the evolution of HIV and SIV strains [155–157].
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6. Other Cellular Proteins Targeted by the Hijacked UPS

The UPS is hijacked by HIV and plays an important role for the viral defense against multiple
cellular restriction mechanisms. Apart from restriction factors, several other cellular proteins can also
be targeted by HIV through the UPS. The viral auxiliary protein Vpu for example possesses the ability
to associate with the CUL1-Skp1 E3 ubiquitin ligase through interaction with its substrate receptor
�-TrCP. This association not only seems to play a role in the counteraction of BST-2 but has also been
shown to induce degradation of the HIV receptor CD4. Indeed, Vpu induces CD4 ubiquitination
followed by its extraction from the Endoplasmic Reticulum (ER) [140,158–162]. The mechanism used
by Vpu to induce CD4 depletion involves the cellular ER-associated degradation (ERAD) pathway,
which operates as a quality control mechanism to dispose of unwanted ER membrane proteins into
the cytosol for subsequent proteasomal degradation. The dislocation of protein from the membrane is
achieved by the recruitment of the VCP-UFD1L-NPL4 (Valosin-containing protein-Ubiquitin fusion
degradation protein 1-Nuclear protein localization protein 4) complex through recognition by UFD1L
of K48-linked poly-ubiquitin chains on the CD4 cytosolic tail. Interestingly, the degradation of CD4
depends also on ubiquitination of serine/threonine residues [140,158–161]. The ATPase activity of VCP
then drives dislocation of CD4 from the ER membrane into the cytosol and eventually its degradation
in proteasomes. The multiple levels at which Vpu acts to prevent export of CD4 from the ER underscore
the importance of ensuring complete depletion of CD4 from the plasma membrane for progression of
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the infection [143,160,161,163]. Other targets of Vpu-induced ubiquitination and degradation include
the cell surface glycoprotein ICAM-1 and the amino acid transporter SNAT-1, both involved in immune
signaling [164,165].

It is well established that the viral auxiliary protein Vpr associates with the CUL4A-RING E3
ligase through interaction with its substrate recognition subunit DCAF1. This complex has been
shown to induce ubiquitination followed by proteasomal degradation of the DNA glycosylase UNG2.
Thereby Vpr reduces encapsidation of UNG2, ultimately contributing to the protection against the
restriction factor A3G. UNG2 recognizes C to U mutations induced by A3G and generates abasic
sites, leading to degradation of viral DNA. Indeed a virus lacking Vif can be partially rescued
by Vpr-mediated reduction of UNG2 compared to viruses lacking both Vif and Vpr [166–168].
Moreover, it has recently been shown that Vpr can also induce the degradation of A3G itself through
the UPS [169]. Vpr seems to also enhance HIV-1 production in macrophages by UPS-mediated
degradation of the cellular protein Dicer, which is involved in RNA silencing [170]. The main function
of Vpr known to date is the induction of a cell cycle arrest at the G2 phase. The association of Vpr
with the CUL4A E3 ubiquitin ligase has been shown to be important for this process, although the
exact mechanism is still unknown [125–128]. Cell cycle arrest seems to involve Vpr association with
the SLX4-SLX1-MUS81-EME1 complex, leading to SLX4 (Structure-specific endonuclease subunit)
activation and ultimately proteasomal degradation of MUS81 (Crossover junction endonuclease)
and EME1 (Essential Meiotic Structure-Specific Endonuclease 1) [127,128]. Vpr also induces the
degradation of multiple other cellular proteins such as the DNA translocase HLTF (Helicase-Like
Transcription Factor) [171], the DNA replication factor MCM10 (Mini Chromosome Maintenance
10) [172], as well as the chromatin associated proteins ZIP (leucine Zipper), sZIP and class I HDACs
(Histone Deacetylase 6) [173,174].

7. Conclusions

The UPS plays an important role in viral infections in general and especially in the process of viral
restriction and counter-restriction. In this continuous battle between the virus and the cell, the UPS
constitutes an efficient tool for both sides. Several HIV auxiliary proteins have evolved the ability
to interact with components of the UPS, subverting it for its own means. This allows the targeting
of a multitude of different cellular proteins through a single platform. This strategy is not limited
to HIV, but is used by a plethora of different viruses to ensure various aspects of their life cycles.
Overall, the specific degradation of certain cellular proteins in the UPS allows viruses to generate a
favorable environment for their own replication. The almost universal role of the UPS in counteraction
of cellular restriction factors by HIV makes the UPS an interesting target for antiviral therapy. One of the
main difficulties in therapy-design against HIV is the rapid evolution of the virus, which easily escapes
therapeutic molecules by mutation of the targeted viral proteins. Targeting the human UPS represents
a promising antiviral strategy because it would allow to avoid the escape through mutations [175,176].
A better knowledge on how the virus hijacks the UPS and which components are involved in viral
replication is crucial in this attempt.
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2.3 APOBEC 
 
The Apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like (APOBEC) proteins are 

a family of cytosine deaminases.  

 

 
Figure 9: The APOBEC Family. (A) Evolution of the APOBEC proteins across different species. The APOBEC 
genes present in different clades and species are shown. For A3 proteins a color code is used with red for Z1 
domains, blue for Z2 domains and green for Z3 domains (Adapted from 74, 104). (B) Computational model of the 
dumbbell and (C) of the globular conformation of A3G (Adapted from 64). (D) Model for the chemical mechanism 
of cytidine deamination catalyzed by a Zn2+ ion and a glutamate (Glu) of the active site (Adapted from 150). (E) 
Specific sequence signature for Z1, Z2 and Z3 domains. X can be any amino acid. The consensus residues of the 
zinc coordinating domain are underlined. The amino acids characteristic for each domain are indicated in the 
corresponding color (Adapted from 178). 

 
AID is thought to have been the first cytosine deaminase and has likely evolved from the tRNA 

adenosine deaminases Tad (tRNA-specific adenosine deaminase) and ADAT2 (Adenosine 
deaminase tRNA specific 2). The subsequently evolved APOBEC proteins are thought to have 

been generated by duplication of the AID locus. The first APOBEC proteins, APOBEC2 (A2) 

and A4 have appeared in fish (Fig. 9A). They have been followed by A1, which is present in 
amniotes and finally A3 which is present in mammals. In placentals the A3 locus has been 
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further diversified, and duplications have given rise to various numbers of A3 proteins across 

different species, ranging from one A3 in mice up to seven A3s in primates (Fig. 9A) (82, 112).  
 

The APOBEC proteins have various functions (Table 1). AID is involved in maturation and 
diversification of antibodies. On the one hand, cytosine deamination by AID promotes somatic 

hypermutation of antibodies. On the other hand, AID-dependent editing can induce double-
stranded DNA breaks which stimulate class switch recombination. A1 interacts with its 

cofactors A1CF (APOBEC1 complementation factor) and RBM47 (RNA binding motif protein 

47) to specifically recognize and edit a precise cytidine in ApoB (Apolipoprotein B) mRNA in 
the intestine, thereby inserting a premature stop-codon into the coding sequence of ApoB and 

generating a shorter form of the protein. A2 is expressed in heart and skeletal muscles in 
mammals and seems to play a role in development and embryogenesis, however no cytosine 

deaminating activity has yet been described. The A3 proteins play an important role in 
restriction of transposable elements and viruses. A4 is expressed in testes, however its role is 

still unknown. A5 also has an unknown function, and is expressed in non-mammalian tetrapods 
(112). 

Each member of the APOBEC family possesses one or two zinc-coordinating domains (Table 

1). These domains have a conserved globular structure with a central β-sheet, surrounded by 
α-helices (188). It comprises the active site, composed of one histidine and two cysteine 

residues which coordinate one zinc ion, as well as one glutamate residue. This sequence has 
been conserved as His-X-Glu-X23-28-Pro-Cys-X2-4-Cys (Fig. 9E) (114, 188).  

Amongst A3 proteins, the zinc-coordinating domains can be classified in three distinct groups, 
Z1, Z2 and Z3, defined by specific conserved residues (Fig. 9E). Some A3s possess only one 

zinc-coordinating domain (A3A, A3C, A3H), while others are composed of two (Table 1). In the 
case of A3 proteins which possess two domains (A3B, A3D, A3F and A3G), only the C-terminal 

domain has retained catalytic activity while the N-terminal domain may only serve for substrate 
binding and multimerization (121, 188). The structure of A3 proteins with two domains has 

never been solved due to the flexible linker connecting both domains. However, recent 

computational modelling and microcopy has suggested, that A3G is present 16% of the time 
in an extended dumbbell structure (Fig. 9B), and 84% in a compact globular structure (Fig. 9C) 

(72). 
In the process of cytidine deamination, the glutamate residue at the active site generates a 

hydroxide ion which is stabilized by the zinc and attacks the fourth position of the cytosine 
base, leading to the replacement of an amine (NH2) group by a carbonyl (CO) group, thereby 

transforming the cytosine into a uracil (Fig. 9D). Most APOBEC proteins specifically recognize 
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single-stranded DNA as the substrate for cytosine deamination, although some of them can 

also edit RNA (Table 1). The target cytosine is chosen depending on the sequence context, 
with most APOBEC proteins having a specific preference for the base in the -1 position (Table 

1) (82, 189). 
 

 
Table 1: Overview of the main characteristics of APOBEC proteins. Each protein of the human APOBEC family 
is indicated with its main function, the chromosome on which the corresponding gene can be found, the number of 
protein domains and their classification (Z1, Z2 and Z3 type domain), the preferred substrate as well as the preferred 
sequence for cytosine deamination, the targeted elements, the expression pattern and the subcellular localization 
of the protein (n/C: mainly in the cytoplasm, N/C: equally in the cytoplasm and the nucleus, N: in the nucleus, C: in 
the cytoplasm). AAV: Adeno-associated virus; EBV: Epstein-Barr virus; EIAV: Equine infectious anemia virus; HBV: 
Hepatitis B virus; HPV: Human papillomavirus; HSV: Herpex simplex virus; HTLV: Human T-cell leukemia virus; 
MLV: Murine leukemia virus; MMTV: Mouse mammary tumor virus; MPMV: Mason Pfizer monkey virus; PFV: 
Prototype foamy virus; RSV: Rous sarcoma virus; XMRV: Xenotropic Moloney murine leukemia virus-related virus 
( Adapted from 8, 106, 178, 191). 

 
A3 proteins represent at the same time protection and threat for genomic integrity. While 

repressing mutational elements like transposons and viruses, they also have a mutational 
potential themselves. This is why they have to be tightly controlled, for example by subcellular 

localization (A3A deaminates its substrate in the nucleus, but its activity is retained in the 
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cytoplasm when not needed) or controlled expression (A3B is usually poorly expressed, its 

overexpression has been shown to contribute to certain cancers) (Table 1) (159, 188). 
 

A3 proteins are important restriction factors, which are active against different viruses (Table 
1). A3G has first been discovered as an HIV restriction factor in 2002 (206). It has since been 

shown that A3G is incorporated into budding virions in an infected cell by interaction with the 
HIV-1 RNA, cellular RNAs which are co-encapsidated as well as the viral protein Gag through 

its NC domain (24, 189). During the reverse transcription step in the newly infected cell, A3G 

can then restrict the virus, using different mechanisms. The predominant mechanism of A3G 
restriction is hypermutation. During reverse transcription, the viral genome is present as a 

single-stranded DNA, which is the substrate for A3G cytosine deamination. Cytosine 
deamination in the negative-sense ssDNA intermediate leads to G-to-A mutations in the 

positive strand (82, 235). There is a declining number of mutations from 5’ to 3’ of the viral 
ssDNA, which correlates with the time that the ssDNA remains available to A3G cytosine 

deamination. It has been shown that A3G can induce mutation of around 10% of the guanines 
of the viral genome to adenines in a single cycle and thereby repress viral infectivity by several 

logs (82, 159). On the one hand, mutation of important regulatory elements, like for example 

the TAR in the 5’-UTR of the HIV genome, can significantly reduce efficiency of the subsequent 
viral life cycle. On the other hand, A3G cytosine deamination very often leads to introduction 

of premature stop codons in viral coding sequences, because of the nature of A3G preferred 
target sites (CC), which often coincides with tryptophan codons (UGG). The appearance of 

premature stop codons leads to production of truncated viral proteins and results in the 
abortion of the viral life cycle (152, 158). There is some controversy surrounding the question, 

whether A3G-induced C to U mutations in viral DNA can also induce degradation of the viral 
genome. Indeed, some studies suggest that the uracils in viral DNA are detected by UNG2, 

which leads to excision of the base and subsequent cleavage and degradation of the viral 
genome by apurinic/apyrimidinic endonucleases. However, contrary results have also been 

reported (158, 170). 

A3G has also been shown to have restrictive activity independently of its catalytic activity, 
although to a much lesser extent. Indeed, A3G has been shown to directly inhibit reverse 

transcription and integration of the viral genome. This is thought to be influenced on the one 
hand by direct interaction of A3G with the viral RT and on the other hand A3G can bind to the 

HIV gRNA and form oligomers, which might constitute a roadblock for RT enzymes (24, 152, 
158, 170). 
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Amongst A3 family members, A3G represents the strongest restriction for HIV-1. However, 

A3F and A3H also restrict HIV, even if it is to a lesser extent. Finally, A3D is the weakest 
inhibitor of HIV infection (188).  

 

2.4 Vif 
 
As described above, the HIV-1 viral infectivity factor (Vif) downregulates A3G levels in the 

infected cell and thereby counteracts A3G-mediated restriction of HIV-1. 
Vif downregulates A3G using three different mechanisms: (i) Vif recruits A3G to an E3-ubiquitin 

ligase complex and induces its ubiquitination followed by its degradation by the 26S 
proteasome (Fig. 10A, B) (207, 233); (ii) By sequestering the RUNX (Runt-related transcription 

factor) transcription cofactor CBF-β (Core-binding factor β), Vif indirectly reduces transcription 
of A3G (5, 111); (iii) Vif inhibits A3G translation (77, 147, 219). While the ubiquitination and 

degradation of A3G by Vif have been studied extensively (reviewed above in 188), little is 
known about A3G translational inhibition by Vif. 

 
It has been shown that Vif binds to the A3G mRNA and this binding seems to be cooperative. 

Filter binding assays as well as fluorescence spectroscopy have shown strongest Vif binding 

to the 3’-UTR, closely followed by binding to the 5’-UTR and significantly weaker Vif binding to 
the A3G CDS. The secondary structure of A3G mRNA 5’- and 3’-UTRs has been elucidated 

by chemical probing which showed that both are organized in three stem-loop structures (Fig. 
10C). Vif binding sites have been localized to stem loops (SL) 1 and SL3 in the 5’-UTR as well 

as all three SLs in the 3’-UTR (Fig. 10C). However, only the 5’-UTR seems to be necessary 
and sufficient to allow A3G translational inhibition by Vif (147). 

The importance of the 5'-UTR of A3G has further been confirmed in non-infected and infected 
cells as well as with different isolates of Vif. Moreover, it has been shown that only SL2 and 

SL3 in the 5’-UTR of A3G mRNA are necessary for A3G translational inhibition by Vif. 
Furthermore, it has been shown that A3G degradation and translational inhibition are two 

independent pathways, because a Vif mutant deficient for A3G degradation is still able to 

significantly decrease A3G levels in the cell through translational inhibition (77). In summary, 
A3G translational inhibition is an important redundant pathway used by Vif to counteract A3G. 

This pathway is in itself sufficient to significantly decrease A3G levels in the cell and to rescue 
HIV-1 infectivity compared to a Vif-deficient context (77). 

Current therapeutic strategies aim to inhibit Vif-dependent degradation of A3G in order to 
restore A3G-mediated viral restriction. This is achieved for example by inhibition of A3G-Vif 
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interaction (N4.1 (168) and IMB-26/35 (38)) or inhibition of Vif interaction with EloC (RN18 

analogs (238) and VEC-5 (241)). These strategies lead to an increase in cellular A3G levels 
due to inhibition of A3G degradation and thereby mediate a decrease in viral infectivity (24, 

129). However, A3G translational inhibition by Vif also has to be taken into account in these 
strategies, as it can in itself significantly repress A3G restriction. Indeed, when A3G 

derepression is incomplete, low levels of A3G-induced mutagenesis can have a beneficial 
effect on viral evolution. Therefore, it is important to further study A3G translational inhibition 

by Vif in order to better understand the underlying mechanism and eventually develop means 

to block this pathway. 
 

 
Figure 10: A3G counteraction by Vif. (A) Crystal structure of  Vif in complex with the SCF-like E3 ubiquitin ligase 
(Adapted from 72, 102); PDB id: 4N9F. (B) Vif-mediated recruitment of A3G to the E3-ubiquitin ligase leads to its 
ubiquitination and degradation in the proteasome. Vif is represented in orange and A3G in red, other proteins are 
annotated. (C) Secondary structure of the A3G mRNA UTRs and binding sites of Vif (indicated in orange). The A3G 
CDS is indicated as a grey box (Adapted from 138). 
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3. Translation 
 

3.1 The canonical mechanism of translation in eukaryotes 
 
The translation in eukaryotes is a highly regulated mechanism that takes place in four distinct 

steps: (i) initiation, (ii) elongation, (iii) termination and (iv) recycling. 

For canonical translation, the mRNA is required to possess a cap structure at its 5’-extremity, 
formed by a m7G(5’)ppp(5’)N, as well as a poly-A-tail at its 3’-extremity which is bound by a 

series of poly-A binding proteins (PABPs) (118). 
 

(i) Translation initiation 
The translation competent mRNA is bound to a number of proteins. The cap structure of the 

mRNA is bound by a complex of initiation factors, called eIF4F. eIF4F is composed of the cap-
binding factor eIF4E, the RNA-helicase eIF4A, and eIF4G, a scaffold protein which links eIF4E, 

eIF4A as well as the PABP at the 3’-end of the mRNA. The small subunit of the ribosome (40S) 
is bound to the translation initiation factors eIF1, eIF1A, eIF3 and eIF5 (69, 98, 195).  

The first step is the recruitment of a ternary complex (TC) by the 40S ribosomal subunit in 

order to form the 43S preinitiation complex (PIC; Fig. 11A�). The TC is composed of the 
translation initiation factor eIF2 bound to GTP and to the initiating methionyl-tRNA (Met-

tRNAi
Met). The PIC is then recruited onto the mRNA 5’-extremity through direct interaction 

between eIF3 and eIF4G, which leads to the formation of a 48S complex (Fig. 11A�). In this 

complex, the small ribosomal subunit, which is maintained in an open latch conformation by 
eIF1 and eIF1A, is positioned onto the mRNA. This allows entry of the mRNA into the mRNA 

channel of the small ribosomal subunit, which can then begin scanning from 5’ to 3’ in search 
for the initiation codon, defined by the sequence AUG. The scanning mechanism is supported 

by the RNA helicases eIF4A and DHX29 (DExH-Box helicase 29), which unwind double-
stranded RNA regions to allow the progression of the PIC. The start codon is recognized by 

base pairing with the anticodon sequence of the Met-tRNAi
Met (Fig. 11A�). Correct recognition 

of the start codon is ensured by eIF1 as well as stabilizing interactions with the ribosomal RNA 
of the small subunit (12, 89, 148, 208). 

Structural rearrangements upon start codon recognition lead to eIF5-stimulated hydrolysis of 
eIF2-bound GTP followed by detachment of most initiation factors (Fig. 11A�). eIF5B can then 

join the complex and stimulate recruitment of the large ribosomal subunit (60S) in order to form  
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Figure 11: Mechanism of eukaryotic translation. (A) Translation initiation. eIFs are depicted in grey. 1- Assembly 
of the TC and the 40S to form the PIC. 2- Recruitment of the PIC onto the mRNA by eIF4G-eIF3 interaction. 3- 
Scanning and recognition of the start codon (ie. AUG). 4- Hydrolysis of eIF2-bound GTP and dissociation of initiation 
factors. Recruitment of eIF5B and the 60S subunit. 5- Hydrolysis of eIF5B-bound GTP and detachment of eIF5 and 
eIF5B. (B) Elongation of translation. eEFs are depicted in yellow. 1- Recruitment of the tRNA that hybridizes with 
the codon in the A-site. 2- Hydrolysis of eEF1A-bound GTP and detachment. Placement of the new aminoacyl in 
the PTC. 3- Peptide bond formation, placement of the tRNAs in a hybrid state and recruitment of eEF2. 4- 
Translocation mediated by eEF2-bound GTP hydrolysis. 5- Detachment of eEF2 and the deacylated tRNA to allow 
beginning of a new cycle. (C) Termination of translation. eRFs are depicted in blue. 1- Detection of a stop codon 
(ie. UAA) in the A-site by eRF1 and binding of eRF3. 2- Hydrolysis of eRF3-bound GTP, detachment of eRF3 and 
structural rearrangement of eRF1. 3- eRF1-stimulated hydrolysis of the peptide-tRNA bond and detachment. (D) 
Recycling of the translating ribosome. 1- Recruitment of ABCE1. 2- Hydrolysis of ABCE1-bound ATP and 
detachment of the 60S subunit. 3- Recruitment of new eIFs and release. 
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the translation competent ribosome (80S). eIF5B then detaches through GTP-hydrolysis (Fig. 

11A�) (78, 89, 98).  

 
(ii) Elongation 

The ribosome is composed of three sites: (a) the P-site, which is initially bound by the Met-
tRNAi

Met and will later accommodate the tRNA carrying the growing peptide-chain; (b) the A-

site, where new aminoacyl-tRNAs are recruited through codon-anticodon interaction; (c) the 

E-site, which accommodates exiting, deacylated tRNAs (12, 126). 
Elongation starts with the arrival of a new aminoacyl-tRNA (aa-tRNA) in the A site of the 

ribosome (Fig. 11B�). The aa-tRNA is bound by the elongation factor eEF1A which is 
associated with GTP. The codon-anticodon base pairing of the new aa-tRNA in the A-site of 

the ribosome induces conformational changes which lead to hydrolysis of eEF1A-bound GTP, 
followed by departure of eEF1A (Fig. 11B�). The aminoacyl-moiety of the aa-tRNA is then 

positioned at the peptidyl transferase centre (PTC) of the ribosome. Here, formation of a 
peptide bond between the peptide bound to the tRNA in the P-site and the new aminoacid in 

the A-site is catalyzed. This induces the rotation of the two tRNAs into a hybrid state (Fig. 
11B�). The deacylated tRNA that was in the P-site now adopts a hybrid P/E position, while 

the new peptidyl-tRNA finds itself in a hybrid A/P position. eEF2-GTP can then bind to the A-

site where hydrolysis of its GTP to GDP catalyzes the full translocation of the two tRNAs into 
the E- and P-sites respectively (Fig. 11B�). eEF2 is then released from the ribosome and a 

new cycle of elongation can begin (Fig. 11B�) (54, 55, 126, 198). 
 

(iii) Termination 
The presence of one of the three possible stop codons UAA, UGA and UAG in the A-site of 

the ribosome initiates translation termination. The release factor eRF1 recognizes the stop 
codon and binds in the A-site of the ribosome. It then recruits eRF3-GTP (Fig. 11C�). eRF1 

stimulates hydrolysis of eRF3-bound GTP, which leads to detachment of eRF3 but also 
induces conformational changes in eRF1 (Fig. 11C�). eRF1 extends into the PTC, where it 

stimulates cleavage of the peptide chain from the tRNA (Fig. 11C�) (55, 84, 99, 198). 

 
(iv) Recycling 

After cleavage and departure of the newly translated peptide from the tRNA associated with 
the P-site of the ribosome, eRF1 recruits ABCE1-ATP (ATP-binding cassette sub-family E 

member 1; Fig. 11D�). ATP hydrolysis by ABCE1 induces detachment of the 60S ribosomal 
subunit (Fig. 11D�). Subsequent binding of new translation initiation factors (eIF1, eIF1A and 
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eIF3) to the remaining 40S ribosomal subunit stimulates detachment of the deacylated tRNA 

from the P-site as well as detachment of the mRNA (Fig. 11D�) (78, 84, 98).  
The circularization of the mRNA, thanks to the interaction of eIF4G with the cap-bound eIF4E 

and the poly-A-bound PABP, is thought to enhance translation efficiency by allowing for a 
ribosome to directly resume translation after termination of a previous round of translation 

(208). 

 

3.2 Regulation of translation initiation  
 
Initiation of translation is a highly regulated process that depends on many different factors. 
There are several mechanisms that fine-tune initiation of translation both under physiological 

conditions as well as under stress or in case of an infection. 

 
3.2.1 RNA binding proteins 
 
mRNA forms interactions with a large variety of different proteins in the cell. These proteins, 

called RNA binding proteins (RBPs), are often characterized by the presence of a typical RNA-

interacting domain like for example RNA recognition motifs (RRM), K-homology domains (KH), 
Zinc fingers, double-stranded RNA-binding domains (dsRBD), DEAD box helicase domains or 

Pumilio domains. RNA binding proteins regulate a large number of processes, which influence 
mRNA biogenesis, subcellular localization, degradation but also translation (21, 135, 151, 

176). 
One of the primary translation initiation-regulating RBPs are translation initiation factors (eIFs) 

themselves. Almost all eIFs can be phosphorylated, which is thought to regulate their activity. 
One well studied example is eIF2A, which is used to transport the Met-tRNAi

Met to the PIC. 

eIF2A-bound GTP is hydrolyzed to GDP in the process and has to be replaced by another 
GTP molecule, before eIF2A can initiate another round of translation. This exchange is very 

inefficient on its own and needs to be stimulated by eIF2B. However, under certain conditions, 

like for example stress, eIF2A is phosphorylated by eIF2α-kinase and eIF2A-bound GDP 
cannot be recycled anymore. This leads to a decrease of the available pool of eIF2A-GTP in 

the cell and resulting reduction of translation initiation. Another example is eIF4E which can be 
sequestered by eIF4E-BP (eIF4E-binding protein). Only when eIF4E-BP is phosphorylated, 

eIF4E is released and becomes available to bind to the cap and to eIF4G (89, 98). 
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There are many other proteins, apart from eIFs, that can interact with mRNAs and modulate 

translation initiation efficiency. Certain RBPs can for example inhibit correct recruitment of the 
cap-binding complex and therefore abolish translation initiation. LARP1 (La-related protein 1) 

for example is an RBP that binds to TOP motifs (Terminal oligopyrimidine tract), characterized 
by an invariable C followed by 4-15 pyrimidines at the 5'-extremity of mRNAs, and inhibits 

eIF4E interaction with the cap (83). FMRP (Fragile X mental retardation protein) binds to select 
mRNAs like for example map1B (microtubule associated protein 1B) and recruits CYFIP1 

(Cytoplasmic FMR1 interacting protein 1) which inhibits eIF4G binding by interaction with 

eIF4E (39). 
Translational initiation can also be regulated by RBPs at the PIC-recruitment step. Indeed, IRP 

(iron regulatory protein) for example binds to mRNA sequences in the 5'-UTR of its target 
mRNA and inhibits recruitment of the 43S PIC (153). The GAIT (IFN-γ-activated inhibitor of 

translation) complex, which is composed of 4 subunits (EPRS (Glutamyl-prolyl-tRNA 
synthetase), NSAP1 (NS1 associated protein 1), L13a (60S ribosomal protein) and GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase)) and assembles in response to IFNγ, binds to 
targeted mRNAs (often mRNAs coding for inflammatory factors) and inhibits 43S PIC 

recruitment through interaction of L13a with eIF4G. This allows regulation of translation of 

specific transcripts in response to IFNγ (10). 
Other RBPs inhibit translation initiation at later steps, like for example hnRNPs K and E1 which 

bind to the 3'-UTR of lox (lysyl oxidase) mRNA and inhibit recruitment of the 60S ribosomal 
subunit, thereby preventing formation of the functional ribosome (160). 

There are many more examples of RBPs regulating translation in eukaryotes, which suggests 
that RBPs play a central role in translational control mechanisms (176). However, the complete 

interactome of a particular mRNA has seldom be characterized, and many things are yet to be 
discovered in this domain. 

 
3.2.2 Non canonical translation initiation 
 
While the above described canonical mechanism of translation is the preferential pathway for 

translation of eukaryotic mRNAs, other mechanisms exist in the cell. 
The canonical start codon for translation initiation is AUG, however initiation at other codons, 

mainly CUG and GUG has also been demonstrated (97, 215). 
Canonical translation initiation is dependent on the 7-methylguanosine cap at the 5’-end of 

mRNAs, however, cap-independent initiation mechanisms also exist. One of these 
mechanisms is mediated by an internal ribosome entry site (IRES). In general, an IRES is a 
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highly structured RNA sequence, which can often be found in viral mRNAs but is also used in 

some cellular mRNAs. IRESes can be classified into 4 different groups with increasing 
structural complexity and decreasing dependency of eIFs. IRESes of class I for example 

directly interact with eIF4G and thereby recruit the PIC while bypassing the requirement for a 
cap and eIF4E. While the initiation mechanism of class I IRESes largely resembles canonical 

translation, class II and III IRESes necessitate less and less elements of the canonical 
translation initiation machinery and finally, class IV IRESes completely bypass most of the 

canonical mechanism. The class IV IRES directly interacts with elongation competent 

ribosomes and positions the P-site onto an RNA structure, which mimics a codon-anticodon 
interaction, thereby completely bypassing all eIFs (27, 123, 132). 

While IRESes represent an important intrinsic part of an mRNA in order to allow its non-
canonical translation, post-transcriptional modifications can be a more subtle and flexible way 

of translation regulation. Methylation of adenosines on position 6 (m6A) is the most prevalent 
post-transcriptional modification in mRNAs. While most m6A modifications are found in the 3’-

UTR and regulate mRNA stability, m6A modifications in the 5’-UTR can allow cap-independent 
translation initiation by direct recruitment of eIF3 (40, 149, 150). 

 
3.2.3 Upstream open reading frames 
 
During the scanning of the 5’-UTR by the PIC, the AUG of the mRNA’s main coding sequence 

(mAUG) is often not the first start codon encountered. Indeed, it has been shown that 49% of 
all cellular mRNAs contain small ORFs upstream of or sometimes overlapping with the main 

coding sequence (Fig. 12A). These upstream ORFs (uORF) generally have an inhibitory effect 
on the translation of the main coding sequence (mORF) and sometimes allow fine-tuning of 

translational regulation of the mORF (14, 34, 41, 234). 
The translation of the mORF in presence of one or more uORFs can take place by different 

mechanisms: 
 

(a) Leaky scanning 

The mechanism of leaky scanning is defined by the scanning PIC which fails to recognize a 
start codon and instead continues scanning until the next possible AUG (Fig. 12B). The 

recognition of a start codon relies on its base pairing with the Met-tRNAi
Met, but also depends 

on other sequence motifs surrounding the AUG. A favourable sequence context, also called 

Kozak context, is represented by an adenine in position -3 and a purine in position +4 of the 
start codon. The probability of leaky scanning decreases with increasing fidelity to this 
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favourable sequence context. Thereby, a uORF with a strong Kozak context will be 

preferentially recognized by the scanning PIC and leads to a strong inhibition of mORF 
translation, while a uORF with a weak Kozak context will often be bypassed by the PIC and 

can only exert weak translational repression (14, 48, 115). 
The msl-2 (male-specific lethal 2) mRNA is an example for leaky scanning. This mRNA 

contains one uORF in its 5’-UTR but the mORF can be translated through leaky scanning. The 
leaky scanning mechanism can also be influenced by RBPs. In the case of the msl-2 mRNA 

for example, the SXL (sex-lethal) protein binds to a region downstream of the uORF, thereby 

stimulating translation initiation at the uORF while decreasing leaky scanning and translation 
of the mORF (22, 70, 143). 

 

 
Figure 12: Mechanisms of translation of uORF-containing transcripts. (A) Representation of the 5'-UTR of an 
mRNA that contains a uORF (red) upstream of the mORF (blue). (B) Leaky scanning: The 48S PIC bypasses the 
uAUG and instead continues scanning until recognition of the mAUG. (C) Reinitiation: The ribosome first recognizes 
the uAUG and translates the uORF. After translation termination, the 60S disassembles, but certain initiation factors 
have remained bound to the 40S, which resumes scanning, recruits a new TC and can reinitiate translation at the 
mAUG. (D) While the uORF is translated in a cap-dependent manner, an IRES allows direct recruitment of the 
ribosome onto the mORF. 

 

(b) Re-initiation 
Re-initiation is a process by which the ribosome can resume scanning after translation of a 

uORF in order to re-initiate translation at the mAUG (Fig. 12C). One prerequisite for this 
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mechanism is a relatively short uORF with few rare codons. This ensures that the uORF is 

quickly translated and allows the ribosome to remain associated with some eIFs, notably eIF3. 
After translation termination of the uORF, the remaining eIFs can stimulate the 40S complex 

to not undergo recycling, but to resume scanning instead. During intercistronic scanning 
(between the uORF and the mORF), the 40S complex has to reacquire the remaining eIFs and 

most importantly the TC. The longer the intercistronic region, the bigger the probability that the 
ribosome reacquires a new TC and is able to initiate translation at the mAUG. However, when 

the intercistronic region is too long, the scanning 40S might drop off before being able to re-

initiate translation (14, 34, 78, 116, 117). 
Re-initiation can allow specific regulation of mORF translation as it is the case for example for 

the transcription factor ATF4 (Activating transcription factor 4). The ATF4 mRNA contains two 
uORFs, one short and the second longer and overlapping with the mAUG. Under normal 

conditions, the first uORF is translated and re-initiation occurs, which allows translation of the 
second uORF, thereby bypassing the mAUG. However, under stress conditions, the availability 

of the TC decreases and its reacquisition after translation of the first uORF takes longer. Under 
these conditions, the scanning re-initiation complex bypasses the second uORF and instead 

re-initiates at the mAUG (14, 48, 215). 

Re-initiation can also be regulated by RBPs, like for example by the DENR-MCT1 (Density 
regulated re-initiation and release factor; Monocarboxylate transporter 1) complex which 

stimulates re-initiation by binding to the ribosome (127, 193). 
 

(c) IRES 
One possibility for a mORF to be translated despite the presence of a uORF is through an 

IRES, which allows positioning of the PIC downstream of the uORF (Fig. 12D). This strategy 
is used for example by the CAT-1 (Cationic aminoacid transporter 1) mRNA which contains a 

uORF as well as an IRES. However, cap-dependent translation of the uORF is still necessary, 
because it induces structural changes of the mRNA which leads to active conformation of the 

IRES (215). 

 
(d) uORF-encoded peptides 

While most uORF-encoded peptides do not seem to play a role in translation regulation, some 
examples have been described, where the uORF-encoded peptide itself inhibits translation of 

the main ORF, for example by interaction with the peptide channel of the ribosome and 
induction of ribosome stalling on the uORF sequence. This is for example the case for the 

uORF of CPA1 (carboxypeptidase A1) mRNA (101, 234). 
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(e) uORF-induced non-sense mediated decay 
The presence of premature stop codons on an mRNA usually leads to its non-sense mediated 

decay (NMD). The NMD pathway protects the cell from overexpression of truncated proteins 
from mutated transcripts. This mechanism is triggered by the presence of a stop codon 

upstream of an exon junction complex (EJC). The EJC recruits the NMD factors UPF2 and 3 
(regulator of nonsense transcripts 2 and 3), while eRF1 and 3 on the terminating ribosome 

recruit UPF1 and SMG1 (Serine/threonine-protein kinase SMG1) to form the SURF (SMG1-

UPF1-eRFs) complex. Interaction between SURF and UPF2 and 3 activates SMG1, which 
phosphorylates UPF1. Phosphorylated UPF1 can then recruit the RNA degradation 

machinery. While some uORF-containing transcripts seem to be targets of NMD, most of them 
are protected from this mechanism. This is thought to be due to the proximity of the poly-A tail 

to the 5’-UTR due to circularization of the mRNA. This leads to interaction of PABP with eRF3 
and inhibits recruitment of UPF1. Therefore, most uORFs mediate their translation inhibition 

of the mORF without decreasing the mRNA level (14, 101, 120). 
 

(f) uORF variability and disease 

While uORFs regulate translation of their associated mORFs, the presence of uORFs on the 
transcripts itself can also be regulated. The use of alternative start sites during transcription, 

as well as alternative splicing can lead to the differential inclusion or exclusion of uORFs into 
a transcript. Moreover, some single nucleotide polymorphisms (SNP) can lead to appearance 

or disappearance of uORFs on certain transcripts. This variability of uORFs in the 5’-UTR of 
transcripts significantly influences expression levels of associated mORF-encoded proteins. In 

some cases, appearance or disappearance of uORFs in transcripts can cause diseases like it 
is the case in hereditary pancreatitis, where a SNP in the SPINK1 (Serine peptidase inhibitor, 

Kazal type 1) gene leads to the appearance of a second uORF in the mRNA resulting in strong 
inhibition of SPINK1 protein production (34). 

 
3.2.4 RNA granules 
 
When their translation is inhibited, mRNAs are usually degraded or stored away. P-bodies are 

cytoplasmic RNPs which store mRNAs whose translation is repressed. P-bodies are mainly 
composed of proteins of the degradation machinery, including decapping enzymes (DCP1 and 

2), deadenylases (CCR4, Carbon catabolite repressor protein 4) and exonucleases (XRN1, 5'-
3' exoribonuclease 1). Under normal circumstances, translationnally inactive transcripts 
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aggregate in these granules while awaiting either degradation or release to resume translation 

(60, 105, 164, 169).  
When a stress-induced translational block occurs however, stalled 48S complexes are stored 

in stress granules. In contrast to P-bodies, stress granules contain the components of the 
translation initiation machinery, including eIFs and the 40S ribosomal subunit, as well as 

translation inhibitors (TIA-1 (T-cell-restricted intracellular antigen 1), TIAR (TIA-1-related 
protein), FMRP, G3BP (Ras-GAP SH3 domain binding protein)) and immune sensors (PKR 

(Protein kinase R), RIG-I). Stress granules allow storage of inactive mRNAs until the 

translational block is lifted and their translation can resume. Stress granules are often induced 
in response to elevated eIF2 phosphorylation for example (6, 33, 139, 169). 

Interestingly it has been described that A3G and A3F localise to P-bodies and stress-granules 
(68, 228). 

 

3.3 Translational regulation of HIV-1 
 
HIV-1 translation only partially uses the canonical mechanism described above. Cap-
dependent translation of the HIV transcripts is complicated by the highly structured 5'-UTR, 

containing stable stem-loops like for example TAR, which can inhibit the recruitment and hinder 

scanning of the ribosome. Therefore, HIV recruits cellular factors like La and the helicases 
DDX9 (DEAD-box protein 9) and DDX3 which unwind stable structures in the 5'-UTR and 

stimulate cap-dependent translation of HIV transcripts. Moreover, HIV infection generates a 
disfavourable cellular environment for canonical translation. This is due to viral targeting of 

translation initiation factors like eIF4G and the eIF3 subunit d, which are cleaved by the viral 
protease in late time points of the infection, as well as eIF4E, which is sequestered by 

hypophosphorylated eIF4E-BP in the context of Vpr-induced G2/M cell cycle arrest. It has been 
shown however that instead of canonical translation initiation factors, HIV transcripts are 

preferentially associated with the cap binding complex (CBC), which is composed of CBP80 
and CBP20. This complex is deposited on cellular mRNAs in the nucleus and stimulates their 

splicing and nuclear export. It also induces a pioneering round of translation for each mRNA 

before being replaced by eIF4F. HIV might have hijacked this complex to bypass canonical 
eIFs for translation. In addition to the cap-dependent translation, HIV transcripts also contain 

two IRESes, one in the 5'-UTR which allows translation of p55Gag, as well as a second one 
slightly downstream which allows translation of a shortened p40Gag, which is expressed at 

lower levels (29, 30, 37, 87, 157, 202). 
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m6A modifications of HIV transcripts have been shown to have a stimulating role on viral gene 

expression. On the one hand, m6A in the RRE stimulates Rev binding and enhances nuclear 
export of HIV RNAs. On the other hand, other m6A modifications can be found all along the 

viral gRNA and seem to have a positive effect on translation (106, 107, 125, 166, 179, 223). 
Some viral proteins have to be translated through a particular mechanism. One of them is the 

polyprotein Pol, which can only be translated as a fusion with Gag through a -1 frame shift of 
the ribosome on a slippery heptanucleotide sequence (UUUUUUA) at the 3'-end of the Gag 

coding sequence (31). 

Vpu and Env are encoded by the same transcript with the Vpu coding sequence overlapping 
the Env start codon. It has been shown that a small uORF composed of only a start and a stop 

codon, which overlaps with the Vpu start codon is necessary to allow Env translation (119). 



Objectives
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II Objectives of this thesis 
 
 
APOBEC3G is a cellular restriction factor which induces abortion of the HIV replication cycle 

through hypermutation of the viral genome. This restriction is prevented by the HIV Vif protein 

which counteracts A3G using three different mechanisms: (i) A3G ubiquitination and 
degradation (ii) A3G transcriptional inhibition and (iii) A3G translational inhibition. A3G 

translational inhibition is responsible for around 50 % of the decrease in A3G levels in response 
to Vif and is sufficient in itself to markedly reduce the capacity of A3G to restrict HIV infection 

(77). My laboratory has studied A3G translational inhibition by Vif for several years and has 
shown the importance of this mode of A3G counteraction. Previous studies in the lab have 

also identified the 5'-UTR of A3G mRNA as an essential element in A3G translational inhibition 
by Vif (77). Moreover, Vif has been shown to bind to the A3G 5'-UTR (147). Despite its 

importance, the mechanism of A3G translational inhibition by Vif is still largely unknown. The 
overall aim of this thesis was therefore to contribute to a better understanding of this mode of 

action by Vif.  

 
To this end I have followed different objectives: 

 
(i) The first objective was to evaluate the importance of a short uORF in the 5'-UTR of the A3G 

mRNA in A3G translation and regulation by Vif. The aim was to better understand which 
characteristics of the uORF are important for A3G translation and Vif-mediated regulation. We 

also wanted to compare A3G translational inhibition to other A3 proteins. Finally, we aimed to 
generate a T-cell line where the A3G uORF is deleted in order to characterize its importance 

in viral infection. 
 

(ii) The second objective was to identify cellular factors that might play a role in Vif-mediated 

translational inhibition of A3G. Indeed, several examples are known of RBPs that regulate 
translation, notably in the presence of a uORF. Our hypothesis was that inhibitory cellular 

proteins might for instance be recruited on the 5’-UTR of A3G mRNA by Vif or that Vif might 
interact with stimulatory protein complexes and cause their drop-off from A3G mRNA. To test 

this hypothesis, I have first characterized the proteic interactome of the 5’-UTR of A3G mRNA. 
By comparison of proteins in the presence and absence of Vif and the uORF, the objective 
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was to identify cellular factors whose presence on A3G mRNA depends on one or the other. 

Subsequently I have developed a protocol with the aim of studying the full-length A3G mRNA. 
 

(iii) Various proteins have been identified that specifically interact with A3G mRNA and are 
modulated by Vif. The final objective of my thesis was to evaluate their direct interaction with 

Vif as well as their effect on A3G translation and Vif-mediated translation inhibition.



