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ABSTRACT 

Adenosine deaminases acting on RNA (ADARs) are involved in RNA editing that converts 

adenosines to inosines in double-stranded RNAs. ADAR1 was demonstrated to be functional on 

different viruses exerting either antiviral or proviral effects. Concerning HIV-1, several studies 

showed that ADAR1 favors viral replication. The aim of this study was to investigate the composition 

of the ADAR1 ribonucleoprotein complex during HIV-1 expression. By using a dual-tag affinity 

purification procedure in cells expressing HIV-1 followed by mass spectrometry analysis, we 

identified 14 non-ribosomal ADAR1-interacting proteins, most of which are novel. A significant 

fraction of these proteins were previously demonstrated to be associated to the Long INterspersed 

Element 1 (LINE1 or L1) ribonucleoparticles and to regulate the life cycle of L1 retrotransposons 

that continuously re-enter host-genome. 

Hence, we investigated the function of ADAR1 in the regulation of L1 activity. 

By using different cell-culture based retrotransposition assays in HeLa cells, we demonstrated a novel 

function of ADAR1 as suppressor of L1 retrotransposition. Apparently, this inhibitory mechanism 

does not occur through ADAR1 editing activity. Furthermore, we showed that ADAR1 binds the 

basal L1 RNP complex. Overall, these data support the role of ADAR1 as regulator of L1 life cycle. 

 

INTRODUCTION 

Adenosine deaminases that act on RNA (ADARs) catalyze the conversion of adenosine (A) to inosine 

(I) in double-stranded RNA (dsRNA) substrates. Three ADAR enzymes are present in mammals 

(ADAR1-3). ADAR1 and ADAR2 are expressed in most tissues and appear catalytically active, 

whereas ADAR3 is expressed only in brain and its catalytic activity has not been yet demonstrated . 

Two ADAR1 isoforms are known: the full-length p150 ADAR1 form whose expression is induced 

by interferon and localizes in both nucleus and cytoplasm, and the short p110 ADAR1 form that is 

constitutively expressed and found predominantly in the nucleus. 
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ADAR1 p150 and p110 isoforms are both active deaminases, with the catalytic domain at the C-

terminal and three double-stranded RNA binding motifs in the central region (dsRBD). One Z-DNA 

binding motif is present at the N-terminal in p110 ADAR1 and two motifs in p150 ADAR1 (Zβ in 

p110; Zα and Zβ in p150). Since I is interpreted as guanosine (G) by the cellular machinery, RNA 

editing within the coding sequence of a mRNA can result in codon changes that may lead to the 

formation of an altered protein. Nonetheless, it has been recently demonstrated that most A-to-I RNA 

editing events occur within non-coding regions, most particularly in Alu elements, affecting different 

aspects of the RNA metabolism. 

Furthermore, growing evidence supports a role of ADAR1 in the replication process of different 

viruses. 

Depending on the type of virus, ADAR1 can either act as antiviral or proviral factor. In particular, 

ADAR1 favors replication of vesicular stomatitis virus, hepatitis D virus, dengue virus, human T-cell 

leukemia virus type 1 and type 2 and many other viruses. ADAR1 exerts an antiviral effect on viruses, 

such as lymphocytic choriomeningitis virus , bovine viral diarrhea virus and hepatitis C virus. For 

some viruses, such as Influenza A Virus, there are some discrepancies in the results obtained so far 

and therefore additional studies are required to completely understand the role of ADAR1 in their life 

cycle. 

Concerning lentiviruses, most of the published data support the hypothesis that ADAR1 exerts a 

positive effect on Human Immunodeficiency type 1 Virus or HIV-1 and Equine Infectious Anemia 

Virus replication .In particular, over-expressed ADAR1 increases the accumulation of HIV-1 proteins 

with a mechanism that is editing-independent. Moreover, virions produced in the presence of over-

expressed ADAR1 are released more efficiently and display enhanced infectivity. Furthermore, it was 

clearly demonstrated that ADAR1 binds and edits viral transcripts in different regions, such as the 5′ 

untranslated region, within the Tat and Rev coding sequences and in the vicinity of Rev responsive 

element within the Env transcript. Finally, silencing of ADAR1 expression in Jurkat T cells causes 

an impairment of HIV-1 replication . 