Importance of a 
conserved uORF in 
the 5'-UTR of A3G 

and A3F mRNA
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III. Importance of a conserved uORF in the 
5'-UTR of A3G and A3F mRNA 
 
 

1. A conserved uORF in APOBEC3G mRNA impacts its own 
translation and is essential to its translational inhibition by 
the HIV-1 Vif protein 
 
The SL2 and 3 in the 5'-UTR of A3G mRNA have previously been shown to be essential for 
Vif-mediated translational inhibition (77). A short upstream ORF (uORF) spanning these two 

SLs has then been discovered in the lab. This has opened a number of possibilities for A3G 
translational regulation. In the following study, I have contributed to the better understanding 

of the mode of translation of A3G in the presence of the uORF. Moreover, we have studied the 

importance of different characteristics of the uORF on Vif-mediated translational inhibition of 
A3G. Comparison of A3G with other A3 proteins has shown that translational inhibition is 

unique to A3G and A3F which contain the uORF in their 5'-UTR. Finally, the localization of 
A3G mRNA in the cell has been studied and showed a Vif-mediated and uORF-dependent 

relocalization into stress granules. All of this has contributed to characterize the role of the 
uORF in the 5'-UTR of A3G and to determine its importance in translation and regulation by 

Vif. The results are described in the following article, which will soon be submitted for 
publication. 
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ABSTRACT 
The HIV-1 viral infectivity factor (Vif) is essential for viral fitness and pathogenicity. Vif 

targets cellular cytosine deaminases, APOBEC3G (A3G), A3F, A3D and A3H which 

inhibit HIV-1 replication by inducing extensive mutation (G to A) in the (-) strand DNA 

during reverse transcription and by reducing the efficiency of reverse transcription. Vif 

counteracts A3G (1) by recruiting an E3-ubiquitin complex and inducing its degradation 

through the proteasome pathway, (2) by reducing A3G transcription, and (3) by 

inhibiting its translation at the mRNA level, thus preventing its incorporation into viral 

particles. Recently, we showed that two distal stem-loop (SL2-SL3) structures within 

the 5’ untranslated region (5’-UTR) of A3G mRNA are important for the Vif-mediated 

translational inhibition of A3G. Here, we uncovered the importance of a short and 

conserved uORF (upstream Open Reading Frame) within SL2-SL3. Through an 

extensive mutagenesis study of the A3G 5’-UTR and uORF, combined to an analysis 

of their translational level after HEK293T transfection, we defined that A3G mRNA was 

translated through an original dual leaky-scanning and re-initiation mechanism. 

Interestingly, complete disruption of the uORF abrogated the Vif-mediated 

downregulation of A3G translation. Other A3 proteins were not regulated at the 

translational level by Vif. Furthermore, in stress conditions, we showed that the 

targeting of A3G mRNA into stress granules was dependent not only on Vif, but also 

on the uORF, thus participating to an eventual suppression of A3G expression. Taken 

together, we show for the first time that A3G translation is regulated by a small uORF 

conserved in the human population within A3G 5’-UTR and that Vif uses this specific 

motif to repress the translation and to target it to stress granules.  
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INTRODUCTION 
The Human Immunodeficiency virus Vif (Viral infectivity factor) protein is essential 

for infectious particles production in targeted cells (1). Indeed, early studies 

demonstrated that Vif was necessary for virus replication in primary lymphoid and 

myeloid cells (also called non-permissive cells) but dispensable in a subset of 

immortalized T cell lines (permissive cells) (2–4). This original characteristic is due to 

the expression of a dominant inhibitor of HIV-1 replication in non-permissive cells (5, 

6), lately identified as APOBEC3G (Apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like 3) or A3G (7). A3G belongs to a larger family of cytidine deaminases 

(A3A to A3H) that interfere with the reverse transcription by inducing mutations during 

the synthesis of the viral single-stranded DNA thus leading to cytidine to uridine 

transitions and the production of non-infectious viral particles (8). Amongst these 

deaminases,  A3D, A3F, A3G and A3H have been shown to efficiently block HIV-1 

replication after viral entry (9–14). HIV-1 expresses the auxiliary Vif protein to 

counteract the highly potent, intrinsic antiviral activities of A3 proteins, and A3F and 

A3G in particular which are the most active against HIV-1 (9, 14, 15). In the absence 

of Vif, A3G and A3F are packaged into viral particles (16) to induce viral DNA 

hypermutations at the next replication cycle, which in turn results in non-functional 

virions. Furthermore, there is also evidence that A3G and A3F can inhibit the reverse 

transcription and the integration steps through a deamination-independent mechanism 

(17–21). In HIV-1, three distinct and mutually reinforcing mechanisms are employed 

by Vif to reduce A3G expression and counteract its antiviral activity (22). First, Vif 

recruits a Cullin-RING E3 ligase 5 (CRL5) complex (composed of the Cullin 5, Elongin 

B/C, and Rbx2 proteins) to A3 proteins to promote their polyubiquitination and 

subsequent proteasomal degradation (23). This pathway has been well characterized 

and is the principal mechanism of A3G and A3F inhibition by Vif (24–26). Secondly, 

the interaction of the transcriptional cofactor CBFb (Core Binding Factor b) with Vif-

CRL5 affects its association with the RUNX family of transcription factors, leading to 

the downregulation of RUNX-dependent genes of which A3G belongs (27, 28). And 

third, Vif counteracts A3G expression by reducing its translation (29, 30). Indeed, it has 

been shown that two stem-loop structures (SL2-SL3) within the 5’-untranslated region 

(UTR) of A3G mRNA are essential for the translational inhibition of A3G by Vif (31). 

Importantly, both proteasomal degradation and translational inhibition of A3G by Vif 

participate to reduce the intracellular level of A3G and inhibit its packaging into viral 
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particles, demonstrating that HIV-1 has evolved redundant mechanisms to specifically 

inhibit the potent antiviral activity of A3G. 

Regulation of translation represents a critical layer of gene expression control in 

essentially all cells. It allows rapid and localized changes in the expression of proteins 

in response to extra- and intracellular stimuli, thus being crucial for a large number of 

important cellular processes. Translational control can occur on a global basis by 

modifications of the basic translation machinery, or selectively target defined subsets 

of mRNAs. The latter commonly involves the sequence-specific recognition of target 

mRNAs by trans-acting factors such as miRNA complexes or RBP (RNA-binding 

protein) (32, 33). To better understand the translational regulation of A3G by Vif, and 

the role of the two stem-loop structures within the 5’-UTR of A3G mRNA, we searched 

for cis-acting regulatory elements within this region. We uncovered the importance of 

a short and conserved uORF (upstream Open Reading Frame) in the distal part (SL2-

SL3) of the 5’-UTR of A3G mRNA sequences. Given that uORFs usually correlate with 

reduced protein expression of the downstream ORF, we studied the impact of this 

uORF on A3G translation and on its Vif-mediated translational repression. Through an 

extensive mutagenesis study of the A3G 5’-UTR and uORF, combined to an analysis 

of their translational level after HEK293T transfection, we defined that A3G mRNA was 

translated through an original dual leaky-scanning and re-initiation mechanism. 

Interestingly, complete disruption of the uORF abrogated the Vif-mediated 

downregulation of A3G translation. Other A3 proteins did not seem to be regulated at 

the translational level by Vif. Furthermore, in stress conditions, we showed that the 

targeting of A3G mRNA into stress granules was dependent not only on Vif, but also 

on the presence of the uORF, thus participating to an eventual suppression of A3G 

expression. Taken together, we show for the first time that A3G translation is regulated 

by a small uORF embedded in its 5’-UTR and that Vif uses this specific motif to repress 

the translation and target it to stress granules. 

 

MATERIAL AND METHODS 
Plasmids 

Plasmid pCMV-hA3G has been previously described (Mercenne et al, 2010). The 

pCMV-hA3F plasmid was obtained after mRNA isolation from H9 cells and RT-PCR 

analysis. Amplified PCR products containing the A3F mRNA sequence were digested 

by EcoRI and XbaI and ligated into pCMV6-XL4 previously digested with the same 
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restriction enzymes. Mutated plasmids were generated by Quick-Change Site-directed 

Mutagenesis (table 1) (Agilent Technology) based on the secondary structure model 

of the 5’UTR of A3G mRNA (Mercenne et al, 2010) and verified by DNA sequencing 

(Eurofins, Germany). The A3 uORF2 mutants were constructed by adding a G after 

the uAUG (translation initiation codon of the uORF) and deleting a G before the uUGA 

(termination codon of the uORF) in order to place the uUGA in frame with the uAUG. 

Vif was expressed from pcDNA-hVif expression vector encoding codon-optimized 

NL4.3 Vif (Nguyen et al 2004). 

 

RACE-PCR 
Rapid Amplification of cDNA-ends by PCR (RACE-PCR) was performed following 

the instructions of the supplier in the 5’/3’ RACE Kit, 2nd Generation (Roche). For the 

5’-RACE-PCR, 0.2-0.5 µg of human spleen total RNA (Life Technologies) served as 

matrix to synthesize the cDNA corresponding to the 5’-end of A3 RNAs by using the 

Transcriptor Reverse Transcriptase and a specific primer 1 (SP1) according to 

manufacturer recommendations. The cDNAs were produced for 1 h at 55°C and the 

reaction was stopped by heating the mixture at 85°C for 5 min. After a purification step, 

a poly-A tail was added to cDNAs which were then amplified by a second PCR. This 

PCR used a dT-Anchor Primer and a second SP2 (0.25 µM each) to amplify 5 µl of 

polyadenylated cDNAs in a 50 µL mix containing 1 U of Phusion Polymerase, 0.2 mM 

dNTPs and 1.5 mM MgCl2. The PCR protocol was the following: 3 min at 98°C and 10 

cycles of 15 s at 98°C, 30 s at the optimal melting temperature and 1 min at 72°C. The 

elongation step was then increased by 20 s until it reached 2 min and 23 cycles were 

performed. A final elongation step of 7 min ends the amplification. A nested PCR was 

performed with 1 µl of amplicons from the last PCR, in an identical reactional mixture, 

except for the SP3 used. 

For the 3’-RACE-PCR, as mRNAs for the total RNA extract were already 

polyadenylated, the purification and poly-A tailing steps were not necessary. Using 

1 µg of total RNA and a dT-Anchor primer, the cDNAs were synthetized according to 

the manufacturer protocol and used for a PCR amplification with a PCR Anchor Primer 

and SP5 primer. Both PCRs were performed as described above. The nested PCR, 

missing from the initial protocol, was added with a SP6 primer and the same PCR 

Anchor Primer used in the last PCR to obtain enough material for the bacterial 

transformation. 
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Cell culture 
HEK 293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, 

Life Technologies) supplemented with 10% fetal bovine serum (PAA) and 100 U/ml 

penicillin/streptomycin (Life Technologies) at 37°C and 5% CO2 atmosphere. 

Transfections of HEK 293T cells were carried out using the X-tremeGene 9 DNA 

Transfection Reagent (SIGMA) as recommended by the manufacturer. Briefly, 

500,000 cells/well were seeded at 70% confluence in a 6-well plate and co-transfected 

with 100 ng of pCMV-hA3G constructs and 1 ug of pcDNA-hVif. Cells were also 

exposed to the chemical proteasome inhibitor ALLN (25 µM) for 14 h. 

For FISH and immunofluorescence (IF) experiments, cells were plated on a glass 

coverslip in 6 wells-microplate (500,000 cells/well for HEK 293T cells and 350,000 

cells/well for HeLa cells). Cells were cultured in DMEM. Transfections of HEK 293T or 

Hela cells were carried out using the X-tremeGENE 9 DNA Transfection Reagent 

(Roche) as described above. The exception was the co-transfection of 0.5 μg of stress 

granules (GFP-PABP or GFP-TIA1) or P-Bodies (GFP-DCP1 or GFP-AGO2) markers 

when required. Twenty-four hours post transfection, stress induction was performed 

either by treating the cells with 500 μM sodium arsenic (AsNa, Sigma-Aldrich) or by 

incubating them at 44°C (heat shock) for 30 min before for further analysis. 

 

Immunoblotting 
Twenty-four hours post-transfection, cells were washed in PBS 1X (140 mM NaCl, 

8 mM NaH2PO4, 2 mM Na2HPO4) and lysed for 10 min at 4°C in RIPA 1X (PBS 1X, 

1% NP40, 0.5% sodium deoxycholate, 0.05% SDS) supplemented with protease 

inhibitors (complete EDTA Free cocktail, Roche). After 1 h centrifugation at 14,000 g, 

cell lysates were adjusted to equivalent protein concentration (Bradford assay, Bio-

Rad), fractionated on Criterion TGX 4-15% gels (Bio-Rad) and transferred onto a 22 

µm PVDF membranes using the Trans-Blot TurboTM Transfer System (Bio-Rad). Blots 

were probed with appropriate primary antibodies. Polyclonal anti-A3G (#9968), anti-

A3F (#11226) and monoclonal anti-Vif (#319) antibodies were obtained through the 

NIH AIDS Research and Reference Reagent Program. Monoclonal anti-b-actin 

antibody was purchased from SIGMA (#A5316). The PVDF membranes were 

incubated with horseradish peroxidase-conjugated secondary antibodies (Bio-Rad), 

and the proteins were visualized by enhanced chemiluminescence (ECL) using the 

ECL Prime Western blotting detection reagent (GE Healthcare) and the ChemiDocTM 
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Touch Imaging System (Bio-Rad). Bands were quantified using Image J. Student’s T-

test was used to determine statistical significance. 

 

Real-time qPCR 
Twenty-four hours post-transfection, total RNA was isolated from HEK293T cells 

using TRI-Reagent (SIGMA). After RNase-free DNase treatment (Roche), total RNA 

was isolated by phenol/chloroform extraction followed by ethanol precipitation. Total 

RNA (1 ug) was reverse-transcribed using the iScriptTM Reverse Transcription 

Supermix (Bio-Rad) as recommended by the manufacturer. Subsequent qPCR 

analysis was performed using the SYBR Green qPCR Master Mix (ThermoFisher) and 

was monitored on a CFX Real Time System (Bio-Rad). Gene-specific primers were: 

A3G forward primer, 5’-GGATCCACCCACATTCACTT-3’, and reverse primer, 5’-

ATGCGCTCCACCTCATAAC-3’; A3F forward primer, 5’-CCCGATGGAGGCAA 

TGTATC-3’, and reverse primer, 5’-GAGATAGGTGAGTGGTGCTTTAC-3’; b-actin 

forward primer, 5’-GGACTTCGAGCAAGAGATGG-3’, and reverse primer, 5’-

AGCACTGTGTTGGCGTACAG-3’. The A3G and A3F mRNA levels were normalized 

to those of actin mRNA and relative quantification was determined using the standard 

curve-based method. 

 

FISH and immunofluorescence (IF) assays 
The FISH probe was obtained as follow: fragment from nucleotide position 100 to 406 

of A3G mRNA was cloned between EcoRI and Xba1 sites into a pcDNA vector. After 

linearization by XbaI, T7 in vitro transcription was performed in presence of conjugated 

DIG-11-UTP (Roche) following the manufacturer instruction (1 mM of each dNTP 

except dUTP at 0.65 mM and 0.35 mM of the labeled DIG-11-UTP). After DNAse I 

treatment, A3G specific probe was purified by phenol-chloroform extraction and 

ethanol precipitation. Pellet were resuspended in 50 µl milliQ water giving a 100X 

concentrated A3G mRNA probe. Aliquots of 1 µl were stored at -80°C.  
For FISH and IF assays, cells were fixed with 4% (wt/vol) paraformaldehyde/PBS for 

20 min at RT. Fixation was stopped in 100 mM glycine for 10 min at room temperature. 

Cells were then permeabilized with 0.2% (wt/vol) triton X-100/PBS solution at room 

temperature (RT) for 5 min. For FISH assays, after 2 washes in PBS, coverslip was 

treated for 15 min at room temperature with DNAse I solution (Roche - 25U/coverslip). 

Coverslips were washed with 1 ml of PBS. One µl of specific A3G mRNA probe was 
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diluted 100x in milliQ water (concentration around 5 ng/µl). Coverslips were loaded 

with 50 µl of pre-warmed Hybridization Solution (formamide 50%; tRNA 0.1 µg/µl; 

SSPE 2X; Denharts solution 5X; RNAse OUT 0.1 U/µl and 25 ng of specific probe) for 

16 h at 42°C, in humid atmosphere. Coverslips were then washed with 50 µl of pre-

warmed buffer containing 50% formamide and SSPE2X for 15 min at 42°C, and then 

twice with 50 µl SSPE2X for 5 min at 42°C. Finally, for both FISH and IF assays, after 

a wash in PBS, coverslips were blocked with 3% (wt/vol) bovine serum albumin (BSA) 

in PBS for 1 h at room temperature. Primary antibodies were diluted in 3% (wt/vol) 

BSA/PBS and incubated 3 h at 37°C, followed by incubation of secondary antibodies 

at room temperature for 2 h in the dark. After a brief wash in PBS, coverslips were 

mounted in one drop of SlowFade gold antifade reagent (Thermo Fisher) with (IF) or 

without (FISH) DAPI (Thermo Fisher). 

The following primary antibodies were used: sheep polyclonal anti-DIG (Sigma 

Aldrich); goat and rabbit polyclonal anti-TIA-1; goat and rabbit polyclonal anti-DCP-1 

were purchased from Santa Cruz Biotechnology. Rabbit polyclonal anti-PABP 

(ab21060) and rabbit monoclonal anti-phospho-S51-EIF2alpha (ab32157) was 

purchased from Abcam.  Rabbit polyclonal anti-hA3G-C17 (#10082) and mouse 

monoclonal anti-HIV-1 Vif (#319) antibodies were obtained through the NIH AIDS 

Research and Reference Reagent Program. All were used at a 1/500e dilution. The 

following dye-conjugated secondary antibodies were used: Alexa Fluor 647 anti-rabbit, 

Alexa Fluor 647 anti-goat, Alexa Fluor 488 anti-mouse, Alexa Fluor 546 anti-sheep, 

Alexa Fluor 405 anti-mouse, Alexa Fluor 594 anti-goat (Life Technologies). All were 

used at a 1/200e dilution. 

 

Microscopy and image analysis 
Images were acquired on a Zeiss LSM780 spectral microscope running Zen software, 

with a 63x,1.4NA Plan-Apochromat oil objective at the IBMP microscopy and cellular 

imaging platform (Strasbourg, France). Excitation and emission settings were 

spectrally selected among the 4 laser wavelengths available in the microscope (405; 

488; 561; and 633 nm) according to the secondary antibody used. Image processing 

(contrast, brightness and merges) were performed with ImageJ 1.43m software 

(ref: Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, 

USA, http://imagej.nih.gov/ij/, 1997-2012.). An additional macro allowing the 

multichannel profile plot were design by Jerome Mutterer from the Microscopy 
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platform. Percentage of cells showing a co-localization between FISH signal (A3G 

mRNA) and stress or P-Body markers were counted on subsets of 100 cells (n=3). 

 

APOBEC3 genotype data 
The NCBI dbSNP database (https://www.ncbi.nlm.nih.gov/snp, July 31st 2019) as well 

as the UCSC Genome Browser database (https://genome.ucsc.edu/, July 31st 2019) 

were mined for polymorphic variants in human APOBEC3G and APOBEC3F mRNA 

5’UTR regions.  

 

RESULTS  
In silico analysis of A3G mRNA 5’UTR: identification of a conserved uORF 

To further understand the mechanism by which Vif inhibits A3G mRNA in a 5’UTR-

dependent manner (30, 31), we searched for cis-acting elements within the 5’-UTR 

that could contribute to this repression. Herein, using a computational platform capable 

of identifying RNA regulatory elements (RegRNA 2.0) (34), we identified a terminal 

oligopyrimidine (TOP) element and an uORF within the 5’-UTR of A3G mRNA 

sequence (Figure 1). Interestingly, TOP elements are thought to serve as cis-

regulatory sequences that inhibit the binding of proteins implicated in the translational 

regulation (35). Indirectly, we showed that this TOP element is not required in either 

A3G translation or Vif-mediated A3G translation inhibition (31). Indeed, RNA mutant 

A3G SL2-SL3 (deletion of SL1, which contains the TOP element) showed similar 

expression profile and Vif-mediated inhibition as wild-type (wt) A3G RNA after 

transfection of HEK 2913T cells (see figure 5 in (31)). uORFs are also cis-regulatory 

elements that negatively regulate translation of downstream ORF (36). Concerning 

A3G mRNAs, our analysis showed that this element is encoded within the SL2 and 

SL3 domains of the 5’-UTR (figure 1). Of note, we previously showed that these two 

SLs are required for Vif-mediated A3G translation inhibition (31), suggesting this uORF 

could account for the translational inhibition previously observed. The uORF is 

positioned between nucleotides 177 (initiation codon uAUG) and 246 (termination 

codon uUGA) within the 5’-UTR, forty-nine nucleotides upstream the main AUG 

(mAUG) codon of A3G (nucleotide 298), and encodes a putative peptide of 23 amino 

acid (figure 1) without any particular motif according to the PROSITE database 

(https://prosite.expasy.org). We also observed that the Kozak context around the 
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Figure 1: Schematic representation of the 5’-UTR of A3G mRNA. The secondary structure of the 5’-

UTRs of A3G mRNA is indicated, as well as the TOP element (green) and of the uORF (red). The 

putative peptide expressed from the uORF is also indicated. 

 

upstream and major ORFs is fairly strong (GGGGCCAUGA and CCAAGGAUGA for 

the uAUG and mAUG, respectively; the initiation codon of translation is underlined), 

suggesting the uAUG is functional. This uORF is also present in A3F mRNA with 94% 

and 96% identity at the nucleotide and amino acid level, respectively. To determine if 

these uORFs are conserved in the human population, we mined the NCBI dbSNP 

(single nucleotide polymorphism database). In the A3G uORF (+/- 10 nts) region, which 

included the Kozak context, we did not find any variant with a Minor Allele Frequency 

(MAF) above 0.005 (Table S1). In the A3F uORF region, there was a single common 

SNP (MAF>0.01, rs35898507) that would induce an amino acid change from G to V 

(G being the ancestral allele present at >96% in the population) (Table S1). We did not 

find any variant with a MAF>0.0005 that would impact the ORF of the A3G and A3F 

uORFs (i.e. that would impact the start codon, the stop codon, or would induce a 

frameshift). Lastly, the distance of the uORF to the mAUG of both genes was also 
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conserved. This shows that A3G and A3F uORFs are conserved in the human 

population. 

 
The uORF represses the translation of A3G mRNA 

Since uORFs reduce protein expression by approximatively 30-80% (36), we asked 

whether this motif was also responsible for the regulation of A3G mRNA expression. 

First, we inactivated the uORF of this mRNA by either deleting the whole uORF (A3G 

∆uORF), or by substituting the uAUG (A3G suAUG) (figure 2A). The expression of 

these mutants was examined after transfection of HEK293T cells and immunoblotting 

against A3G protein (figure 2B). As expected, uORF inactivation significantly increased 

A3G protein expression (figure 2B, compare lanes 2-3 to lane 1), suggesting the uORF 

intrinsically repressed the translation of A3G mRNA. 

Next, we wondered whether this translational regulation could be extended to other A3 

proteins. Thus, we performed 5’- and 3’-RACE (5’-rapid amplification of cDNA ends 

analysis) from human spleen total RNA with A3B, A3C, A3D and A3H specific primers 

(table 2) in order to identify 5’- and 3’-UTRs (A3A vector was a generous gift from Dr. 

Vincent Caval, Pasteur Institute, Paris; A3F and A3G were already available in the 

lab). After cloning and sequencing of the various transformants, corresponding full-

length mRNA sequences were synthesized (Proteogenix, France) and consequently 

cloned into pCMV vectors (figure 3A). The 5’-UTR sequences comprised 44, 106, 407 

and 134 nucleotides for A3B, A3C, A3D and A3H, respectively, while their 3’-UTR 

sequences contained 572, 431, 934 and 372 nucleotides, respectively (figure 3A). 

Sequences obtained for the 5’-UTR of A3C and A3D correspond to the one published 

in GenBankTM (accession number NM_014508.2 for A3C, and NM_152426.3 for A3D). 

The 5’-UTR sequence of A3B is shorter (63 nucleotides) than the reference 

(NM_004900.4) while the one from A3H is longer (7 nucleotides) than the reference 

(NM_001166003.1). All A3 clones were transfected into HEK293T cells in presence or 

absence of Vif and with or without ALLN (proteasome inhibitor) in order to discriminate 

the translational inhibition from the proteasomal degradation (31). Our results showed 

that all A3 proteins are well 
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Figure 2: Importance of the uORF for A3G mRNA expression. A) Schematic representation of the 

different A3G 5’-UTR constructs used in this study. Wild-type A3G mRNA and uORF mutants are 

represented. B) HEK293T cells were transfected with wild-type or mutated plasmids. Proteins were 

separated by SDS/PAGE and analyzed by immunoblotting. Bands were quantified using Image J and 

relative expression of A3G is represented in a histogram. Standard deviations are representative for at 

least three independent experiments. P-values are indicated as follows: *<0,05; **<0,01. 
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expressed from full-length mRNA constructs (figure 3B, lanes 1) and are degraded by 

Vif as expected (figure 3, lanes 2), with the exception of A3A and A3B. However, in 

presence of ALLN, we only observed a significant decrease of A3G and A3F 

expression when Vif was present (figure 3, compare lanes 3 & 4), suggesting that these 

two A3 proteins are the only ones to be regulated at the translational level by Vif. 

Moreover, sequence analysis of the 5’-UTR of A3A, A3B, A3C, A3D, and A3H did not 

reveal the presence of any uORFs or other regulatory motifs. 

 

Mechanism of A3G mRNA translation 
The results presented above show that the uORF negatively regulates the 

translation of A3G mRNA. According to the literature (37), uORFs can regulate the 

translation of the main ORF in different manners, in cis or in trans through the peptide 

synthesized, and mechanisms such as leaky-scanning, direct translation through an 

IRES or re-initiation can be envisaged. In order to analyze several aspects of the 

translation process, we constructed a series of A3G mRNAs with mutations in the 

uORF sequence or its surrounding nucleotides and analyzed their expression after 

transfection of HEK293T cells (figure 2). 

First, we define the importance of the uORF peptide as a trans-acting element 

capable of regulating the main ORF translation. To achieve this, we changed the uORF 

amino acid sequence (see material & Methods) and studied its effect on A3G 

expression (mutant A3G uORF2). We observed no effect of the putative peptide in 

A3G expression (figure 2B, lane 5), consistent with the fact that only in rare cases 

peptide expressed from an uORF has regulatory effects (38, 39). This result also 

suggests that the functional importance of the uORF is dependent on features that 

drive uORF translation rather than the specific peptide produced. 

Next, we examined if translation initiation at the uAUG is required for the regulatory 

mechanism. The frequency of ribosomal recognition of a translation initiation codon is 

determined by its sequence context (40), and positioning of a translation initiation 

codon within a “poor” sequence context will result in inefficient ribosomal recognition 

and bypassing (leaky scanning). We thus replaced the uAUG Kozak consensus 

sequence (GGGGCCAUGA) by a weak non favorable context (UUUUUUAUGA, 

mutant A3G wk) (figure 2A). As expected, more ribosomes fail to recognize the uAUG, 

and we observed a significant increase of protein expression 
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Figure 3: Vif does not inhibit the translation of all APOBEC3 mRNAs. A) Schematic representation 

of A3 mRNAs identified by RACE-PCR. The lengths of the various 5’- and 3’-UTRs are indicated. B) 

HEK293T cells were transfected with plasmids expressing the different A3 proteins in the presence or 

absence of Vif and in the presence or absence of a proteasome inhibitor (ALLN). Proteins were 

separated by SDS/PAGE and analyzed by immunoblotting. C) Bands were quantified using Image J 

and relative expression of A3 proteins is represented. Standard deviations are representative for at least 

three independent experiments. P-values are indicated as follows: *<0,05; **<0,01. 
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 (figure 2B, lanes 12), suggesting that the natural uAUG Kozak context is an essential 

element for the translational repression. 

In a natural context of A3G mRNA, the uORF encodes a peptide of 23 amino acids. 

Next, we created mutant RNA where the translation termination codon of the uORF 

(uUGA) is inactivated and the uAUG placed in frame with the downstream major ORF 

(mAUG). Thus, this construct allows to directly monitor upstream translation initiation, 

prevent uORF termination and, hence, re-initiation, and downstream translation 

becomes solely dependent on leaky scanning. Interestingly, two protein bands can 

now be observed. Indeed, in addition to the standard A3G protein encoded by the main 

ORF (figure 2B, lanes 4, lower band - 384 amino acids), a N-terminally elongated 

version (424 amino acids) derived from initiation at the uAUG can be detected (figure 

2B, lanes 4, asterisk), demonstrating that the initiation codon of the uORF (uAUG) is 

functional and in a functional Kozak context (see above). Moreover, we observed a 

diminution of the expression of the main A3G protein for suUGA mutant (about 50%) 

(figure 2, lanes 4). Whereas re-initiation is impossible in this case due to the mutated 

uORF stop-codon, these results suggest that A3G may partially be translated by re-

initiation. However, the fact that wild-type A3G protein is still detected in this mutant 

suggests that the translation of the main ORF could be accomplished by leaky-

scanning or through a direct entry of the ribosome (IRES - Internal Ribosome Entry 

Site) at the mAUG. 

To test the IRES hypothesis, we inserted a stable stem-loop at the 5’-end of A3G 

mRNA (figure 2A, mutant A3G-SSL) so that a 40S ribosomal subunit cannot bind and 

ribosome scanning is inhibited (41). Then, if an IRES is present within the 5’-UTR of 

A3G mRNA, ribosomes should load directly on this site and initiate translation. As seen 

in figure 2B (lane 13), the expression of this mutant was very low, ruling out the 

hypothesis of an IRES-dependent A3G translation. 

To go further concerning the possibility of a re-initiation mechanism, we constructed 

different mutants based on previous reports. Indeed, it is well known that re-initiation 

is more efficient when uORF sequences are small (42) whereas leaky-scanning is not 

dependent on the length of the uORF (43). Then, reducing the uORF length should 

enhance A3G expression if a re-initiation mechanism is involved. We thus tested 

mutants of A3G uORF where the putative 23 amino acids peptide was reduced to 2, 

5, 10 or 15 amino acids (figure 2A). The results showed that these mutants did not 

significantly impact A3G protein expression whereas A3G 2aa mutant decreased it by 
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30 % (figure 2B, lanes 6-9), suggesting that the length of the uORF somehow regulates 

the translation of A3G mRNA. To validate this hypothesis and because re-initiation is 

also dependent on the distance between the stop-codon uUGA and the main AUG of 

A3G (43), we then reduced the distance between the two ORFs by either deleting half 

(A3G ∆249-273) or the entire (A3G ∆249-291) inter-ORF sequence, or by inserting a 

stop codon at positions 276 (A3G uUGA276) or 289 (A3G uUGA289) (figure 2A). In 

both cases, inter-ORF sequence is reduced to 25 and 9 nucleotides. If A3G translation 

initiation is accomplished by a re-initiation mechanism, reducing this distance should 

decrease protein expression. Interestingly, A3G protein expression was only 

significantly decreased when the inter-ORF region was reduced to its minimum, i.e. for 

mutants A3G ∆249-291 and A3G uUGA289 (figure 2B, lanes 11-12 and 15-16), 

suggesting that A3G may also be translated through a re-initiation mechanism. 

To exclude effects of the uORF and mutations on mRNA stability or differential 

transcription rates, we tested whether the various constructions affect mRNA levels by 

RTqPCR. Of note, none of the mutations impacted on RNA stability (figure S1), 

suggesting that regulation occurs at the translation level.  

 
Initiation at the uORF is required in Vif-mediated A3G translation inhibition 

To further characterize the molecular mechanism of Vif-mediated A3G translation 

inhibition, we determined the uORF effect on this translational repression. We 

therefore transfected the different A3G mutants in HEK293T in presence or absence 

of Vif and with or without ALLN (proteasome inhibitor) in order to discriminate the 

translational inhibition from the proteasomal degradation (31). First, when we co-

transfected wt A3G construct with Vif in presence of ALLN, we observed a typical 40% 

reduction in A3G synthesis due to A3G translational repression by Vif (figure 4, blue 

bar), as previously observed (31) (see also figure S2 for western blots). In a second 

step, we analyzed similarly the effect of Vif (+/- ALLN) on the different A3G mRNA 

constructs. The results showed that the ∆uORF mutant present the same expression 

as the wild-type A3G protein in presence of Vif (between 20-30%) (figures 4, mutants 

∆uORF and figure S2) due to both proteasomal degradation and translational 

inhibition. However, in presence of ALLN, we did not observe any significant decrease 

of A3G expression when Vif was present (figure 4, blue bars, and figure S2), 

suggesting that the uORF is required for the Vif-mediated translational inhibition. To 

validate this hypothesis, we transfected A3G suAUG construct containing a single 
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substitution at the upstream initiation codon. As expected, translational inhibition was 

not observed with this mutant (figure 4, blue bar).  

 

 
Figure 4: Effect of the uORF on Vif-mediated A3G translation inhibition. HEK293T cells were 

transfected with plasmids expressing wild-type and mutated A3G constructs in the presence or absence 

of Vif and in the presence or absence of a proteasome inhibitor (ALLN). Proteins were separated by 

SDS/PAGE and analyzed by immunoblotting (see supporting figure 2). Bands were quantified using 

Image J and relative expression of A3G proteins is represented. Histograms represent the effects of Vif 

on A3G: degradation and translation (red bars) and translation only (in presence of ALLN, blue bars). 

Standard deviations are representative for at least three independent experiments. P-values are 

indicated as follows: *<0,05; **<0,01. 

 

Next, we asked whether the peptide sequence (A3G uORF2), and its size (A3G 2aa, 

5aa, 10aa, 15aa uUGA276 (32 aa), uUGA289 (36aa)) were important for the 

translational inhibition mechanism. These different constructs were transfected into 

HEK293T cells as above and analyze by western blot (figure S2). Interestingly, we 

showed that these mutants present an expression profile similar to wild-type A3G in 

presence of Vif and ALLN (figure 4), with a reduction of protein expression of about 

30-40% (figure 4), suggesting that the amino acid sequence, and its length are not 

important for the translational mechanism, ruling out a possible role of this peptide, in 

conjunction with Vif, to inhibit A3G translation.  
Finally, we wanted to know whether the distance between the two ORFs are 

important for the translational inhibition of A3G by Vif. To test this effect, we co-
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transfected mutants A3G uUGA276, uUGA289, ∆249-273, and ∆249-291 with Vif and 

ALLN as described above. As observed in figure 4, the four A3G mutants showed a 

regulation of their translation by Vif similar the one observed for wild-type A3G (figure 

4), suggesting that the inter-ORF region does not play a role in the Vif-mediated 

translational repression of A3G.  

Taken together, these results indicate that translation initiation at the uORF is essential 

for the Vif-mediated A3G translational inhibition.  

 

Relocation of A3G mRNA to stress granules is dependent on the uORF and Vif 
Mechanisms of translational control dictate which mRNA transcripts gain access to 

ribosomes, and this process is highly regulated by the interplay of RNA binding 

proteins (RBPs) and RNA granules, such as processing bodies (P-bodies) or stress 

granules (SG). SGs are transient foci enriched in translation initiation factors and 40S 

ribosomal subunits, whereas P-bodies are enriched in RNA-decay machinery. Thus, 

SGs and P-bodies can be considered as extensions of the messenger 

ribonucleoprotein (mRNP) translational control cycle, i.e. as compartments where 

translationally silenced mRNPs are stored (44, 45). Then, we asked whether Vif, 

through the uORF, could relocate A3G mRNA into these storage compartments and 

participate to the downregulation of A3G translation. To test this hypothesis, we 

analyzed the wild-type A3G mRNA and two mutant constructs: A3G suAUG and A3G 

∆5’UTR. These two mutants (a single substitution of the uAUG and a complete deletion 

of the 5’-UTR) have been chosen because their translation is not down-regulated by 

Vif (this study and (31)). We began by a careful examination of the intracellular 

localization of A3G mRNAs and proteins by FISH and immunofluorescence (IF) 

analysis, respectively, after transfection of HEK293T cells (figure 5). As expected, full-

length wild-type A3G mRNA and protein were detected in the cytoplasm (figure 5, lane 

4). Similarly, mRNAs and proteins expressed from mutants A3G ∆5’-UTR and suAUG 

were also present in the cytoplasm (figure 5, lanes 5 & 6), suggesting that mutations 

do not impact on mRNA localization. 

In a following step, we analyzed the co-localization of A3G mRNAs and proteins 

with SG and P-bodies markers in presence or absence of Vif. We co-transfected 

HEK293T cells with A3G constructs +/- Vif, and then briefly exposed them to sodium 

arsenite (ARS) or high temperature (44°C) to induce a stress condition. We then 
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Figure 5: Analyses of A3G mRNAs and protein by FISH and immunofluorescence. HEK293T cells 

were transfected with plasmids expressing A3G wild-type as well as ∆5’-UTR and suAUG mRNAs. Cells 

were fixed and probed with anti-DIG (A3G mRNAs) and anti-A3G (A3G protein) antibodies. Cells were 

stained with Dapi to visualize nuclei and the images were merged digitally. Controls and A3G mRNAs 

(lines 1 to 7) are indicated on the right of the panels. 

 

performed FISH analysis (A3G mRNAs) and immunofluorescence staining using 

antibodies directed against Vif, A3G, AGO2 and DCP1 (P-body markers) and PABP1 

and TIA-1 (SG markers) proteins. First, concerning wild-type A3G mRNA, we observed 

that, as expected, PABP1 was localized into SGs regardless of stress conditions 

(figure 6A and figure S3). Interestingly, under stress conditions, while we observed a 

clear co-localization of A3G and PABP1 proteins into punctate granules in presence 

or absence of Vif (figure 6A, column 7), co-localization of A3G mRNA and PABP1 was 

only observed in presence of Vif (figure 6A, column 6). We obtained between 50-70% 

and 45-55% co-localization for PABP1/A3G mRNA (figure 6D, blue 
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Figure 6: Importance of the uORF for the relocation of A3G mRNA into stress granule by Vif. 
HEK293T cells were transfected with plasmids expressing A3G wild-type (panel A) as well as ∆5’-UTR 

(panel B) and suAUG (panel C) mRNAs, in absence or presence of Vif. Cells were cultured in various 

conditions: (i) untreated (no stress) or stressed by (ii) incubation at 44°C or (iii) with arsenite sodium 

(ARS). Cells were fixed and probed with anti-DIG (A3G mRNAs), anti-A3G (A3G protein), anti-Vif and 

anti-PABP1 antibodies. Cells were stained with Dapi to visualize nuclei and the images were merged 

digitally. D) Histograms represent the percentage of co-localization of A3G mRNAs with PABP1. 

Standard deviations are representative for at least three independent experiments. P-values are 

indicated as follows: **<0,01. 

 
bars) and TIA-1/A3G mRNA (figure S4), respectively. Meanwhile, we also performed 

FISH and IF analysis for A3G ∆5’-UTR (figure 6B) and suAUG (figure 6C) mRNA 
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mutants. Interestingly, whereas a co-localization of A3G and PABP1 proteins was still 

detected for these two constructs (figure 6B & C, column 7), we observed a significant 

decrease (around 30%) of the presence of A3G mRNA ∆5’-UTR and suAUG into SGs 

in the presence of Vif (figure 6D, red and green bars), suggesting that relocation of 

A3G mRNA into SGs depends not only of Vif but also of the uORF. 

Furthermore, we performed similar experiments with P-bodies markers (AGO2 and 

DCP1) (figure 7). Under physiological conditions, while A3G and AGO2 proteins co-

localized (figure 7A, column 7), A3G mRNAs (wild-type or mutants) are rarely observed 

co-localizing with P-bodies markers (less than 20% co-localization) regardless of the 

presence of Vif (figure 7B).  

 

 
Figure 7: The uORF does not contribute to A3G mRNA relocation into P-bodies by Vif. A) 
HEK293T cells were transfected with plasmids expressing A3G wild-type as well as ∆5’-UTR and 

suAUG mRNAs, in absence or presence of Vif. Cells were fixed and probed with anti-DIG (A3G mRNAs), 

anti-A3G (A3G protein), anti-Vif and anti-Ago2 antibodies. Cells were stained with Dapi to visualize 

nuclei and the images were merged digitally. B) Histograms represent the percentage of co-localization 

of A3G mRNAs with Ago2 or Dcp1. Standard deviations are representative for at least three independent 

experiments. 

 

DISCUSSION 
The role of the Vif protein is of major importance for an efficient viral infection in non-

permissive cells by antagonizing the antiviral activity of A3G proteins. While 

mechanisms leading to A3G degradation through the recruitment of an E3 ubiquitin 

ligase complex by Vif are rather well understood, little is known concerning its 
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translational regulation by Vif. Recently, we showed that the 5’-UTR of A3G mRNA, 

and specifically the SL2-SL3 domain, was required for the Vif-induced translation 

inhibition of A3G (31). In the present study, we reported that an uORF embedded within 

these structures plays a crucial role, not only for the repression of A3G translation by 

Vif, but also for its own translation.  

To understand how Vif inhibits A3G translation, we first determined the importance 

of the uORF in A3G translation. uORFs are common features found in many eukaryotic 

mRNAs (36, 46–48). They are widely recognized as cis-regulatory elements than can 

affect mRNA translation from the main physiological ORF, thus fine-tuning the level of 

protein expression. In humans and rodents approximatively half of the transcripts 

contain uAUGs, and their presence generally correlates with reduced protein 

expression (46, 47). Here, by disrupting the uORF (deletion of the uORF or substitution 

of the uAUG), we showed that translation of A3G was significantly increased (figure 

2), suggesting that the uORF was indeed a repressive element, as previously observed 

for several other genes like the tyrosine kinases HCK, LCK, ZAP70, YES1 or the 

oncogenes MDM2 and CDK4 (49). uORFs can regulate translation by multiple 

mechanisms which may depends on several variables such as 1) the distance between 

the 5’cap and the uORF; 2) the context of the uORF initiation codon; 3) the length of 

the uORF; 4) the position of the uORF stop codon; and 5) the length of the intercistronic 

sequence (50, 51). Using mutated A3G mRNA constructs to analyze the impact of the 

uORF on these various mechanisms, we first showed that the distance between the 

5’cap and the uORF does not impact on A3G translation since deletion of SL1, thus 

reducing this distance from 176 to 50 nucleotides, gave the same level of A3G 

expression (mutant A3G SL2-SL3 in (31)). Second, the context around the uAUG 

seems to be favorable to initiate translation of the putative 23 amino acids peptide as 

the weakening of its Kozak sequence enhanced A3G expression (figure 2). Likewise, 

substitution of the uORF stop codon (uUGA) in order to put the uORF in frame with the 

major ORF of A3G, gave rise to the expression of two A3G proteins: a large one, 

initiated at the uAUG, and the standard one initiated at the main AUG (figure 2). Taken 

together, these results suggest the uAUG is efficiently recognized by the scanning 

ribosome (even though the natural Kozak context is not optimal) but can also be leaky-

scanned by the ribosome which will then initiate at the main AUG to express A3G. 

Third, by using A3G mRNA constructs that reduced or increased the length of the 

uORF (insertion of stop codon at different position in the uORF and in the inter-ORF 
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sequence, figure 2) and potentially expressed peptides of 2, 5, 10, 15, 32 and 36 amino 

acids, we showed that peptide length does not contribute to A3G translation, with the 

exception of the putative expression of a 2 and 36 amino acids peptide that significantly 

decreased A3G expression (figure 2B). This is not completely surprising as long 

uORFs and short distance between uORF and the main ORF (which is the case for 

mutant A3G suUGA289) have been shown to increase repressiveness of the uORF 

(52–54). Besides, we showed that the nature of the 23 amino acids peptide expressed 

from the uORF (mutant uORF2) has no function in the translation of A3G. 

Unfortunately, we failed to identify the uORF-expressed peptide in transfected cell by 

mass spectrometry (data not shown). Finally, by reducing the length between the 

uORF stop codon and the main AUG after deletion (A3G ∆249-273 and 249-291) or 

stop codon insertion (A3G uUGA276 and uUGA289), we observed a significant 

decrease of A3G expression (40 %) only for the two mutants that reduced the most 

this distance (to 9 nucleotides, figure 2), suggesting that A3G may also be translated 

through a re-initiation mechanism. In this case, and as previously observed, the 

distance would be too short for the scanning 40S to reacquire a new eIF2•GTP•Met-

tRNAiMet complex and initiate translation at the main AUG (55–57). Finally, we showed 

that the highly structured 5’-UTR of A3G mRNA (30) did not drive any translation 

through a potential IRES, as the insertion of a stable stem-loop at the 5’-end of the 

mRNA thus avoiding the loading of the 43S subunit, almost completely inhibited A3G 

translation (figure 2). Moreover, a genome-wide search yielding a large number of 

mammalian cellular IRESs did not identify the 5’-UTR of A3G as potential IRES 

(Weingarten-Gabbay, Science 2016). Altogether, these results suggest that A3G is 

translated through a dual leaky-scanning and re-initiation mechanism. Further studies 

will be needed to evaluate: (i) the re-initiation efficiency; accurate determination will be 

difficult as it is hard to assess how much is really true re-initiation or a combination of 

leaky scanning and re-initiation; (ii) how the ribosome is stalled, through a specific RNA 

structure or the termination context (58). Studies in mammalian cells and yeast showed 

that uORF-bearing mRNAs are susceptible to be targeted by NMD which is attributed 

to the termination events occurring at uORF stop codons (59, 60). This does not seem 

to be the case for A3G as we did not observe any reduction of wt or mutated mRNA 

levels. 

Beyond effects of the uORF on A3G translation, we also observed a link between 

uORF presence (functionality) and the Vif-mediated translational inhibition of A3G. 
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Indeed, under conditions where the proteasomal pathway was inhibited, we showed 

that Vif was able to significantly reduce the translation of A3G expressed from mainly 

all mutated mRNA constructs, with the exception of mutants ∆uORF and suAUG, 

suggesting that initiation at the upstream AUG is important for the repression induced 

by Vif. Besides, we also noticed that the putative peptide expressed from the uORF, 

whatever its size, is not implicated in the repression excluding a trans-peptide effect 

with Vif, likewise the distance between the two ORFs. Therefore, according to these 

observations, it seems that Vif induces A3G translational repression during the 

initiation steps at the uORF. Whereas additional experiments will be needed to clearly 

understand this mechanism, one can imagine that Vif interacts with components of the 

eukaryotic translation initiation machinery to reduce the translational rate of A3G or 

may recruit cellular factors involved in the negative regulation of the translation. Such 

studies are ongoing in the laboratory. 

Finally, we observed a strong correlation between the presence/functionality of the 

uORF on A3G mRNA and its co-localization into SGs in presence of Vif in stress 

conditions. Indeed, when the uORF is deleted or the uAUG not functional, the presence 

of mutated A3G mRNAs was significantly decreased into SGs when Vif was co-

expressed (figure 6). However, A3G protein expressed from these constructs can be 

found into P-bodies and SGs, as previously observed (61–64). The presence of wt 

A3G mRNA into SGs in presence of Vif is perhaps not so surprising, since SGs play 

an important role in the regulation of gene expression at the translational level in 

response to a variety of external stimuli (65). Therefore, these results validate the 

notion the uORF acts a negative regulator of A3G expression by helping its relocation 

into storage compartments in presence of Vif. 

In sum, we have identified a uORF within the 5’-UTR of A3G mRNA that is 

conserved in the human population and drives not only its own translation but is also 

required by the HIV-1 Vif protein to repress its translation. While the relocation into 

SGs of A3G mRNA by Vif through the uORF could explain in part the down-regulation 

of A3G expression, much work will be required to fully understand this mechanism. 

Deciphering the mechanisms of the Vif-mediated translational inhibition of A3G 

mRNAs will be important to find new molecular inhibitors able to counteract Vif activity 

and reduce viral infectivity. 
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Table 1: Description of the primers used in this study (A3G and A3F constructs) 
 
 

Mutants Primers Sequences (5’ to 3’) 

 
A3G ∆uORF 

pS-∆uORF GAAGCGGGAGGGGCCAACCCTGGTGCTCCA 
pAS-∆uORF TGGAGCACCAGGGTTGGCCCCTCCCGCTTC 

 
A3G suAUG 

pS-suAUG GAAGGGGGAGGGGCCAAGACTACGAGGCCCTGG 
pAS-suAUG CCAGGGCCTCGTAGTCTTGGCCCCTCCCCCTTC 

 
 A3G suUGA 

pS-suUGA GCCTGGAGCAGAAAGGAAACCCTGGTGCTCCA 
pAS-suUGA TGGAGCACCAGGGTTTCCTTTCTGCTCCAGGC 

 
A3G 2aa 

pS-A3G2aa GCCATGACTACGTGATGATGGGAGGTCACT 
pAS- A3G2aa AGTGACCTCCCATCATCACGTAGTCATGGC 

 
A3G 5aa 

pS-A3G5aa ACGAGGCCCTGGTGATGAACTTTAGGGAGG 
pAS-A3G5aa CCTCCCTAAAGTTCATCACCAGGGCCTCGT 

 
A3G 10aa 

pS-A3G10aa GTCACTTTAGGGTGATGAGTCCTAAAACCA 
pAS-A3G10aa TGGTTTTAGGACTCATCACCCTAAAGTGAC 

 
A3G 15aa 

pS-A3G15aa GCTGTCCTAAAATGATGAGCTTGGAGCAGA 
pAS-A3G15aa TCTGCTCCAAGCTCATCATTTTAGGACAGC 

 
A3G ∆249-273  

pS-∆25 TGGAGCAGAAAGTGATTAGTCGGGACTAGC 
pAS-∆25 GCTAGTCCCGACTAATCACTTTCTGCTCCA 

 
A3G ∆249- 291 

pS-∆50 TGGAGCAGAAAGTGACCAAGGATGAAGCCT 
pAS-∆50 AGGCTTCATCCTTGGTCACTTTCTGCTCCA 

 
A3G WK 

pS-WK GAAGCGGGAAAAAAAATGGCTACGAGGCCCT 
pAS-WK AGGGCCTCGTAGCCATAAAAAATCCCGCTTC 

 
A3G uORF2 

pS-uORF2 GGGAGGGGCCATGGACTACGAGGCCCTGG 
pAS-uORF2 CCAGGGCCTCGTAGTCCATGGCCCCTCCC 
pS-uORF2 CTTGGAGCAGAAATGAAACCCTGGTGCTCC 
pAS-uORF2   GGAGCACCAGGGTTTCATTTCTGCTCCAAG 

 
A3G uUGA276 

pS-25 CTCCAGACAAAGATCTGATTAGTCGGGACTAGC 
pAS-25 GCTAGTCCCGACTAATCAGATCTTTGTCTGGAG 

 
A3G uUGA289 

pS-uUGA289 TTAGTCGGGACTAGCTGACGGCCAAGGATGAAG 
pAS-uUGA289 CTTCATCCTTGGCCGTCAGCTAGTCCCGACTAA 

 
A3G WT+50 

pS-TB GTACAGCTGTCATTTGCACCACTAATGCTATAAGGATGAAGC
CTCACTTCA 

pAS-TB TACCAGCTGTCTCTGCACCACTTGGGTGCTATGGCCGGCTA
GTCCCGACTAA 
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Mutants Primers Sequences (5’ to 3’) 

 
A3F ∆uORF 

pS-∆uORF GAAGGGGGAGGGGCCAACCCTGGTGCTCCA 
pAS-∆uORF TGGAGCACCAGGGTTGGCCCCTCCCCCTTC 

 
A3F suAUG 

pS-suAUG GAAGGGGGAGGGGCCAAGACTACGAGGCCCTGG 
pAS-suAUG CCAGGGCCTCGTAGTCTTGGCCCCTCCCCCTTC 

 
 A3F suUGA 

pS-suUGA GCCTGGAGCAGAAAGGAAACCCTGGTGCTCCA 
pAS-suUGA TGGAGCACCAGGGTTTCCTTTCTGCTCCAGGC 

 
A3F 2aa 

pS-A3F2aa GGGGCCATGACTACGTGATGATGGGAGGTCACTTTA 
pAS- A3F2aa TAAAGTGACCTCCCATCATCACGTAGTCATGGCCCC 

 
A3F 5aa 

pS-A3F5aa ACTACGAGGCCCTGGTGATGAACTTTAGGGAGGGCT 
pAS-5aa AGCCCTCCCTAAAGTTCATCACCAGGGCCTCGTAGT 

 
A3F 10aa 

pS-10aa GAGGTCACTTTAGGGTGATGAGTCCTGAAACCTGGA 
pAS-10aa TCCAGGTTTCAGGACTCATCACCCTAAAGTGACCTC 

 
A3F 15aa 

pS-15aa AGGGCTGTCCTGAAATGATGAGCCTGGAGCAGAAAG 
pAS-15aa CTTTCTGCTCCAGGCTCATCATTTCAGGACACCCT 

 
A3F ∆249-273  

pS-∆25 TGGAGCAGAAAGTGATTAGTCGGGACTAGC 
pAS-∆25 GCTAGTCCCGACTAATCACTTTCTGCTCCA 

 
A3F ∆249- 291 

pS-∆50 TGGAGCAGAAAGTGACCAAGGATGAAGCCT 
pAS-∆50 AGGCTTCATCCTTGGTCACTTTCTGCTCCA 

 
A3F uORF2 

pS-uORF2 GGGAGGGGCCATGGACTACGAGGCCCTGG 
pAS-uORF2 CCAGGGCCTCGTAGTCCATGGCCCCTCCC 
pS-uORF2 AGCCTGGAGCAGAAATGAAACCCTGGTGCT 
pAS-uORF2 AGCACCAGGGTTTCATTTCTGCTCCAGGCT 
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Table 2: Description of the primers used for the RACE PCRs 
 

Target Gene Primer Name Primer Sequence Tm 

APOBEC3B 

A3B SP1 GCA CAG CCC CAG GAG AAG CA 62.7°C 
A3B SP2 GAC CCT GTA GAT CTG GGC CG 59.6°C 
A3B SP3 GGC GCT CCA CCT CAT AGC AC 60.7°C 
A3B SP5 CGG CCC AGA TCT ACA GGG TC 59.6°C 
A3B SP6 ACC AGC AAA GCA ATG TGC TC 56.6°C 

APOBEC3C 

A3C SP1 GAG ACT CTC CCG TAG CCT TC 56.5°C 
A3C SP2 CAT GAT CTC CAC AGC GAC CC 57.9°C 
A3C SP3 AGA GGC GGG CGG TGA AGA TG 62.3°C 
A3C SP5 GGG TCG CTG TGG AGA TCA TG 57.9°C 
A3C SP6 ATC CAT CCA CCC CCA CAG AC 59.2°C 

APOBEC3D 

A3DE SP1 CAT TGG GGT GCT CAG CCA AG 59.1°C 
A3DE SP2 AGG TGA TCT GGA AGC GCC TG 59.7°C 
A3DE SP3 CAC ATT TCT GCG TGG TTC TC 54.2°C 
A3DE SP5 TGC AGC CTG AGT CAG GAA GG 59.5°C 
A3DE SP6 TAG AGT GCA ATG GCT GGA TC 55.6°C 

APOBEC3H 

A3H SP1 AGC GGT TTC TCG TGG TCC AC 60°C 
A3H SP2 TCC ACA CAG AAG CCG CAG CC 63°C 
A3H SP3 GTC AAC CAG CTC CCA GGC AC 61°C 
A3H SP5 GGC TGC GGC TTC TGT GTG GA 63°C 
A3H SP6 GGT CCC GGT GGA GGT CAT GG 62.5°C 

  
PCR Anchor 

Primer GAC CAC GCG TAT CGA TGT CGA C 59.8°C 

  dT Anchor Primer 
GAC CAC GCG TAT CGA TGT CGA CTT TTT TTT 
TTT TTT TTV   
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Supporting figures 

 
Figure S1: APOBEC3G mRNA expression level in HEK293T transfected cells. Total RNA was 

extracted from transfected HEK293T cells and A3G qPCR were performed to study the expression of 

wild-type and mutated A3G constructs. Standard deviations are representative of at least three 

independent experiments. P-values are indicated as follows: *<0,05; **<0,01; NS: non-significant. 
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Figure S2: Effect of Vif on the translation of the different A3G mRNA constructs. HEK293T cells 

were transfected with plasmids expressing wild-type and mutated A3G constructs in the presence or 

absence of Vif and in the presence or absence of a proteasome inhibitor (ALLN). Proteins were 

separated by SDS/PAGE and analyzed by immunoblotting. Bands were quantified using Image J and 

relative expression of A3G proteins are represented in histograms (see figure 5).  
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Figure S3: Intensity plots (FISH) obtained from the cytoplasmic signals of PAPB1 (green lines), A3G 

(pink lines), and A3G mRNA (red lines) in the absence or presence of Vif in physiological (A), or in stress 

conditions: 44°C (B) or sodium arsenite (C). 
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Figure S4: Importance of the uORF for the relocation of A3G mRNA into stress granule by Vif. 
HEK293T cells were transfected with plasmids expressing A3G wild-type as well as ∆5’-UTR and 

suAUG mRNAs, in absence (left) or presence (right) of Vif. Cells were cultured in various conditions 

(see figure 7). Histograms represent the percentage of co-localization of A3G mRNAs with TIA1. 

Standard deviations are representative for at least three independent experiments. P-values are 

indicated as follows: *<0,05; **<0,01. 
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2. Role of the A3G uORF in viral infection  
 
2.1 Introduction 
 
The uORF in the 5'-UTR of A3G mRNA is necessary for A3G translational inhibition by Vif. 

This mechanism is responsible for around 50 % of the decrease in A3G levels in cells in the 

presence of Vif and therefore represents a crucial pathway in addition to A3G ubiquitination 
and degradation in the proteasome. It has been shown that when the part of the 5'-UTR that 

contains the uORF is altered, more A3G is encapsidated into newly formed virions and this 
increase in packaged A3G is sufficient to significantly decrease virus infectivity (77). Since this 

study has been performed on a single viral cycle in human embryo kidney (HEK293T) cells, 
we were interested in studying the importance of the uORF in CD4+ target cells and in the 

context of a productive viral infection. H9 cells are a human CD4+ T-cell line that intrinsically 
expresses A3G. Therefore, this cell line is qualified as non-permissive, as virions produced by 

these cells in the absence of Vif are non-infectious. In the presence of Vif, A3G restriction is 
counteracted and produced virions are infectious (67, 206). In order to study the effect of the 

A3G uORF on viral infection, our objective was to generate a cell line where the uORF is 

deleted using the CRISPR/Cas9 technology.  

 
2.2 Material and methods 
 
2.2.1 Generation of a ∆uORF cell line using nanoblades 
Cells were cultivated in RPMI medium (Gibco) supplemented with 10 % fetal calf serum (Pan 

Biotech), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco) at 37 °C and 5 % CO2. After 
seeding of 5*105 cells in a 12 well plate, cells were treated with nanoblades in the presence of 

4 μg/μl of polybrene (134). The Nanoblades used for this experiment were loaded with two 

different sgRNAs (Table 2) directed against regions at either side of the A3G uORF and were 
provided by Dr. Emiliano Ricci. After 6 h of treatment with the nanoblades, cells were 

resuspended in fresh medium, diluted and seeded in a 96 well plate in order to have only one 
cell every 4 wells. Cells were left to grow for 1-2 months. 
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Table 2: List of oligonucleotides. The name, sequence and target for each oligo is indicated. sgRNA1 and 2 are 
RNAs, the rest are DNAs. The position targeted by each oligo is indicated relative to the transcription start site of 
the target mRNA. For each couple of primers used for PCR, their orientation (s- sense, a- antisense) and the optimal 
hybridization temperature is indicated. 

 
2.2.2 Screening of the ∆uORF deletion by RT-PCR on A3G mRNA and PCR on 
genomic DNA 
After amplification of the obtained clones, RNA was isolated from cells using TriReagent 

(Molecular Research Center) following manufacturer’s instructions. For the reverse 
transcription, about 1 μg of RNA was adjusted to a final volume of 16 μl. Four μl of iScript 

Reverse Transcription Supermix for RT-qPCR (BioRad) were added and the mixture was 

incubated at 25 °C for 5 min, 42 °C for 30 min and 85 °C for 5 min. Genomic DNA was extracted 
from cells using the PureLink Genomic DNA Kit (Thermo Fisher) following manufacturer’s 

instructions. An aliquot of 100-200 ng of genomic DNA or 5 μl of the RT-reaction was mixed 
with 0.2 μM of sense and antisense primers (A3G-DNA-s and A3G-DNA-a for PCR on genomic 

DNA and A3G-RNA-s and A3G-RNA-a for PCR on RT reactions; Table 2), 1x Taq buffer (75 
mM Tris-HCl (pH 8.8), 20 mM ammonium sulfate, 0.01 % Tween20, 2 mM MgCl2), 0.25 mM of 

each dNTP and 1 U of Taq polymerase (homemade). The total volume was adjusted to 50 μl 
and the mixture was incubated at 95 °C for 3 min, then 35 cycles of 30 s at 95 °C, 30 s at the 

hybridization temperature (Table 2) and 1 min at 72 °C were performed. This was followed by 
5 min at 72 °C. To increase signal and specificity, 1 μl of the PCR reaction was used for a 
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second PCR with nested primers (A3G-DNA-nest-s and A3G-DNA-nest-a or A3G-RNA-nest-

s and A3G-RNA-nest-a; Table 2) following the same protocol as before. Ten μl of the PCR 
product were run on a 1.5 % agarose (TBE 0.5x) gel at 130 V for around 4 h. Major bands 

were cut out and purified from gel slices using the Nucleospin Gel and PCR Clean-Up 
(Macherey Nagel) following manufacturer’s instruction and then cloned into a pJET vector 

using the CloneJET PCR Cloning Kit (Thermo Scientific) following manufacturer’s instructions. 
The obtained clones were sequenced by Eurofins.  

 

2.2.3 Infection of cells 
H9 cells were cultured in RPMI medium (Gibco) supplemented with 10 % fetal calf serum at 

37 °C and 5 % CO2. For infection, 1*107 cells were incubated with HIV-1 LAI C27.4 infectious 
particles at a multiplicy of infection (MOI) of 0.05 for 30 min at 37°C. They were then cultivated 

in a total volume of 20 ml of RPMI medium for 48 h. Cells (i) and supernatants (ii) were 
recovered by centrifugation.  

(i) Cell pellets were washed twice with PBS and were then split in two aliquots. One aliquot 
was mixed with 200 μl of RIPA 1x (1x PBS, 1 % NP40, 0.5 % Na-DOC, 0.05 % SDS, 1x Halt 

Protease Inhibitor Cocktail (ThermoScientific)) and incubated at 4 °C for 10 min. Cells were 

centrifuged at 18,188 x g for 1 h at 4 °C, then the supernatant was recovered and stored at -
20 °C. The second aliquot of cells was mixed with 1 ml of TriReagent (Molecular Research 

Company), incubated for 10 min at room temperature and then stored at -20 °C.  
(ii) The supernatant of infected cell cultures was split into 3 aliquots. The first aliquot was used 

to quantify the amount of p24 using the Innotest HIV antigen mAb (Fujirebio) ELISA p24 kit. 
The second aliquot allowed measurement of the infectivity of the produced viruses using 

titration on TZM-bl cells. For this, viruses were diluted sequentially and mixed with 1*104 cells 
in DMEM medium supplemented with 10 % of fetal calf serum and 18.75 μg/ml DEAE dextran 

(Sigma). The mixture was incubated for 36 h and the luminescence was then detected by 
incubation for 10 min with Bright-Glo (Promega). The third aliquot was mixed with 1 ml of 

TriReagent (Molecular Research Company), incubated for 10 min at room temperature and 

then stored at -20 °C. 
These steps were performed by G. Laumond (Institute of Virology, Research Team of Dr. 

Christiane Moog, INSERM UMR 1109, Strasbourg, France) in a P3 laboratory. 
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2.2.4 Western blotting 
The protein concentration of the cellular lysates was determined by a Bradford assay. In a 96 

well plate, 1 μl of each lysate was diluted to a final volume of 200 μl. In parallel, a concentration 
range of 0 to 70 μg/ml of BSA was also established at a final volume of 200 μl. Fifty μl of 

Bradford Assay Dye (BioRad) were added and the absorbance was measured at 595 nm. An 
equivalent of 80 μg of protein of cellular lysate were migrated on a 4-15 % Criterion TGX 

Precast Midi Protein Gel (BioRad) in 1x TGS (25 mM Tris, 200 mM Glycine, 1 % SDS) for 35 

min at 200 V. Then proteins were transferred onto a PVDF membrane using a Midi PVDF 
Transfer Pack (BioRad) at 25 V and 2.5 A for 10 min in a Trans-Blot Turbo (BioRad). The 

membrane was then incubated in WB blocking solution (50 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 1 % Triton x100, 5 % milk (Regilait)) for 1 h. Primary and secondary antibodies were 

added as described in table 3. After the primary antibody, the membrane was washed twice 
with TNT (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 % Triton x100). After the secondary 

antibody, the membrane was washed twice with TNT and once with TN (50 mM Tris-HCl (pH 
7.5), 150 mM NaCl). One ml of Peroxide Solution and 1 ml Luminol Enhancer Solution 

(Amersham ECL Prime Western Blotting Detection Reagent, GE Healthcare) were mixed and 
added onto the membrane. Chemiluminescent signal was revealed using a Chemidoc 

(BioRad). For detection of multiple proteins on the same membrane, membranes were stripped 

for 25 min at room temperature under rotation with Antibody Stripping Buffer (Geba), then 
washed thoroughly with demineralized water. The detected bands were quantified using 

integrated density measurement with the ImageJ software (https://imagej.nih.gov/ij/) (196). A 
rectangular selection of the same size has been drawn around the bands of the expected size. 

An empty lane or a region directly below or above the bands has been used to quantify the 
background signal. 

 

 
Table 3: List of antibodies. Antibody names, references and company are indicated. @GAPDH antibody as well 
as secondary antibodies are conjugated to horseradish peroxidase (HRP, indicated in the name). Primary 
antibodies are diluted in WB blocking solution and secondary antibodies in TNT at the indicated dilutions and 
incubated for the indicated time at 4 °C. The following reagents were obtained through the NIH AIDS Reagent 
Program, Division of AIDS, NIAID, NIH: Anti-Human APOBEC3G Polyclonal from Dr. Warner C. Greene (219); HIV-
1 Vif Monoclonal Antibody (#319) from Dr. Michael H. Malim (209, 210). The HIV-1 positive patient serum was 
provided by Prof. Johnson Mak. 
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2.2.5 RT-qPCR 
RNA was isolated from cells and from viruses using TriReagent (Molecular Research Center) 

following manufacturer’s instructions. Total RNA was treated with DNase I (Roche) in 1x 
DNase buffer (Roche) for 1 h at 37 °C and was then purified using phenol-chloroform extraction 

followed by ethanol precipitation. For reverse transcription, 1 μl of RNA was adjusted to a final 
volume of 16 μl. Four μl of iScript Reverse Transcription Supermix for RT-qPCR (BioRad) were 

added and the mixture was incubated at 25 °C for 5 min, 42 °C for 30 min and 85 °C for 5 min. 

For quantification of A3G mRNA, 5 μl of the RT-reaction was mixed with 0.2 μM of ESP sense 
and antisense primers (Table 2), 1x Taq buffer, 0.25 mM of each dNTP, 2.5 U of Taq 

polymerase (homemade) and 1.25 μl of EvaGreen Dye (Biotium). The mixture was incubated 
at 95 °C for 3 min, then 40 cycles of 30 s at 95 °C, 30 s at 61 °C and 1 min at 72 °C were 

performed and the amount of DNA was monitored at each cycle using Evagreen fluorescence 
measurement. For RT-qPCR of GAPDH mRNA or HIV-1 gRNA, 5 μl of the RT reaction were 

mixed with 10 μM of sense and antisense primers (Table 2) and 7.5 μl of Maxima SYBR qPCR 
Mastermix (ThermoFisher). The final volume was adjusted to 15 μl. The mix was incubated at 

95 °C for 5 min, then 40 cycles of 95 °C for 15 s, 55 °C for 13 s and 72 °C for 30 s were 
performed with acquisition of the SYBR green fluorescent signal at every cycle. A titration 

curve was generated using between 109 and 103 copies of pCMV-A3G, pCMV-GAPDH or 

pNL4.3∆Env plasmids. The fluorescent signal was analysed using the CFX Maestro software 
(BioRad) and the baseline threshold was fixed at 200 relative fluorescence units. 

 
2.3 Results 
 
2.3.1 Deletion of the A3G uORF in an H9 T-cell line 
To delete the uORF in the A3G gene in H9 cells, we used a recently developed Nanoblade 
technology. Nanoblades are virus-like particles (VLPs) which contain the Cas9 protein in 

association with a given sgRNA. The VLPs allow efficient delivery of Cas9 into the target cells, 

where genome editing can take place (134). Here, we used two sgRNAs which target regions 
7 nts upstream and 6 nts downstream of the uORF, respectively (Table 2). The used sgRNAs 

were as far as possible specific to the A3G uORF, however, many clones with partially mutated 
A3F genes were also identified due to evolutionary conservation. Screening of a total of 337 

clones has allowed us to identify a cell line with a heterozygous genotype which possesses 
one WT A3G allele and one allele where the uORF of the A3G gene is deleted (Fig. 13A). 

Despite the heterozygous genotype, at the mRNA level we have identified almost exclusively 
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Figure 13: Identification and characterization of a ∆uORF H9 cell line. (A) Genomic DNA and (B) total RNA of 
non-infected H9 WT and ∆uORF cells or cells infected for 48 h by HIV-1 LAI at a MOI of 0.05 have been purified 
and amplified using two rounds of PCR with nested primers. PCR products have been separated on a 1.5 % agarose 
(TBE 0.5 x) gel. The red dot indicates the WT allele of A3G and the blue dot indicates a shorter allele where the 
uORF of A3G is deleted. Sizes are indicated on the left. (C) Detection of the A3G protein in H9 WT and ∆uORF 
cells by western blot. GAPDH is shown as a loading control. Bands obtained in 9 different experiments have been 
quantified using ImageJ and the mean A3G/GAPDH ratio is shown in the histogram. (D) Ratio of the A3G mRNA 
relative to the housekeeping gene GAPDH quantified by RT-qPCR in H9 WT and ∆uORF cells in 6 biological 
replicates. 

  
the ∆uORF mRNA while the WT mRNA seems to be only marginally expressed (Fig. 13B). 

This expression pattern does not change over time and even under stress conditions, like for 
example infection of the cells with HIV-1 (Fig. 13B). The A3F gene of this clone was verified 
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and did not show any mutations (data not shown). As a homozygous clone with specific 

deletion of the A3G uORF without simultaneous mutation of the A3F gene could not be 
obtained, the present clone was selected for further experiments. Expression of A3G protein 

was approximately the same for the WT and ∆uORF cell lines (Fig. 13C). At the mRNA level, 
A3G mRNA seemed to be slightly less expressed in ∆uORF cells than in WT cells, but this 

difference did not seem to be significant (Fig. 13D). 

 

 
Figure 14: Effect of the A3G uORF on HIV-1 infection. H9 WT and ∆uORF cells were infected or not with HIV-1 
LAI for 48 h at a MOI of 0.05. Cells and supernatants were then recovered and analyzed. (A) Expression of p24, 
A3G and Vif in infected and non-infected cells was analyzed by western blot. GAPDH was used as a loading control. 
(B) Bands obtained for A3G were quantified using ImageJ and normalized to GAPDH levels. Expression of A3G in 
the WT cells was set to 100 %. (C) The p24 protein was quantified in the supernatant of infected cells by ELISA. 
(D) Supernatants of infected cells were analyzed by titration on TZM-bl cells and viral infection was measured by 
the produced luciferase signal. (E) Infectivity of virions produced in WT and ∆uORF cells obtained by normalization 
of the luciferase signal with the amount of p24. 

 
2.3.2 Effect of the uORF on viral production and infectivity 
The ∆uORF as well as the parental WT cell lines were infected with the LAI isolate of HIV-1. 
Upon infection, we could observe a decrease in A3G protein levels in WT cells and a little less 

in ∆uORF cells (Fig. 14A, B). Production of the viral proteins Vif and p24 seemed to be lower 
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in ∆uORF cells compared to WT cells (Fig. 14A). Quantification of p24 in the supernatant of 

infected cells by ELISA showed a striking decrease of several logs in ∆uORF cells (Fig. 14C), 
which suggests that these cells produce much less virions. When the produced virions are 

titrated on the TZM-bl reporter cell line, a significantly lower signal could also be obtained in 
∆uORF cells compared to WT cells (Fig. 14D), which indicates that less cells were infected by 

supernatants of ∆uORF cells. Surprisingly, when looking at the infectivity, obtained by 
normalization of the luciferase signal by the amount of p24, there seems to be an increase in 

∆uORF cells. 

 

2.4 Discussion 
 
Using nanoblades, we have successfully generated an H9 T-cell line where the uORF of the 
A3G gene is deleted. Even though this cell line is heterozygous, it seems to almost exclusively 

express ∆uORF A3G mRNA. The first surprising result was that upon deletion of the uORF, 
the A3G protein is not overexpressed compared to the WT cells. Indeed, our previous results 

with plasmid constructs showed that the uORF negatively regulates A3G translation (Libre, 
Seissler et al., in preparation). However, there seems to be no difference in A3G protein levels 

in the WT and ∆uORF H9 cell lines. This might be due to other regulatory mechanisms in the 

cell which regulate a homeostatic protein production, but could not be explained by the mRNA 
level, which did not seem to be significantly different in the two cell types. As expected, our 

preliminary results suggest that A3G protein levels were more strongly decreased in the WT 
than in ∆uORF cells upon infection, even though this effect was very moderate and still has to 

be confirmed. This might be due to translational inhibition of A3G which is only possible in WT 
and not ∆uORF cells. While Vif can induce ubiquitination and degradation of A3G in both cell 

lines, A3G translation can be inhibited only in WT cells which would explain increased A3G 
protein levels in ∆uORF cells. In order to confirm this, it would be interesting to repeat the 

experiment in the presence of a proteasome inhibitor, which would limit Vif-mediated 

counteraction of A3G to translational inhibiton.  
While the effect on A3G protein levels in cells is rather mild, viral production seemed to be 

strongly reduced in ∆uORF cells compared to the WT. This reduction could be observed by 
p24 quantification as well as by infection of a reporter cell line. Indeed, viruses produced from 

WT cells are largely protected from the deleterious effects of A3G thanks to efficient 
downregulation of A3G through Vif and can therefore be amplified in subsequent infectious 

cycles. Viruses produced from ∆uORF cells might have packaged more A3G due to a less 
efficient counteraction of A3G in producer cells. Therefore, many of these viruses might be 
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hypermutated in subsequent cycles and be unable to produce new virions. This could explain 

an overall decreased viral production over the course of multiple cycles in ∆uORF cells. 
While these results are preliminary and will have to be confirmed, they seem to suggest that 

the uORF has an effect on viral infection. However, as the effect on cellular A3G protein levels 
is rather modest, it will have to be confirmed that the observed effect on viral production is not 

due to off-target modifications by the CRISPR machinery. Moreover, encapsidated A3G 
protein levels will have to be evaluated in order to confirm whether virion-associated A3G 

levels increase as expected in virions produced from ∆uORF cells. It would also be interesting 

to analyze proviral DNA from WT and ∆uORF cells to identify A3G-induced hypermutation. 
Surprisingly, infectivity of virions produced in ∆uORF cells seemed increased. While the 

observed effect on the A3G protein as well as on the luciferase signal is rather modest and 
consistent, the decrease on p24 seems massive in comparison. This large discrepancy has 

probably hampered normalization of the luciferase signal with the p24 and the obtained result 
for infectivity is not really meaningful. There could have been a problem with the ELISA and 

the experiment will have to be repeated in order to confirm the effect. 
Moreover, in order to improve this study, it would be interesting to purify intact virions through 

a sucrose cushion prior to quantification of p24 and western blot analysis of encapsidated A3G 

protein.
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IV. Identification of proteins interacting with 
the 5'-UTR of A3G mRNA 
 
 

1. Introduction 
 
In order to better understand the mechanism used by Vif to inhibit the translation of A3G we 
were interested in identifying potential cellular partners of Vif. Indeed, it has been shown that 

Vif binds to the 5'-UTR of A3G mRNA. There, it might recruit cellular factors that have an 
inhibitory effect on translation or interact with A3G mRNA-associated protein complexes and 

stimulate the drop off of cellular factors that have a stimulatory effect on A3G translation. In 
order to identify these proteins which might play a role in the translational inhibition mediated 

by Vif, a recently developed protocol for RNA-protein interaction detection (RaPID) has been 
used (172).  

 

 
Figure 15: Detection of proteins interacting with the 5'-UTR of A3G mRNA. The biotin ligase BirA is fused to 
the N protein of bacteriophage λ. The 5'-UTR of A3G mRNA is surrounded on both sides by 3 BoxB stem-loops. 
λN binds to BoxB and thereby brings BirA into proximity with the 5'-UTR of A3G mRNA. BirA can then catalyze 
biotinylation of proteins that are associated with the 5'-UTR of A3G mRNA. 

 
This protocol is based on a promiscuous biotin ligase called BirA that has been isolated from 
E. coli. BirA catalyzes biotinylation of proteins within a range of 10 nm and has first been used 

in fusion with different proteins of interest in order to identify interacting proteins (109, 178, 
183). For the study of RNA-associated proteins, BirA has been fused to the protein N of 
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bacteriophage λ. λN specifically binds to a stem-loop, named BoxB, which is present in the 

phage genome and allows transcription antitermination (180). For RaPID, the RNA of interest, 
in this case the 5'-UTR of A3G mRNA, is surrounded on both extremities with 3 BoxB stem 

loops (Fig. 15). The expression of both BirA-λN and the chimeric RNA in cells allows binding 
of BirA-λN to the RNA of interest through the λN-BoxB interaction and is followed by 

biotinylation of proteins bound to the RNA of interest. These proteins can then be isolated 
using streptavidin-bound magnetic beads and identified by mass spectrometry (172). 

 

2. Material and methods 
 

2.1 Plasmids 
BASU and BoxB plasmids were obtained from Dr. Karim Majzoub (Department of 

Neurosurgery, Stanford University School of Medicine, Stanford, California, USA). The 
sequence of the 5'-UTR of A3G-WT, A3G-∆uORF and the scrambled sequence (Appendix 1) 

were cloned into the BoxB plasmid using the Esp3I cloning site. 
The following reagent was obtained through the NIH AIDS Reagent Program, Division of 

AIDS, NIAID, NIH: HIV-1 NL4-3 Vif expression vector (pcDNA-hVif) from Dr. Stephan Bour 

and Dr. Klaus Strebel. For co-immunoprecipitation, a FLAG-tag was added at the C-terminus 
of hVif, resulting in the pcDNA-Vif-FLAG construct. The empty pcDNA vector was used as a 

negative control (pcDNA-Ø). The pCMV-A3G plasmid contains the full-length A3G cDNA 
(both UTRs and the CDS) under the control of the CMV promoter. 

 

2.2 Preparation of cells 
HEK293T cells at confluence were washed once with DMEM medium (Gibco) supplemented 
with 10 % fetal calf serum (Pan Biotech), 100 U/ml penicillin and 100 μg/ml streptomycin 

(Gibco) and once with EDTA/0.25 % trypsin (Gibco). Then they were detached from the culture 
support using trypsin and resuspended in DMEM. Cells were counted using 0.4 % trypan blue 

(Sigma) in a Luna cell counter (logos) and dispatched into 10 cm dishes at 2*106 cells per dish 

in a final volume of 5 ml DMEM. Cells were incubated at 37 °C and 5 % CO2. 
Cells were transfected with expression plasmids around 16 h after their seeding. Two μg of 

pcDNA-Vif or pcDNA-Ø, 12 μg of the Box plasmid (BoxB-A3Gwt, BoxB-A3G∆uORF or BoxB-
Scr) and 2 μg of BASU plasmids were used per dish. The plasmid preparation is gently mixed 

with 45 μl of XtremeGene9 (Roche) and 155 μl of Opti-MEM (Gibco) and incubated at room 
temperature for 10-15 min, then pipetted onto the cells. 
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Thirty-one h after transfection, old medium was discarded and fresh DMEM medium 

supplemented with 200 μM biotin (Sigma) was added to cells. Eighteen h after addition of 
biotin, the medium was discarded and cells were detached from the dishes in 1 mL of dPBS 

(Gibco) using cell scrapers. They were then centrifuged at 288 xg for 5 min and washed once 
with cold dPBS. Cell pellets were kept at -80 °C. 

 

2.3 Pull-down of biotinylated proteins 
Cells from one dish were resuspended in 1333 μl of lysis buffer B (50 mM Tris (pH 7.5), 500 

mM NaCl, 0.2 % SDS, 1 mM DTT) at room temperature, then 2 % Triton x100 were added and 
thoroughly mixed. 1467 μl of wash buffer B4 (50 mM Tris (pH 7.5)) were added and the mixture 

was sonicated twice for 10 s with a 10 s pause in between. The extract was centrifuged at 
15,000 xg at 4 °C for 10 min and the protein concentration of the supernatant was determined 

by a Bradford assay. In a 96 well plate, 1 μl of each lysate was diluted to a final volume of 200 
μl. In parallel, a concentration range of 0 to 70 μg/ml of BSA was also established at a final 

volume of 200 μl. Fifty μl of Bradford Assay Dye (BioRad) were added and the absorbance 
was measured at 595 nm. A volume corresponding to an equal amount of proteins for each 

sample of the same replicate (1 mg for replicate #1, 1.5 mg for replicates #2 and #3) was 

diluted at 1/2 with wash buffer B4 and used for pull-down. 
For pull-down, 300 μg of Dynabeads MyOne Streptavidin C1 (ThermoFisher) per sample were 

washed twice with wash buffer B4, resuspended with the cellular lysate and incubated over 
night at 4 °C under rotation. Beads were washed twice with wash buffer B1 (2 % SDS), once 

with wash buffer B2 (50 mM HEPES, 500 mM NaCl, 0.1 % Na-DOC, 1 % Triton x100, 1 μM 
EDTA), once with wash buffer B3 (10 mM Tris (pH 7.5), 250 μM LiCl, 0.5 % Na-DOC, 0.5 % 

NP40, 1 μM EDTA) and once with wash buffer B4. Beads were then resuspended in 100 μl of 
Laemmli and prepared for mass spectrometry. 

 

2.4 Identification of proteins by mass spectrometry 
The beads were heated in Laemmli at 95 °C for 10 min and were then discarded. Each sample 
was precipitated with 0.1 M ammonium acetate in 100% methanol, and proteins were 

resuspended in 50 mM ammonium bicarbonate. After a reduction-alkylation step (dithiothreitol 
5 mM – iodoacetamide 10 mM), proteins were digested overnight with 1:25 (w/w) sequencing-

grade porcine trypsin (Promega). One fifth of the peptide mixture was analysed by nanoLC-
MS/MS in an Easy-nanoLC-1000 system coupled to a Q-Exactive Plus mass spectrometer 

(ThermoFisher). Each sample was separated with an analytical C18 column (75 μm ID × 25 
cm nanoViper, 3 μm Acclaim PepMap; ThermoFisher) with a 160 min 300 nL/min gradient of 
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acetonitrile. The obtained data was searched against the Swissprot database with human 

taxonomy using the Mascot algorithm (version 2.5, Matrix Science). Mascot files were then 
imported into Proline v1.4 package (http://proline.profiproteomics.fr/) for post-processing. 

Proteins were validated with 1 % false discovery rate (FDR) and the total number of MS/MS 
fragmentation spectra (Spectral Count, SpC) was used to quantify each protein in the different 

samples. 
These steps have been performed by the team of the mass spectrometry platform (Plateforme 

de proteomique Esplanade). 

 

2.5 Bioinformatic analysis of identified proteins 
Mass spectrometry data obtained for each sample, including the proteins identified and their 
associated spectral counts, were stored in a local MongoDB database and several pairwise 

comparisons were then performed through a Shiny Application (developed by Béatrice Chane-
Woon-Ming, UPR9002, CNRS) built upon the msmsEDA (76) and msmsTests (75) 

R/Bioconductor packages. The latter were respectively used to conduct exploratory data 
analyses of LC-MS/MS data by spectral counts and differential expression tests using a 

negative-binomial regression model. The p-values were adjusted with FDR control by the 

Benjamini-Hochberg method and 3 parameters were used (adjusted p-value < 0.1 or 0.05, a 
minimum of 2 SpC in the most abundant condition, and a minimum fold change of 2) to define 

differentially expressed proteins.   
Total proteins, as well as proteins significantly enriched in samples compared to the 

corresponding scramble controls were analysed using functional annotation clustering with 
medium to high classification stringency against the background of the total human proteome 

on the Database for Annotation, Visualization and Integrated Discovery (DAVID; 
https://david.ncifcrf.gov) (94). 

 

2.6 Co-immunoprecipitation (without crosslinking) of Vif with its potential 
cellular partners 
HEK293T cells were seeded in 10 cm dishes at 2.5 million cells per dish. After 16-18 h of 

seeding, cells were transfected with 0.4 μg of pCMV-A3G and 4 μg of pcDNA- Ø or pcDNA-
Vif-FLAG. For the transfection, the plasmid preparation is gently mixed with 12 μl of 

XtremeGene9 (Roche) and 188 μl of Opti-MEM (Gibco), incubated at room temperature for 
10-15 min, then pipetted onto the cells. Ten h after transfection, cells were treated with 25 μM 

ALLN. Twenty-four h after transfection, cells were washed once with dPBS (Gibco), then 250 
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μl of RIPA 1x (1x PBS, 1 % NP40, 0.5 % Na-DOC, 0.05 % SDS, 1x Halt Protease Inhibitor 

Cocktail (ThermoScientific)) were added and cells were incubated at 4 °C for 10 min. Cells 
were centrifuged at 18,188 xg for 1 h at 4 °C, then the supernatant was recovered. 

900 μg protein G Dynabeads (Invitrogen) per sample were washed 3 times with RIPA 1x, then 
resuspended in 30 μl RIPA 1x. Two μg of Anti-FLAG M2 Mouse monoclonal antibody (F1804, 

Sigma) were added and incubated for 2 h at room temperature under rotation. Then beads 
were washed with RIPA 1x, resuspended in the cellular lysate (equivalent of 1.5 culture dishes 

per sample) and incubated at 4 °C for 2 h under rotation. Beads were washed 5 times with 

RIPA 1x and bound proteins were eluted in WB buffer (1x NuPAGE LDS Sample Buffer 
(Invitrogen), 1x NuPAGE Sample Reducing Agent (Invitrogen)) at 70 °C for 10 min. 