Long interspersed elements 1 (LINE1 or L1) are the most abundant autonomous retrotransposon, 

accounting for ∼17% of human DNA. L1 elements have the potential of shaping the human genome 

by their own retrotransposition, using a ‘copy and paste’ process through an RNA intermediate to 

relocate in genomic DNA, and by mobilization of non-autonomous elements (Alu, SVA and 

processed pseudogenes). The full-length L1 transcript is ∼6 kb long and contains a 5′ untranslated 

region (5′UTR), two non-overlapping open reading frames (ORF1 and ORF2) that are essential for 

L1 mobilization and a 3′ UTR. ORF1p is a 40 kDa RNA binding protein with nucleic acid chaperone 

activity, whereas ORF2p is a 150 kDa protein that contains both endonuclease and reverse 

transcriptase activities. Recently, a third ORF, ORF0, has been found in the 5′ UTR sequence, 

expressed from an antisense promoter and with a still unknown function. It seems that ORF0 

marginally influences the retrotransposition process. The 3′UTR contains a weak polyadenylation 

signal. The LINE1 RNA ends with a poly(A) tail that is critical for an efficient retrotransposition 

process. 

Although most of the L1 copies are functionally inactive due to 5′ truncation, internal deletions and 

other mutations, about 80–100 copies are still retrotransposition competent in the human genome. L1 

requires host factors in order to complete its life cycle. At the same time, most of the L1 insertions 

are detrimental to the host, therefore several mechanisms have evolved to restrict the 

retrotransposition events. 



The aim of the work described here was to examine the composition of the ADAR1 ribonucleoprotein 

(RNP) proteome during HIV-1 expression. To this end, ADAR1-binding proteins were isolated using 

a dual-tag affinity purification system in HIV-1-expressing cells and identified by mass spectrometry. 

Fourteen non-ribosomal proteins were identified using this strategy and strikingly we found that a 

good fraction of them were previously reported as associated with the L1–RNP complexes. Moreover, 

some of these proteins were also shown to regulate the L1 life cycle. We therefore sought to 

investigate whether ADAR1 was able to affect L1 retrotransposition and found that this enzyme may 

act as restriction factor by limiting L1 mobility. Overall our results underpin the role of ADAR1 in 

regulating both exogenous viruses and endogenous parasites and pave the way toward a better 

comprehension of the mechanisms that lead to the control of the retrotransposon activity. 

 

MATERIALS AND METHODS 

Cells and transfection 

293T cells and HeLa cells were grown in Dulbecco's modified Eagle's medium (DMEM). The 

complete medium was supplemented with 10% fetal calf serum, 50 U/ml penicillin, 50 μg/ml of 

streptomycin and 2 mM L-glutamine. Depending on the assay, cells were transfected by using transit-

LT1 (Mirus) or lipofectamine2000 (Invitrogen) reagents according to the protocol provided by the 

manufacturer. 

Plasmids 

pADAR1-p150-V5 (expressing the full-length p150 ADAR1 wt enzyme fused with a C-terminal 

V5/6xHis double tag) and pADAR1-Dcat (expressing an ADAR1 p150 mutant that lacks the 

deaminase domain and fused with a C-terminal V5/6xHis double tag) and pV5 vector (pcDNA3.1/V5 

empty vector) were previously described. HIV-1 proviral DNA (pNL4-3) was obtained through the 

NIH AIDS Reagent Program. Retrotransposition cassettes pJM101/L1.3 (containing an active human 

L1 [L1.3] equipped with a mneoI retrotransposition indicator cassette) and pJM105/L1.3 (identical to 

pJM101/L1.3 but containing a missense mutation in the RT domain of the ORF2 gene) and pES2TE1 

(similar to pJM101/L1.3, containing a T7 gene10 epitope tag on the C-terminus of ORF1p and a 

FLAG-HA tag on the C-terminus of ORF2p) were previously described elsewhere, Retrotransposition 

cassettes pYX014 (containing an active human L1RP equipped with a Fluc retrotransposition indicator 

cassette) and pYX015 (containing a missense mutation in the ORF1 sequence) were previously 

described. The pc-L1-FH is an expression construct of L1RP containing an ORF1 fused to a HA-