 

 
Table 4: List of antibodies. Antibody names, references and company are indicated. Secondary antibodies are 
conjugated to horseradish peroxidase (HRP, indicated in the name). Primary antibodies are diluted in WB blocking 
solution and secondary antibodies in TNT at the indicated dilutions and incubated for the indicated time at 4°C. The 
following reagents were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: Anti-
Human APOBEC3G Polyclonal from Dr. Warner C. Greene (219); HIV-1 Vif Monoclonal Antibody (#319) from Dr. 
Michael H. Malim (209, 210). 

 

2.7 Co-immunoprecipitation (with crosslinking) of Vif with its potential 
cellular partners 
HEK293T cells were seeded into 10 cm dishes at 2.5 million cells per dish in a final volume of 
5 ml DMEM medium (Gibco), supplemented with 10% fetal calf serum (Pan Biotech), 100 U/ml 

penicillin and 100 μg/ml streptomycin (Gibco). Cells were incubated at 37 °C and 5 % CO2. 
Cells were transfected with expression plasmids around 16-18 h after their seeding with 0.4 

μg of pCMV-A3G and 4 μg of pcDNA-Vif-FLAG per dish. The total amount of plasmid is 
adjusted to 4.4 μg using the pcDNA-Ø. The plasmid preparation is gently mixed with 12 μl of 

XtremeGene9 (Roche) and 188 μl of Opti-MEM (Gibco) and incubated at room temperature 

for 10-15 min, then pipetted onto the cells. Ten h after transfection, cells were treated with 25 
μM ALLN. 24 h after transfection, cells were washed twice with cold PBSCM buffer (dPBS 

(Gibco) supplemented with 0.1 mM CaCl2 and 1 mM MgCl2), and then incubated for 6 h at 4 
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°C in PBSCM supplemented with 1 mM dithiobis-succinimidyl-propionate (DSP, 

ThermoFisher). PBSCM-DSP was discarded and cells were incubated for 15 min at 4 °C in 
PBSCM supplemented with 20 mM Tris (pH 7.5). Cells were washed twice with cold PBSCM 

buffer and then incubated for 30 min at 4 °C in lysis buffer (50 mM Tris (pH 7.5), 300 mM NaCl, 
5 mM EDTA, 1 % Triton x100, 1 x HALT Protease Inhibitor Cocktail (ThermoFisher)). Cells 

were spun down at 17,000 xg for 15 min at 4°C and the supernatant was recovered. Sixty μl 
of Pierce Anti-DYKDDDDK Magnetic Agarose Beads (Invitrogen) were used per sample. 

Beads were washed 3 times with PBS, resuspended with the cell lysate and incubated over 

night at 4 °C under rotation. Beads were washed 5 times with wash buffer (50 mM Tris (pH 
7.5), 300 mM NaCl, 5 mM EDTA, 0.1 % Triton x100) and once with PBS, then incubated at 37 

°C for 15 min in 2x LDS Sample Buffer (NuPage) supplemented with 50 mM DTT. The 
supernatant was recovered and analysed by western blotting. 

2.8 Western blotting 
Western blotting was performed as described in III-2.2.4. For the input, cellular lysate 
equivalent to 20-30 μg of proteins was loaded. Primary and secondary antibodies were added 

as described in table 4.  

 

3. Results 
 
The RaPID approach has allowed us to identify between 581 and 916 proteins in each sample. 
Amongst the total proteins identified in all samples, a large proportion has known functions in 

mRNA metabolism (Fig. 16A). This indicates that BirA seems to indeed biotinylate mainly 
proteins associated with RNA, thereby partially validating the functionality of the approach, as 

in the case of random biotinylation in the cell, no particular functional clusters would have been 
enriched above the basic expression level of the human proteome. Many of the identified 

proteins are implicated in translation, splicing and export of mRNAs while others possess 
known RNA binding domains (Fig. 16A). Surprisingly, proteins implicated in cell-cell junctions 

constitute the most enriched functional cluster (Fig. 16A). 

 
The identified proteins across all samples have first been subjected to a principal component 

analysis (PCA), a tool for the high-level visualization of sample similarities. The PCA identified 
two principal components (PCs) that respectively captured ~36% and ~18% of the total 

variability in the data (Fig. 16B). The experimental groups tend to separate across the principal 
components, while biological replicates do not, indicating stronger experimental effects than 



IV. Identification of proteins interacting with the 5'-UTR of A3G mRNA 

- 122 - 
 

replication effects or noise, thus validating the experimental design. Reassuringly, there does 

not appear to be any overall outlier samples, which may have indicated experimental issues. 
It can be noted that PC1 clearly separates controls performed with the scrambled RNA 

 
Figure 16: Identification of proteins that interact with the 5'-UTR of A3G mRNA WT or ∆uORF. Proteins have 
been isolated by RaPID and identified by MS/MS. (A) DAVID functional annotation clustering with medium 
classification stringency of total proteins identified in all samples. The 6 most enriched clusters are shown. (B) 
Principal component (PC) analysis of all samples. The colour code is represented in the bottom left corner and 
numbers indicate the replicate. (C) Number of proteins that are significantly enriched in indicated samples compared 
to the corresponding scramble control with an adjusted p-value < 0.1 or < 0.05 and a minimum fold change of 2. 
Analysis has been performed with a differential expression test using a negative-binomial regression model. (D) 
DAVID functional annotation clustering with high classification stringency of proteins significantly enriched 
compared to the scramble controls. The 3 most enriched clusters are shown.  

sequence from the other samples (Fig. 16B). This suggests that the majority of proteins 
retrieved with the A3G 5'-UTR are not random RNA-binding proteins, as those that could bind 

the scrambled RNA control, but were specifically associated with our RNA of interest. In the 
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absence of Vif, samples obtained for the WT A3G 5'-UTR (Fig. 16B, blue field) are separated 

from ∆uORF samples (Fig. 16B, green field) by PC2, which suggests that the composition of 
these samples is dependent on the presence of the uORF. WT replicate #3 seems to be an 

outlier because it clusters closer to the ∆uORF samples than the other WT replicates. This 
sample will therefore be excluded for differential expression tests comparing A3G WT with 

∆uORF or A3G WT in the presence and absence of Vif. 
 

In the presence of Vif, WT and ∆uORF samples mix with no clearly distinctive clustering 

depending on the uORF. Samples in the presence of Vif (Fig. 16B, yellow field) seem to cluster 
separately from samples in the absence of Vif (Fig. 16B, green and blue fields), which indicates 

that the composition of samples depends on Vif. 
 

Despite the large number of total identified proteins and a strongly marked separation of 
samples from the negative controls observed in PCA, statistical analysis of proteins that are 

enriched in each sample compared to the scramble control has allowed identification of only a 
relatively small number of significant proteins. Indeed, between 5 and 30 proteins have been 

identified to be significantly enriched on each 5'-UTR with an adjusted p-value below 0.1 (Fig. 

16C). Functional annotation clustering of these proteins showed that proteins implicated in 
translation and splicing are amongst the most enriched functional clusters (Fig. 16D). The 

cluster of cell-cell junction proteins, which was the most enriched cluster amongst the total 
proteins (Fig. 16A) has not been identified amongst proteins specifically enriched in our 

samples (Fig. 16D), which indicated that this cluster contains unspecific proteins.  
 

Comparison of proteins present on the A3G 5'-UTR in the presence and absence of the uORF 
allowed identification of 11 proteins which are significantly enriched in the presence, and 15 

proteins significantly enriched in the absence of the uORF (Fig. 17A). Amongst these proteins, 
some have known functions in regulation of translation (EIF3A, EIF3C, IF4G1, RL24, RL27, 

PDIP3), mRNA stability and degradation (ATX2L, VIME), nuclear mRNA export (THOC2), 

splicing (NUP98, PRP31) or are known to bind RNAs (HNRPK, SND1). A brief description of 
each of these proteins is given in table 5. 

Comparison of proteins associated with the WT 5'-UTR of A3G in the presence and absence 
of Vif allows identification of potential cellular partners of Vif. Proteins which are upregulated 

on the A3G 5'-UTR by Vif are potentially recruited and proteins which are downregulated in 
the presence of Vif might be dropped off. We have identified 14 proteins that are significantly 

downregulated from the A3G 5'-UTR by Vif (Fig. 17B). Importantly, 4 of these proteins (RL27,  
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Figure 17: Influence of Vif and the uORF on A3G 5'-UTR-bound proteins. Comparison of proteins bound to the 
5'-UTR of A3G mRNA in two different conditions was realized using a negative-binomial regression model. An 
adjusted p-value < 0.1 and a minimal fold change of 2 were used as cut-off and are indicated as red lines on the y-
axis and the x-axis respectively. Protein names are indicated next to the corresponding spot, keratins are marked 
as "K". (A) Comparison of proteins bound to the 5'-UTR of WT and ∆uORF A3G mRNA in the absence of Vif. 
Proteins enriched on WT A3G are indicated on the right and proteins enriched on ∆uORF A3G on the left. (B) 
Comparison of proteins bound to the 5'-UTR of WT A3G mRNA in the presence and absence of Vif. Proteins 
enriched in the presence of Vif are indicated on the right and proteins enriched in the absence of Vif on the left.  
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RL24, AP3D1 and THOC2) were also specifically associated with WT A3G in comparison to 

the ∆uORF (Fig. 17A). Seven proteins seem to be significantly recruited by Vif. Interestingly, 
amongst these proteins two (PDIP3 and MDC1) were also identified to be preferentially 

associated with the ∆uORF A3G 5'-UTR (Fig. 17B). These proteins, as well as RPL37A, which 
was the most statistically significant after PDIP3, were selected to test whether Vif directly 

interacts with them or not. Immuno-precipitation of a C-terminal FLAG-tagged Vif from 
crosslinked or non-crosslinked HEK293T cell lysates was performed with an @-FLAG antibody 

and associated proteins were analysed by western blot. As expected, A3G co-

immunoprecipitated with Vif in both conditions, however, none of the tested proteins seemed 
to directly interact with Vif (Fig. 18). 

 

 
Figure 18: Co-immunoprecipitation of Vif with its potential cellular partners. Immunoprecipitation of Vif-FLAG 
from HEK293T cell lysates has been performed on non-crosslinked (No CL) or cross-linked (CL) samples. Non-
crosslinked samples were immunoprecipitated in the presence or absence of an anti-Flag antibody and Vif-Flag. 
Crosslinked samples were immunoprecipitated on anti-flag magnetic beads in the presence or absence of Vif-Flag. 
Approximately 5 % of the samples was charged as "Input". Proteins were revealed by western blotting. 

 

3. Discussion 
 

The RaPID protocol has allowed us to identify between 3 and 30 proteins which significantly 

associate with the 5'-UTR of A3G mRNA in different conditions. Amongst the identified 

proteins, many are known to typically interact with mRNAs. Samples of the different conditions 
mostly cluster together which indicates that their composition depends on the presence of Vif 

and the uORF. While this validates the strength of the approach and shows that RaPID is able 
to identify proteins specifically associated with our RNA of interest, the number of significantly 
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enriched proteins is rather low. One possible explanation is that many proteins that are 

associated with the RNA of interest might be too far away from the BirA enzyme to allow 
biotinylation and are therefore lost during the pull-down. Indeed, the RaPID protocol has been 

published using rather small RNA sequences of around 38 nts (172), while RNAs studied in 
our case have a total length of 304 (WT) and 232 (∆uORF) nts. Given that BirA can only 

biotinylate proteins at a maximum distance of 10 nm, only a portion of the proteins associated 
with the 5'-UTR of A3G might have been reached by BirA. Interestingly, when Vif is added, the 

samples don't cluster anymore depending on the presence of the uORF. This is unexpected 

because as shown previously (Libre, Seissler et al., in preparation), the uORF is necessary to 
allow Vif-mediated translational control of A3G. 

When comparing the proteins associated with the A3G WT and ∆uORF 5'-UTRs, several 
proteins are significantly enriched on either the one or the other. It can be noted that several 

translation initiation factors (EIF3C, EIF3A and IF4G1) are enriched on the ∆uORF RNA. 
EIF3A is particularly interesting because it is the subunit of the eIF3 complex that regulates 

binding to the mRNA and can stimulate, as well as repress, translation (122). PDIP3, known 
to be a translation stimulator (130), is also enriched on the ∆uORF 5'-UTR. This might be due 

to a more active translation of the A3G mORF in the absence of the uORF, while translation is 

repressed in its presence. 
Two ribosomal proteins (RL24 and RL27) are enriched on WT RNA. This is particularly 

interesting because ribosomes with a different composition in ribosomal proteins exist and 
these variants are known to have different characteristics (79). For example, it has been shown 

in plants that ribosomes containing the RL24 protein more efficiently re-initiate translation in 
the presence of a uORF as well as in polycistronic mRNAs (155, 163). The RL24-containing 

ribosome might specifically associate with the 5'-UTR of WT A3G mRNA to allow translation 
of the A3G mORF by re-initiation after translation of the uORF. 

When comparing proteins associated with the WT A3G 5'-UTR in the presence and absence 
of Vif, several proteins seem to be dropped off from or recruited on the A3G 5'-UTR in the 

presence of Vif. Amongst these, we found 3 ribosomal proteins (RL4, RL24 and RL27) that are 

dropped off, while 2 others (RL37A and RL36) are recruited. This might be an example for a 
Vif-induced switch in ribosome composition with an effect on translation. Interestingly, RL24 

and RL27 have been identified to be specifically enriched on the A3G 5'-UTR in the presence 
of the uORF, but to be downregulated in the presence of Vif. RL24 for example might be 

necessary for translation of the A3G mORF by stimulating re-initiation after uORF translation. 
Vif downregulates the association of this protein with the A3G 5'-UTR which in consequence 

might lead to a decrease in re-initiation and results in decreased translation of the A3G mORF.  
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Table 5: List of all mentioned proteins. The UniProtKB ID, accession, full name and a short summary of the 
function are indicated for each protein (https://www.uniprot.org) (242). 

This would also be consistent with the fact that Vif can only inhibit translation of A3G in the 
presence of the uORF. In the absence of the uORF, RL24 would not be necessary and 

UniprotKB ID UniProtKB 
Accession Protein Name Function

AP3D1_HUMAN O14617 AP-3 complex subunit delta-1 Role in trafficking of vesicles from the Golgi.
ATX2L_HUMAN Q8WWM7 Ataxin-2-like protein Regulation of stress granule and P-body formation.

BAZ1B_HUMAN Tyrosine-protein kinase BAZ1B Role in chromatin remodelling, transcription regulation and 
DNA damage response.

CYBP_HUMAN Q9HB71 Calcyclin-binding protein Potential component of ubiquitin E3 complexes.

DDX27_HUMAN Q96GQ7 Probable ATP-dependent RNA helicase 
DDX27 ATP-dependent RNA helicase involved in rRNA biogenesis.

DDX3X_HUMAN O00571 ATP-dependent RNA helicase DDX3X
Stimulates translation of mRNAs with structured 5'-UTRs, can 
compete with eIF4E and inhibit translation, involved in P-body 
formation.

DESP_HUMAN P15924 Desmoplakin Component of desmosomes.

DKC1_HUMAN O60832 H/ACA ribonucleoprotein complex 
subunit DKC1 snoRNP complex that catalyzes pseudouridylation of rRNA.

DSG1_HUMAN Q02413 Desmoglein-1 Component of intercellular desmosome junctions.

EIF3A_HUMAN Q14152 Eukaryotic translation initiation factor 3 
subunit A

Component of the eIF-3 complex, can bind to RNA (especially 
stem-loops) and activate or repress translation.

EIF3C_HUMAN Q99613 Eukaryotic translation initiation factor 3 
subunit C Component of the eIF-3 complex.

HNRPK_HUMAN P61978 Heterogeneous nuclear ribonucleoprotein 
K Binds to poly-C RNA sequences.

IF4G1_HUMAN Q04637 Eukaryotic translation initiation factor 4 
gamma 1 Component of the eIF4F complex.

MDC1_HUMAN Q14676 Mediator of DNA damage checkpoint 
protein 1 Role in cell cycle arrest in response to DNA damage.

MED1_HUMAN Q15648 Mediator of RNA polymerase II 
transcription subunit 1

Activation of transcription of RNA polymerase II-dependent 
genes.

MPP8_HUMAN Q99549 M-phase phosphoprotein 8
Mediates recruitment of the HUSH complex to methylates 
histones. The HUSH complex is also involved in the silencing 
of unintegrated retroviral DNA.

NOG2_HUMAN Q13823 Nucleolar GTP-binding protein 2 Required for nuclear export and maturation of pre-60S 
ribosomal subunits.

NUP98_HUMAN P52948 Nuclear pore complex protein Nup98 Role in transcription and alternative splicing activation.

PDIP3_HUMAN Q9BY77 Polymerase delta-interacting protein 3 Stimulates translation by recruitment of ribosomal protein S6 
kinase beta-1 I/RPS6KB1 to newly synthesized mRNA.

PHF2_HUMAN O75151 Lysine-specific demethylase PHF2 Histone lysine demethylase activated through phosphorylation 
by PKA.

PRP31_HUMAN Q8WWY3 U4/U6 small nuclear ribonucleoprotein 
Prp31 Component of the spliceosome.

RBM28_HUMAN Q9NW13 RNA-binding protein 28 Component of the spliceosome.

RCC2_HUMAN Q9P258 Protein RCC2 Multifunctional protein, regulates GTPases such as RAC1 and 
RALA.

RL24_HUMAN P83731 60S ribosomal protein L24 Component of the ribosome.
RL27_HUMAN P61353 60S ribosomal protein L27 Component of the large ribosomal subunit.
RL36_HUMAN Q9Y3U8 60S ribosomal protein L36 Component of the ribosome.
RL37A_HUMAN P61513 60S ribosomal protein L37a Component of the ribosome.
RL4_HUMAN P36578 60S ribosomal protein L4 Component of the ribosome.

SND1_HUMAN Q7KZF4 Staphylococcal nuclease domain-
containing protein 1

Endonuclease that mediates miRNA decay, transcriptional 
coactivator for STAT5.

SPB1_HUMAN Q8IY81 pre-rRNA 2'-O-ribose RNA 
methyltransferase

Catalyzes 2'-O-methylation of mRNAs. The HIV-1 gRNA 
recruits this enzyme to escape the innate immune system.

TB182_HUMAN Q9C0C2 182 kDa tankyrase-1-binding protein Unknown
TBCB_HUMAN Q99426 Tubulin-folding cofactor B Binds to alpha-tubulin folding intermediates.
THOC2_HUMAN Q8NI27 THO complex subunit 2 Role in nuclear export of mRNAs.
TLN1_HUMAN Q9Y490 Talin-1 Connection of the cytoskeleton to the plasma membrane.

TOP1_HUMAN P11387 DNA topoisomerase 1 Releases the supercoiling of DNA introduced by replication of 
transcription by cleaving and rejoining one strand.

VIGLN_HUMAN Q00341 Vigilin Role in cell sterol metabolism. Component of stress granules in 
yeast.

VIME_HUMAN P08670 Vimentin Component of intermediate filaments, involved in the 
stabilization of CO1A1 and CO1A2 mRNAs.
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therefore Vif could not affect A3G translation. Interestingly, two of the proteins (PDIP3 and 

MDC1) specifically associated with the ∆uORF 5'-UTR in the absence of Vif, were also found 
enriched on the WT 5'-UTR in the presence of Vif. PDIP3 is particularly interesting because it 

is known to regulate translation. It is difficult to imagine however, how the recruitment of these 
proteins on A3G 5'-UTR might help Vif in inhibiting A3G translation, given that PDIP3 is 

associated with translation stimulation (130). Moreover, a direct interaction between Vif and 
PDIP3, which would have explained PDIP3 recruitment to the A3G 5'-UTR, could not be 

detected by co-immunoprecipitation. In order to confirm the role of the proteins identified in 

this study in translational regulation of A3G, it would be interesting to decrease their expression 
using RNA silencing, or to overexpress them in cells and see whether this has an impact on 

A3G expression. 
 

Overall, this study has generated some interesting results, however, the small number of 
significantly enriched proteins on each mRNA has been an important downside for data 

analysis. Indeed, most of the proteins that seemed interesting in the comparison between the 
WT and ∆uORF as well as the comparison with and without Vif are not significantly enriched 

in each of these conditions separately in comparison to the corresponding scramble controls, 

which hampers the overall significance of these proteins. Moreover, it is probable that 
recruitment of the ribosome or even translation initiation is not actually possible on the chimeric 

BoxB-RNA used in this experiment due to Box-B stem loops which are rather tightly associated 
with the λN proteins. This, as well as the maximum biotinylation distance of BirA discussed 

above might have contributed to the low number of proteins identified in this study. 
 

In conclusion, the technique has been useful to get a first view on the different types of proteins 
that might be associated with A3G mRNA and it promotes the hypothesis, that the interactome 

of this mRNA is different depending on the uORF and Vif. However, in order to have a more 
complete view of the A3G mRNA interactome, it would be better to study the native full-length 

mRNA by RNA pull-down from cellular lysates. This would not only allow to study the entire 

A3G mRNA in a more physiological context, but also bypass the experimental limitations 
encountered with the RaPID technique. 
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V. Development of a protocol to identify 
proteins associated with the full-length A3G 
mRNA 
 

 

1. Study of RNA-protein complexes: state of the art 
 

RNA-protein interactions are essential in cells and regulate many important mechanisms in the 

life of an mRNA including transcription, nuclear export, cellular localization, translation and 
stability. A multitude of protocols have been developed in recent years in order to fully 

apprehend the RNA-protein interactome in cells with the aim to decipher diverse cellular 

processes (16, 46, 141, 173, 176). 
On the one hand, protein-centric analyses aim at finding all different RNAs bound by a given 

RNA-binding protein. Most of these studies are based on cross-linking of RNA-protein 
complexes in cells followed by immunoprecipitation of the protein of interest and sequencing 

of associated RNAs. Cross-linking can be performed using different strategies: (i) irradiation 
of cells with UV-light at a wavelength of 254 nm allows cross-linking of pyrimidines with directly 

interacting proteins, mainly through their aromatic residues (CLIP); (ii) cross-linking efficiency 
can be increased by the incorporation of a photo-activable residue into RNA which will react 

directly with proteins after irradiation at a wavelength of 365 nm (PAR-CLIP); (iii) cross-linking 
with formaldehyde is also possible, but this does not only cross-link RNA-protein but also 

protein-protein interactions and therefore allows stabilization of larger RNP complexes (16, 46, 

141, 176). 
On the other hand, RNA-centric approaches try to identify all different proteins interacting with 

a given RNA. While highly specific antibodies are readily available for CLIP and PAR-CLIP, 
RNA-centric approaches are more complicated due to the difficulty of specifically isolating one 

RNA of interest. 
Multiple different protocols exist for capture of RNA-binding proteins on in vitro-transcribed 

RNA. This RNA is often biotinylated, either at its 5' or 3' extremity (15, 237), or by incorporation 
of biotinylated UTP or CTP (13, 26, 185, 218), which allows binding of the RNA to streptavidin 

coated beads. The RNA can also contain an aptamer, allowing specific binding of an adaptor 
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protein bound to beads. These protocols exploit for example the specific interaction between 

the S1 aptamer with streptavidin or the MS2 stem loop with its coat protein (124). Once the 
RNA is bound to the beads, those are incubated with cellular lysate in order to capture 

interacting proteins, which can then be analysed either by western blotting or mass 
spectrometry (173, 218, 237). 

While these protocols are rather convenient because they allow rapid testing of different RNA 
constructs, the disadvantage is that RNA-protein interactions are formed in vitro in a non-

physiological context, which might favour non-specific interactions. Therefore, different 

protocols have been developed, which capture RNP complexes directly formed in cellula. For 
example, RNAs containing an aptamer can be expressed in cells after transfection of 

expression plasmids. The RNA-protein interactions are formed in cells under physiological 
conditions followed by purification of the RNP of interest with the corresponding adaptor protein 

for the used aptamer (92, 124). The adaptor protein can also be fused to a biotinylase and be 
co-expressed in cells with the targeted transcript. This allows biotinylation and isolation of 

proteins that bind on the RNA of interest in proximity of the aptamer (172). However, these 
approaches necessitate ectopic introduction and expression of the aptamer-containing 

transcript which could increase non-physiologic interactions or hinder binding of certain factors. 

The capture of intrinsically expressed transcripts is also possible using complementary 
oligonucleotides (1, 16, 36, 141, 211). These oligonucleotides can have different lengths, 

ranging from 10 to 120 nucleotides and are generally biotinylated to allow capture on 
streptavidin beads. A single oligo, complementary to the RNA of interest can be used, but most 

of the time, multiple oligos are tiled across the entire transcript to maximize pull-down efficiency 
(1, 16, 36, 141, 211). 

 
Vif interacts with the A3G mRNA and might induce drop off or recruitment of cellular proteins. 

Previous results have shown that the proteic interactome of the 5'-UTR of A3G mRNA changes 
depending on the presence of Vif and the uORF. In order to characterize the interactome of 

the entire A3G mRNA in more physiological conditions we aimed at developing a protocol to 

pull-down full length A3G mRNA from cells and to study the associated protein complexes. 
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2. Material and methods 
 

2.1 Pull-down of A3G mRNA using complementary, biotinylated 
oligonucleotides 
 
2.1.1 Design of oligos for pull-down 
The structure of the A3G coding region was predicted using the mfold website with default 

settings (http://unafold.rna.albany.edu//?q=mfold/RNA-Folding-Form) (240). The structure with 
a calculated ∆G of -353.3 has been selected and 10 oligonucleotides have been designed to 

hybridize with entirely or partially single stranded regions, covering the entire sequence of the 
A3G coding region (Table 6 B-1 to 10; Appendix 2). 

 

 
Table 6: Oligonucleotides used for A3G mRNA pull-down. For each oligo, a name, the sequence of the oligo 
from 5' to 3', the type of modification if there is one and the position on A3G mRNA to which the oligo hybridizes 
are indicated. 

Name Sequence (5'-3') Modification Region of A3G mRNA
B-1 tgg gtc tat tat aaa agt tg 5' biotin 354-373
B-2 ttc gga ata cac ctg gcc tc 5' biotin 461-480
B-3 gta cca ggt gac ctc ata ct 5' biotin 551-570
B-4 ggc aac gaa gat ggt cag gg 5' biotin 641-660
B-5 aaa ttc gtc ata att cat ga 5' biotin 748-767
B-6 ttg tta aag ttg aaa gtg aa 5' biotin 901-920
B-7 cct ggt tgc ata gaa agc cc 5' biotin 1014-1033
B-8 ctc acg tgt ttg ttt ttt ga 5' biotin 1195-1214
B-9 att att gaa att ttg gcc cc 5' biotin 1291-1309
B-10 atg gcc cgc agc ctc cca ct 5' biotin 1511-1530
D-1 cct ggt tgc ata gaa agc cc 5' desthiobiotin 1014-1033
D-2 ctc acg tgt ttg ttt ttt ga 5' desthiobiotin 1195-1214
D-3 att att gaa att ttg gcc cc 5' desthiobiotin 1291-1309
D-4 atg gcc cgc agc ctc cca ct 5' desthiobiotin 1511-1530

cap1
caa ttg aga aca gtg ctg aaa
ttc gtc ata att cat ga 3' biotin 749-778

scr1
ggt aag ctc cta aat aaa tag 
agt ctc gat act tgt aa 3' biotin

rel1
tca tga att atg acg aat ttc 
agc act gtt ctc aat tg /

cap2
caa ttg aca cag gct cac gtg 
ttt gtt ttt tga aat ga 3' biotin 1190-1219

scr2
tga gca tat aat agt gcg tgg
tct cat aca tca gtt tt 3' biotin

rel2
tca ttt caa aaa aca aac acg
tga gcc tgt gtc aat tg /

Name Sequence (5'-3') Target Position 
on target

Size of 
amplicon (bp)

Hybridization
temperature (°C)

Spe aag atg cac agg ctc acg tg A3G 1207-1226
Es ttg caa ttg cct tgg gtc ct A3G 11-30

375 65
Ea gac gag aaa gga tgg gtc ta A3G 366-385
Cs gga tcc acc cac att cac tt A3G 888-907

89 66
Ca atg cgc tcc acc tca taa c A3G 959-977
ESPs ttc tcc aga atc agg aaa ac A3G 1429-1449

122 61
ESPa gtg tct gtg atc agc tgg ag A3G 1569-1551
Gs aac ctg cca agt acg atg aca tc GAPDH 828-850

76 55
Ga gta gcc cag gat gcc ctt ga GAPDH 885-904



V. Development of a protocol to identify proteins associated with the full-length A3G mRNA 

- 132 - 
 

2.1.2 Preparation of cells 
HEK293T cells at confluence were washed once with DMEM medium (Gibco), supplemented 

with 10% fetal calf serum (Pan Biotech), 100 U/ml penicillin and 100 μg/ml streptomycin 
(Gibco), and once with EDTA/0.25 % trypsin (Gibco). Then they were detached from the 

culture support using trypsin and resuspended in DMEM. Cells were counted using 0.4 % 
trypan blue (Sigma) in a Luna cell counter (logos) and dispatched into 10 cm dishes at 2.5*106 

cells per dish in a final volume of 10 ml DMEM. Cells were incubated at 37 °C and 5 % CO2. 

Cells were transfected with expression plasmids around 16-18 h after their seeding. 0.1 μg of 
pCMV-A3G and 1 μg of pcDNA-Vif were used per dish. The total amount of plasmid is adjusted 

to 2 μg using the pcDNA-Ø. The plasmid preparation is gently mixed with 6 μl of XtremeGene9 
(Roche) and 94 μl of Opti-MEM (Gibco) and incubated at room temperature for 10-15 min, 

then pipetted onto the cells. 
Cells were detached from the dishes 24 h after transfection using trypsin. Cells were 

resuspended in DMEM and counted. They were then centrifuged at 288 xg for 5 min and 
washed twice with cold dPBS (Gibco). Cell pellets were kept on ice. 

 

2.1.3 Cell lysis in a syringe 
The cells were resuspended in lysis buffer S (20 mM HEPES (pH 7.5); 100 mM KCl; 10 mM 

MgCl2; 1 mM DTT; 0.5 % NP40; 0.1 u/ml RNAsin (Promega); 5 mM EDTA; 1x Halt protease 
inhibitor cocktail (ThermoScientific)) at 100 μl per 107 cells. Cells were aspirated ten times 

through a 27G needle, and the resulting total cell lysate was centrifuged at 153 xg for 10 min 
at 4 °C to eliminate cell debris. 

The protein concentration of the supernatant was determined by a Bradford assay. In a 96 well 
plate, 1 μl of each lysate was diluted to a final volume of 200 μl. In parallel, a concentration 

range of 0 to 70 μg/ml of BSA was also established at a final volume of 200 μl. Fifty μl of 

Bradford Assay Dye (BioRad) were added and the absorbance was measured at 595 nm. The 
lysate was then aliquoted at 500 μg of protein per tube, 15 mM of DTT were added and the 

final volume was adjusted to 200 μl with 100-KCl buffer (20 mM HEPES (pH 7.5); 100 mM 
KCl; 10 mM MgCl2; 0.01 % NP40). 

 

2.1.4 Pull-down 
Fifty μg of MagsiSTA-600 streptavidin-coated magnetic beads (MagnaMedics) were incubated 

with 500 pmol of an equimolar mixture of ten biotinylated oligonucleotides complementary to 
A3G mRNA. Alternatively, equivalent amounts of other beads in the Magsi-STA trial kit 

(MagnaMedics) were used. After 1 h in a thermomix at 25 °C and 650 rpm shaking, beads 



V. Development of a protocol to identify proteins associated with the full-length A3G mRNA 

- 133 - 
 

were collected on a magnetic stand, washed once in 100-KCl buffer and then incubated for 15 

min at 37 °C in 100 μl saturation buffer (0.2 μg/μl total yeast tRNA; 0.5 μg/μl heparin; 0.64 U/μl 
RNasin; 20 mM HEPES (pH 7.5); 100 mM KCl; 10 mM MgCl2; 0.01 % NP40). One aliquot of 

cell lysate was added and incubated in a thermomix for 1 h at 37 °C and 650 rpm, then the 
tubes were kept on ice for at least 15 min. Beads were washed twice with 100-KCl buffer and 

resuspended in 30 μl H20. 
To test for unspecific binding, 0.3 U of DNase (Roche) and 1x DNase buffer (Roche) have 

been added to beads after pull-down and incubated at 37 °C for 1 h. The mix was then 

subjected to phenol-chloroform extraction followed by ethanol precipitation. 
For more stringency, a third washing step with a 500-KCl buffer (20 mM HEPES (pH 7.5); 500 

mM KCl; 10 mM MgCl2; 0.01 % NP40) or the 1000-KCl buffer (20 mM HEPES (pH 7.5); 1 M 
KCl; 10 mM MgCl2; 0.01 % NP40) was added after incubation of the beads with the lysate.  

For preclearing, the lysate was incubated twice with 150 μg of beads at 37 °C for 30 min and 
the beads were eliminated. The pre-cleared lysate was then used for pull-down as described 

above. 

 

2.1.5 Analysis of oligo retention 
Fifteen μl of the final bead suspension was mixed with 15 μl of formamide blue (95 % 
formamide, 0.025 % xylene cyanol, 0.025 % bromophenol blue) and incubated at 90 °C for 2 

min. The mixture was loaded onto a 0.8 % agarose gel (TBE 0.5X) and run at 100 V for 30 min 
and revealed using ethidium bromide staining. 

 

2.1.6 RT-PCR 
Fifteen μl of the final bead suspension were used for RT-PCR. 

RT-BioRad: the final volume of beads was adjusted with H2O to 16 μl. Four μl of iScript 
Reverse Transcription Supermix for RT-qPCR (BioRad) or the corresponding No-RT control 

were added and the mixture was incubated at 25 °C for 5 min, 42 °C for 30 min and 85 °C for 
5 min. 

RT-AMV: 1 μl of primer Spe (Table 7) was added to the beads and the mixture was heated at 
90 °C for 2 min and then kept on ice for at least 2 min. RT Buffer 1x (Life Sciences), 0.25 mM 

of each dNTP and 4 U of RT-AMV (Life Sciences) were added and the total volume was 

adjusted to 20 μl. The mixture was incubated at 42 °C for 20 min, 50 °C for 30 min and 60 °C 
for 10 min. 

After RT, 500 μg of RNase A (Roche) were added and incubated for 15 min at 60 °C in order 
to digest template RNA. 
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PCR: An aliquot of the RT-reaction was mixed with 0.2 μM of sense and antisense primers 

(Table 7), 1x Taq buffer (75 mM Tris (pH 8.8), 20 mM ammonium sulfate, 0.01 % Tween20, 2 
mM MgCl2), 0.25 mM of each dNTP, 2.5 U of Taq polymerase (homemade). The total volume 

was adjusted to 50 μl and the mixture was incubated at 95 °C for 3 min, then 35 cycles of 30 
s at 95 °C, 30 s at the hybridization temperature (Table 7) and 1 min at 72 °C were performed. 

This was followed by 5 min at 72 °C. 
PCR products were migrated on a 0.8% agarose gel (TBE 0.5x) at 100 V for 45 min and 

revealed by ethidium bromide staining. 

 

 
Table 7: Primers used for PCR and qPCR. For each primer a name, the sequence of the primer from 5' to 3', the 
target mRNA and the position of the target to which the oligo hybridizes are indicated. Spe is used as an RT-primer, 
the others go by pairs (s-sense and a-antisense) and are used for PCR amplification of an amplicon with the 
indicated size (bp=base pairs). 

 

2.1.7 Quantification of bands on agarose gel 
An image of the gel was analysed with ImageJ (https://imagej.nih.gov/ij/) (196). A rectangular 

selection of the same size has been drawn around the bands of the expected size. An empty 
lane or a region directly below or above the bands has been used to quantify the background 

signal. Integrated density was measured for each rectangle. 

 

2.1.8 In vitro transcription of A3G mRNA 
First, 5 μg of the pCMV-T7-A3G has been linearized using 10 U XbaI in 1x Tango buffer for 2 

h at 37 °C. The digested plasmid has then been purified using phenol-chloroform extraction 

followed by ethanol precipitation and linearization has been verified on an agarose gel. In vitro 
transcription has been performed using 1 μg of linearized plasmid and the Megascript T7 kit 

(Invitrogen) according to manufacturer's instructions at 37 °C for 3 h. The reaction mix was 

Name Sequence (5'-3') Modification Region of A3G mRNA
B-1 tgg gtc tat tat aaa agt tg 5' biotin 354-373
B-2 ttc gga ata cac ctg gcc tc 5' biotin 461-480
B-3 gta cca ggt gac ctc ata ct 5' biotin 551-570
B-4 ggc aac gaa gat ggt cag gg 5' biotin 641-660
B-5 aaa ttc gtc ata att cat ga 5' biotin 748-767
B-6 ttg tta aag ttg aaa gtg aa 5' biotin 901-920
B-7 cct ggt tgc ata gaa agc cc 5' biotin 1014-1033
B-8 ctc acg tgt ttg ttt ttt ga 5' biotin 1195-1214
B-9 att att gaa att ttg gcc cc 5' biotin 1291-1309
B-10 atg gcc cgc agc ctc cca ct 5' biotin 1511-1530
D-1 cct ggt tgc ata gaa agc cc 5' desthiobiotin 1014-1033
D-2 ctc acg tgt ttg ttt ttt ga 5' desthiobiotin 1195-1214
D-3 att att gaa att ttg gcc cc 5' desthiobiotin 1291-1309
D-4 atg gcc cgc agc ctc cca ct 5' desthiobiotin 1511-1530

cap1
caa ttg aga aca gtg ctg aaa
ttc gtc ata att cat ga 3' biotin 749-778

scr1
ggt aag ctc cta aat aaa tag 
agt ctc gat act tgt aa 3' biotin

rel1
tca tga att atg acg aat ttc 
agc act gtt ctc aat tg /

cap2
caa ttg aca cag gct cac gtg 
ttt gtt ttt tga aat ga 3' biotin 1190-1219

scr2
tga gca tat aat agt gcg tgg
tct cat aca tca gtt tt 3' biotin

rel2
tca ttt caa aaa aca aac acg
tga gcc tgt gtc aat tg /

Name Sequence (5'-3') Target Position 
on target

Size of 
amplicon (bp)

Hybridization
temperature (°C)

Spe aag atg cac agg ctc acg tg A3G 1207-1226
Es ttg caa ttg cct tgg gtc ct A3G 11-30

375 65
Ea gac gag aaa gga tgg gtc ta A3G 366-385
Cs gga tcc acc cac att cac tt A3G 888-907

89 66
Ca atg cgc tcc acc tca taa c A3G 959-977
ESPs ttc tcc aga atc agg aaa ac A3G 1429-1449

122 61
ESPa gtg tct gtg atc agc tgg ag A3G 1569-1551
Gs aac ctg cca agt acg atg aca tc GAPDH 828-850

76 55
Ga gta gcc cag gat gcc ctt ga GAPDH 885-904
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then treated with Turbo DNase for 15 min at 37 °C and the transcripts were purified using 

phenol-chloroform extraction followed by ethanol precipitation. 

 

2.1.9 Preparation of A3G mRNA-associated proteins for mass spectrometry 
Five 10 cm dishes of cells were prepared for each pull-down sample as described above. Cells 
were treated with 25 μM of ALLN (Calbiochem) 10 h after their transfection and with 0.1 mg/ml 

cycloheximide 30 min before harvesting. Cycloheximide allows stabilization of translational 
complexes on the mRNA and has been added at a concentration of 0.1 mg/ml to all buffers of 

the pull-down protocol. 
Cells were detached from the culture dishes in cold PBS using cell scrapers, spun down at 

288 xg for 5 min and washed once in cold PBS. The volume of the cell pellet was estimated 
by eye and cells were resuspended in 3 times their volume of hypotonic lysis buffer (10 mM 

HEPES (pH 7.5), 1.5 mM MgCl2, 10 mM KCl, protease inhibitor mix, RNasin). Cells were left 

to swell on ice for 10-15 min and were then broken with 15-20 strokes with a tight piston in a 
dounce homogenizer. NP40 0.4 % was added and gently mixed. Cell debris were spun down 

at 153 xg for 10 min at 4 °C and the supernatant was recovered. 
The pull-down was performed as described above with 10 μg of beads, 500 pmol of the 10 

biotinylated oligonucleotides, the complete amount of the five 10 cm dishes of cellular lysate, 
3 washes with 100-KCl buffer for each sample. At the end, beads were resuspended in 30 μl 

of H2O and 5 μl were used to check the presence of A3G mRNA by RT-PCR.  
These steps were performed in a biological triplicate. 

 

2.1.10 Mass spectrometry 
Twenty-five μl of beads suspension was precipitated with 0.1 M ammonium acetate in 100 % 

methanol and were then resuspended in 50 mM ammonium bicarbonate. After a reduction-
alkylation step (dithiothreitol 5 mM – iodoacetamide 10 mM), proteins were digested overnight 

with 1:25 (w/w) sequencing-grade porcine trypsin (Promega). Beads were then discarded and 
one fifth of the peptide mixture was analysed by nanoLC-MS/MS in an Easy-nanoLC-1000 

system coupled to a Q-Exactive Plus mass spectrometer (ThermoFisher). Each sample was 
separated with an analytical C18 column (75 μm ID × 25 cm nanoViper, 3 μm Acclaim PepMap; 

ThermoFisher) with a 160 min 300 nL/min gradient of acetonitrile. The obtained data was 
searched against the Swissprot database with human taxonomy using the Mascot algorithm 

(version 2.5, Matrix Science). Mascot files were then imported into Proline v1.4 package 
(http://proline.profiproteomics.fr/) for post-processing. Proteins were validated with 1 % FDR 
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and the total number of MS/MS fragmentation spectra (Spectral Count) was used to quantify 

each protein in the different samples. 
These steps have been performed by the team of the mass spectrometry platform (Plateforme 

de proteomique Esplanade). 
Bioinformatic analyses were performed as described in IV-2.5. 

 

2.2 Pull-down and specific elution of A3G mRNA using complementary, 
desthiobiotinylated oligonucleotides 
 

Cellular lysates were prepared as described in 2.1.2 and 2.1.3. 
Fifty μg of MagsiSTA-600 streptavidin-coated magnetic beads (MagnaMedics) were incubated 

with 500 pmol of an equimolar mixture of 4 desthiobiotinylated oligonucleotides complementary 
to A3G mRNA (Table 6). After 1 h at 4 °C, the beads were collected on a magnetic stand and 

washed once in 100-KCl buffer. One aliquot of cell lysate was added and incubated in a 
thermomix for 1 h at 37 °C and 650 rpm. The beads were washed once with 100-KCl buffer 

and once with 500-KCl buffer. The beads were then resuspended in 30 μl H20 supplemented 
with 250-1000 pmol of free biotin and incubated for 1 h at 25 °C and 650 rpm. The eluate was 

recovered, and the beads were resuspended in 30 μl H2O.  
An aliquot of 15 μl of each fraction (eluate and beads) was used for recovery of oligos by 

incubation with 15 μl of formamide blue at 90 °C for 2 min. The remaining 15 μl of each fraction 

was used for detection of A3G mRNA by RT-PCR as described in 2.1.6. Quantification has 
been performed as described in 2.1.7. 

 

2.3 Pull-down of A3G mRNA using complementary, biotinylated 
oligonucleotides and elution by RNase H 
 

2.3.1 Digestion of in vitro transcribed A3G mRNA by RNase H followed by 
migration on a denaturing gel 
Five pmol of in vitro transcribed A3G mRNA (prepared as in 2.1.8) have been incubated with 

500 pmol of oligo B7 or an equimolar mix of nine oligos (B1 to B9, Table 6) at 90 °C for 2 min. 
After 2 min on ice, RNase H buffer (20 mM HEPES (pH 7.5); 50 mM KCl; 5 mM MgCl2; 1 mM 

DTT ; 50 μg/μl BSA; ThermoScientific) and 0.5 μl RNase H (ThermoScientific) have been 

added in a final volume of 100 μl and incubated at 37 °C for 20 min. The RNA was then purified 
using a phenol-chloroform extraction followed by ethanol precipitation and resuspended in 15 



V. Development of a protocol to identify proteins associated with the full-length A3G mRNA 

- 137 - 
 

μl urea blue before being run of an 8 % PAGE-8 M urea gel (TBE 1x) at 200 V for 2 h. RNA 

bands on the gel have been revealed by incubation in stains-all (Sigma). 

 

2.3.2 Pull-down followed by elution with RNase H 
Cellular lysates have been prepared by Dounce homogenization in a hypotonic lysis buffer as 
described in 2.1.9. Ten μg of MagsiSTA-600 beads have been incubated with 100 pmol of one 

or nine oligos at 25 °C for 1 h with shaking. Beads were washed once with 100-KCl buffer and 
resuspended in 20 mM HEPES (pH 7.5); 100 mM KCl; 10 mM MgCl2; 0.01 % NP40 ; 15 mM 

DTT supplemented either with 10 pmol of in vitro transcribed A3G mRNA,  200 μg of total 
cellular RNA (extraction with TriReagent (Molecular Research center) following manufacturer's 

instructions) or a total cellular lysate equivalent to five 10 cm dishes of cells in a final volume 
of 200 μl. The mixture was incubated for 2 h at 37 °C. Beads were then washed twice with 

100-KCl buffer, once with 500-KCl buffer and then resuspended in RNase H buffer and 

transferred into a new tube. Fresh RNase H buffer supplemented with 0.25 μl RNase H 
(ThermoScientific) was added. After incubation at 37 °C for 30 or 60 min, RNase H was 

inactivated at 90 °C for 2 min. The supernatant was recovered, and the beads were 
resuspended in 16 μl H2O. 

 

2.3.3 RT-qPCR 
RT-BioRad: the final volume of the eluate or the beads was adjusted with H2O to 16 μl. Four 

μl of iScript Reverse Transcription Supermix for RT-qPCR (BioRad) or of the corresponding 
No-RT control were added and the mixture was incubated at 25 °C for 5 min, 42 °C for 30 min 

and 85 °C for 5 min. 
qPCR: the RT-reaction was mixed with 0.2 μM of ESP sense and antisense primers (Table 7), 

1x Taq buffer, 0.25 mM of each dNTP, 2.5 U of Taq polymerase (homemade) and 1.25 μl of 
EvaGreen Dye (Biotium). The mixture was incubated at 95 °C for 3 min, then 40 cycles of 30 

s at 95 °C, 30 s at 61 °C and 1 min at 72 °C were performed and the amount of DNA was 
monitored at each cycle using Evagreen fluorescence measurement. In parallel, a titration 

curve was generated using between 109 and 103 copies of the pCMV-A3G. 
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2.4 Pull-down of A3G mRNA using a complementary, biotinylated oligo 
and elution by a competitor oligo 
 

Cells were prepared as described in 2.1.2. The following protocol was adapted from (113). The 
cell pellet was resuspended in lysis buffer K (469 mM LiCl ; 62.5 mM Tris HCl (pH 7.5); 1.25 

% LiDS ; 1.25 % Triton X100 ; 12.5 mM RVC ; 12.5 mM DTT ; 125 U/mL RNasin ; 1.25 x Halt 
Protease Inhibitor Cocktail (ThermoScientific)) to a final concentration of 5*106 cells/mL and 

kept on ice for 10 min with intermittent vortexing. Then, cells were sonicated on ice during 4 s 
with a 4 s break for 8 cycles and centrifuged at 1,000 xg for 5 min. The supernatant was 

recovered and 0.25 times its volume of H2O was added. Cell lysate equivalent to around five 
10 cm cell culture dishes (approximately 1-2*107 cells) were used per sample. Alternatively, 1 

fmol of an in vitro transcribed RNA (see 2.1.8) or total cellular RNAs from 1-2*107 cells (isolated 
using TriReagent (Molecular Research Center) following manufacturer's instructions) were 

diluted in a final volume of 1 ml at 375 mM LiCl; 50 mM Tris HCl (pH 7.5); 1 % LiDS; 1 % Triton 

X100; 10 mM RVC; 10 mM DTT; 100 U/mL RNasin; 1 x Halt Protease Inhibitor Cocktail 
(ThermoScientific). 

Then, 10-1,000 fmol of capture or scramble oligo (for sequences see table 6) were added and 
the mixture was incubated for 3 h at 37 °C. SpeedBeads Magnetic streptavidin coated particles 

(GE Healthcare) were washed with bead washing buffer (375 mM LiCl; 50 mM Tris HCl (pH 
7.5); 1 % LiDS; 1 % Triton X100) and 6 to 60 μg of beads were added to the lysate and 

incubated 1 h at 37 °C. Beads were then washed for 15 min at 37 °C with washing buffer K 
(100 mM LiCl; 50 mM Tris-HCl (pH 7.5); 0.2 % LiDS; 0.2 % Triton X100), resuspended in 

release buffer K (375 mM LiCl; 50 mM Tris-HCl (pH 7.5); 0.1 % LiDS) and transferred into a 

new tube. The release oligo was added at 103 times the amount of capture oligo in a final 
volume of 16 μl and incubated at room temperature for 30 min. The supernatant was recovered 

and used for RT-qPCR as described in 2.3.3. 
For RT-qPCR of GAPDH mRNA, samples were mixed with 10 μM of sense and antisense 

primers (Table 7) and 7.5 μl of Maxima SYBR qPCR Mastermix (ThermoFisher). The final 
volume was adjusted to 15 μl. The mix was incubated at 95 °C for 5 min, then 40 cycles of 95 

°C for 15 s, 55 °C for 13 s and 72 °C for 30 s were performed with acquisition of the SYBR 
green fluorescent signal at every cycle. 

 

 



V. Development of a protocol to identify proteins associated with the full-length A3G mRNA 

- 139 - 
 

2.5 Pull-down of cellular proteins on an in vitro transcribed, biotinylated 
A3G mRNA 
 

2.5.1 In vitro transcription of biotinylated, capped, poly-adenylated A3G mRNA 
First, 5 μg of the pCMV-T7-A3G has been linearized using 10 U XbaI in 1x Tango buffer for 2 
h at 37 °C. The digested plasmid has then been purified using phenol-chloroform extraction 

followed by ethanol precipitation and linearization has been verified on agarose gel. 
For transcription of a capped, poly-adenylated and biotinylated transcript, 1 μg of linearized 

plasmid was used with the HiScribe T7 ARCA mRNA kit with tailing (NEB) according to 
manufacturer's instructions. The transcription mix was supplemented with 1.25 mM Bio-16-

UTP (ThermoFisher) and incubated at 37 °C overnight. The plasmid was digested with 4 U 
DNase I (NEB) at 37 °C for 15 min followed by a tailing reaction at 37 °C for 30 min. The 

transcripts were precipitated by 2.5 M LiCl (NEB) according to manufacturer's instructions. 

 

2.5.2 Preparation of cellular lysates using a nitrogen cell bomb 
HEK293T cells at confluence were washed once with DMEM medium (Gibco), supplemented 
with 10 % fetal calf serum (Pan Biotech), 100 U/ml penicillin and 100 μg/ml streptomycin 

(Gibco), and once with EDTA/0.25 % trypsin (Gibco). Then they were detached from the 
culture support using trypsin and resuspended in DMEM. Living cells were counted using 0.4 

% trypan blue (Sigma) in a Luna cell counter (logos) and dispatched into 15 cm dishes at 

5.8*106 cells per dish in a final volume of 20 ml DMEM. Cells were incubated at 37 °C and 5 
% CO2. 

Cells were transfected with expression plasmids around 16-18 h after their seeding. One μg 
of pCMV-A3G-∆UTR and 8 μg of pcDNA-Vif were used per dish. The total amount of plasmid 

was adjusted to 9 μg using the pcDNA-Ø. The plasmid preparation was gently mixed with 27 
μl of XtremeGene9 (Roche) and 373 μl of Opti-MEM (Gibco) and incubated at room 

temperature for 10-15 min, then pipetted onto the cells. 
Cells were detached in cold dPBS (Gibco) using cell scrapers 24 h after transfection. They 

were centrifuged at 300 xg for 5 min. The cell pellet was weighed and then resuspended in 
lysis buffer P (20 mM HEPES, 100 mM KAc, 2 mM MgAc, 1 mM DTT, 100 U/mL RNasin; 1 x 

Halt Protease Inhibitor Cocktail (ThermoScientific)) at 2.5 ml per g of cells. Cells were then 

introduced into a nitrogen cell bomb (Parr) and incubated at 500 psi for 30 min at 4 °C. The 
resulting cell lysate was spun down in two subsequent cycles at 1000 xg for 5 min at 4 °C and 

the supernatant was recovered and stored at -80 °C. 
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2.5.3 Pull-down of cellular proteins on biotinylated A3G mRNA 
SpeedBeads Magnetic streptavidin coated particles (GE Healthcare) were washed with 100-

KCl buffer and 40 μg of beads were incubated with 1 pmol of biotinylated A3G mRNA in 100-
KCl buffer for 1 h at room temperature under rotation. Beads were then washed with 100-KCl 

buffer, resuspended in cellular lysate (per sample, an equivalent of 1.5 cell dishes, diluted at 
1/2 in lysis buffer P was used) and incubated for 3 h at 4 °C under rotation. Beads were washed 

twice with 100-KCl buffer, once with ND buffer (20 mM HEPES, 100 mM KCl, 10 mM MgCl2) 

and transferred into a new tube. Beads were then resuspended in 15 μl H20 and 2 μl were 
used for RT-qPCR as described in 2.3.3. 

 

3. Results 
3.1 Pull-down of A3G mRNA using complementary, biotinylated 
oligonucleotides 

 
Figure 19: Experimental setup for pull-down of A3G mRNA using complementary, biotinylated 
oligonucleotides. A3G mRNA was expressed in HEK293T cells and then pulled down from the total cellular lysate 
using magnetic beads coupled to complementary, biotinylated oligonucleotides, followed by identification of A3G 
mRNA-associated proteins by mass spectrometry. 

 

3.1.1 Experimental setup 
The secondary structure of the A3G mRNA has been predicted using the mfold website (240). 

The secondary structure of the 5'- and 3'-UTRs corresponded globally to their experimentally 
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validated structures (147). This allowed us to choose ten mainly or partially single-stranded 

regions in the coding sequence of A3G mRNA for the design of complementary 
oligonucleotides that are regularly spaced across the entire coding sequence of A3G 

(Appendix 2). A search has been conducted on the NCBI database against the entire human 
genome in order to exclude any non-specific interactions with other mRNAs. An equimolar mix 

of the ten oligonucleotides, biotinylated at their 5'-end, were bound to streptavidin-covered 
magnetic beads (Fig. 19). In parallel, a cellular lysate was produced from HEK293T cells, 

which expressed A3G mRNA. This lysate was then incubated with the oligo-bound beads in 

order to allow specific capture of A3G mRNA by hybridization with the complementary oligos 
(Fig. 19). Beads without oligos as well as non-transfected cells were used as a negative 

control. Following several washing steps, the aim of this protocol was to specifically isolate 
A3G mRNA as well as the associated proteins. 

 

3.1.2 Binding of the biotinylated oligonucleotides to different types of beads 
First of all, the correct binding of the biotinylated oligonucleotides on different types of 

streptavidin-coated magnetic beads has been tested in the absence of cellular lysate. For this, 
different beads, mainly divergent in their size, surface coating and number of bound molecules 

(Fig. 20A), have been compared. The quantity of beads used in these experiments has been 
adjusted in order to obtain the same theoretical binding capacity of 250 pmol of biotin. Thus, 

500 pmol of oligonucleotides have been incubated with the beads as input in order to saturate 
the beads and maximize the binding. At the end of the protocol, the beads were recovered and 

oligos were detached by heating in formamide buffer. Migration of the recovered oligos on an 
agarose gel showed that MagsiSTA-3TL beads are the only ones that were able to bind 50 % 

of the input oligos, which corresponds to their calculated maximum binding capacity, while the 

other beads show less binding, ranging from 40 % to 17 % of the input (Fig. 20B). 

 

3.1.3 Retention of the A3G mRNA on magnetic beads in presence and absence 
of complementary oligonucleotides 
Next, pull-down of A3G mRNA from a cellular lysate was performed using the same types of 

beads as before. The quantity of A3G mRNA retained on the beads at the end of the protocol 

was estimated by RT-PCR. While MagsiSTA-3TL beads were able to bind the largest quantity 
of biotinylated oligonucleotides (Fig. 20B), they seemed not to pull-down A3G mRNA at all 

(Fig. 20C). Globally, beads with a carboxyl surface coating showed better performance than 
those with tosyl surface coating. Actually, it were MagsiSTA-600 beads that retained A3G most 

efficiently, closely followed by MagsiSTA-600BI, -3L and -1 beads (Fig 20C). 
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Figure 20: Binding of biotinylated oligonucleotides on different types of beads. (A) Overview over the different 
types of beads with their size, type of surface coating and biotin binding capacity (indicated in pmol of biotin per mg 
of beads). (B) 500 pmol of biotinylated oligonucleotides have been incubated with different types of streptavidin-
covered magnetic beads. The quantity of beads used has been adjusted to obtain 250 pmol of binding capacity for 
each type. The pull-down protocol has been performed in the absence of cellular lysate. At the end of the protocol, 
oligos were eluted using formamide blue and run on a 0.8 % agarose (TBE 0.5x) gel. 500 pmol of the oligo mixture 
were run as an input control. Each band was quantified using ImageJ and the percentage of the input was 
calculated. (C) The same protocol has been repeated in the presence of cellular lysate and at the end, A3G mRNA 
was amplified using RT-PCR (RT-AMV with primer Spe, PCR with primers E). PCR products were run on a 0.8 % 
agarose (TBE 0.5x) gel and bands were quantified using ImageJ. 
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These four types of beads were then tested for their A3G mRNA binding specificity. For this, 

A3G mRNA retention was analysed on oligo-bound beads as well as on a beads-only control 
without oligos. None of the beads showed a very good specificity, with a lot of A3G mRNA 

bound to beads in the absence of complementary oligos. The ratio of A3G mRNA bound in the 
presence compared to the absence of oligos ranged from 1.47 to 0.91 (Fig. 21A).  

 

 
Figure 21: Specificity of retention of A3G mRNA on oligo-bound magnetic beads compared to the beads-
only negative control. (A) The pull-down protocol was performed using 10 μg of beads coupled to the capture 
oligos (+oligo) or not (-oligo). One μg of an in vitro transcribed A3G mRNA was used for capture instead of the 
cellular lysate. At the end, A3G mRNA was amplified using RT-PCR (RT-AMV primer Spe, PCR primers C). The 
PCR products were run on a 0.8 % agarose (TBE 0.5x) gel and bands were quantified using ImageJ. The ratio 
between the band obtained in presence of capture oligos compared to the beads-only control was calculated.  (B) 
The pull-down protocol was performed using 50 μg of Magsi-600 beads in the presence (+ o) or absence (- o) of 
capture oligos. An additional washing step with 500-KCl buffer was added. At the end of the protocol, beads were 
treated with DNase (+ DNase) or not (-DNase). The A3G mRNA was amplified using RT-PCR (RT-BioRad or no-
RT control, PCR primers ESP). 

 
As the MagsiSTA-600 beads seemed to be the best overall in oligo-binding, A3G mRNA 

binding and specificity, they were selected for subsequent experiments. In order to understand 
what was causing the unspecific binding to beads in the absence of oligos, a no-RT control 

was performed, which revealed indeed a contamination by DNA (Fig. 21B lanes 2 and 4). 
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However, while a DNAse treatment of the samples resulted in a rather clean no-RT control 

(Fig. 21B lanes 6 and 8), it did not decrease the signal in the absence of oligos (Fig. 21B lane 
7). This indicated that it was RNA and not DNA which bound directly and unspecifically to the 

beads in the absence of oligos. The fragment amplified by RT-PCR in samples with and without 
specific capture oligos has been purified and cloned into a pJET vector. Sequencing confirmed 

that in both cases, A3G mRNA was detected on the beads and not another contaminant (data 
not shown). 

 

 
Figure 22: Pull-down of A3G mRNA from different quantities of cellular lysate with different amounts of 
magnetic beads. (A) A3G mRNA was pulled down from 500 μg of cellular lysate using decreasing amounts of 
beads as indicated in the presence or absence of biotinylated oligos. Beads were washed once with 100-KCl and 
once with 500-KCl buffer. The A3G mRNA was amplified using RT-PCR (RT-BioRad, PCR primers ESP), migrated 
on a 0.8 % agarose (TBE 0.5 x) gel and bands were quantified using ImageJ. (B) Pull-down of A3G mRNA was 
performed on 50 μg of beads from decreasing amounts of cellular lysate as indicated in the presence or absence 
of biotinylated oligos. Beads were washed twice with 100-KCl and once with 500-KCl buffer using an Extractman 
(Gilson). The A3G mRNA was amplified using RT-PCR (RT-BioRad, PCR primers ESP), migrated on a 0.8 % 
agarose (TBE 0.5 x) gel and bands were quantified using ImageJ. 
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3.1.4 Tests to eliminate aspecifically bound RNAs from the magnetic beads 
The aforementioned experiment suggested that A3G mRNA was to a certain extent able to 

bind to the magnetic beads independently of the complementary oligonucleotides. In order to 
improve the specificity of the pull-down, several different approaches were tested. 

In a first experiment, the quantity of beads used for pull-down was decreased, from the 50 μg 
used previously down to 10 μg, the hypothesis being that with a decreased amount of beads, 

the surface available for non-specific binding would decrease too. Indeed, the ratio between 

A3G mRNA bound to beads in the presence compared to the absence of biotinylated oligos 
increased slightly with a decreasing amount of beads; however, this was not sufficient to solve 

the problem as even with 10 μg of beads, A3G mRNA bound to the oligos was hardly higher 
than in the negative control without oligos (Fig. 22A). 

With the aim of optimizing the lysate to beads ratio, decreased amounts of lysate were also 
tested, the hypothesis being that at 500 μg of lysate, the beads might be over-saturated. A 

slightly increasing specificity could be noted with a decreasing amount of lysate, with a 
maximum at 250 μg of proteins (Fig. 22B). 

 

 
Figure 23: Tests to improve specificity of A3G mRNA pull-down by saturation, increasing washing 
stringency or preclearing. (A) Different concentrations of salmon sperm DNA were added to the saturation buffer. 
After pull-down, A3G mRNA was amplified using RT-PCR (RT-BioRad, PCR primers ESP) and migrated on a 0.8 
% agarose (TBE 0.5x) gel. Bands were quantified using ImageJ and ratios in the presence (+o) and absence (-o) 
of capture oligos were calculated. (B) The saturation buffer was prepared with or without heparin. After pull-down, 
A3G mRNA was amplified using RT-PCR (RT-BioRad, PCR primers E) and migrated on a 0.8% agarose (TBE 
0.5x) gel. Bands were quantified using ImageJ and ratios were calculated. (C) Beads were washed twice with 100-
KCl buffer (0.1) and a third washing step with 500-KCl or 1000-KCl buffer (0.5 and 1, respectively) was added. After 
pull-down, A3G mRNA was amplified using RT-PCR (RT-AMV with primer Spe, PCR primers C) and migrated on 
a 0.8 % agarose (TBE 0.5x) gel. Bands were quantified using ImageJ and ratios were calculated. (D) Cellular lysates 
were incubated twice with 150 μg of MagsiSta-600 beads for 30 min at 37 °C. Beads were eliminated before using 
the lysate for pull-down. The A3G mRNA was amplified using RT-PCR (RT-BioRad, PCR primers ESP) and 
migrated on a 0.8 % agarose (TBE 0.5x) gel. 
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Next, different agents were tested in order to saturate the surface of magnetic beads, the 

objective being to mask potential non-specific binding sites of A3G mRNA on the beads (185). 
However, no significant change in the amount of A3G mRNA compared to the beads-only 

control could be noted, neither after saturation with salmon sperm DNA (Fig. 23A), nor with 
heparin (Fig. 23B). 

Next, supplementary washing steps of the beads after incubation with the cellular lysate were 
added, using washing buffers with increasing salt concentration. These washing steps were 

more stringent than the initial washing, and it was hypothesized that this might help to detach 

all mRNAs non-specifically bound to the beads while only A3G mRNA specifically bound by 
oligos would be able to subsist (218). However, more stringent washing led to a comparable 

loss of bead-bound A3G mRNA, both in the presence and in the absence of complementary 
oligos (Fig. 23C) and therefore didn't help to improve specificity of the pull-down. 

Finally, lysates were incubated two times with uncoupled beads prior to the pull-down. This 
process, known as preclearing, is thought to clean the lysate of all molecules able to bind 

directly to the beads (185). However, preclearing only led to a loss of total material and did not 
help in decreasing the signal obtained in the absence of oligos (Fig. 23D). 

 

Even though some of these conditions seemed to slightly increase the ratio of A3G mRNA 
recovered in the presence compared to the absence of complementary oligos, the overall 

variability of the pull-down is still too high. The standard conditions reproduced in every test 
show a large variability, with ratios ranging from 1.47 (Fig. 21A) to 0.94 (Fig. 22A). Therefore, 

even though some particular conditions seemed to show a slight increase, with a maximum 
ratio of 1.74 obtained by decreasing the quantity of lysate (Fig. 22B), this increase can't be 

considered significant. 

 

3.1.5 Identification of proteins associated with A3G mRNA by mass spectrometry 
In order to identify proteins that specifically interact with A3G mRNA, the pull-down was 
performed with 10 complementary, biotinylated oligos on cellular lysates transfected with 

pCMV-A3G following the protocol described above. As shown above, a condition without the 
complementary oligos could not be used as a negative control because a significant amount 

of A3G mRNA binds directly to the beads. Therefore, cells transfected with an empty vector 
have been used as a negative control because they don't express A3G mRNA. While this 

control will allow to identify background signal from proteins that non-specifically bind to the 
magnetic beads, A3G mRNA as well as its associated proteins are expected to be enriched 

solely on samples generated from A3G-expressing cells. 
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Figure 24: Proteins pulled-down in the presence or absence of A3G mRNA. After pull-down of A3G mRNA 
from cellular lysates, associated proteins were analyzed by mass spectrometry. Cells were transfected to express 
A3G and/or Vif and were treated or not with the proteasome inhibitor ALLN. Cellular lysates not expressing A3G 
(ø) were used as a negative control. All samples were done as a biological triplicate. (A) Total number of identified 
proteins in each sample. (B) Heatmap of the number of spectra for the 100 most abundant proteins. The darker the 
color, the more spectra were detected. Each row represents a protein. (C) Number of proteins that are significantly 
enriched in indicated samples compared to the corresponding negative control with an adjusted p-value < 0.1 or < 
0.05 and a minimum fold change of 2. Analysis has been performed with a differential expression test using a 
negative-binomial regression model. (D) Functional clustering of total identified proteins as well as proteins 
specifically and significantly associated with the presence of A3G mRNA using DAVID. 
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The total number of proteins identified by nanoLC-MS/MS was rather low overall with less than 

250 proteins in most samples (Fig. 24A). There was also a considerable variability across 
different samples with a number of identified proteins ranging from 50 to 965 (Fig. 24A). The 

functional clustering of the total identified proteins revealed that known functions associated 
with mRNA metabolism (i.e. translation, splicing and nuclear export) or other known nucleic 

acid-associated domains (nucleotide binding domains, RNA recognition motifs and helicase 
domains) are amongst the most enriched functions (Fig. 24D).  

A heatmap of the number of spectra identified for the 100 most abundant proteins also shows 

that there is a high variability even amongst different replicates of the same condition (Fig. 
24B, compare lane 4 to 5 and 6 or 17 to 16 and 18 for example). Only few proteins are identified 

with a large number of spectra while most are detected with a low number of spectra in only a 
few samples (Fig. 24B). The heatmap also shows the tendency that a little less proteins are 

identified in the presence of A3G mRNA than in its absence (Fig. 24B, compare lanes 13-24 
to 1-12).  

Each condition was then compared in the presence of A3G mRNA with the negative control 
and proteins significantly enriched were determined using a differential expression test. This 

analysis allowed identification of very few proteins specifically enriched in the presence of A3G 

mRNA only in 2 of the 4 conditions tested (Fig. 24C), most of these being histones or keratins 
(Fig. 24D). Comparison of samples in the presence and absence of Vif showed no significantly 

downregulated or upregulated proteins (data not shown). 
Overall, this analysis shows that the quality of generated samples is probably insufficient to 

reliably identify A3G mRNA-associated protein complexes. The pull-down protocol used in this 
experiment is probably not sufficient to gather enough A3G mRNA in order to stand out from 

the considerable background. Therefore, it was necessary to further improve the pull-down 
protocol before continuing analysis by mass spectrometry. 

 

3.2 Pull-down and specific elution of A3G mRNA using complementary, 
desthiobiotinylated oligonucleotides 

 
Figure 25: Elution of A3G mRNA captured by desthiobiotinylated oligos. Free biotin competes with 
desthiobiotinylated oligos on strepavidin beads and thereby displaces the oligo-mRNA complex, while unspecifically 
bound RNAs and proteins remain on the beads. 
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3.2.1 Experimental setup 
Previous tests have shown that A3G mRNA seems to be retained on magnetic beads not only 

in the presence of complementary oligos, but also in their absence due to direct binding to the 
beads themselves. In order to specifically enrich samples in A3G mRNA only in the presence 

of complementary oligos, a specific elution step was added to the protocol. Therefore, a set of 
4 oligos was used. These oligos were complementary to A3G mRNA and desthiobiotinylated 

at their 5’-end. Desthiobiotin binds to streptavidin but with a lesser affinity than biotin. In 

consequence, free biotin added to the sample at the end of the pull-down will compete with 
desthiobiotinylated oligos on the beads and displace the oligo-RNA complex (90). This allows 

to specifically elute A3G mRNA into the supernatant, while unspecifically bound RNAs and 
proteins remain bound to the beads and can be eliminated (Fig. 25). 

 

 
Figure 26: Pull-down of A3G mRNA using complementary, desthiobiotinylated oligos. The pull-down was 
performed and A3G mRNA was eluted using between 250 and 1000 pmol of free biotin. The eluate (E) as well as 
the beads (B) were recovered and (A) half was incubated with formamide blue to reveal bound oligos, while (B) 
A3G mRNA was amplified from the other half by RT-PCR (RT-BioRad, PCR primers ESP). The obtained fractions 
were migrated on a 0.8% agarose (TBE 0.5x) gel, bands were quantified using ImageJ and elution ratios were 
calculated.  (C) Pull-down in the presence or absence (/) of a saturation buffer containing total yeast tRNAs (tRNA) 
or biotin (bio) was performed with desthiobiotinylated oligos (+o) or without (-o). A3G mRNA in eluates was amplified 
by RT-PCR (RT-BioRad, PCR primers ESP) and migrated on a 0.8% agarose (TBE 0.5x) gel. 
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3.2.2 Tests 
First, different elution conditions were tested in order to obtain optimal elution of A3G mRNA 

from the beads at the end of the pull-down. Beads with a theoretic binding capacity of 250 
pmol of biotin were used and elution of desthiobiotinylated oligos was performed with 

increasing amounts of free biotin, ranging from 250 pmol to 1 nmol. The elution of 
desthiobiotinylated oligos from the beads seemed very inefficient even at high quantities of 

free biotin and most of the oligos appeared to remain bound to the beads (Fig. 26A). 

Nevertheless, some of the A3G mRNA was still eluted from the beads with the highest elution 
efficiency with 250 pmol of free biotin (Fig. 26B). 

However, elution of A3G mRNA was not dependent on the presence of desthiobiotinylated 
oligos; indeed, after elution, an equivalent amount of A3G mRNA was found in the supernatant 

in the presence and in the absence of oligos (Fig. 26C, lanes 4 and 5). Beads were saturated 
either with total yeast tRNAs or with free biotin, but this did not decrease the amount of A3G 

mRNA retrieved in the beads-only control (Fig. 26C, lanes 1-3). 

 

3.3 Pull-down of A3G mRNA using complementary, biotinylated 
oligonucleotides and elution by RNAse H 
 

3.3.1 Experimental setup 
Another strategy to specifically elute A3G mRNA from complementary oligos while 

unspecifically bound RNAs remain on the beads is digestion by RNase H (211). RNase H only 
digests RNA hybridized to DNA and therefore allows release from the beads of A3G mRNA 

fragments that were hybridized to complementary oligos (Fig. 27). In order to be able to detect 
A3G mRNA fragments in the supernatant by RT-qPCR, one of the ten previously used 

biotinylated oligos (Table 6, B-10) had to be excluded from the pull-down, as it would have led 
to digestion of the RNA region used as a template for PCR amplification. 

 

 
Figure 27: Elution of A3G mRNA hybridized to biotinylated capture oligos by RNase H treatment. RNase H 
digests RNA hybridized to DNA which allows specific elution of A3G mRNA bound to its specific capture oligos. 
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3.3.2 Tests 
The feasibility of this approach has first been tested using an in vitro-transcribed A3G mRNA. 

The RNA has been incubated for 20 min without oligos, as well as with one (B7; Table 6) or 
the total set of nine oligos (B1-9; Table 6) in the presence of RNase and analysed on a 

denaturing PAGE. RNA is indeed digested for 20 min by RNase H in the presence of at least 
one oligo (Fig. 28A). However, it is difficult to evaluate the size of the generated RNA fragments 

and it seems like some full-length RNA subsists in all conditions. This might indicate that the 

digestion is not complete and longer incubation with RNase H might be necessary.  
 

 
Figure 28: Pull-down of A3G mRNA followed by elution by RNase H digestion. (A) Five pmol of in vitro 
transcribed A3G mRNA was digested by RNase H in the presence or absence of one (B-7, Table 1) or nine (B1-9, 
Table 1) oligos for 20 min at 37°C and migrated on a 8% PAGE/8M urea gel with a control RNA that has not been 
incubated with RNase H (/) (B) Pull-down of in vitro transcribed A3G mRNA has been performed in the presence 
or absence of 1-9 complementary oligos followed by elution with RNase H for 0 to 60 min (color gradient as 
indicated). (C) Pull-down of A3G mRNA from total cellular RNAs followed by elution by RNase H digestion. n=2. 
(D) Pull-down of A3G mRNA from a total cellular lysate (RNAs + proteins) followed by elution by RNase H digestion. 
n=4. (B-D) Eluted A3G mRNA fragments as well as A3G mRNA remaining bound to the beads has been quantified 
by RT-qPCR and ratios have been calculated. The ratio of eluted RNA in the absence of oligos has been set to 
100 %. 
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The in vitro-transcribed A3G mRNA has then been used for pull-down in the presence of one 

or nine oligos followed by RNase digestion for 30 to 60 min. The amount of eluted A3G mRNA 
has been quantified by RT-qPCR and normalized to the total amount of RNA (eluted RNA + 

RNA retained on the beads). After 30 min of incubation with RNase H, a significant amount of 
A3G mRNA is eluted from the beads only in the presence of nine oligos (Fig. 28B). A small 

amount is eluted in the presence of one oligo while the amount of eluted RNA remained 
constant independently of the RNase H incubation time in the absence of oligos (Fig. 28B). 

The protocol has then been tested with total cellular RNAs extracted from cells. While the 

percentage of eluted RNA seems to clearly increase in the presence of oligos, a great 
variability could also be noted across replicates (Fig. 28C). Overall, the specific elution in the 

presence of oligos is not reproducible. 
Finally, pull-down of A3G mRNA from total cell extracts was tested. The same tendency of an 

increased RNA elution in the presence of oligos could be noted but was not reproducible 
across replicates (Fig. 28D). 

 

3.4 Pull-down of A3G mRNA using a complementary, biotinylated oligo 
and elution by a competitor oligo 
 

3.4.1 Experimental strategy 

 
Figure 29: Elution of A3G mRNA using a competitor oligo. A3G mRNA is pulled down using a complementary 
oligo which contains a toehold of 10 nts at its 3'-end that doesn't hybridize with A3G mRNA. Addition of a competitor 
oligonucleotide that hybridizes with the full-length of the capture oligo displaces the A3G mRNA from the beads. 

 
A3G mRNA has been captured from total cell lysates using a biotinylated capture oligo of a 
total length of 30 nucleotides, of which only the 20 nucleotides in 5’ specifically hybridize with 

A3G mRNA and the 10 remaining nucleotides remain single-stranded as a so called “toehold". 
This toehold allows hybridization of a 30 nucleotides competitor oligo to the entire sequence 

of the capture oligo, thereby displacing the A3G mRNA; the duplex of the 30 complementary 
nucleotides of the capture and competitor oligos being more stable than the 20 nucleotides 
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complex of the capture oligo with A3G mRNA (Fig. 29). This allows specific elution of the A3G 

mRNA from the beads at the end of the pull-down. A scrambled oligo containing the same 
nucleotide composition as the capture oligo but rearranged in a random order that recognizes 

none of the cellular RNAs has been used as a negative control (108, 113). 

 

3.4.2 Tests 
In order to find the optimal conditions for the quantity of beads and oligos to use, the pull-down 
was first performed on an in vitro transcribed A3G mRNA. In order to be as close as possible 

to physiological conditions, A3G mRNA has first been quantified in cells using RT-qPCR. For 
each pull-down sample around 107 cells are used 24 h after transfection of 100 ng of the pCMV-

A3G plasmid. These cells contain approximately 300 attomol of A3G mRNA, which is about 6 
times more abundant in cells than the mRNA of the housekeeping gene GAPDH (data not 

shown). Given that the qPCR is not efficient at 100 %, this number is taken as a rough estimate. 

Subsequent tests have been performed with 1 fmol of in vitro transcribed A3G mRNA which 
was pulled down using different amounts of two different capture or scramble oligo pairs as 

well as different amounts of beads. Overall, the second capture and scramble oligo pair is 
more efficient in pulling down A3G mRNA than the first pair (Fig. 30A). At 6 μg of beads and 

50 fmol of oligos, the best ratios of pull-down are achieved with 66 times more A3G mRNA 
that is pulled down in the presence of the capture compared to the scramble oligo (Fig. 30A). 

These conditions were then used to pull-down A3G mRNA from cellular RNAs as well as from 
total cellular lysates, however the pull-down efficiency was entirely lost (Fig. 30B lanes 1 and 

2). This might have been caused by an insufficient amount of A3G mRNA available in cell 
extracts. Therefore, in an attempt of increasing the amount of A3G mRNA in cells, cells were 

transfected with an increasing amount of A3G expression plasmid. While an increase of 50 

times of the original amount of plasmid showed no effect, a slight increase of pull-down 
efficiency seemed to be obtained at a 100 time increase of transfected plasmid (Fig. 30B lanes 

3 and 4), however this could not be reproduced in subsequent experiments (data not shown). 
In order to explain the discrepancy between the results obtained by an in vitro transcribed RNA 

in the absence of lysate (Fig. 30A) and the pull-down of an RNA from a cellular extract (Fig. 
30B), an experiment was performed where the in vitro transcribed A3G mRNA was bound to 

the beads first and subsequently incubated with or without cellular lysate. In the absence of 
cellular lysate, on average 826 times more RNA was bound by the capture compared to the 

scramble oligo (Fig. 30C). In the presence of cellular lysate however, the amount of RNA 
recovered in the presence of the capture oligo decreased to levels close to the scramble oligo 

(Fig. 30C). Indeed, it seemed that addition of cellular lysate induced the drop off of A3G mRNA 
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Figure 30: Pull-down of A3G mRNA followed by specific elution by a competitor oligo. (A) An in vitro 
transcribed A3G mRNA was pulled down in the presence of different amounts of beads and oligos. Two different 
types of capture or corresponding scramble oligos ("oligo 1" - Cap1, Scr1; "oligo 2" - Cap2, Scr2) were used. Eluted 
A3G mRNA was quantified by RT-qPCR and the ratio of A3G mRNA obtained with the capture compared to the 
scramble oligo was calculated. (B) Pull-down of A3G mRNA from cellular RNAs extracted with TriReagent or from 
total cellular lysates using the Cap2 or Scr2 oligos and quantified by RT-qPCR. Cells were transfected with different 
amount of pCMV-A3G expression plasmids as indicated. (C) Pull-down of an in vitro transcribed A3G mRNA 
incubated with or without cellular lysate with the Cap2 or Scr2 oligos followed by quantification by RT-qPCR. n=3. 
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from the beads. This strongly suggested that the hybridization of the RNA with the capture 

oligo was not sufficient to maintain the RNA on the beads. Cellular competitors, as for example 
RNA binding proteins, with affinity for the same A3G mRNA region might displace the RNA 

from the capture oligo. 

 

3.5 Pull-down of cellular proteins on an in vitro transcribed, biotinylated 
A3G mRNA 
 

3.5.1 Experimental strategy 
Previous experiments have shown, that the interaction of A3G mRNA with a complementary, 

biotinylated oligo is not strong enough to reliably maintain the RNA bound to magnetic beads 
throughout the pull-down protocol. An alternative approach has therefore been designed where 

A3G mRNA is transcribed in vitro in the presence of biotinylated UTP. This leads to an 
incorporation of approximately 200 biotins per RNA molecule (half of the RNA's uracils are 

biotinylated) and allows direct binding of the A3G mRNA to magnetic streptavidin-covered 
beads. This bead-associated RNA is then used as a bait for pull-down of interacting proteins 

from a cellular lysate. 

 

3.5.2 Retention of biotinylated A3G mRNA on streptavidin-coated beads 
The biotinylated A3G mRNA is bound to streptavidin-coated beads and incubated in the 
presence or absence of cellular lysate. Following several washes, the amount of A3G mRNA 

retained on the beads is quantified by RT-qPCR. Indeed, the A3G mRNA is sucessfully 
retained on beads in the presence and absence of lysate (Fig. 31A). Only a very minor loss of 

material can be observed in the presence of lysate, but this is not significant. The binding of a 
biotinylated and a non-biotinylated A3G mRNA to streptavidin-coated beads has been 

compared. No signal is detected in the absence of bait RNA, which shows that there is no 

contamination of beads with cellular RNAs. a considerable amount of non-biotinylated A3G 
mRNA is able to bind non-specifically to the beads, however, this amount is significantly lower 

than the amount of biotinylated A3G mRNA (Fig. 31B). Analysis of the pulled-down proteins 
by western blot has revealed that both Vif and A3G bind to the A3G mRNA (Fig. 31C). 
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Figure 31: Retention of biotinylated A3G mRNA on streptavidin-coated beads. (A) An in vitro transcribed, 
biotinylated A3G mRNA was bound to streptavidin-coated beads and subsequently incubated with cellular lysate 
("+ lysate") or with the lysis buffer ("- lysate"). Streptavidin-coated beads without the A3G mRNA ("- RNA"), 
incubated with lysate were used as a control. A3G mRNA retained on the beads at the end of the protocol was 
quantified by RT-qPCR. The conditions were compared using a paired t-test (n=3; NS=not significant). (B) Retention 
of biotinylated ("+b") or non-biotinylated ("-b") A3G mRNA on streptavidin-coated beads in the presence or absence 
of lysate ("+/- lysate") was measured by RT-qPCR. Streptavidin-coated beads without the A3G mRNA ("- RNA"), 
incubated with lysate were used as a control. The conditions were compared using a paired t-test and the p-value 
is indicated (n=6). (C) Pull-down of proteins on a biotinylated A3G mRNA followed by analysis by western blotting. 

 

4. Discussion 
 

In order to pull-down the full-length A3G mRNA from cellular lysates, several different protocols 

and various conditions have been tested, but none of them have given satisfactory results. 
The overall rationale of the approach was to pull-down full-length A3G mRNA from cellular 

lysates using a set of 1 to 10 complementary oligonucleotides coupled to magnetic beads. The 
main problem was the non-specific binding on the magnetic beads. While A3G mRNA was 

mainly used as a control for non-specific binding, some of the obtained results indicate that 
DNA, other RNAs and various proteins can also non-specifically bind to the beads. Multiple 

different approaches were tested in order to decrease non-specific binding on the beads, 
however, none of them showed a significant improvement. Different types of beads, saturated 

or not, different washing buffers and variations in lysate preparation all resulted in the same 
problem of non-specific binding. Overall, conditions that decreased the non-specific signal, like 

for example stringent washing or preclearing of the lysate also lead to a loss of specific A3G 

mRNA retention on the beads. In conclusion, the used oligos might not have been strong 
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enough to reliably retain a consistent amount of A3G mRNA on the beads. One possibility to 

improve this might be to use longer oligos that hybridize to A3G mRNA with more stability. 
While some protocols succeed in pull-down of mRNAs with oligos of around 20 nts (i.e. (105)) 

like the ones used in this study, others use oligos of up to 90 nts (140). However, a longer oligo 
could potentially disrupt secondary interactions in the A3G mRNA and it could also directly or 

indirectly disturb protein interactants. Moreover, it is not sure whether a longer oligo would be 
able to access A3G mRNA in the cellular lysate, as it seems to be highly complexed and even 

in some cases inaccessible for the small oligos used in our study. 

 

Several different protocols for specific elution of A3G mRNA from the beads were also tested 
and failed to improve specificity.  

The elution of desthiobiotinylated oligos from beads was not only poorly efficient even in the 
presence of high biotin concentrations, but moreover A3G mRNA also eluted even when it was 

not bound by the oligos. One possibility is that free biotin induced elution of non-specifically 
bound RNAs. However in this case, saturation of beads with free biotin before incubation with 

the RNA should have decreased non-specific binding, which was not the case. The other 
possibility is that the non-specific binding is very transitory and dynamic, with molecules 

detaching and reattaching constantly. In this case it might be interesting to increase the 

number of low-stringency washes in order to eliminate as much non-specific material as 
possible. 

Elution of A3G mRNA using RNase H seemed to work rather nicely at first, but only when an 
in vitro transcribed RNA was used. The pull-down of A3G mRNA from cellular RNAs or from 

total lysates not only recovered a lot less material, but there was also a major problem of 
reproducibility. Indeed, this problem did not only concern the amount of eluted RNA, but also 

the amount of RNA bound on the beads across samples, which made it very difficult to 
compare replicates and generated high error bars. Moreover preliminary tests have shown that 

the RNase H digestion was not complete. This might have hampered elution efficiency, as one 
given RNA could be bound to beads by multiple oligos and if not all of them are digested, 

elution can't take place. 

Finally, elution of A3G mRNA using a competitor oligo allowed recovery of significant quantities 
of an in vitro transcribed A3G mRNA. However, this was not at all reproducible with A3G mRNA 

expressed in cells. Indeed, even addition of lysate to in vitro transcribed RNA which had 
already previously been bound to beads lead to a complete loss of the specifically bound RNA. 

This suggests that interactants of A3G mRNA in the lysate might compete with the binding site 
of the capture oligo. To solve this problem, it might be possible to try another capture oligo. 
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Indeed, the efficiency of oligos seems to be very variable as the comparison of two capture 

oligos has shown. It might be necessary to test a set of oligos tiled all along the A3G mRNA to 
find those that bind to regions which are accessible both in vitro and in cellular lysates and are 

not competitively bound by other molecules present in cells. 
 