FLAG double tag, as previously described. Three anti-ADAR1 unique 29mer shRNA constructs and 

a scrambled non-effective shRNA cassette (scr shRNA) cloned in retroviral GFP vector (pGFP-V-

RS plasmid) pre-designed and tested and the empty vector pGFP-V-RS plasmid were purchased from 

OriGene. The sequences of the shRNAs directed against ADAR1 are the following: 

shRNA5:CCTGTGGAATCCAGTGACATTGTGCCTAC; 

shRNA6:AAGACAGCAACTCCACATCTGCCTTGGAA; 

shRNA7:AGACTCCGTACCATGTCCTGTAGTGACAA; 

Antibodies 

The following antibodies or beads were employed in this study: Anti-V5-tag magnetic beads (MBL), 

NiNTA beads (Qiagen), anti-V5 (Invitrogen), anti-ADAR1 (Santa Cruz Biotechnology), anti-



SFPQ/PSF (abcam), anti-NONO/p54nrb (Bethyl), anti-hnRNP L (abcam), anti-NCL (Santa Cruz 

Biotechnology), anti-PABP (Santa Cruz Biotechnology), anti-HSP70 (Santa Cruz Biotechnology), 

anti-GAPDH (Millipore), anti-FLAG M2 (Sigma-Aldrich), anti-T7 epitope tag (Millipore), anti- 

phospho-eIF-2α (Ser51) and anti- eIF-2α (Cell Signaling) and control IgG (Santa Cruz 

Biotechnology). 

L1 retrotransposition assay 

For the Fluc assay, HeLa cells were seeded in 24-well plates and grow up to 60% confluence and 

then transfected in triplicate with 250 ng of the different anti-ADAR1 shRNA plasmids (shRNA5-7) 

or the relative controls (empty vector and scr shRNA). Forty-eight hours later cells were further 

transfected with the pYX014 plasmid. Twenty-four hours post-transfection puromycin (2.5 μg/ml) 

was added to culture medium. Four days after pYX014 transfection, cells were lysed for luminescence 

analysis using the Dual-Luciferase Reporter Assay System (Promega) following the manufacturer's 

instruction. L1 activity was measured as the Fluc/Rluc ratio as previously reported. To confirm that 

the Fluc signals result from retrotransposition, we used the pYX015 cassette (that carries a missense 

mutation that dramatically impairs retrotransposition) in place of the pYX014 following the same 

experimental procedure. 

For the G418-resistance-based retrotransposition assay, HeLa cells were seeded into 24-well plates 

and the day after transfected in triplicate with 250 ng of the different anti-ADAR1 shRNA plasmids 

or the relative controls (empty vector and scr shRNA). Twenty-four hours post-transfection, 

puromycin (2.5 μg/ml) was added in complete medium. Twenty-four hours later, cells were 

trypsinized, resuspended in DMEM medium and seeded in 12-well plates. The day after, cells were 

further transfected with 500 ng of pJM101/L1.3 cassette and 72 h later cells were trypsinized, 

resuspended in DMEM medium and seeded in T25 flasks. One day later, transfected cells were 

supplemented with DMEM with G418 (800 μg/ml). After 10–12 days of continued G418 selection, 

the remaining cells were fixed with 0.4% paraformaldehyde, stained with 0.1% crystal violet solution 

and the foci number counted. Within each experiment results were normalized for transfection 

efficiency. In particular, HeLa cells were first transfected with the shRNA plasmids as described 

above and after 48 h were further transfected with pJM101/L1.3 and pDsRed-Express plasmid 

(Clontech) followed by FACS analysis after 72 h. 

In each retrotransposition experiment, some wells of transfected HeLa cells were lysed and used for 

Western blot (WB) analysis to monitor the down-regulation of ADAR1 throughout the experiment. 

Furthermore, to confirm the specificity of the results obtained, the pJM105/L1.3 cassette (identical to 

pJM101/L1.3 but containing a point mutation that dramatically impairs retrotransposition) or 

pcDNA3.1 plasmid were transfected in place of the pJM101/L1.3 following the same experimental 

procedure. 