In conclusion, despite all the different conditions tested, it was not possible to pull-down A3G 
mRNA directly from cellular lysates. The reason might be that A3G mRNA is too strongly 

complexed with proteins or other RNAs in the cell and might not be accessible for 

complementary oligos. Moreover, hybridization of the 20 nts oligos to A3G mRNA might not 
have been strong enough. A possibility to solve this problem would be to use longer oligos or 

peptide nucleic acid oligos (PNAs) which form stronger interactions with their targets (23, 231, 
239). It is also possible that the oligos used here did not target the right regions of A3G mRNA. 

Some regions of the A3G mRNA might be more solicited by cellular interactants than others 
and certain regions might be more accessible for oligos. Nevetheless, 10 carefully selected 

oligos have been tested at the beginning and it is surprising that none of them seemed to be 
efficient enough to mediate pull-down of A3G mRNA. 

 

Finally, an in vitro transcribed A3G mRNA has been used which incorporates biotinylated 
nucleotides in its sequence. This mRNA binds strongly to beads and is not lost even upon 

addition of cellular lysate. As binding of biotinylated A3G mRNA to beads was efficient and 
reproducible it is expected to reliably allow pull-down of A3G mRNA-interacting proteins. This 

protocol has therefore been used for the study of the A3G mRNA interactome in the presence 
and absence of Vif. While an effort was made to use conditions that reproduce as much as 

possible physiological conditions (gentle cell lysis and incubation with A3G mRNA in a buffer 
otherwise used for in vitro translation), the protocol is still a little less physiological than what 

was initially aimed for. The pull-down of A3G mRNA directly from cells would have allowed for 
the RNA to associate with its interactants inside the cell, while in the final protocol interactions 

are formed in vitro and on a modified RNA. The incorporated biotins could indeed perturb 

certain interactions, therefore it might be interesting for further experiments to decrease the 
amount of incorporated biotins gradually in order to find a threshold of a minimal number of 

incorporated biotins that still allows reliable binding to the beads. The advantage of the final 
protocol is that it can quickly be adapted and different mutants of A3G mRNA can easily be 

tested. Moreover, it is more reproducible and doesn't rely on expression efficiency of A3G 
mRNA in the cells, which indeed seemed to be rather low and can vary depending on the cell 

batch and age. The protocol can even be easily adapted to other RNAs, like for example 
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mRNAs of other APOBECs, without the tedious search for complementary oligos that are 

sufficiently specific. 
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VI Identification of cellular factors 
implicated in APOBEC3G translational 
inhibition by the HIV-1 Vif protein 
 
 
Vif inhibits A3G translation by a yet unknown mechanism, that is dependent on the 5'-UTR of 
A3G mRNA. Our hypothesis is that Vif might interact with cellular factors that contribute to 

translational regulation of A3G. In order to study the impact of Vif on A3G mRNA-associated 
proteins I have used a protocol that I have developed during my thesis to pull-down proteins 

on an in vitro transcribed, biotinylated A3G mRNA, followed by their identification by mass 
spectrometry. This study has allowed us to characterize the proteic interactome of the full-

length A3G mRNA in the presence and absence of Vif, the A3G uORF and the A3G protein. 
This has led to the identification of several cellular proteins that are modulated by Vif and 

therefore might play a role in Vif-mediated translational inhibition of A3G. Our preliminary 

results are presented in the following article. Further work is needed to confirm certain results 
and to validate the role of the obtained candidates in Vif-mediated translation regulation of 

A3G before submission of the article for publication. 
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Abstract 
APOBEC3G (A3G) is one of the main restriction factors of HIV infection, which 

significantly reduces infectivity of virions. HIV counteracts this restriction factor using 

three different mechanisms. While Vif-mediated ubiquitination and degradation of A3G 

has been well characterized over the years, mechanisms aiming at reducing A3G 

transcription and translation of A3G mRNA are still poorly understood. With the 

objective to gain a better understanding of the translational inhibition and to identify 

potential cellular cofactors of Vif involved in this process, we pulled-down A3G mRNA-

associated protein complexes from cellular lysates in the presence and absence of Vif 

and A3G protein. Analysis of these protein complexes by mass spectrometry allowed 

us first to identify a core interactome of A3G mRNA, which remains stable in all different 

conditions used in this study. We also identified a considerable number of proteins 

whose association with the A3G mRNA seems to be dependent on the presence of 

Vif, the A3G protein and a uORF in the 5'-UTR of A3G mRNA. Amongst these proteins, 

we identified RENT1 and CHIP and validated their interaction with Vif by co-

immunoprecipitation. Overall, the identified proteins suggest a potential role of P-body 

and stress-granule components as well as the cytoskeleton in Vif-mediated 

translational inhibition of A3G. Moreover, most of the identified proteins are 

phosphoproteins, suggesting a potential regulation through phosphorylation. 
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Introduction 
Restriction factors are IFN-responsive genes found amongst the first effectors of the 

intrinsic immune response against viral infections. Apolipoprotein B mRNA-editing 

enzyme, catalytic polypeptide-like 3G (APOBEC3G or A3G) is one of the best studied 

restriction factors, with an inhibitory effect on different retroviruses, retrotransposons 

and HBV replication. A3G restricts HIV-1 by C to U deamination during the reverse 

transcription of the viral genome. This leads to hypermutation of the provirus, resulting 

in production of truncated viral proteins as well as defects of the viral genomic RNA 

and ultimately arrest of the viral life cycle (18, 34, 45, 58). Restriction factors are often 

counteracted by viral proteins to allow viral replication. HIV-1 expresses Vif, which 

counteracts A3G. Vif-induced ubiquitination and subsequent degradation of A3G in the 

proteasome has been extensively studied. Vif interacts with A3G and recruits an E3-

ubiquitin ligase complex composed of Cul5, EloB, EloC, Rbx2 and CBF-β. Vif thereby 

replaces the substrate recognition component of the E3 ubiquitin ligase, leading to 

ubiquitination of A3G. Ubiquitinated A3G is then recognized and degraded by the 26S 

proteasome (46, 57). Indeed, hijacking of the cellular ubiquitin-proteasome system is 

a common feature used by several viruses and especially HIV to mediate counter-

defense to cellular restriction mechanisms (44). It has recently been shown that 

recruitment of the transcriptional cofactor CBF-β in the E3-ubiquitin ligase complex by 

Vif sequesters it away from the RUNX transcription factor and leads to a decrease in 

A3G transcription (3, 27). The third mechanism for A3G counteraction by Vif is 

inhibition of A3G translation, and was discovered early on but has been only poorly 

understood until recently (17, 37, 50). It has been shown that Vif binds to A3G mRNA 

and especially to the 5'- and 3'-UTRs (37). The 5'-UTR, but not the 3'-UTR has been 

shown to be necessary and sufficient to allow A3G translational inhibition by Vif (17). 

A very recent study identified a small uORF in the 5'-UTR of A3G mRNA and Vif-

mediated translational inhibition has been shown to be dependent on this uORF. The 

uORF is also conserved in A3F, whose translation can also be inhibited by Vif (Libre, 

Seissler et al., in preparation). uORFs are present in almost 50 % of cellular mRNAs 

and constitute a negative regulatory element for the associated main ORFs (mORFs) 

which have to be translated by leaky scanning, re-initiation after translation of the 

uORF or through recruitment of the ribosome by an internal ribosome entry site (IRES) 

(6, 9). In the case of A3G, translation occurs through a mix of leaky scanning and re-

initiation (Libre, Seissler et al., in preparation). uORFs allow regulation of mORF 
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expression in response to different stimuli, like for example stress or starvation, and 

can notably be regulated by different RNA binding proteins (RBPs). The sex-lethal 

(SXL) protein for example binds to a region in the 5'-UTR of the male-specific lethal 2 

(msl-2) mRNA, downstream of a uORF and thereby decreases translation of msl-2 in 

favour of the uORF (8, 13, 36). In plants, translation of uORF containing transcripts 

can also be regulated by RBPs, like it is the case for RL24-containing ribosomes, which 

more efficiently re-initiate after uORF translation and might therefore be preferentially 

associated with translation of uORF-containing genes (38, 41). In human cells, the 

proteins DENR and MCT-1 have been associated with stimulation of re-initiation and 

their recruitment to particular uORF-containing mRNAs might increase their translation 

(32, 43). 

The mechanism of Vif-mediated translation inhibition of A3G is yet unknown. As Vif 

binds to the 5'-UTR of A3G mRNA, it is possible that Vif interacts with the present 

protein complexes. Indeed, Vif could interact with different RBPs on the 5'-UTR of A3G 

mRNA and modulate their binding. A3G translational inhibition by Vif could for example 

be explained by drop-off of RBPs that stimulate translation or by the recruitment of 

translation inhibitory RBPs. In order to study the effect of Vif on A3G mRNA-associated 

protein complexes, we performed pull-down of proteins from cellular lysates on 

biotinylated A3G mRNA bound to magnetic beads, followed by their identification by 

mass spectrometry. This allowed us to identify over 400 A3G mRNA-associated 

proteins in different conditions of which at least 107 seem to be regulated positively or 

negatively by Vif. Interaction of some of these proteins with Vif has been validated by 

co-immunoprecipitation and their role in A3G translation has been studied by RNA 

silencing. 

 

Material and methods 
 

Plasmids. The following reagent was obtained through the NIH AIDS Reagent 

Program, Division of AIDS, NIAID, NIH: HIV-1 NL4-3 Vif expression vector (pcDNA-

hVif) from Dr. Stephan Bour and Dr. Klaus Strebel. For co-immunoprecipitation, a 

FLAG-tag was added at the C-terminus of hVif, resulting in the pcDNA-Vif-FLAG 

construct. The empty pcDNA vector was used as a negative control (pcDNA-Ø). The 

pCMV-T7-A3G-WT and pCMV-T7-A3G-∆uORF contain the full-length A3G cDNA 

(both UTRs and the CDS) under the control of the T7 promoter for in vitro transcription. 
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The pCMV-A3G plasmid contains the full-length A3G cDNA (both UTRs and the CDS) 

under the control of the CMV promoter. The pCMV-A3G-∆UTR contains the CDS of 

A3G without UTRs under the control of the CMV promoter. 
 

In vitro transcription of biotinylated, capped, poly-adenylated A3G mRNA. For 

transcription of a capped, poly-adenylated and biotinylated transcript, 1 μg of linearized 

pCMV-T7-A3G-WT or pCMV-T7-A3G-∆uORF was used with the HiScribe T7 ARCA 

mRNA kit with tailing (NEB) according to manufacturer’s instructions. The transcription 

mix was supplemented with 1.25 mM Bio-16-UTP (ThermoFisher) and incubated at 37 

°C overnight. The plasmid was digested with 4 U DNase I (NEB) at 37 °C for 15 min 

followed by a tailing reaction at 37 °C for 30 min. The transcripts were precipitated by 

2.5 M LiCl (NEB) according to manufacturer’s instructions. 
 

Preparation of cellular lysates using nitrogen cavitation. HEK293T cells were 

seeded into 15 cm dishes at 5.8*106 cells per dish in a final volume of 20 ml DMEM 

medium (Gibco; supplemented with 10 % fetal calf serum (Pan Biotech), 100 U/ml 

penicillin and 100 μg/ml streptomycin (Gibco)). Cells were incubated at 37 °C and 5 % 

CO2. Cells were transfected with expression plasmids around 16-18 h after their 

seeding. One μg of pCMV-A3G-∆UTR and 8 μg of pcDNA-Vif were used per dish. The 

total amount of plasmid is adjusted to 9 μg using the pcDNA-Ø. The plasmid 

preparation was gently mixed with 27 μl of XtremeGene9 (Roche) and 373 μl of Opti-

MEM (Gibco) and incubated at room temperature for 10-15 min, then pipetted onto the 

cells. Cells were detached in cold dPBS (Gibco) using cell scrapers 24 h after 

transfection. They were centrifuged at 300 xg for 5 min. The cell pellet was weighed 

and then resuspended in lysis buffer (20 mM HEPES, 100 mM KAc, 2 mM MgAc, 1 

mM DTT, 100 U/ml RNasin; 1 x Halt Protease Inhibitor Cocktail (ThermoScientific)) at 

2.5 ml per g of cells. Cells were then introduced into a nitrogen cell bomb (Parr) and 

incubated at 500 psi for 30 min at 4 °C. The resulting cell lysate was spun down twice 

at 1,000 xg for 5 min at 4 °C and the supernatant was recovered and stored at -80 °C. 
 

Pull-down of cellular proteins on biotinylated A3G mRNA. SpeedBeads Magnetic 

streptavidin coated particles (GE Healthcare) were washed with wash buffer (20 mM 

HEPES, 100 mM KCl, 10 mM MgCl2, 0.01 % NP40) and 40 μg of beads were incubated 

with 1 pmol of biotinylated A3G mRNA in wash buffer for 1 h at room temperature 
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under rotation. Beads were then washed with wash buffer, resuspended in cellular 

lysate (per sample, an equivalent of 1.5 cell dishes, diluted at 1/2 in lysis buffer was 

used) and incubated for 3 h at 4 °C under rotation. Beads were washed twice with 

wash buffer, once with no-detergent wash buffer (20 mM HEPES, 100 mM KCl, 10 mM 

MgCl2) and transferred into a new tube. Beads were then resuspended in 15 μl H20. 

Two μl were used for RT-qPCR and the rest was analysed by mass spectrometry. 

 

RT-qPCR of A3G mRNA. The beads volume was adjusted to 16 μl with H2O. Four μl 

of iScript Reverse Transcription Supermix for RT-qPCR (BioRad) were added and the 

mixture was incubated at 25 °C for 5 min, 42 °C for 30 min and 85 °C for 5 min. The 

RT-reaction was mixed with 0.2 μM of A3G sense (5’-TTC TCC AGA ATC AGG AAA 

AC-3’) and antisense (5’-GTG TCT GTG ATC AGC TGG AG-3’) primers, 1x Taq buffer, 

0.25 mM of each dNTP, 2.5 U of Taq polymerase (homemade) and 1.25 μl of 

EvaGreen Dye (Biotium). The mixture was incubated at 95 °C for 3 min, then 40 cycles 

of 30 s at 95 °C, 30 s at 61 °C and 1 min at 72 °C were performed and the amount of 

DNA was monitored at each cycle using Evagreen fluorescence measurement. In 

parallel, a titration curve was generated using between 109 and 103 copies of the 

pCMV-A3G. 

 

Mass Spectrometry. The beads suspension was mixed with 50 μl of elution buffer 

(Miltenyi) and incubated at 95 °C for 10 min. The beads were then discarded. Each 

sample was precipitated with 0.1 M ammonium acetate in 100% methanol, and 

proteins were resuspended in 50 mM ammonium bicarbonate. After a reduction-

alkylation step (dithiothreitol 5 mM – iodoacetamide 10 mM), proteins were digested 

overnight with 1:25 (w/w) sequencing-grade porcine trypsin (Promega). One fifth of the 

peptide mixture was analyzed by nanoLC-MS/MS in an Easy-nanoLC-1000 system 

coupled to a Q-Exactive Plus mass spectrometer (ThermoFisher). Each sample was 

separated with an analytical C18 column (75 μm ID × 25 cm nanoViper, 3 μm Acclaim 

PepMap; ThermoFisher) with a 160 min 300 nL/min gradient of acetonitrile. The 

obtained data was searched against the Swissprot database with human taxonomy 

using the Mascot algorithm (version 2.5, Matrix Science). Mascot files were then 

imported into Proline v1.4 package (http://proline.profiproteomics.fr/) for post-

processing. Proteins were validated with 1% FDR and the total number of MS/MS 

fragmentation spectra (Spectral Count) was used to quantify each protein in the 
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different samples. 

 

Bioinformatic analyses. Mass spectrometry data obtained for each sample, including 

the proteins identified and their associated spectral counts (SpC), were stored in a 

local MongoDB database and several pairwise comparisons were then performed 

through a Shiny Application built upon the msmsEDA (16) and msmsTests (15) 

R/Bioconductor packages. The latter were respectively used to conduct exploratory 

data analyses of LC-MS/MS data by spectral counts and differential expression tests 

using a negative-binomial regression model. The p-values were adjusted with false 

discovery rate (FDR) control by the Benjamini-Hochberg method and 3 parameters 

were used (adjusted p-value < 0.1 or 0.05, a minimum of 2 SpC in the most abundant 

condition, and a minimum fold change of 2) to define differentially expressed proteins.   

Proteins significantly enriched (p < 0.1) in samples compared to the corresponding 

negative controls were analyzed using functional annotation clustering with medium 

classification stringency against the background of the total human proteome on the 

Database for Annotation, Visualization and Integrated Discovery (DAVID; 

https://david.ncifcrf.gov) (21). The Venn diagram was generated using Venny 2.1 

(https://bioinfogp.cnb.csic.es/tools/venny) (39). String diagrams were generated using 

STRING 11.0 (https://string-db.org/) (52). 

 
Co-immunoprecipitation without cross-linking. HEK293T cells were seeded in 10 

cm dishes at 2.5 million cells per dish. After 16-18 h of seeding, cells were transfected 

with 0.4 μg of pCMV-A3G and 4 μg of pcDNA-Ø or pcDNA-Vif-FLAG. For the 

transfection, the plasmid preparation is gently mixed with 12 μl of XtremeGene9 

(Roche) and 188 μl of Opti-MEM (Gibco), incubated at room temperature for 10-15 

min, then pipetted onto the cells. Ten h after transfection, cells were treated with 25 

μM ALLN. Twenty-four h after transfection, cells were washed once with dPBS (Gibco), 

then 250 μl of RIPA 1x (1x PBS, 1 % NP40, 0.5 % Na-DOC, 0.05 % SDS, 1x Halt 

Protease Inhibitor Cocktail (ThermoScientific)) were added and cells were incubated 

at 4 °C for 10 min. Cells were centrifuged at 18,188 x g for 1 h at 4 °C, then the 

supernatant was recovered. 

900 μg protein G Dynabeads (Invitrogen) per sample were washed 3 times with RIPA 

1x, then resuspended in 30 μl RIPA 1x. Two μg of anti-FLAG M2 mouse monoclonal 

antibody (F1804, Sigma) were added and incubated for 2 h at room temperature under 
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rotation. Then beads were washed with RIPA 1x, resuspended in the cellular lysate 

(equivalent of 1.5 culture dishes per sample) and incubated at 4 °C for 2 h under 

rotation. Beads were washed 5 times with RIPA 1x and bound proteins were eluted in 

WB buffer (1x NuPAGE LDS Sample Buffer (Invitrogen), 1x NuPAGE Sample 

Reducing Agent (Invitrogen)) at 70 °C for 10 min. The supernatant was recovered and 

analysed by western blotting. 
 
Co-immunoprecipitation with crosslinking. HEK293T cells were seeded into 10 cm 

dishes at 2.5 million cells per dish in a final volume of 5 ml DMEM medium (Gibco; 

supplemented with 10% fetal calf serum (Pan Biotech), 100 U/ml penicillin and 100 

μg/ml streptomycin (Gibco)). Cells were incubated at 37 °C and 5 % CO2. Cells were 

transfected with expression plasmids around 16-18 h after their seeding with 0.4 μg of 

pCMV-A3G and 4 μg of pcDNA-Vif-FLAG per dish. The total amount of plasmid is 

adjusted to 4.4 μg using the pcDNA-Ø. The plasmid preparation is gently mixed with 

12 μl of XtremeGene9 (Roche) and 188 μl of Opti-MEM (Gibco) and incubated at room 

temperature for 10-15 min, then pipetted onto the cells. 10 h after transfection, cells 

were treated with 25 μM ALLN. 24 h after transfection, cells were washed twice with 

cold PBSCM buffer (dPBS (Gibco) supplemented with 0.1 mM CaCl2 and 1 mM MgCl2), 

and then incubated for 6 h at 4 °C in PBSCM supplemented with 1 mM dithiobis-

succinimidyl-propionate (DSP, ThermoFisher). PBSCM-DSP was discarded and cells 

were incubated for 15 min at 4 °C in PBSCM supplemented with 20 mM Tris (pH 7.5). 

Cells were washed twice with cold PBSCM buffer and then incubated for 30 min at 4 

°C in lysis buffer (50 mM Tris (pH 7.5), 300 mM NaCl, 5 mM EDTA, 1 % Triton x100, 

1 x HALT Protease Inhibitor Cocktail (ThermoFisher)). Cells were spun down at 17,000 

xg for 15 min at 4 °C and the supernatant was recovered. 60 μl of Pierce anti-

DYKDDDDK Magnetic Agarose Beads (Invitrogen) were used per sample. Beads were 

washed 3 times with PBS, resuspended with the cell lysate and incubated over night 

at 4 °C under rotation. Beads were washed 5 times with wash buffer (50 mM Tris (pH 

7.5), 300 mM NaCl, 5 mM EDTA, 0.1 % Triton x100) and once with PBS, then 

incubated at 37 °C for 15 min in 2x LDS Sample Buffer (NuPage) supplemented with 

50 mM DTT. The supernatant was recovered and analysed by western blotting. 

 

RNA silencing. On day 1, HEK293T cells were seeded into 6-well plates at 1*105 cells 

per well in 1 ml DMEM. On day 2, cells were treated with a final concentration of 10 
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nM siRNAs. A TriFECTa RNAi Kit (Integrated DNA Technologies), containing the 

following siRNAs has been used: siRNA1 5'-AGGUUAUUGACGAUUCAUCUCUGA-3' 

and siRNA2 5'-CCCAACUUGGCUAUGAAGGUTA-3'. siRNAs were supplied as 

duplexes with a 2 nucleotides overhang at the 3' extremity of the complementary 

strand. siRNAs were first diluted in a final volume of 170 μl OptiMEM (Gibco), then 

mixed with 2 μl oligofectamin diluted in a final volume of 30 μl OptiMEM. This mix was 

incubated for 20 min at room temperature, then added to the cells in DMEM medium 

(non-supplemented). Around 4-6 h after siRNA treatment, 10 % fetal calf serum (Pan 

Biotech) was added. On day 4, cells were transfected with 0.1 μg of pCMV-A3G and 1 

μg of pcDNA-Vif per dish. The total amount of plasmid was adjusted to 2 μg using the 

pcDNA-Ø. The plasmid preparation was gently mixed with 6 μl of XtremeGene9 

(Roche) and 94 μl of Opti-MEM (Gibco) and incubated at room temperature for 10-15 

min, then pipetted onto the cells. 10 h after transfection, cells were treated with 25 μM 

ALLN. On day 5, cells were washed with cold dPBS, then incubated in RIPA 1x (1x 

PBS, 1 % NP40, 0.5 % Na-DOC, 0.05 % SDS, 1x Halt Protease Inhibitor Cocktail 

(ThermoScientific)) for 10 min at 4 °C. Cells were centrifuged at 18,188 x g for 1 h at 

4 °C, then the supernatant was recovered. 

 

 
Table 8: List of antibodies. Antibody names, references and company are indicated. @GAPDH antibody as well 
as secondary antibodies are conjugated to horseradish peroxidase (HRP, indicated in the name). Primary 
antibodies are diluted in WB blocking solution and secondary antibodies in TNT at the indicated dilutions and 
incubated for the indicated time at 4 °C. The following reagents were obtained through the NIH AIDS Reagent 
Program, Division of AIDS, NIAID, NIH: Anti-Human APOBEC3G Polyclonal from Dr. Warner C. Greene (50); HIV-
1 Vif Monoclonal Antibody (#319) from Dr. Michael H. Malim (47, 48). 
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Western blotting. The protein concentration of samples was determined by a Bradford 

assay using Bradford Assay Dye (BioRad) according to manufacturer's instructions. 80 

μg of protein were used for siRNA samples and 20 μg for Co-IP input were denatured 

using NuPAGE LDS Sample Buffer and Reducing Agent (Invitrogen) at 70 °C for 10 

min. For Co-IP samples, total proteins were used. Samples were migrated on a 4-15 

% Criterion TGX Precast Midi Protein Gel (BioRad) in 1x TGS (25 mM Tris, 200 mM 

Glycine, 1 % SDS) for 35 min at 200 V. Then proteins were transferred onto a PVDF 

membrane using a Midi PVDF Transfer Pack (BioRad) at 25 V and 2.5 A for 10 min in 

a Trans-Blot Turbo (BioRad). The membrane was then incubated in WB blocking 

solution (50 mM Tris (pH 7.5), 150 mM NaCl, 1 % Triton x100, 5 % milk (Regilait)) for 

1 h. Primary and secondary antibodies were added as described in table 1. After the 

primary antibody, the membrane was washed twice with TNT (50 mM Tris (pH 7.5), 

150 mM NaCl, 1 % Triton x100). After the secondary antibody, the membrane was 

washed twice with TNT and once with TN (50 mM Tris (pH 7.5), 150 mM NaCl). One 

ml of Peroxide Solution and 1 ml Luminol Enhancer Solution (Amersham ECL Prime 

Western Blotting Detection Reagent, GE Healthcare) were mixed and added onto the 

membrane. Chemiluminescent signal was revealed using a Chemidoc (BioRad). For 

detection of multiple proteins on the same membrane, membranes were stripped for 

25 min at room temperature under rotation with Antibody Stripping Buffer (Geba), then 

washed thoroughly with demineralized water. 

 

Results 
 

Determining the interactome of A3G mRNA. Cellular proteins have been pulled 

down on an in-vitro transcribed, capped, poly-adenylated and biotinylated full-length 

A3G mRNA coupled to streptavidin-covered magnetic beads, followed by identification 

by mass spectrometry. Retention of A3G mRNA at the end of the pull-down protocol 

has been verified by RT-qPCR, which showed a uniform retention in all samples (data 

not shown). Beads in the absence of A3G mRNA have been used as a negative control 

to evaluate non-specific binding of cellular proteins. Vif and A3G have been expressed 

in cells in order to study their effect on protein complexes binding to A3G mRNA. This 

allowed us to define the interactome of full-length A3G mRNA. 410 different proteins 

have been identified to significantly bind to A3G mRNA in the different conditions with 

a p-value under 5 % and 447 with a p-value under 10 % (Fig. 1A). The approach used 
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Figure 32: Proteins significantly associated with A3G mRNA in different conditions. Pull-down of proteins 
from cell lysates expressing Vif and/or A3G on an in vitro-transcribed, capped, poly-adenylated and biotinylated 
A3G mRNA. (A) Number of proteins significantly associated with the A3G mRNA compared to the beads only 
control with a p-value < 0.1 or 0.05. (B) Functional annotation clustering of proteins associated with A3G mRNA in 
each condition at a p-value < 0.1 using the DAVID webservice. The 7 most enriched clusters are indicated for each 
condition. (C) Venn diagram of proteins identified with a p-value < 0.1 in the different conditions. (D) String diagram 
of the 109 proteins that represent the core interactome of A3G mRNA. The thickness of lines indicates the 
confidence of association of the linked proteins. Proteins involved in some of the most represented functional 
clusters are colored as indicated. 
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here to identify A3G mRNA-binding proteins was very stringent, and we thus decided 

to use a p-value of 10 % as a threshold for further analyses in order to maximize our 

chances of identifying relevant cellular proteins. Between 200 and 241 proteins interact 

with A3G mRNA in any given condition (Fig. 1A). 109 of these proteins (24.4 % of the 

total interacting proteins) seem to constitute the core interactome of A3G mRNA, which 

is the same in all 4 conditions, and 158 (35.4 %) of the proteins are common in at least 

3 conditions (Fig. 1C). The remaining 64.6 % of proteins are modulated depending on 

the presence of Vif and A3G protein (Fig. 1C). The cellular interactome of A3G mRNA 

seems to be composed of many proteins with known nucleic acid and RNA binding 

properties, as well as proteins containing domains that typically interact with RNAs, 

like for example zinc fingers (Fig. 1B). Amongst these proteins, we have identified 

many splicing factors, RNA helicases as well as proteins involved in RNA degradation, 

3'-end processing and mRNA translation. Surprisingly, in the presence of Vif, proteins 

involved in keratinization and cell-cell adhesion appeared amongst the most enriched 

clusters (Fig. 1B). Amongst the 109 proteins that constitute the core interactome of 

A3G mRNA, we found proteins implicated in different post-transcriptional processes of 

gene regulation, including splicing factors, proteins involved in RNA degradation and 

transport, RNA helicases and translation initiation factors (Fig. 1D). 

 
Effect of A3G protein on the interactome composition. A total of 83 proteins bound 

to A3G mRNA changed significantly when A3G was expressed in cells (Fig. 2A; 

Supplementary Table 1). The binding of 61 of these proteins to A3G mRNA seems to 

be negatively regulated by the addition of A3G protein. Amongst these proteins are 

many components of the proteasome and proteins implicated in cell cycle control (Fig. 

2B). In turn, 22 proteins are upregulated upon addition of A3G protein and amongst 

these are many factors involved in ubiquitin conjugation as well as several RNA binding 

proteins involved in RNA degradation, post-transcriptional regulation and RNA 

metabolism (Fig. 2C). Some of these proteins are also components of RNP granules 

found in the cytoplasm like P-bodies or stress-granules. Overall, the A3G protein 

seems to significantly influence the interactome of its own mRNA, which might 

contribute to regulation of essential processes for its own expression. 
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Figure 33: Effect of A3G protein on the interactome of its mRNA. (A) Differential association of proteins with 
A3G mRNA in the presence and absence of the A3G protein analyzed by a generalized linear model of a negative-
binomial distribution. Proteins with a positive log2(fold change) are upregulated in the presence of A3G, while a 
negative log2(fold change) indicates downregulation in the presence of A3G. P-values are adjusted using the 
Bejamini-Hochberg method and the threshold of a p-value of 0.1 is indicated as a red line. Proteins (B) 
downregulated or (C) upregulated in the presence of A3G are represented as a string diagram. The thickness of 
lines indicates the confidence of association of the linked proteins. Proteins involved in some of the most 
represented functional clusters are colored as indicated. 
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communication (Fig. 3C). Amongst the proteins downregulated by Vif, we mainly found 

proteins implicated in polyadenylation, as well as a couple of known RNA binding 

proteins (Fig. 3B). In the presence of A3G protein, a total of 65 proteins are upregulated 

on A3G mRNA in the presence of Vif, while 14 proteins are downregulated (Fig. 4A; 

Supplementary table 3). Amongst proteins upregulated in the presence of Vif, a very 

large proportion is associated with keratinization. Some of these proteins also play a 

role in amino acid biosynthesis and apoptosis. Some serpins have also been identified 

(Fig. 4C). Interestingly, of the total 147 proteins that are regulated by Vif, 88 are 

phosphoproteins, which means that they can be regulated through phosphorylation. 

 

 
Figure 34: Effect of Vif on A3G mRNA-associated proteins in the absence of A3G protein.  (A) Differential 
association of proteins with A3G mRNA in the presence and absence of Vif. Proteins with a positive log2(fold 
change) are upregulated in the presence of Vif, while a negative log2(fold change) indicates downregulation in the 
presence of Vif. P-values are adjusted using the Bejamini-Hochberg method and the threshold of a p-value of 0.1 
is indicated as a red line. Proteins (B) downregulated or (C) upregulated in the presence of Vif are represented as 
a string diagram. The thickness of lines indicates the confidence of association of the linked proteins. Proteins 
involved in some of the most represented functional clusters are colored as indicated. 
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Figure 35: Effect of Vif on A3G mRNA-associated proteins in the presence of A3G protein.  (A) Differential 
association of proteins with A3G mRNA in the presence and absence of Vif. Proteins with a positive log2(fold 
change) are upregulated in the presence of Vif, while a negative log2(fold change) indicates downregulation in the 
presence of Vif. P-values are adjusted using the Bejamini-Hochberg method and the threshold of a p-value of 0.1 
is indicated as a red line. Proteins (B) downregulated or (C) upregulated in the presence of Vif are represented as 
a string diagram. The thickness of lines indicates the confidence of association of the linked proteins. Proteins 
involved in some of the most represented functional clusters are colored as indicated. 
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modulated by Vif were compared to those obtained for WT A3G mRNA. Preliminary 

results suggest that amongst the 147 proteins regulated by Vif on WT A3G mRNA, 60 

were also found to be regulated in the absence of the uORF (Fig. 5, circled in red). 

Overall, the uORF seems to have a significant impact on the interactome of A3G 

mRNA.  

 

 
Figure	36:	Comparison	of	proteins	whose	association	with	WT	and	∆uORF	mRNA	is	regulated	by	Vif.	Pull-down	of	proteins	
on	WT	and	∆uORF	A3G	mRNA	has	allowed	identification	of	proteins	that	seem	to	be	regulated	by	Vif	in	the	presence	or	absence	
of	A3G.	Proteins	that	are	regulated	both	on	WT	and	∆uORF	A3G	mRNA	are	indicated	in	the	table	below.	
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explain accumulation of this class of proteins in our samples. Nevertheless, we 

concentrated further efforts on the other identified proteins. We selected a total of 10 

candidates, which are significantly up- or downregulated by Vif in one of the conditions 

and which might have an effect on translational regulation (Table 2).  

 

 
Table 9: Selected candidates for a role in A3G translational inhibition by Vif. The UniProtKB ID, Accession, 
full name and a summary of the function are indicated for each protein (59). 

 

Interaction of selected proteins with Vif has been validated by co-immunoprecipitation 

using a FLAG-tagged version of Vif. Amongst candidates, only CHIP and RENT1 have 

been shown to interact with Vif (Fig. 6). To a lower extent, CLAP2 might also be able 

to interact with Vif. However, we only detected this interaction after cross-linking of 

proteins in the cells, suggesting a weak or very dynamic interaction between Vif and 

these proteins, contrary to the interaction with A3G, which can also be detected without 

cross-linking (Fig. 6). 

 

Role of CHIP and RENT1 in A3G translation. We have focussed further efforts on 

CHIP and RENT1, which seemed to be the most promising candidates, given their 

interaction with Vif in co-immunoprecipitation experiments. Their expression has been 

knocked down in cells using RNA silencing which allowed a mean decrease of 70-90 
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% of the expression level of CHIP (Fig. 7A) and 64 % of RENT1 (Fig. 7B). For both 

proteins, silencing seemed to have no visible effect on Vif-mediated counteraction of 

A3G nor on the expression level of A3G in the absence of Vif. Vif did not seem to have 

an impact on CHIP or RENT expression in the absence of siRNAs either (Fig. 7). 

However, these results have to be taken with caution since they are preliminary. 

Moreover, Vif-mediated translation inhibition was only very moderate in the control 

condition, which might have masked a possible effect of CHIP or RENT1 silencing. 

 

 
Figure 37: Interaction of Vif with selected proteins. Cells were transfected or not to express a FLAG-tagged 
version of Vif as indicated. Cellular proteins were cross-linked or not and then immunoprecipitated using an @FLAG 
antibody. The input as well as the immunoprecipitated (IP) samples were analyzed by western blot. 

 

MYPT1

ARG1

CALL5

DSG1

G3P

DCP2

CNOT1

LRC40

CLAP2

CHIP

RENT1

A3G

Vif

No	Crosslink Crosslink

Input IP

- ++-
Input

IP
+- +- AC@FLAG

Vif-FLAG-- +++-

(115	kDa)

(35	kDa)

(16 kDa)

(114 kDa)

(36 kDa)

(68 kDa)

(141 kDa)

(35 kDa)

(124 kDa)

(46 kDa)

(23 kDa)

(48 kDa)

(267 kDa)



VI Identification of cellular factors implicated in APOBEC3G translational inhibition by the 
HIV-1 Vif protein 

- 179 - 
 

Discussion 
In the present study we have for the first time identified the interactome of the A3G 

mRNA in different conditions. This has revealed a core interactome of 109 proteins 

which always remain associated with A3G mRNA independently of the experimental 

conditions, while 338 proteins are modulated depending on the presence of Vif and 

A3G proteins. Amongst the core interactome of A3G mRNA, we found proteins 

implicated in splicing, transport, translation and degradation. These proteins represent 

all of the typical interactants which play a role in the different steps of the life cycle of 

an mRNA. 

 

Interestingly, the composition of A3G mRNA-associated protein complexes could be 

modulated by the presence of its own protein in the cellular lysate. This indicates that 

A3G protein influences the interactome of its own mRNA and might therefore play a 

role in the regulation of its expression. Indeed it has been shown previously that A3G 

protein localizes to P-bodies in cells (11, 12, 35, 55). Moreover, A3G can interact with 

and bind to RNAs through its zinc-coordinating domain (5, 23, 51), including its own 

mRNA (28). In our study, we observed an upregulation of RNP granule-associated 

proteins on A3G mRNA in the presence of A3G protein which might indicate that A3G 

recruits its own mRNA into P-bodies. It is possible that this allows A3G to regulate its 

expression. 

 

In addition to the A3G protein itself, Vif could also modulate the A3G mRNA 

interactome. Vif has been shown to bind to the 5'-UTR of A3G mRNA (37). The 5'-UTR 

of A3G mRNA and more precisely a small uORF has been shown to be important for 

Vif-mediated inhibition of A3G translation (17; Libre, Seissler et al., in preparation). It 

is known that Vif downregulates A3G levels in cells by three different mechanisms, 

however the interplay of these different mechanisms in the cell has not been 

characterized yet. In the present study we have identified different proteins that are 

regulated by Vif in the presence and absence of the A3G protein. This suggests that 

Vif might not use the same mechanism of translational inhibition depending on the 

expression level of A3G. Indeed, when Vif is first expressed during an infection, the 

A3G protein is already present in the cell. At this stage, Vif has to quickly and efficiently 

downregulate A3G. When this is achieved, a low expression level of A3G has to be 

maintained, which might allow Vif to switch its mechanism. DSG1 (a desmosome 
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component with no known role in translation) is the only protein that seemed to be 

recruited on A3G mRNA by Vif independently of the A3G protein. 

 

 
Figure	38:	Effect	of	CHIP	and	RENT1	on	Vif-mediated	regulation	of	A3G	expression	levels.	Cells	were	treated	with	siRNAs	
directed	against	(A)	CHIP,	(B)	RENT1	or	with	a	negative	control	siRNA	(Ctrl	-).	The	effect	of	siRNA	treatment	on	CHIP	and	RENT1	
expression	as	well	as	on	Vif-mediated	regulation	of	A3G	in	the	presence	or	absence	of	a	proteasome	inhibitor	(ALLN)	has	been	
analysed	by	western	blot	and	bands	were	quantified	using	ImageJ.	The	amount	of	A3G	in	the	absence	of	Vif	was	set	to	100	%.	
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Surprisingly, a large proportion of cytoskeletal proteins have been identified as 

enriched in the presence of Vif. While keratins are typical contaminants in mass 

spectrometry (20), the actin cytoskeleton and intermediate filaments might play a role 

in the mechanism of Vif-mediated translational inhibition, for example by mediating 

transport of A3G mRNA into compartments like stress granules or P-bodies, where 

translation is inhibited. Indeed, it has been shown recently that in stress conditions, Vif 

relocalizes A3G mRNA into stress granules (Libre, Seissler et al., in preparation). 

Moreover, Vif is known to associate with intermediate filaments in the cell (26), which 

might explain their recruitment in our experiments. The actin cytoskeleton has also 

been shown to be regulated upon HIV infection, even though this has not yet been 

linked to Vif (40, 53). 

 

Interestingly, Vif does not seem to directly interact with most of the proteins that it 

regulates. It is possible that Vif binds to A3G mRNA and induces changes to its 

secondary or even tertiary structure which lead to the drop-off or recruitment of 

different RBPs without an actual physical interaction with Vif. Indeed, Vif has been 

shown previously to possess an RNA chaperone activity (7, 19, 49). In order to confirm 

this hypothesis, it would be interesting to study the secondary structure of A3G mRNA 

in cellula in the presence and absence of Vif. Furthermore, most of the proteins 

regulated by Vif have been found to be phosphoproteins, which means that they can 

be regulated by phosphorylation. Vif is a known modulator of the phosphoproteome in 

the cell (14). Therefore, Vif might indeed induce changes in the phosphorylation status 

of A3G mRNA-associated proteins which could favour or hinder their interaction with 

the RNA. MYPT1 and NEB2 for example are phosphatase cofactors (2, 56) which 

seemed to be recruited onto A3G mRNA by Vif and are potentially involved in Vif-

mediated modulation of the phosphoproteome. Further experiments will be needed to 

test this hypothesis. 

 

CHIP and RENT1 were the only proteins whose interaction with Vif was confirmed in 

co-immunoprecipitation experiments. Amongst the proteins whose association with 

A3G mRNA seemed to be regulated by Vif, the E3-ubiquitin ligase CHIP (25) was 

particularly interesting because it has previously been described as a Vif-interacting 

protein (24). Moreover, CHIP has very recently been identified as a restriction factor of 

HIV infection, inducing ubiquitination and degradation of Tat (1). While the interaction 
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of RENT1 and CHIP with Vif would have rather suggested a recruitment of these 

proteins onto A3G mRNA by Vif, our analyses actually showed a Vif-mediated 

decrease of these proteins on A3G mRNA. One possible explanation would be that Vif 

binds to these proteins to induce their degradation. This would explain a direct 

interaction of these proteins with Vif while it also explains the downregulation of these 

proteins on A3G mRNA. Western blotting experiments showed however that CHIP and 

RENT1 expression did not change in the presence and absence of Vif. Moreover, 

silencing of CHIP and RENT1 had no effect, nor on the expression level of A3G, nor 

on Vif-mediated translational inhibition. These results are still preliminary and further 

experiments will be necessary to study the importance of the Vif-CHIP interaction. 

 

While many proteins typically associated with mRNAs and the regulation of their life 

cycle have been identified as significantly enriched on A3G mRNA in our pull-down 

experiments, only few of them seem to be regulated by Vif. Indeed, most of the proteins 

whose association with A3G mRNA changed upon addition of Vif have no known role 

in regulation of translation. They might be multifunctional proteins whose role in 

translational regulation has not yet been identified. Therefore, it is difficult to propose 

a mechanism based on the present data. Silencing or overexpression of these proteins 

might allow to identify a potential effect on A3G translation in the presence and 

absence of Vif. On the other hand, some proteins like RENT1, DCP2 and CNOT1 have 

already been associated with mRNA degradation. RENT1 (better known as UPF1) is 

part of the nonsense-mediated decay pathway, which recruits decapping enzymes like 

DCP2 and deadenylases like CNOT1 to transcripts containing premature stop codons 

(22, 29, 30, 33, 54). These proteins can also be part of P-bodies and stress granules 

(4, 10, 42). Surprisingly, these proteins were downregulated from A3G mRNA in the 

presence of Vif. While this is consistent with previous results which have suggested 

that Vif does not induce degradation of A3G mRNA (17), it is nevertheless surprising 

because A3G mRNA also seems to be relocalized to stress-granules in the presence 

of Vif (Libre, Seissler et al., in preparation). 

 

Finally, the results obtained for WT A3G mRNA have been compared to an A3G mRNA 

mutant where the uORF has been deleted (∆uORF). Indeed the uORF has been shown 

previously to be required for Vif-mediated translational regulation (Libre, Seissler et al., 

in preparation). Our preliminary results showed that Vif-mediated regulation of many 
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proteins seems to depend on the presence of the uORF. Several proteins can't be 

regulated by Vif anymore when the uORF is deleted and amongst these, we have 

found for example CHIP and RENT1. A considerable number of proteins is regulated 

by Vif even in the absence of the uORF. Amongst these were for example CLAP2, 

CNOT1, DCP2, DSG1, LRC40 and MYPT1. For these proteins, two possibilities can 

be considered: (1) since Vif-mediated translational inhibition can't take place in the 

absence of the uORF, these proteins might not be valid candidates for a role in this 

mechanism; (2) in the absence of the uORF, Vif might still be able to bind to the 5'-

UTR of A3G and regulate the association of these proteins with A3G mRNA, however, 

the mode of action of these proteins might depend on the presence of the uORF. 

Further studies will be necessary to discriminate between these possibilities. It would 

for example be interesting to evaluate whether Vif is still able to bind to the 5'-UTR of 

A3G in the absence of the uORF. Moreover, the results obtained with the ∆uORF A3G 

mRNA are still preliminary and will have to be confirmed. 

 

In conclusion, this study allowed to characterize the impact of the A3G uORF, the A3G 

protein and Vif on the proteic interactome of A3G mRNA. It has also allowed 

identification of multiple potential cellular cofactors in Vif-mediated translational 

inhibition of A3G. The cytoskeleton, as well as P-bodies and stress granules, have 

been the main factors identified in this study which might play a central role in 

regulation of A3G translation. Nevertheless, several other proteins have been identified 

whose role in translation still has to be characterized. 
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Supplementary material 
 
Supplementary table 1: Proteins significantly regulated by the A3G protein. The protein Uniprot ID, 

Accession, common name and general function are indicated. The log2(fold change) of each protein in 

the presence of A3G protein as well as the associated adjusted p-value are indicated.  

 

UniprotKB ID UniProtKB 
Accession

Protein Name Function Log(Fold 
change)

adj.      
P-value

2AAA_HUMAN P30153 Serine/threonine-protein 
phosphatase 2A 65 kDa 
regulatory subunit A alpha 
isoform

Scaffolding of protein phosphatase 2A -2,85 4,5E-02

2AAB_HUMAN P30154 Serine/threonine-protein 
phosphatase 2A 65 kDa 
regulatory subunit A beta 
isoform

Scaffolding of protein phosphatase 2A -5,51 9,7E-03

6PGD_HUMAN P52209 6-phosphogluconate 
dehydrogenase, 
decarboxylating

Catalyzes a step in the pentose phosphate 
metabolic pathway

-4,81 4,5E-02

AHSA1_HUMAN O95433 Activator of 90 kDa heat shock 
protein ATPase homolog 1

Co-chaperone of HSP90AA1 -6,39 2,9E-03

ATX10_HUMAN Q9UBB4 Ataxin-10 Role in survival of neurons -4,56 6,8E-04
ATX2L_HUMAN Q8WWM7 Ataxin-2-like protein Regulation of stress granule and P-body formation 1,29 6,8E-02
C19L1_HUMAN Q69YN2 CWF19-like protein 1 Potential role in splicing 1,54 7,6E-02
C19L2_HUMAN Q2TBE0 CWF19-like protein 2 Potential role in splicing 1,75 5,3E-02
CAND1_HUMAN Q86VP6 Cullin-associated NEDD8-

dissociated protein 1
Assembly factor for SCF E3 ubiquitin ligases -7,20 2,9E-03

CARF_HUMAN Q9NXV6 CDKN2A-interacting protein Regulates DNA damage response 1,55 5,2E-02
CND2_HUMAN Q15003 Condensin complex subunit 2 Role in mitosis -5,65 1,8E-02
CSN1_HUMAN Q13098 COP9 signalosome complex 

subunit 1
Regulation of SCF-type E3 ubiquitin ligases -4,81 4,5E-02

CYBP_HUMAN Q9HB71 Calcyclin-binding protein Molecular bridge in E3 ubiquitin ligases -5,74 1,7E-02
DCP1A_HUMAN Q9NPI6 mRNA-decapping enzyme 1A Role in decapping and mRNA degradation 1,06 7,9E-02
DCP2_HUMAN Q8IU60 m7GpppN-mRNA hydrolase Mediates decapping, necessary for mRNA 

degradation
1,56 3,7E-02

DD19A_HUMAN Q9NUU7 ATP-dependent RNA helicase 
DDX19A

Helicase involved in nulear mRNA export -5,74 1,7E-02

DDX1_HUMAN Q92499 ATP-dependent RNA helicase 
DDX1

Potential role in polyadenylation, sensor of dsRNA 
for antiviral immunity

1,48 1,3E-02

DDX6_HUMAN P26196 Probable ATP-dependent RNA 
helicase DDX6

Role in decapping and mRNA degradation 1,49 7,1E-02

DP13A_HUMAN Q9UKG1 DCC-interacting protein 13-
alpha

Involved in multiple signaling pathways -5,76 2,6E-03

DUS11_HUMAN O75319 RNA/RNP complex-1-
interacting phosphatase

Potential role in mRNA metabolism 1,67 1,5E-02

ECM29_HUMAN Q5VYK3 Proteasome adapter and 
scaffold protein ECM29

Component of the 26S proteasome -5,35 2,4E-02

FAS_HUMAN P49327 Fatty acid synthase Catalyzes formation of long-chain fatty acids -4,50 1,7E-02
GAPD1_HUMAN Q14C86 GTPase-activating protein and 

VPS9 domain-containing 
protein 1

Participates in endocytosis and trafficking -6,33 1,9E-04

GCN1_HUMAN Q92616 eIF-2-alpha kinase activator 
GCN1

Involved in repression of global protein synthesis 
and activation of gene-specific translation

-5,29 6,4E-03

GUAA_HUMAN P49915 GMP synthase Biosynthesis of GMP -5,35 2,4E-02
HAT1_HUMAN O14929 Histone acetyltransferase type 

B catalytic subunit
Acetylation of histones -5,00 2,4E-02

HUWE1_HUMAN Q7Z6Z7 E3 ubiquitin-protein ligase 
HUWE1

E3 ubiquitin ligase -6,30 1,2E-02

IPO5_HUMAN O00410 Importin-5 Nuclear import of NLS-containing proteins -3,57 1,0E-02
IPO7_HUMAN O95373 Importin-7 Nuclear import of NLS-containing proteins -5,82 1,6E-02
LKHA4_HUMAN P09960 Leukotriene A-4 hydrolase Involved in synthesis of leukotriene B4 -4,81 4,5E-02
LS14A_HUMAN Q8ND56 Protein LSM14 homolog A Essential for formation of P-bodies 2,39 6,5E-02
LS14B_HUMAN Q9BX40 Protein LSM14 homolog B Potential role in translation 2,32 7,6E-02
LSM6_HUMAN P62312 U6 snRNA-associated Sm-like 

protein LSm6
Involved in splicing, potential role in mRNA 
degradation

2,11 5,5E-02

MAGD2_HUMAN Q9UNF1 Melanoma-associated antigen 
D2

Regulation of NaCl transporters SLC12A1 and A3 -2,21 1,4E-02
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MARE2_HUMAN Q15555 Microtubule-associated protein 
RP/EB family member 2

Role in microtubule stabilization -4,81 4,5E-02

MCM7_HUMAN P33993 DNA replication licensing factor 
MCM7

Role in DNA replication -5,23 2,6E-02

MP2K1_HUMAN Q02750 Dual specificity mitogen-
activated protein kinase kinase 
1

Component of the Map kinase signal transduction 
pathway

-5,02 1,9E-02

N4BP2_HUMAN Q86UW6 NEDD4-binding protein 2 Potential role in DNA repair 5,27 1,8E-02
NEK9_HUMAN Q8TD19 Serine/threonine-protein kinase 

Nek9
Role in cell cycle progression -3,09 2,2E-02

NKRF_HUMAN O15226 NF-kappa-B-repressing factor Transcriptional repression of NF-kB responsive 
genes

1,45 4,5E-02

NUDC_HUMAN Q9Y266 Nuclear migration protein nudC Role in neurogenesis -6,24 1,3E-02
NUMA1_HUMAN Q14980 Nuclear mitotic apparatus 

protein 1
Binds to microtubules, involved in mitosis -4,63 5,8E-02

OTUB1_HUMAN Q96FW1 Ubiquitin thioesterase OTUB1 Mediates Lys-48-linked deubiquitination -4,81 4,5E-02
PCF11_HUMAN O94913 Pre-mRNA cleavage complex 2 

protein Pcf11
Component of the pre-mRNA cleavage complex II 2,78 4,6E-02

PRS10_HUMAN P62333 26S proteasome regulatory 
subunit 10B

Component of the 26S proteasome -5,82 1,6E-02

PRS4_HUMAN P62191 26S proteasome regulatory 
subunit 4

Component of the 26S proteasome -5,46 2,2E-02

PRS6A_HUMAN P17980 26S proteasome regulatory 
subunit 6A

Component of the 26S proteasome -5,10 3,1E-02

PRS6B_HUMAN P43686 26S proteasome regulatory 
subunit 6B

Component of the 26S proteasome -5,82 1,6E-02

PRS7_HUMAN P35998 26S proteasome regulatory 
subunit 7

Component of the 26S proteasome -3,18 4,5E-02

PSA_HUMAN P55786 Puromycin-sensitive 
aminopeptidase

Involved in antigen-processing for MHC-I -5,82 1,6E-02

PSD12_HUMAN O00232 26S proteasome non-ATPase 
regulatory subunit 12

Component of the 26S proteasome -5,46 2,2E-02

PSD13_HUMAN Q9UNM6 26S proteasome non-ATPase 
regulatory subunit 13

Component of the 26S proteasome -5,74 1,7E-02

PSMD1_HUMAN Q99460 26S proteasome non-ATPase 
regulatory subunit 1

Component of the 26S proteasome -6,30 1,2E-02

PSMD2_HUMAN Q13200 26S proteasome non-ATPase 
regulatory subunit 2

Component of the 26S proteasome -6,18 1,3E-02

PSMD3_HUMAN O43242 26S proteasome non-ATPase 
regulatory subunit 3

Component of the 26S proteasome -6,05 1,4E-02

PSMD6_HUMAN Q15008 26S proteasome non-ATPase 
regulatory subunit 6

Component of the 26S proteasome -5,46 2,2E-02

PSMD7_HUMAN P51665 26S proteasome non-ATPase 
regulatory subunit 7

Component of the 26S proteasome -5,35 2,4E-02

PUR6_HUMAN P22234 Multifunctional protein ADE2 
[Includes: 
Phosphoribosylaminoimidazole-
succinocarboxamide synthase

Catalyzes a step in the IMP biosynthesis pathway -5,46 2,2E-02

RBM6_HUMAN P78332 RNA-binding protein 6 Binds poly-G RNAs 1,59 9,3E-02
RRP44_HUMAN Q9Y2L1 Exosome complex exonuclease 

RRP44
RNA degradation and processing -6,43 5,0E-03

RTCB_HUMAN Q9Y3I0 tRNA-splicing ligase RtcB 
homolog

tRNA maturation, may act as an RNA ligase on other 
RNAs

1,05 4,5E-02

SC31A_HUMAN O94979 Protein transport protein 
Sec31A

Role in vesicle transport from the ER -5,23 2,6E-02

SIR7_HUMAN Q9NRC8 NAD-dependent protein 
deacetylase sirtuin-7

Histone deacetylation 2,97 9,2E-02

SLK_HUMAN Q9H2G2 STE20-like serine/threonine-
protein kinase

Involved in apoptosis -5,23 2,6E-02

SMC2_HUMAN O95347 Structural maintenance of 
chromosomes protein 2

Role in mitosis -6,47 1,1E-02

SMN_HUMAN Q16637 Survival motor neuron protein Involved in splicing 1,27 9,3E-02
SNX2_HUMAN O60749 Sorting nexin-2 Involved in intracellular trafficking -5,29 1,3E-02
SNX6_HUMAN Q9UNH7 Sorting nexin-6 Involved in intracellular trafficking -5,38 1,4E-02
STK26_HUMAN Q9P289 Serine/threonine-protein kinase 

26
Involved in cell growth and apoptosis -5,27 1,6E-02
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SYVC_HUMAN P26640 Valine--tRNA ligase Ligates valine to its tRNA -5,65 1,8E-02
TCPQ_HUMAN P50990 T-complex protein 1 subunit 

theta
Protein chaperone -6,72 4,0E-03

TLN1_HUMAN Q9Y490 Talin-1 Connection of the cytoskeleton to the plasma 
membrane

-7,42 5,4E-03

UBR4_HUMAN Q5T4S7 E3 ubiquitin-protein ligase 
UBR4

E3-ubiquitin ligase -5,23 2,6E-02

UMPS_HUMAN P11172 Uridine 5'-monophosphate 
synthase

Biosynthesis of UMP -3,17 9,5E-02

UN45A_HUMAN Q9H3U1 Protein unc-45 homolog A Co-chaperone of HSP90 -5,35 2,4E-02
VATA_HUMAN P38606 V-type proton ATPase catalytic 

subunit A
Involved in acidification of intracellular compartments -5,10 3,1E-02

VINC_HUMAN P18206 Vinculin Actin binding, involved in cell-cell adhesion -4,81 4,5E-02
XPO1_HUMAN O14980 Exportin-1 Nuclear export of NES-containing proteins and 

certain RNAs
-2,66 5,4E-03

XPO2_HUMAN P55060 Exportin-2 Mediates export of importin-alpha -2,70 4,9E-02
XPO5_HUMAN Q9HAV4 Exportin-5 Nuclear export of dsRNA and proteins containing a 

dsRNA-binding domain
-4,24 1,5E-02

XRN1_HUMAN Q8IZH2 5'-3' exoribonuclease 1 mRNA decay 3,21 7,3E-05
YTDC2_HUMAN Q9H6S0 3'-5' RNA helicase YTHDC2 Involved in degradation of m6A-containing RNAs 1,70 2,6E-03
ZCCHV_HUMAN Q7Z2W4 Zinc finger CCCH-type antiviral 

protein 1
Recruits degradation machinery to viral RNAs 1,14 4,8E-02
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Supplementary table 2: Proteins significantly regulated by Vif in the absence of the A3G protein. The 

protein Uniprot ID, Accession, common name and general function are indicated. The log2(fold change) 

of each protein in the presence of Vif as well as the associated adjusted p-value are indicated.  

 

UniprotKB ID UniProtKB 
Accession

Protein Name Function Log(Fold 
change)

adj.      
P-value

ACTN4_HUMAN O43707 Alpha-actinin-4 Involved in actin crosslinking and tight junction 
formation

9,72 1,6E-03

FLNB_HUMAN O75369 Filamin-B Anchoring of the cell membrane and proteins to actin 8,90 1,6E-03

ACTN1_HUMAN P12814 Alpha-actinin-1 Involved in actin cross-linking 8,80 1,6E-03
DREB_HUMAN Q16643 Drebrin Recruitment of CXCR4 to immunological synapse, 

actin organization
8,15 1,6E-03

FLNA_HUMAN P21333 Filamin-A Anchoring of the cell membrane and proteins to actin 8,03 3,7E-03

LIMA1_HUMAN Q9UHB6 LIM domain and actin-binding 
protein 1

Regulation of actin dynamics 7,72 1,6E-03

SPTN1_HUMAN Q13813 Spectrin alpha chain, non-
erythrocytic 1

Involved in secretion 7,72 1,6E-03

SPTB2_HUMAN Q01082 Spectrin beta chain, non-
erythrocytic 1

Involved in secretion 7,57 1,6E-03

CALD1_HUMAN Q05682 Caldesmon Interacts with ctin and myosin 7,30 1,6E-03
IQGA1_HUMAN P46940 Ras GTPase-activating-like 

protein IQGAP1
Regulation of actin dynamics 7,09 1,6E-03

MYH10_HUMAN P35580 Myosin-10 Involved in cytoskeleton reorganization and the 
stabilization of CO1A1 and CO1A2 mRNAs, 
antagonist of MYH9

7,09 1,6E-03

TPM4_HUMAN P67936 Tropomyosin alpha-4 chain Stabilization of actin filaments 7,03 1,6E-03
ACTN2_HUMAN P35609 Alpha-actinin-2 Cross-linking of actin filaments 6,99 1,6E-03
ENAH_HUMAN Q8N8S7 Protein enabled homolog Cytoskeleton remodelling 6,89 1,6E-03
MYPT1_HUMAN O14974 Protein phosphatase 1 

regulatory subunit 12A
Regulates PPP1C, binds to myosin, 
dephosphorylation of PLK1

6,85 1,6E-03

COR1C_HUMAN Q9ULV4 Coronin-1C Cytoskeleton organization, fission of vesicles from 
endosomal transport

6,82 1,6E-03

COR1B_HUMAN Q9BR76 Coronin-1B Cell motility 6,74 1,6E-03
FLNC_HUMAN Q14315 Filamin-C Organization of the actin cytoskeleton 6,74 1,6E-03
MYH9_HUMAN P35579 Myosin-9 Cytoskeleton reorganization, antagonist of MYH10 6,74 1,6E-03
TPM3_HUMAN P06753 Tropomyosin alpha-3 chain Stabilization of actin filaments 6,70 1,6E-03
PALLD_HUMAN Q8WX93 Palladin Organization of the actin cytoskeleton 6,48 1,6E-03
MY18A_HUMAN Q92614 Unconventional myosin-XVIIIa Cytoskeleton-associated protein that mediates 

transport of several proteins involved in immunity 
and inflammation

6,43 1,6E-03

TPM1_HUMAN P09493 Tropomyosin alpha-1 chain Stabilization of actin filaments 6,43 1,6E-03
TPM2_HUMAN P07951 Tropomyosin beta chain Stabilization of actin filaments 6,38 1,6E-03
VASP_HUMAN P50552 Vasodilator-stimulated 

phosphoprotein
Cytoskeleton remodelling, link with ENAH ? 6,38 1,6E-03

PDLI1_HUMAN O00151 PDZ and LIM domain protein 1 Recruits proteins like PALLD and ACTN1 to stress 
fibers

6,32 1,6E-03

SRC8_HUMAN Q14247 Src substrate cortactin Organization of the actin cytoskeleton 6,27 1,7E-03
SEPT9_HUMAN Q9UHD8 Septin-9 Filament-forming GTPase 6,15 2,0E-03
CAPZB_HUMAN P47756 F-actin-capping protein subunit 

beta
Caps and protects actin filament ends 6,08 2,0E-03

CSRP2_HUMAN Q16527 Cysteine and glycine-rich 
protein 2

Role in vascular development 6,08 2,0E-03

ZYX_HUMAN Q15942 Zyxin Targets ENA/VASP proteins to focal adhesions 6,08 2,0E-03
AMOL1_HUMAN Q8IY63 Angiomotin-like protein 1 Inhibits the Wnt/beta-catenin signaling 6,01 2,4E-03
EFHD1_HUMAN Q9BUP0 EF-hand domain-containing 

protein D1
Calcium sensor 5,67 6,3E-03

COF1_HUMAN P23528 Cofilin-1 Regulation of actin dynamics 5,64 4,9E-03
AIF1L_HUMAN Q9BQI0 Allograft inflammatory factor 1-

like
Promotes actin bundling 5,56 7,9E-03

CYTSA_HUMAN Q69YQ0 Cytospin-A Cytoskeleton organization 5,56 7,9E-03
MPRIP_HUMAN Q6WCQ1 Myosin phosphatase Rho-

interacting protein
Targets myosin phosphatase to the actin 
cytoskeleton

5,56 7,9E-03

PAWR_HUMAN Q96IZ0 PRKC apoptosis WT1 regulator 
protein

Induces apoptosis and inhibits transcription (NF-KB 
pathway)

5,56 7,9E-03

AFAD_HUMAN P55196 Afadin Cell-cell junctions 5,56 7,9E-03
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SEPT2_HUMAN Q15019 Septin-2 Cytoskeleton organization 5,56 7,9E-03
NEB2_HUMAN Q96SB3 Neurabin-2 Involved in different signalling pathways, binds to 

actin, links protein phosphatase 1 to actin
5,44 1,1E-02

ARP3_HUMAN P61158 Actin-related protein 3 Mediates formation of branched actin filaments 5,44 1,1E-02
AMOT_HUMAN Q4VCS5 Angiomotin Role in tight junction maintenance 5,38 1,1E-02
SEPT7_HUMAN Q16181 Septin-7 Organization of the actin cytoskeleton, GTPase 5,31 1,6E-02
CAZA2_HUMAN P47755 F-actin-capping protein subunit 

alpha-2
Stabilization of actin filament extremities 5,16 2,4E-02

CD2AP_HUMAN Q9Y5K6 CD2-associated protein Mediates binding of actin to the plasma membrane 5,16 2,4E-02
PDLI7_HUMAN Q9NR12 PDZ and LIM domain protein 7 Binding of proteins to actin 5,16 2,4E-02
RHG21_HUMAN Q5T5U3 Rho GTPase-activating protein 

21
Activates GTPase activity of RHOA and CDC42 5,16 2,4E-02

MYH11_HUMAN P35749 Myosin-11 Muscle contraction 5,16 2,4E-02
EFHD2_HUMAN Q96C19 EF-hand domain-containing 

protein D2
Potentially regulates apoptosis 4,99 4,1E-02

SPTN2_HUMAN O15020 Spectrin beta chain, non-
erythrocytic 2

Potential role in neuronal cytoskeleton 4,99 4,1E-02

SVIL_HUMAN O95425 Supervillin Links actin to the plasma membrane 4,99 4,1E-02
TMOD3_HUMAN Q9NYL9 Tropomodulin-3 Role in actin dynamics 4,99 4,1E-02
ARC1B_HUMAN O15143 Actin-related protein 2/3 

complex subunit 1B
Mediates formation of branched actin filaments 4,78 6,5E-02

COR1A_HUMAN P31146 Coronin-1A Component of the cytoskeleton 4,78 6,5E-02
EVL_HUMAN Q9UI08 Ena/VASP-like protein cytoskeleton remodelling 4,78 6,5E-02
KCTD3_HUMAN Q9Y597 BTB/POZ domain-containing 

protein KCTD3
Component of a K/Na channel 4,78 6,5E-02

NEXN_HUMAN Q0ZGT2 Nexilin Associated with the actin cytoskeleton 4,78 6,5E-02
SEPT6_HUMAN Q14141 Septin-6 Organization of the actin cytoskeleton, GTPase 4,78 6,5E-02
ZO2_HUMAN Q9UDY2 Tight junction protein ZO-2 Role in tight junctions 4,78 6,5E-02
MYL6_HUMAN P60660 Myosin light polypeptide 6 Regulatory component of myosin 3,12 6,8E-02
CAZA1_HUMAN P52907 F-actin-capping protein subunit 

alpha-1
Stabilization of actin filament extremities 2,87 9,1E-02

EIF3A_HUMAN Q14152 Eukaryotic translation initiation 
factor 3 subunit A 

RNA binding component of eIF3, can activate or 
repress translation

-1,63 9,4E-02

IFIT5_HUMAN Q13325 Interferon-induced protein with 
tetratricopeptide repeats 5

RBP involved in innate immunity, recognizes 5'-ppp 
ends

-4,85 9,1E-02

PCF11_HUMAN O94913 Pre-mRNA cleavage complex 2 
protein Pcf11

Component of pre-mRNA cleavage complex II -5,02 6,5E-02

WDR33_HUMAN Q9C0J8 pre-mRNA 3' end processing 
protein WDR33

Maturation of mRNA 3' ends -5,43 2,4E-02

WDR82_HUMAN Q6UXN9 WD repeat-containing protein 
82

Role in transcription regulation -5,53 1,4E-02

DSG1_HUMAN Q02413 Desmoglein-1 Component of desmosomes 5,29 4,9E-02
RENT1_HUMAN Q92900 Regulator of nonsense 

transcripts 1
Recruited to stalled ribosomes as part of the SURF 
complex to induce NMD

-4,85 9,1E-02
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Supplementary table 3: Proteins significantly regulated by Vif in the presence of the A3G protein. The 

protein Uniprot ID, Accession, common name and general function are indicated. The log2(fold change) 

of each protein in the presence of Vif as well as the associated adjusted p-value are indicated.  

 

UniprotKB ID
UniProtKB 
Accession Protein Name Function

Log(Fold 
change)

adj.      
P-value

1433S_HUMAN P31947 14-3-3 protein sigma Adapter protein in many signaling pathways. 
Regulates MDM2

3,52 1,4E-02

ARGI1_HUMAN P05089 Arginase-1 Converts L-arginine to urea and L-ornithine 5,16 4,8E-03
CALL5_HUMAN Q9NZT1 Calmodulin-like protein 5 Binds calcium 5,14 5,4E-03
CARF_HUMAN Q9NXV6 CDKN2A-interacting protein Involved in signaling pathways in response to DNA 

damage
-1,47 1,5E-02

CASPE_HUMAN P31944 Caspase-14 Non-apoptotic caspase involved in epidermal 
differentiation.

5,93 9,2E-05

CDSN_HUMAN Q15517 Corneodesmosin Important for the epidermal barrier integrity. 5,47 1,5E-03
CHIP_HUMAN Q9UNE7 E3 ubiquitin-protein ligase CHIP E3-ubiquitin ligase -5,41 7,3E-03
CLAP2_HUMAN O75122 CLIP-associating protein 2 Stabilization of microtubules -3,98 5,9E-04
CMTR1_HUMAN Q8N1G2 Cap-specific mRNA (nucleoside-

2'-O-)-methyltransferase 1
Methylation of the first nucleotide of mRNAs -1,37 2,9E-03

CNOT1_HUMAN A5YKK6 CCR4-NOT transcription 
complex subunit 1 

Component of the CCR4-NOT complex which is one 
of the major cellular mRNA deadenylases

-1,63 5,3E-02

CYTA_HUMAN P01040 Cystatin-A Proteinase inhibitor important in desmosome-
mediated cell-cell adhesion

4,59 4,1E-02

DCP2_HUMAN Q8IU60 m7GpppN-mRNA hydrolase Decapping of mRNAs for degradation -1,29 7,2E-02
DESP_HUMAN P15924 Desmoplakin Component of desmosomes 6,82 1,3E-52
DSC1_HUMAN Q08554 Desmocollin-1 Component of desmosomes 6,35 8,8E-05
DSG1_HUMAN Q02413 Desmoglein-1 Component of desmosomes 5,33 3,8E-13
ENOA_HUMAN P06733 Alpha-enolase Role in glycolysis, growth control, hypoxia tolerance, 

allergic responses
2,29 5,7E-02

EXOC6_HUMAN Q8TAG9 Exocyst complex component 6 Involved in docking of exocytic vesicles with fusion 
site on the plasma membrane

-4,97 3,1E-02

FABP5_HUMAN Q01469 Fatty acid-binding protein 5 Transport of fatty acids, modulates inflammation 6,81 1,3E-08
FBX50_HUMAN Q6ZVX7 F-box only protein 50 Role in cell proliferation 4,31 8,0E-02
FILA_HUMAN P20930 Filaggrin Organizes keratin filaments 7,67 3,6E-04
FILA2_HUMAN Q5D862 Filaggrin-2 Cell-cell adhesion 4,18 9,7E-07
G3P_HUMAN P04406 Glyceraldehyde-3-phosphate 

dehydrogenase 
Role in glycolysis, component of the GAIT complex 1,89 4,1E-02

GSTP1_HUMAN P09211 Glutathione S-transferase P Metabolism 3,32 6,8E-02
HUTH_HUMAN P42357 Histidine ammonia-lyase L-histidine degradation into L-glutamate 4,31 8,0E-02
IGHG2_HUMAN P01859 Immunoglobulin heavy constant 

gamma 2 
4,37 7,6E-02

IGHG4_HUMAN P01861 Immunoglobulin heavy constant 
gamma 4 

4,37 7,6E-02

IGKC_HUMAN P01834 Immunoglobulin kappa constant 4,41 7,7E-02
LMNA_HUMAN P02545 Prelamin-A/C Nuclear assembly and dynamics 2,64 4,8E-03
LRC40_HUMAN Q9H9A6 Leucine-rich repeat-containing 

protein 40
-3,89 3,1E-03

NFH_HUMAN P12036 Neurofilament heavy polypeptide Intermediate filament in neurons 3,78 4,4E-03

NFX1_HUMAN Q12986 Transcriptional repressor NF-X1 Regulates MHC class II expression -1,18 4,1E-02
PKP1_HUMAN Q13835 Plakophilin-1 Role in junctional plaques 6,64 9,6E-08
PLAK_HUMAN P14923 Junction plakoglobin Junction plaque 4,15 4,4E-13
POF1B_HUMAN Q8WVV4 Protein POF1B Regulates the actin cytoskeleton 5,28 3,1E-03
S10AE_HUMAN Q9HCY8 Protein S100-A14 Regulates apoptosis by modulation of p53/TP53 4,59 4,1E-02
SBSN_HUMAN Q6UWP8 Suprabasin 6,14 1,1E-05
SPB12_HUMAN Q96P63 Serpin B12 Inhibitor of proteases 4,34 7,6E-02
SPB3_HUMAN P29508 Serpin B3 Inhibitor of proteases, role in immune response 

against tumors
6,56 1,1E-03

SPB4_HUMAN P48594 Serpin B4 Inhibitor of proteases, role in immune response 
against tumors

5,89 2,6E-03

SPB5_HUMAN P36952 Serpin B5 Inhibitor of proteases, role in immune response 
against tumors

4,93 1,6E-02

SPR2B_HUMAN P35325 Small proline-rich protein 2B Keratinocyte envelope protein 6,04 2,7E-05
SPR2D_HUMAN P22532 Small proline-rich protein 2D Keratinocyte envelope protein 5,87 8,6E-05
SPR2E_HUMAN P22531 Small proline-rich protein 2E Keratinocyte envelope protein 6,32 4,1E-06
SPR2F_HUMAN Q96RM1 Small proline-rich protein 2F Keratinocyte envelope protein 5,56 7,1E-04
TBB2A_HUMAN Q13885 Tubulin beta-2A chain Component of tubulin -1,68 1,5E-02
TBB2B_HUMAN Q9BVA1 Tubulin beta-2B chain Component of tubulin -1,68 1,4E-02
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TBB4A_HUMAN P04350 Tubulin beta-4A chain Component of tubulin -1,55 4,0E-02
TBB8_HUMAN Q3ZCM7 Tubulin beta-8 chain Component of tubulin -1,64 9,7E-02
TGM3_HUMAN Q08188 Protein-glutamine gamma-

glutamyltransferase E 
Cross-links Glu and Lys, keratinocyte envelope 
formation

6,70 4,3E-08

TKT_HUMAN P29401 Transketolase Metabolism 5,22 7,3E-03
WDR91_HUMAN A4D1P6 WD repeat-containing protein 91 Involved in cargo transport between early and late 

endosomes
-4,84 4,6E-02
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A3G is one of the main restriction factors of HIV, which in the absence of Vif induces 

hypermutation of the viral genome and causes abortion of the viral life cycle. The HIV Vif 

protein counteracts A3G by 3 different mechanisms, one of which is inhibition of A3G 
translation. This translational inhibition is dependent on the 5'-UTR of A3G mRNA and more 

precisely on a small uORF which spans stem loops 2 and 3 of the 5'-UTR. 
 

The first objective of my thesis was to better characterize the mode of translation of A3G in 
dependence of the uORF and to evaluate the importance of different characteristics of this 

uORF for Vif-mediated translational inhibition. This study has shown that the translation of A3G 
is negatively regulated by the presence of the uORF. A3G is indeed translated using a unique 

combination of leaky scanning and re-initiation after translation of the uORF, while no IRES 
activity has been detected. Furthermore, we have shown that translational inhibition of A3G by 

Vif can only take place when the uORF is intact. Upon mutation of the uORF start codon or 

deletion of the uORF, the Vif-mediated translation inhibition is abolished. The uORF has been 
found to be conserved in A3G and A3F, but none of the other A3s. As expected, A3F seemed 

to be regulated by Vif in the same manner as A3G, while this is the case for none of the other 
A3s, which is consistent with the absence of the uORF in their mRNAs. Finally, in stress 

conditions, it has been shown that A3G mRNA is relocalized to stress-granules in the presence 
of Vif (and not when the uORF is deleted), which might be either a consequence of the Vif-

mediated translational block or part of the mechanism itself. In addition, the importance of the 
uORF for Vif-mediated counteraction of A3G has been studied using an H9 cell-line where the 

A3G uORF has been deleted using the CRISPR/Cas9 technology. The preliminary results 
obtained after infection of this cell line with HIV-1 seem to suggest that the uORF might have 

an impact on viral production, however this still has to be confirmed. This first part of my thesis 

has shown that the uORF plays a crucial role in the mechanism of A3G translational inhibition 
by Vif and might be equally important for counteraction of A3G in the context of a viral infection. 

 
It has been shown previously that Vif binds to the stem loops 1 and 3 of A3G 5'-UTR. This 

binding brings Vif into close proximity with regulatory protein complexes, pre-initiation 
complexes and scanning ribosomes along the 5'-UTR, suggesting various possibilities for the 

mechanism of translational inhibition by Vif. Vif might for example hinder recruitment of the 
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ribosome, modulate leaky scanning, inhibit re-initiation after translation of the uORF or induce 

stalling of the ribosomes on the uORF. To do so, it is probable that Vif does not act on its own. 
Indeed, Vif might interact with A3G mRNA-associated protein complexes either to induce drop-

off of cellular translation stimulatory factors or to recruit translation inhibitory cellular proteins 
to the A3G 5'-UTR. Indeed, numerous mechanisms exist where RBPs modulate translation by 

binding to an mRNA and it is possible that Vif takes advantage of one of these strategies. 
 

To test this hypothesis, we have first studied the association of proteins with the 5'-UTR of 

A3G mRNA by RaPID. This has allowed us to identify 26 proteins whose association with the 
A3G 5'-UTR depends on the uORF and 21 proteins that are modulated by Vif. Many of these 

proteins are translation initiation factors, ribosomal proteins or other known regulators of 
translation or mRNA metabolism. Most interestingly, we have identified RL24, which is a known 

stimulator for re-initiation on uORF containing transcripts in plants (155, 163). In our case, 
RL24 is associated with the 5'-UTR of A3G only in the presence of the uORF, potentially to 

stimulate re-initiation, and is downregulated in the presence of Vif, which might lead to a 
decrease in A3G translation. The big downside of the RaPID protocol however was the low 

number of proteins that have been significantly enriched above the background of proteins 

associated with a scrambled RNA. 
 

Therefore, we have decided to develop a more physiological protocol with a full-length A3G 
mRNA which is expressed and assembles with its interacting proteins in cells, before being 

pulled-down for analysis. 
 

Pull-down of a non-modified, full-length A3G mRNA from cells would have allowed 
identification of the most physiological interactions and would have best represented the 

normal interactome of A3G mRNA in cells. However, it was not possible to specifically pull-
down and elute A3G mRNA for different reasons: (i) A3G mRNA could non-specifically bind to 

beads; (ii) the amount of A3G mRNA pulled-down and eluted in the presence of 

complementary oligos was not sufficient to stand out from the unspecific background; (iii) even 
A3G mRNA that had previously been bound to beads was lost upon addition of cellular lysate. 

This might have been due to a tight interaction of A3G with cellular interactants, that hamper 
with the pull-down. Our subsequent results have suggested that A3G mRNA might be 

associated with the cytoskeleton, P-bodies and stress granules. The association of A3G mRNA 
with stress granules in the presence of Vif has also been identified by previous microscopy 

studies (Libre, Seissler et al., in preparation). If A3G mRNA is indeed associated in the cell 
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with these kinds of complexes, this might explain why A3G mRNA seemed inaccessible for 

our bead-bound complementary oligos. Despite many efforts to improve this protocol, 
problems with specificity of the pull-down have finally led us to use an alternative protocol 

based on an in vitro transcribed, biotinylated A3G mRNA which is used as a bait to capture 
interacting proteins in vitro. 

 
Pull-down of proteins on a biotinylated RNA bait or their biotinylation in the cell by RaPID are 

both mediated by modified RNAs. The advantage of RaPID is that the RNA-protein interaction 

takes place in the physiological context of the cell while association of proteins with biotinylated 
A3G mRNA happens in vitro. The advantage of pull-down on a biotinylated bait is that in this 

case the entire interactome of the full-length A3G mRNA can be captured, while RaPID is 
performed only on the 5'-UTR of A3G and a large number of the 5'-UTR-interacting proteins 

are potentially not even biotinylated. 
 

 
Table 10: Proteins that have been identified by RaPID and by pull-down of proteins on biotinylated A3G 
mRNA. The name of each protein is indicated on the left. For each protocol, the condition in which the protein has 
been identified is indicated. The known function of each protein is indicated on the right as found on the Uniprot 
Knowledgebase.  

 
Despite these differences, it is surprising that only very few A3G mRNA-interacting protein 

have been found in common between the two protocols. Indeed, only 8 proteins appear in both 
screens (Table 8), but the conditions in which they have been identified are not consistent 

between the two experiments. Amongst these proteins, the most interesting is the translation 

initiation factor EIF3A, which can act as a translational activator (122). RaPID has shown that 
this protein is enriched on the A3G 5'-UTR in the absence of the uORF, which might be 

explained by the increased translation of A3G in the absence of the uORF (even though 
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translation might not be able to take place on the constructs used for these experiments). Pull-

down of proteins on biotinylated A3G mRNA however seemed to indicate that Vif might cause 
a drop-off of this protein from A3G mRNA, which appears logical considering that Vif inhibits 

translation of A3G and that eIF3A can act as a translation stimulator. In this context it is 
surprising that the negative regulation of eIF3A by Vif has not been confirmed by RaPID. 

 
Overall, in all mass spectrometry analyses performed during this thesis, we have mainly 

identified RNA binding proteins and many proteins with a known role in the mRNA metabolism. 

This shows the strength of the approaches used for identification of an mRNA interactome. 
However, the analysis process has also shown some difficulties. First of all, Vif is a known 

interactant of A3G mRNA, which has been characterized in a previous study (147), and has 
been shown by western blot to be enriched in our samples (Fig. 31). Nevertheless, it has never 

been identified by mass spectrometry, probably because no suitable peptides could be 
generated by trypsin digestion. Moreover, none of the known Vif interactants like A3G, CBF-β 

or components of the E3-ubiquitin ligase complex (CUL5, EloB, EloC) were identified either. 
Furthermore, proteins significantly enriched in different conditions have been analysed by 

differential expression tests using a negative-binomial regression model. These tests allowed 

to compare only two conditions at a time, which was not very well adapted to our experimental 
setup and did not allow to take into account the negative control and compare samples 

obtained in different conditions at the same time. To obtain more exact results it might be 
necessary to re-analyse the data with a multifactorial model, however, this is not currently 

available in the lab. 
 

Despite these technical difficulties, pull-down of proteins on a biotinylated A3G mRNA has 
allowed us to identify a large number of proteins specifically associated with this mRNA and 

several of these proteins seemed to be regulated by Vif. This regulation might be through a 
Vif-induced downregulation of the expression of these proteins or through a direct interaction 

between Vif and the protein to mediate its recruitment on the mRNA. Recruitment and drop-off 

of cellular proteins from the A3G mRNA might also be mediated by conformational changes of 
the A3G mRNA in response to Vif binding. Moreover, Vif might also modulate the 

phosphorylation status of these proteins in order to mediate regulation. 
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VIII Conclusion and Perspectives 
 
 
In conclusion, this thesis has contributed to show the importance of a small uORF in the 5'-

UTR of A3G mRNA for Vif-mediated translational inhibition of A3G and A3F, while the 

translation of the other A3 proteins is not regulated by Vif. A T-cell line has also been generated 
where the A3G uORF is deleted, and this T-cell line will allow to confirm the importance of the 

uORF for HIV infection. My thesis has also allowed to study the interactome of A3G mRNA 
using two different techniques. These studies have shown that protein complexes that 

associate with A3G mRNA vary depending on the presence of the uORF, the A3G protein and 
the Vif protein. These three parameters have been shown to significantly alter the interactome 

of A3G mRNA and all three might play an important role in the regulation of expression and 
stability of this mRNA. 

 
The obtained results have given rise to several new perspectives to further study Vif-mediated 

translational inhibition of A3G: 

 
Single nucleotide polymorphisms (SNPs) have been shown to affect uORFs and some even 

play important roles in human disease (34). In order to further study the importance of the A3G 
uORF on HIV infection, it would therefore be interesting to look for polymorphisms in the A3 

locus in the human population. Comparison of A3G transcripts in patient cohorts could allow 
identification of potential uORF-altering SNPs and evaluation of their association with viral 

control and mutation rates. 
 

Different mechanisms can be considered for Vif-mediated translational inhibition of A3G. Vif 
could for example inhibit recruitment of ribosomes on the 5'-UTR of A3G mRNA or induce 

ribosome stalling during translation of the uORF. Our results for instance suggest the Vif-

mediated downregulation of certain ribosomal proteins from A3G mRNA-associated protein 
complexes. In order to evaluate this hypothesis and to study what happens to ribosomes in 

the presence of Vif, it would be interesting to do ribosomal toeprinting assays on A3G mRNA 
in the presence and absence of Vif. 

 
In our different experiments, the association of several proteins with the A3G mRNA has been 

found to be modulated by Vif. On the one hand, it will be necessary to study the role of these 
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proteins in A3G translation and most importantly in Vif-mediated regulation of A3G translation. 

This might be achieved by silencing expression of these proteins or by their overexpression in 
cells followed by analysis of the impact on A3G expression. On the other hand, it would be 

interesting to study how Vif modulates the presence of these proteins on A3G mRNA, knowing 
that for the most part, a direct interaction with Vif could not be shown.  

Firstly, Vif has been shown previously to be a modulator of the phosphoproteome in infected 
cells (74) and many of the proteins identified in our study are phosphoproteins. In order to 

evaluate the possibility that Vif regulates the association of these proteins with A3G mRNA 

through modification of their phosphorylation status, it would be interesting to study 
phosphorylation of these proteins in the presence and absence of Vif.  

Vif is also a known RNA chaperone, which plays an important role in virion assembly and 
regulation of reverse transcription (20, 86, 214). This RNA chaperone activity might allow Vif 

to induce changes in the secondary structure of A3G mRNA, which in turn might modulate 
binding of different cellular factors. In order to study this possibility, it would be interesting to 

study the secondary structure of the 5'-UTR of A3G mRNA in the presence and absence of Vif 
to see whether Vif induces any changes susceptible to impact the associated proteins. 

 

Some of our results indicate that Vif modulates the interactome of A3G mRNA differently in 
the presence and absence of the A3G protein. This might suggest that Vif can use different 

mechanisms for translational regulation of A3G and that a switch might exist that induces 
transfer from one mechanism to the other. In this context, it would be interesting to better study 

the timeline of Vif-mediated A3G counteraction during an infection. Cells could for example be 
harvested at different time points after an infection in order to evaluate the contribution of Vif-

induced proteasomal degradation and translational inhibition over the course of the infection.  
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IX. Summary in french / Résumé en 
français 
 

1. Introduction 
 
Le virus de l'immunodéficience humaine (VIH) a été décrit pour la première fois en 
1983 comme l'agent étiologique du syndrome d'immunodéficience acquise (SIDA). Ce 
virus est aujourd'hui responsable d'une pandémie mondiale avec 37,9 millions de 
personnes infectées en 2018 et près de 0,8 millions de personnes qui meurent encore 
chaque année suite à l'infection. Le virus a été introduit dans la population humaine 
au cours d'au moins 13 évènements de transmission distincts à partir de singes à 
l'homme, ce qui a donné lieu à différents types, groupes et sous-types du virus. Il existe 
aujourd'hui un nombre considérable d'agents antirétroviraux qui permettent de 
maitriser la charge virale pendant très longtemps et ont ainsi permis d'améliorer 
considérablement la durée de vie des personnes infectées. Néanmoins, le virus peut 
échapper à ces médicaments, car il évolue rapidement grâce à une reverse 
transcriptase peu fidèle et un taux élevé de production virale. 
 
Le VIH infecte des cellules du système immunitaire dont principalement les 
lymphocytes T (LT) CD4+ activées, mais aussi les LT mémoires et quiescents ainsi 
que les macrophages. Ces cellules sont caractérisées par la présence du récepteur 
CD4 ainsi qu'un des deux corécepteurs, CCR5 ou CXCR4 à leur surface. Le cycle viral 
se déroule comme suit et est également représenté en figure F1. La protéine virale de 
l'enveloppe (Env) se fixe d'abord au CD4 et ensuite à un des corécepteurs, ce qui 
induit des changements de conformation qui permettent l'insertion d'un peptide de 
fusion dans la membrane cellulaire. Les membranes virales et cellulaires se 
rapprochent et fusionnent, permettant la libération du core viral dans le cytoplasme de 
la cellule hôte. Le VIH est un rétrovirus et de ce fait doit reverse transcrire son génome 
à ARN (ARNg) simple brin de polarité positive en un ADN double brin. Cette reverse 
transcription est effectuée par la reverse transcriptase (RT) du virus dans le 
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cytoplasme de la cellule hôte au sein d’un complexe de protéines virales qui protègent 
l’ADN néoformé de la détection par les senseurs de l'immunité innée et permettent en 
même temps l’entrée des nucléotides nécessaires à l’intérieur du complexe. L’ADN 
viral ainsi formé est ensuite importé dans le noyau ou il est intégré dans le génome de 
la cellule hôte sous forme d’un provirus. L’intégration est catalysée par l’intégrase 
virale et s’effectue de préférence au niveau de l’euchromatine à proximité des pores 
nucléaires et dans des gènes fortement transcrits. Les ARN viraux mono- ou multi- 
épissés ainsi que l’ARNg non-épissé peuvent ensuite être produits et sont exportés 
dans le cytoplasme où a lieu la production des protéines virales. L’ARNg est

 
Figure F1 : Cycle de vie du VIH, restriction par A3G et contre-action par Vif. A3G (rouge) est incorporé dans 
les virions et induit l'hypermutation de l'ADN proviral ce qui mène soit à sa dégradation ou à la production de 
protéines virales tronquées et l'arrêt du cycle. Vif (bleu) diminue la transcription d'A3G (1), inhibe sa traduction (2) 
et induit sa dégradation par le protéasome (3). 
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sélectionné par les protéines virales structurales qui s’assemblent au niveau de la 
membrane plasmique de la cellule et bourgeonnent afin de former de nouvelles 
particules virales. 
Les facteurs de restriction font partie de l'immunité innée et constituent un des 
premiers mécanismes de défense de l'organisme contre les pathogènes. L’expression 
de ces protéines est universelle, mais peut être stimulée par l'interféron. Il existe une 
panoplie de facteurs de restriction qui sont capables d'inhiber les différentes étapes 
du cycle de vie de multiples virus. APOBEC3G (Apolipoprotein B mRNA-editing 
enzyme, catalytic polypeptide-like 3G) ou A3G est un des facteurs de restriction 
majeurs du VIH. A3G est encapsidé dans les nouvelles particules virales et lors de 
l'étape de reverse transcription au cours du cycle suivant peut induire des mutations 
de C en U sur le brin d'ADN (-) grâce à son activité désaminase de cytosine. Ceci 
conduit à l'apparition de mutations de G en A sur le brin d'ADN (+), mutations qui 
peuvent impacter des séquences régulatrices du génome viral ou bien les séquences 
codantes, notamment par apparition de codons stop prématurés (Fig. F1). La 
production d'ARNg défectueux et de protéines virales tronquées mène finalement à 
l'arrêt du cycle viral. A3G fait partie d'une famille de désaminases de cytosine 
constituée de 7 membres (A3A, B, C, D, F, G, H), dont 4 montrent une activité de 
restriction du VIH (D, F, G, H). Ces protéines sont constituées de 1 (A, C, H) ou de 2 
(B, D, F, G) domaines conservés à coordination de zinc. Elles exercent leur activité de 
désamination de cytosine principalement sur l'ADN sb au niveau de sites spécifiques 
(CC pour A3G, TC pour les autres). Les protéines A3 constituent en même temps une 
protection et une menace pour la cellule. D'un côté, ils protègent la cellule contre les 
effets délétères des transposons et contre les virus. De l'autre côté, leur activité 
représente également un pouvoir mutagène pour le génome de la cellule et doit être 
strictement contrôlé, notamment au niveau de l'expression de ces protéines ou de leur 
localisation cellulaire. De plus, les protéines A3 peuvent aussi stimuler l'évolution 
lorsqu'un faible nombre de mutations est introduit dans l'ADN cible. 
 
Le VIH peut se répliquer efficacement dans les cellules qui expriment A3G grâce à 
l'expression de la protéine Vif qui diminue fortement le niveau d'expression d'A3G en 
utilisant 3 mécanismes différents. Premièrement, Vif interagit avec A3G et recrute une 
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E3 ubiquitine ligase, composée de Cul5, EloB, EloC, CBF-β et Rbx2. Ceci conduit à 
l'ubiquitination d'A3G suivi de sa reconnaissance et dégradation par le protéasome 
26S. La transcription de l'ARNm d'A3G se fait sous le contrôle du facteur de 
transcription RUNX en association avec son cofacteur CBF-β. L'interaction de Vif avec 
CBF-β conduit à sa séquestration dans le complexe E3-ubiquitine ligase, ce qui 
diminue la transcription d'A3G. Finalement, il a été montré que Vif se fixe à l'ARNm 
d'A3G et inhibe sa traduction. Ce dernier mode d'action de Vif est encore peu étudié 
et l'objectif de ma thèse a été de contribuer à une meilleure compréhension du 
mécanisme mis en œuvre par Vif pour inhiber la traduction d'A3G. 
 
L'initiation de la traduction chez les eucaryotes est fortement régulée. L'ARNm est 
complexé à un certain nombre de protéines, dont le complexe eIF4F qui se fixe à la 
coiffe et les protéines PABP qui se fixent à la queue poly-A. La petite sous-unité du 
ribosome est elle-même liée à plusieurs facteurs régulant l'initiation de la traduction 
(appelés eIFs). La petite sous-unité du ribosome est d'abord recrutée sur la 5'-UTR de 
l'ARNm par interaction de eIF3 lié au ribosome avec eIF4F lié à l'ARN. A ce stade le 
ribosome est déjà chargé avec l'ARNt initiateur qui est lié à son acide aminé (Met-
ARNtiMet) formant le complexe de pré-initiation (PIC). Le ribosome entame ensuite le 
balayage de la 5'-UTR de l'ARNm à la recherche du codon initiateur. Lorsque celui-ci 
est reconnu par appariement avec le Met-ARNtiMet, les eIFs se dissocient et la grande 
sous-unité du ribosome rejoint le complexe pour démarrer la traduction. Les facteurs 
d'élongation de la traduction (eEFs) apportent peu à peu les aminoacyl-ARNt 
correspondants aux codons suivants et la chaine peptidique grandit par catalyse de la 
formation d'une liaison peptidique au niveau du centre peptidyl transférase du 
ribosome. Lorsque le ribosome atteint un codon stop (UAA, UGA ou UAG), celui-ci est 
reconnu par des facteurs de terminaison (eRFs), qui stimulent la libération de la chaine 
peptidique. Finalement, des facteurs de recyclage rejoignent le ribosome et permettent 
la libération des deux sous-unités du ribosome ainsi que de l'ARNm. 
 
La traduction est un processus fortement régulé qui fait intervenir de nombreux 
éléments, comme d'un côté les éléments de séquence et de structure de l'ARNm et 
de l'autre côté les protéines se liant à l'ARN (RBPs). Parmi ces éléments de séquence 
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régulateurs on trouve notamment les upstream ORF (uORF), c'est à dire des petits 
cadres de lecture en amont du cadre de lecture principal (mORF). Environ 50 % des 
transcrits humains contiennent des uORF qui ajoutent un niveau de régulation 
supplémentaire à ces ARNm avec en général une régulation négative du mORF. Pour 
la traduction du mORF en présence d'un uORF, différents mécanismes existent : le 
premier, appelé leaky scanning est basé sur le fait que le ribosome ne reconnait pas 
systématiquement les codons d'initiation qu'il rencontre lors du balayage. De ce fait il 
est possible que le ribosome n'initie pas la traduction de l'uORF mais continue sa 
progression jusqu'à atteindre le mORF. Le deuxième mécanisme consiste en la 
réinitiation après traduction de l'uORF. Ceci est possible lorsque les eIFs ne se 
dissocient pas entièrement du ribosome lors de la traduction de l'uORF et permettent 
ainsi au ribosome de recommencer le balayage, de réacquérir un nouvel ARNt 
initiateur et d'initier par la suite la traduction du mORF. Finalement, le ribosome peut 
être recruté directement au niveau du mORF par un site d'entrée interne du ribosome 
(IRES), un élément structural qui permet la traduction coiffe- et parfois aussi scanning-
indépendante. 
 

2. Objectifs de cette thèse 
 
Il a été montré précédemment que Vif inhibe la traduction d'A3G. Ce mécanisme en 
lui-même est responsable d'environ 50 % de la diminution du niveau d'expression 
d'A3G et il est suffisant pour augmenter significativement l'infectivité du virus. Il a été 
montré que les tiges-boucles SL2 et SL3 dans la 5'-UTR de l'ARNm d'A3G sont 
nécessaires pour permettre l'inhibition traductionnelle par Vif. De plus, Vif se fixe sur 
la 5'-UTR de l'ARNm d'A3G au niveau des tiges-boucles SL1 et SL3. Malgré 
l'importance de l’inhibition traductionnelle dans la contre-action d'A3G par Vif, le 
mécanisme mis en œuvre n'est pas encore connu. L'objectif de ma thèse a donc été 
de contribuer à une meilleure compréhension de ce mode d'action de Vif.  
 
La première partie de ma thèse s'est basée sur la découverte d'un uORF dans la 5'-
UTR de l'ARNm d'A3G qui s'étend des tiges boucles SL2 à SL3. L'objectif dans un 
premier temps était de caractériser l'impact de cet uORF sur le mode de traduction 
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d'A3G ainsi que sur la régulation traductionnelle par Vif. Dans un deuxième temps 
nous avons voulu générer une lignée de lymphocytes T où l'uORF d'A3G est 
supprimée afin d'étudier son effet sur l'infectivité virale. 
 
La deuxième partie de ma thèse avait pour objectif d'identifier des facteurs cellulaires 
qui pourraient jouer un rôle dans l'inhibition traductionnelle d'A3G par Vif. En effet il a 
été montré précédemment que Vif peut se fixer sur l'ARNm d'A3G. Il est donc possible 
que Vif induise par exemple le recrutement de protéines inhibitrices ou qu'il décroche 
des protéines stimulatrices de la traduction. L'association des protéines en présence 
et absence de Vif a d'abord été analysée en utilisant la 5'-UTR de l'ARNm d'A3G. 
Ensuite, l'objectif a été la mise en place d'un protocole qui permette l'identification des 
partenaires de l'ARNm d'A3G entier. 
 

3. Rôle d'une uORF conservée chez A3G et A3F dans leur 
régulation traductionnelle par Vif 
 
Il avait été montré précédemment que la 5'-UTR de l'ARNm d'A3G et plus précisément 
les tiges boucles SL2 et SL3 sont importantes pour permettre l'inhibition 
traductionnelle d'A3G par Vif. Une analyse in silico a révélé la présence d'un petit cadre 
de lecture ouvert (upstream ORF, uORF) qui s'étend de SL2 à SL3 en amont du cadre 
de lecture codant pour A3G (mORF). Sachant que les uORF sont des éléments 
régulateurs de la traduction, nous avons généré des mutants afin d'analyser l'impact 
de l'uORF sur la traduction d'A3G (Fig. F2A). En effet, l'uORF semble négativement 
réguler la traduction d'A3G, car lorsque l'uORF est supprimé ou que son codon 
d'initiation est muté, l'expression d'A3G augmente sensiblement. Lorsque le codon 
stop de l'uORF est muté et que l'uORF est placée en phase avec l'ORF codant A3G, 
une forme longue, issue de l'initiation de la traduction à partir du codon AUG de l'uORF, 
et une forme courte d'A3G, issue de l'initiation à partir du codon AUG du mORF, sont 
produits. Ceci suggère une traduction d'A3G par leaky scanning car le ribosome 
semble pouvoir initier la traduction à partir des deux codons d'initiation. Néanmoins, 
des changements de la taille de l'uORF et de sa distance par rapport au mORF 
impactent également la traduction d'A3G, ce qui suggère qu'un mécanisme de 
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réinitiation de la traduction est également mis en œuvre. Par contre, aucun IRES n'a 
été identifié dans la 5'-UTR de l'ARNm d'A3G. Ces résultats montrent qu'A3G est 
traduit en présence de l'uORF par un mélange de leaky scanning et de réinitiation. 
 

 
Figure F2 : Etude de l'importance de l'uORF contenu dans la 5'-UTR de l'ARNm d'A3G pour son inhibition 
traductionnelle par Vif. (A) La 5'-UTR de l'ARNm d'A3G ainsi que les différents mutants utilisés sont représentés 
schématiquement. ∆uORF : délétion de l'uORF ; suAUG : mutation du codon d'initiation de l'uORF ; suUGA : 
mutation du codon stop de l'uORF (C : forme courte ; L : forme longue) ; uORF2 : changement de la séquence de 
l'uORF ; uORF2-15aa : raccourcissement de l'uORF à la taille indiquée. (B) Analyse de l'expression d'A3G à partir 
des différentes constructions en présence de Vif et d'un inhibiteur du protéasome (ALLN). L'expression d'A3G a 
été analysée par western blot, les bandes obtenues ont été quantifiées par ImageJ. Les barres d'erreurs sont 
représentatives de trois expériences. Les p-valeurs sont indiquées avec des étoiles : * < 0,05 ; ** < 0,01. 

 
L'uORF est conservée chez A3G et A3F mais chez aucun des autres A3. Nous avons 
montré qu'A3G et A3F sont régulés par Vif au niveau traductionnel, néanmoins cette 
inhibition traductionnelle n'a pas lieu chez les autres A3. Ceci suggère que l'inhibition 
traductionnelle d'A3G par Vif est dépendante de l'uORF. En effet nous avons montré 
par la suite que lorsque l'uORF d'A3G est supprimé ou que son codon d'initiation est 



IX. Summary in french / Résumé en français 

- 207 - 
 

muté, Vif ne peut plus inhiber la traduction d'A3G (Fig. F2B, ∆uORF et suAUG), tandis 
qu'aucun effet significatif n'a été observé sur l'inhibition traductionnelle d'A3G par Vif 
pour les autres mutants de l'uORF. Lorsque le codon stop de l'uORF est muté, Vif est 
capable d'inhiber la traduction de la forme courte mais non de la forme longue (Fig. 
F2B, suUGA-C et suUGA-L), ce qui suggère que Vif n'agit pas sur la traduction à partir 
du codon AUG de l'uORF. 
 
Finalement, la localisation de l'ARNm d'A3G a été étudiée dans la cellule en présence 
et absence de l'uORF par microscopie confocale. Cette étude a confirmé qu'en 
conditions de stress induites par traitement des cellules à l'arsénite ou à la chaleur, la 
protéine A3G est localisée dans les granules de stress. L'ARNm d'A3G est également 
localisée dans les granules de stress, mais uniquement en présence de Vif. Cette 
localisation est perdue lorsque l'uORF est supprimé. 
 

 
Figure F3 : Infection de cellules H9-WT et ∆uORF par le VIH-1. Les cellules H9 sauvages (WT) et ∆uORF ont 
été infectées avec le VIH-1 (isolat LAI). (A) L'expression d'A3G dans les cellules infectées a été analysée par 
western blot et les bandes ont été quantifiées par ImageJ. La GAPDH a été utilisée comme témoin de charge. La 
quantité d'A3G exprimée dans les cellules WT non-infectées a été fixée à 100 %. (B) Les virus produits dans les 
cellules WT et ∆uORF ont été utilisés pour l'infection de cellules TZM-bl. Le signal luciférase, qui est représentatif 
du nombre de cellules infectées, a été mesuré et est indiqué en unités relatives de fluorescence (URF). 

 
Afin de pouvoir étudier l'effet de l'uORF sur l'infection par le VIH, nous avons cherché 
à supprimer l'uORF dans le génome de cellules H9, une lignée cellulaire de 
lymphocytes T. Pour ce faire nous avons utilisé la technologie CRISPR/Cas9, ce qui 
nous a permis l'obtention d'un clone où l'uORF d'A3G est supprimé (∆uORF) tandis 
que celle d'A3F reste inchangé. Le clone obtenu est hétérozygote, c'est à dire qu'il 
possède un allèle sauvage et un allèle ∆uORF du gène A3G. Néanmoins, au niveau 
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des transcrits nous avons détecté quasi exclusivement l'allèle ∆uORF. Une première 
expérience d'infection de ces cellules a montré une légère augmentation du niveau 
d'A3G dans les cellules ∆uORF infectées comparé au WT. En même temps, une forte 
baisse de la quantité de virus produits a pu être observée (Fig. F3). Ces résultats, bien 
que préliminaires, suggèrent un impact de l'uORF sur l'infection virale. 
 

4. Identification de protéines qui interagissent avec la 5'-
UTR de l'ARNm d'A3G 
 
Afin de mieux comprendre le mécanisme utilisé par Vif pour inhiber la traduction 
d'A3G, nous avons voulu identifier les protéines qui se fixent à sa 5'-UTR afin d'étudier 
si Vif modifie l'interactome protéique de cet ARN. Pour cela j'ai utilisé un protocole 
récemment publié pour la détection des interactions ARN-protéines (RaPID). Ce 
protocole se base sur la biotinylation de protéines à une distance de 10 nm de la biotine 
ligase bactérienne BirA. BirA est fusionnée à la protéine λN qui se fixe sur les tiges 
boucles BoxB. La 5'-UTR de l'ARNm d'A3G est exprimée en fusion avec 3 tiges-
boucles BoxB de part et d'autre. Le recrutement de BirA sur cet ARN grâce à 
l'interaction λN-BoxB permet la biotinylation des protéines qui interagissent avec la 5'-
UTR de l'ARNm d'A3G. Ces protéines sont ensuite isolées sur des billes magnétiques 
recouvertes de streptavidine suivi de leur identification par spectrométrie de masse. 
 
Cette approche nous a permis d'identifier entre 581 et 916 protéines dans chaque 
échantillon. Parmi ces protéines, ce sont surtout des RBP (RNA Binding Protein) qui 
sont enrichies, comme par exemple des facteurs d'épissage et de traduction. La 
comparaison des protéines identifiées en présence et absence de l'uORF a permis 
l'identification de 11 protéines enrichies en la présence et 15 protéines enrichies en 
l'absence de l'uORF (Fig. F4A). Parmi ces protéines, certaines ont une fonction 
connue dans la régulation de la traduction, la stabilité des ARNm, l'export nucléaire 
des ARN et l'épissage. La comparaison des protéines identifiées en présence et 
absence de Vif a permis l'identification de 14 protéines dont l'association avec l'ARNm 
d'A3G semble diminuer en présence de Vif (Fig. F4B). De façon intéressante, 4 de ces 
protéines (RL24, RL27, AP3D1 et THOC2) sont aussi spécifiquement associées avec 
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Figure	F4	: Influence de Vif et de l'uORF sur les protéines interagissant avec la 5'-UTR de l'ARNm d'A3G. La 
comparaison des protéines fixées à la 5'-UTR de l'ARNm d'A3G dans deux conditions différentes a été effectuée 
en utilisant un modèle de régression binomiale négative. Une p-value ajustée par la méthode Benjamini-Hochberg 
< 0,1 ainsi qu'une diminution ou augmentation d'au moins deux fois (fold change > 2) ont été utilisés comme valeurs 
limites et sont indiquées avec des lignes rouges sur l'axe des y et des x respectivement. Les noms des protéines 
sont indiqués à côté des points correspondants, les kératines sont marquées "K". (A) Comparaison de protéines 
fixées à la 5'-UTR de l'ARNm d'A3G WT et ∆uORF en l'absence de Vif. Les protéines enrichies en présence de 
l'uORF sont indiquées à droite et celles enrichies en l'absence de l'uORF à gauche. (B) Comparaison des protéines 
fixées à la 5'-UTR de l'ARNm d'A3G en présence et absence de Vif. Les protéines enrichies en présence de Vif 
sont indiquées à droite et celles enrichies en l'absence de Vif à gauche. 
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l'ARNm d'A3G WT en comparaison du ∆uORF. Sept protéines semblent recrutées sur 
l'ARNm d'A3G par Vif, dont par exemple PDIP3, RL37A et MDC1. L'interaction de Vif 
avec ces trois protéines a été étudiée par co-immunoprécipitation sur des lysats 
cellulaires cross-linkés ou non. Cette expérience n'a pas pu confirmer l'interaction 
entre Vif et ces protéines. 
 
Tandis que le présent protocole nous a donné des indications intéressantes sur la 
dépendance de l'interactome de l'ARNm d'A3G de l'uORF et de Vif, le nombre de 
protéines identifiées spécifiquement était plutôt bas. Ceci pourrait être dû à des 
contraintes imposés par BirA qui est capable de biotinyler des protéines à seulement 
10 nm de distance. Ce protocole étant optimal pour de petits ARN d'intérêt, la 5'-UTR 
de l'ARNm d'A3G est bien plus grande et de ce fait la méthode a probablement permis 
d'identifier qu'une petite partie des protéines qui y sont associées. Pour cela nous 
avons voulu mettre en place un protocole pour pourvoir étudier l'ARNm d'A3G entier. 
 

5. Mise en place d'un protocole pour identifier les protéines 
associées avec l'ARNm d'A3G entier. 
 
Afin d'étudier l'interactome protéique de l'ARNm d'A3G entier, nous avons voulu mettre 
au point un protocole de pull-down. Pour cela, l'ARNm d'A3G a été exprimé dans les 
cellules HEK293T. L'objectif était d'isoler l'ARNm d'A3G ainsi que les protéines qui y 
sont associées à partir d’un lysat cellulaire en utilisant des oligonucléotides 
complémentaires, biotinylés et couplés à des billes magnétiques recouvertes de 
streptavidine.  
Tout d'abord nous avons cherché à optimiser le protocole en utilisant différents types 
de billes. Pour étudier la rétention de l'ARNm d'A3G sur les billes en fin de protocole 
de pull-down, une détection par RT-PCR a été effectuée. Ces expériences ont révélé 
une très mauvaise spécificité de rétention de l'ARNm d'A3G par les oligos 
complémentaires. En effet, le ratio de l'ARNm d'A3G retenu en présence des oligos 
comparé aux billes nues était proche de 1 pour tous les types de billes testés (Fig. F5), 
ce qui signifie qu'autant d'ARNm d'A3G était retenu en présence qu’en absence des 
oligos spécifiques. La bande détectée en l'absence d'oligos a été purifiée et 
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séquencée, et a montré qu'il s'agissait bien de l'ARNm d'A3G et non d'un autre 
contaminant aspécifique. Différentes approches ont été mis en œuvre afin d'éliminer 
les ARN se fixant aspécifiquement aux billes. Ni des lavages de haute stringence ni la 
saturation des billes ou le pré-clearing du lysat n'a montré d'effet.  
 

 
Figure F5 : Spécificité de rétention de l'ARNm d'A3G sur les billes magnétiques. Le protocole de pull-down a 
été effectué avec un ARNm d'A3G transcrit in vitro sur différents types de billes (600, 600BI, 1 et 3L du kit MagSi-
STA (MagnaMedics)) couplées aux oligos complémentaires à l'ARNm d'A3G (+ oligo) ou sur les billes seules (-
oligo). A la fin du protocole, l'ARNm d'A3G a été amplifié par RT-PCR, les amplicons ont été chargés sur un gel 
d'agarose 0,8 % (TBE 0,5 x) et les bandes obtenues ont été quantifiées par ImageJ. Le ratio entre la bande obtenue 
en présence de l'oligo comparé au contrôle billes seules a été calculé. 

 
Une variation du ratio billes-lysat n'a pas non plus permis d'obtenir une amélioration 
du problème. Différents protocoles d'élution spécifique de l'ARNm d'A3G des billes en 
fin de pull-down ont donc été testés. Tout d'abord nous avons utilisé des oligos 
desthiobiotinylés, qui se fixent aux billes avec une moindre affinité et peuvent être 
décrochés des billes par ajout de biotine libre. Or nos résultats ont montré que l'élution 
de ces oligos était très inefficace même à de très fortes concentrations en biotine. De 
plus, une quantité comparable d’ARNm d’A3G se décrochait des billes même en 
absence des oligos. Nous avons ensuite essayé d'éluer l'ARNm d'A3G en utilisant la 
RNase H qui dégrade spécifiquement l'ARN hybridé à de l'ADN. Ainsi des fragments 
de l'ARNm d'A3G hybridés aux oligos complémentaires devraient être libérés des 
billes. Tandis que ce protocole semblait fonctionner sur un ARNm d'A3G transcrit in 
vitro, une grande variabilité a été constatée lorsque le protocole a été réalisé sur des 
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ARN cellulaires ou un lysat cellulaire total. Finalement, un protocole d'élution a été mis 
en œuvre qui utilise un oligo compétiteur. En effet l'ARNm d'A3G est fixé sur les billes 
par un oligo de capture qui est composé de 20 nucléotides complémentaires à l'ARNm 
d'A3G ainsi que de 10 nucléotides supplémentaires à son extrémité 5'. L'ajout d'un 
oligo compétiteur qui s'hybride sur toute la longueur des 30 nucléotides provoque le 
déplacement de l'ARNm d'A3G des billes. Tandis que ce protocole fonctionne très 
efficacement sur un ARN transcrit in vitro et a permis d'isoler jusqu'à 80 fois plus d'ARN 
avec l'oligo capture comparé à un oligo à séquence aléatoire (scramble), seule une 
très faible quantité d'ARNm d'A3G, identique entre l'oligo spécifique et l'oligo scramble, 
a pu être isolée d'un lysat cellulaire. En effet nous avons montré par la suite que même 
l'ajout de lysat sur un ARNm transcrit in vitro qui était déjà préalablement fixé aux billes 
induisait le décrochage de cet ARN des billes (Fig. F6). Ceci suggère que l'hybridation 
entre l'oligo et l'ARNm d'A3G n'est pas assez forte pour maintenir cet ARN fixé aux 
billes en présence des autres composants cellulaires qui probablement entrent en 
compétition avec l'oligo pour la fixation à l'ARNm d'A3G.  
 

 
Figure F6 : Pull-down de l'ARNm d'A3G suivi de l'élution spécifique par un oligo compétiteur. Un ARNm 
d'A3G transcrit in vitro a d'abord été fixé aux billes magnétiques (Speedbeads, Thermo Fisher) grâce à un oligo 
complémentaire, puis a été incubé en présence d'un lysat cellulaire (+ lysat) ou non (- lysat). L'ARNm d'A3G a 
ensuite été élué en utilisant un oligo compétiteur suivi de sa quantification par RT-qPCR. n=3.  

 
Par conséquent nous avons décidé d’effectuer le pull-down avec un ARNm d'A3G 
transcrit in vitro, coiffé, poly-adénylé et biotinylé. Ceci permet la fixation de l'ARN sur 
les billes par interaction directe des nucléotides biotinylés, intégrés dans la séquence 
de l'ARN, avec les billes. Cet ARN fixé aux billes est ensuite incubé avec un lysat 
cellulaire afin de permettre aux interactants de s'y fixer. Avec ce protocole, une 
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quantité considérable de l'ARNm d'A3G reste fixée sur les billes jusqu'à la fin du 
protocole même après ajout de lysat. Ce protocole a donc été choisi pour les analyses 
de l'interactome protéique de l'ARN. 
 

6. Identification de facteurs cellulaires impliqués dans 
l’inhibition traductionnelle d’A3G par Vif 
 
Des protéines cellulaires ont été isolées par pull-down sur un ARNm d’A3G transcrit in 
vitro, coiffé, poly-adénylé et biotinylé, suivi de leur identification par spectrométrie de 
masse. Des billes en l’absence de l’ARNm d’A3G ont été utilisées comme contrôle 
négatif. Nous avons ainsi déterminé l’interactome protéique de l’ARNm d’A3G en 
présence et absence de la protéine A3G et de Vif. Parmi les protéines identifiées, 109, 
soit 24,4 % des protéines totales, sont associées avec l’ARNm d’A3G 
indépendamment de la condition utilisée tandis que les autres protéines semblaient 
modulées par la présence des protéines A3G et Vif (Fig. F7). Parmi les 109 protéines 
qui constituent l'interactome de base de l'ARNm d'A3G, nous avons retrouvé des 
protéines impliquées dans toutes les différentes étapes du cycle de vie d'un ARNm. 
 

 
Figure F7 : Protéines significativement associées avec l'ARNm d'A3G dans des conditions différentes. Le 
pull-down de protéines a été effectué à partir de lysat cellulaire exprimant les protéines Vif et/ou A3G. Les protéines 
enrichies au moins 2 fois en présence de l'ARNm d'A3G comparé au contrôle de billes seules avec une p-value < 
0,1 sont représentées dans un diagramme de Venn. 

 
Une analyse d’expression différentielle nous a permis l’identification de 83 protéines 
dont la présence sur l’ARNm d’A3G change significativement en présence de la 
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protéine A3G dans les cellules. Parmi les protéines qui semblent recrutées par A3G 
sur son propre ARNm, nous avons notamment identifié des composants des P-bodies 
et des granules de stress. Ces résultats suggèrent qu'A3G régule l'interactome de son 
propre ARNm, ce qui pourrait contribuer à la régulation de son expression. 
 

 
Figure F8 : Protéines régulées sur l’ARNm d’A3G par Vif. Les protéines associées avec l’ARNm d’A3G dans 
différentes conditions ont été identifiées par spectrométrie de masse suivi d’un test d’expression différentiel en 
fonction de la présence de la protéine Vif. (A) Protéines régulées négativement par Vif en présence de la protéine 
A3G. (B) Protéines régulées positivement par Vif en présence de la protéine A3G. (C) Protéines régulées 
négativement par Vif en absence de la protéine A3G. (D) Protéines régulées positivement par Vif en absence de 
la protéine A3G. Les protéines sont représentées sous forme d’un diagramme string. L’épaisseur des traits 
représente la force de l’association entre deux protéines. Les principales fonctions biologiques sont indiquées par 
un code couleur. La légende de C et D est commune. 

 



IX. Summary in french / Résumé en français 

- 215 - 
 

Nous avons également identifié 146 protéines dont la présence sur l’ARNm d’A3G est 
régulée par Vif (Fig. F8). Parmi ces protéines, 68 sont régulées par Vif exclusivement 
en absence de la protéine A3G (Fig. F8C et D) tandis que 78 sont régulées en 
présence d’A3G (Fig. F8A et B) et une seule (DSG1) est régulée dans les deux 
conditions. Ceci suggère que Vif pourrait utiliser des mécanismes différents pour 
réguler la traduction d’A3G en présence et absence de la protéine A3G. De façon 
intéressante, 88 des 147 protéines régulées par Vif sont des phosphoprotéines et 
peuvent donc être régulées par phosphorylation.  
 
Il a été montré précédemment qu'une petite uORF dans la 5'-UTR de l'ARNm d'A3G 
est nécessaire pour permettre à Vif d'inhiber la traduction d'A3G. Afin d'évaluer l'impact 
de cette uORF sur l'interactome de l'ARNm d'A3G, l'expérience a été répétée avec un 
ARNm d'A3G où l'uORF est supprimé. Des résultats préliminaires indiquent que parmi 
les 147 protéines régulées par Vif sur l'ARNm d'A3G WT, 60 sont également régulées 
en l'absence de l'uORF. Dans l'ensemble, l'uORF semble avoir un impact majeur sur 
l'interactome de l'ARNm d'A3G ainsi que sur les protéines dont la présence sur l'ARNm 
d'A3G peut être influencée par Vif. 
 
Finalement, 10 protéines parmi celles qui sont régulées par Vif sur l'ARNm d'A3G ont 
été sélectionnées pour des analyses supplémentaires. Tout d'abord nous avons 
évalué l'interaction de ces protéines avec Vif grâce à des expériences de co-
immunoprécipitation. Nos résultats ont montré que parmi les protéines sélectionnées, 
seules CHIP et RENT1 sont capables d'interagir avec Vif. Pour étudier le rôle de ces 
protéines dans la régulation de la traduction d'A3G, leur expression a été diminuée par 
RNA silencing. Cependant, nos résultats préliminaires n'ont montré aucun impact du 
silencing de ces protéines sur l'expression d'A3G ni en présence, ni en absence de 
Vif. 
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7. Discussion 
 
A3G est un facteur de restriction du VIH qui induit l'hypermutation du génome viral et 
provoque l'arrêt du cycle viral en absence de Vif. Vif contrecarre A3G de 3 manières 
différentes, dont une est l'inhibition de sa traduction. Il avait été montré précédemment 
que la 5'-UTR d'A3G et plus particulièrement les tiges-boucles SL2 et SL3 qui 
contiennent une petite uORF sont importantes pour permettre à Vif d'inhiber la 
traduction d'A3G. 
 
Le premier objectif de ma thèse a été de caractériser le mode de traduction d'A3G en 
présence de l'uORF et d'étudier l'impact de l'uORF sur l'inhibition traductionnelle par 
Vif. Cette étude nous a permis de définir qu'A3G est traduit par un mélange de leaky 
scanning et de réinitiation de la traduction. Il a également été montré que l'uORF est 
essentielle pour l'inhibition traductionnelle d'A3G par Vif et que la mutation de son 
codon d'initiation est suffisante pour abolir ce mode d'action de Vif. Parmi les autres 
A3, l'uORF a été conservée uniquement chez A3F, et celui-ci est le seul à part A3G 
qui subit une régulation traductionnelle par Vif. Nous avons également montré qu'en 
conditions de stress, Vif induit la relocalisation de l'ARNm d'A3G dans les granules de 
stress de façon uORF-dépendante. 
 
Le mécanisme utilisé par Vif pour inhiber la traduction d'A3G est encore inconnu. 
Sachant que Vif se fixe à la 5'-UTR de l'ARNm d'A3G, il est possible que Vif interagisse 
ainsi avec les complexes protéiques qui y sont associés. Vif pourrait par exemple 
recruter des facteurs inhibiteurs ou induire le décrochage de facteurs stimulateurs de 
la traduction de la 5'-UTR d'A3G. Afin d'étudier cette hypothèse, nous avons étudié les 
protéines associées avec l'ARNm d'A3G en présence et absence de Vif par deux 
protocoles différents.  
 
Dans un premier temps, le protocole RaPID nous a permis d'identifier un nombre 
considérable de protéines qui semblent régulés par Vif ou par l'uORF. Nous pouvons 
en déduire que les deux sont importants pour définir l'interactome protéique de la 5'-
UTR de l'ARNm d'A3G. De façon intéressante, deux protéines ribosomales, RL24 et 
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RL27 sont enrichis sur l'ARNm d'A3G en présence de l'uORF. Ceci indique que ces 
protéines pourraient être importantes pour permettre la traduction d'A3G en présence 
de l'uORF. En effet, il a été décrit précédemment que les ribosomes changent de 
composition en fonction des transcrits qu'ils traduisent. RL24 et RL27 pourraient donc 
être des protéines dont la présence dans le ribosome est modulée de cette façon. De 
plus, RL24 a été associé chez les plantes avec la stimulation de la traduction de 
transcrits qui contiennent une uORF, en augmentant le taux de réinitiation de la 
traduction. De surcroit, nous avons également montré que l'association de RL24 avec 
la 5'-UTR d'A3G diminue en présence de Vif. RL24 pourrait donc être une protéine 
nécessaire à la traduction de l'ARNm d'A3G en présence de l'uORF en favorisant la 
réinitiation. En diminuant la présence de RL24 sur l'ARNm d'A3G, Vif pourrait induire 
une diminution de réinitiation qui se répercute finalement dans une baisse de la 
traduction d'A3G. 
 
Le protocole de pull-down de protéines sur un ARNm d'A3G biotinylé nous a permis 
d'identifier un grand nombre de protéines dont la présence semble régulée par Vif, par 
la protéine A3G ou par l'uORF. Vif semble recruter certaines protéines sur l'ARNm 
d'A3G et diminuer la présence de certaines autres protéines. Parmi les protéines 
régulées par Vif, beaucoup sont des composants du cytosquelette. En effet il a été 
montré auparavant que le cytosquelette joue un rôle important dans l'infection par le 
VIH et que celui-ci semble moduler le cytosquelette en sa faveur. Il est donc possible 
que Vif interagisse en effet avec le cytosquelette. De plus, de nombreuses 
phosphoprotéines ont été identifiées. En effet Vif est connue pour provoquer des 
changements dans le phosphoprotéome de la cellule et ceci pourrait permettre à Vif 
d'impacter l'activité de facteurs cellulaires impliqués dans la traduction d'A3G. De plus, 
nos résultats suggèrent que Vif ne régule pas les mêmes protéines en présence et 
absence de la protéine A3G, ce qui suggère que Vif pourrait utiliser différents 
mécanismes en fonction du niveau d'expression d'A3G. Lorsque Vif est exprimée dans 
une cellule nouvellement infectée, il y a un grand pool de protéines A3G qui doit être 
rapidement diminué par Vif. Ensuite, un niveau faible d’expression d’A3G doit être 
maintenu. En effet, il serait possible qu’un switch s’opère entre les deux conditions qui 
fait que Vif adopte un mode d’action différent. Parmi les protéines régulées par Vif, 
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une interaction avec Vif n'a pu être confirmée que pour une petite partie des protéines. 
Il est possible que Vif régule l'association de ces protéines avec l'ARNm d'A3G sans 
interaction directe, par exemple en induisant des changements structuraux de l'ARN 
ou encore en modifiant l'état de phosphorylation des protéines ciblées. 
 

8. Conclusion et Perspectives 
 
Cette thèse a contribué à montrer l'importance d'une petite uORF dans la régulation 
de la traduction d'A3G et d'A3F en présence et absence de Vif. La lignée de 
lymphocytes T A3G ∆uORF générée au cours de cette thèse permettra d'étudier plus 
en détail l'impact de cet uORF sur l'infection par le VIH. Cette thèse a également 
permis l'identification de l'interactome protéique de l'ARNm d'A3G entier et de sa 5'-
UTR en particulier. Un impact important de Vif, de la protéine A3G ainsi que de l'uORF 
sur cet interactome a été montré et pourrait jouer un rôle significatif dans la régulation 
de l'expression d'A3G. Un nombre considérable de protéines a été identifié et elles 
pourraient être récrutées par Vif sur l'ARNm d'A3G ou être exclus par Vif des 
complexes associés avec l'ARNm d'A3G. Afin d'étudier l'effet de ces protéines sur 
l'inhibition traductionnelle d'A3G par Vif, nous envisageons de diminuer l'expression 
de ces protéines par RNA silencing ou de l'augmenter par surexpression. De plus, Vif 
est un chaperon d'ARN connu et de ce fait pourrait réguler l'association des protéines 
sur l'ARNm d'A3G en modifiant la structure de ces ARN. Afin d'étudier cette hypothèse 
il serait intéressant d'étudier la structure secondaire de l'ARNm d'A3G en présence et 
absence de Vif. Finalement, il serait intéressant de connaitre plus en détail l'étape dans 
l'initiation de la traduction d'A3G sur laquelle Vif agit. Par conséquent, des expériences 
de toeprinting du ribosome sur la 5'-UTR de l'ARNm d'A3G en présence et absence 
de Vif pourraient permettre de définir à quel niveau les ribosomes sont impactés par 
Vif. 
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Appendix 1: Sequences of the chimeric RNAs of BoxB-A3Gwt, BoxB-A3G∆uORF and BoxB-Scr. BoxB stem 
loops are indicated in blue, the A3Gwt, A3G∆uORF and Scr sequences in purple, the uORF in red and the place 
where the uORF is deleted is marked with a red star. 
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Appendix 2: Mfold predicted structure of the CDS of A3G mRNA and the hybridization sites of biotinylated 
oligos. 
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Appendix 3: List of all buffers. All of the buffers used in this manuscript are indicated with their name and their 
composition. 
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Appendix 4: Poster presented at the XIX Journées Francophones de Virologie  (Paris, France, 30-
31/03/2017) and at the Sidaction University for Young Researchers (Carry-le-Rouet, France, 14-20/10/2017). 
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Appendix 5: Poster presented at the Viruses 2018 Conference on Breakthroughs in Viral Replication 
(Barcelona, Spain, 7-9/02/2018). 
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Appendix 6: Poster presented at the Retroviruses 2019 conference (Cold Spring Harbor Laboratory, USA, 
20-25/05/2019). 

 



	



 

 

Tanja SEISSLER 

Translational inhibition of the Restriction Factor APOBEC3G (A3G) 
by the HIV-1 Vif protein: Role of a uORF in the 5'-UTR of A3G mRNA 
and identification of cellular factors 
 
 

The HIV-1 Vif protein counteracts the restriction factor APOBEC3G (A3G) by downregulating 
its expression level in infected cells. This is achieved in different ways, one of which is 

translational inhibition, a mechanism that is still poorly understood. The first part of my thesis 

contributes to the characterization of a small upstream ORF (uORF), that is found in the 5'-
UTR of A3G and A3F mRNAs. This uORF has been found to be crucial for regulation of A3G 

translation and is necessary to allow Vif-mediated translational inhibition. In the second part of 
this thesis, different protocols have been set up in order to identify A3G mRNA-associated 

cellular proteins which might play a role in the mechanism of Vif-mediated translational 
inhibition. Several proteins, whose presence on A3G mRNA seems to be modulated by Vif 

have been identified. 
 

Keywords: APOBEC3G, HIV, Vif, uORF, translation, RNA-protein interaction, RNA pull-down, 

 
Inhibition traductionnelle du facteur de restriction APOBEC3G (A3G) par la 
protéine Vif du VIH-1 : Rôle d'une uORF dans la 5'-UTR de l'ARNm d'A3G et 
identification de facteurs cellulaires 
 

La protéine Vif du VIH-1 contrecarre le facteur de restriction APOBEC3G (A3G) en diminuant 

son niveau d'expression dans les cellules infectées. Ceci est mis en œuvre entre autres par 
l'inhibition de sa traduction, un mécanisme encore peu compris. La première partie de ma 

thèse contribue à la caractérisation d'une petite ORF (uORF) qui se situe dans la 5'-UTR de 
l'ARNm d'A3G et d'A3F en amont de leurs ORF respectives. Cette uORF s'est révélée cruciale 

pour la régulation de la traduction d'A3G en présence et absence de Vif. Dans la deuxième 

partie de cette thèse, différents protocoles ont été mis en œuvre pour identifier les protéines 
associées avec l'ARNm d'A3G, qui pourraient jouer un rôle dans le mécanisme d'inhibition 

traductionnelle d'A3G par Vif. Ainsi, plusieurs protéines ont été identifiées dont la présence 
sur l'ARNm d'A3G semble modulée par Vif. 

 
Mots clés : APOBEC3G, VIH, Vif, uORF, traduction, interaction ARN-protéine, pull-down 

d'ARN 