For experiments addressing the effect of ADAR1-V5 over-expression on L1 retrotransposition, HeLa 

cells were transiently co-transfected with 250 ng of pYX014 cassette and different amounts of 

pADAR1-p150-V5 (ranging from 1:1 to 25:1 ratio between the two plasmids) or pV5 empty vector. 

Twenty-four hours post-transfection, puromycin (2.5 μg/ml) was added and four days after pYX014 

transfection, cells were lysed for luminescence analysis using the Dual-Luciferase Reporter Assay 

System (Promega) following the manufacturer's instruction. L1 activity was measured as the 

Fluc/Rluc ratio as previously reported. 

 

 



Dual tag affinity purification 

293T cells were plated in 100 mm dishes. The following day cells were co-transfected with 8 μg of 

HIV-1 proviral DNA (pNL4-3) together with 12 μg of either pADAR1-p150-V5 or pV5 vector. 

Transfected 293T cells were lysed in NP40 buffer (0.5% NP40, 50 mM Tris-HCl, 150 mM NaCl, 

0.05% Tween 20, 50 mM NaH2PO4, pH 8, cocktails of protease and phosphates inhibitors from Roche 

and Sigma-Aldrich, respectively) supplemented with 10 mM imidazole for 30 min on ice. A total of 

30 mg of cell extracts were incubated with 120 μl of the NiNTA Magnetic Beads (Qiagen) for 3 h at 

4°C followed by several washes (using NP40 buffer with 20 mM imidazole) and elution of His-tagged 

native protein complex from the beads (using NP40 buffer with 250 mM imidazole). The eluted 

protein complex was then subjected to a second step of immunoprecipitation (IP) using 200 μl of the 

anti-V5-tag MBL for 2 h at 4°C followed by several washes with NP40 buffer. The resulting bead-

associated complexes were resuspended in SDS loading buffer and stored at –80°C. 

 

RESULTS 

Nano-LC MS analysis of ADAR1-binding proteins 

In order to characterize ADAR1-binding partners in HIV-1 expressing cells, we employed a dual tag 

affinity purification procedure that allows identification of target-associated native protein complexes 

with low background. To this aim, we co-transfected 293T cells with HIV-1 proviral DNA (pNL4-

3), together with either pADAR1-p150-V5 or pV5 empty vector. Forty-eight hours post-transfection, 

total cell extract was prepared and 30 mg subjected to dual-tag affinity procedure. 

Sypro Ruby-stained electrophoretic gels of the immunocomplex recovered showed relatively few 

bands in pV5 empty vector lane compared with those in pADAR1-p150-V5 (Figure 1; therefore, 

proteins were in-gel digested and analyzed by mass spectrometry (nano-LC MS) as described in the 

Supplementary Materials and Methods. 

 
Figure 1 

 

Results of the dual tag affinity purification procedure. Whole cell lysates from 293T cells transfected 

with either pADAR1-p150-V5 or pV5 empty vector and the proviral NL4-3 genome were subjected 

to immunoprecipitation (IP) with the NiNTA Magnetic Beads ... 

Table 1 lists 22 proteins identified as putative ADAR1-binding factors. Fourteen putative ADAR1-

binding proteins are either components of cytoskeleton (TUBB4B and TUBB) or heat-shock proteins 

(HSPA1L, HSPA1A/1B and HSPA8) or DNA/RNA binding proteins (TOP1, ADAR2, PSF, DHX15, 

NCL, PABPC1, NONO and hnRNP L) most of which are involved in different aspects of RNA 

metabolism or belong to the Stress Granules (SG) complex (G3BP2, PABPC1). Seven ribosomal 
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proteins were also identified along with URB1, i.e. the URB1 ribosome biogenesis 1 homolog of S. 

cerevisiae involved in 60S ribosomal subunit biogenesis, which are likely contaminants of the affinity 

purification procedure and therefore were excluded from further analysis. As expected, some of the 

proteins indentified, such as ADAR2 and NONO, were previously reported to interact with ADAR1, 

whereas the other binding proteins identified are novel interactors. 

 
Table 1 

 

ADAR1-RNPs proteins in HIV-1 expressing cells identified by nano-LC MS/MS. ProteinPilot 

Unused ProtScore (Conf) >1.30 (95.0%). All the 14 non-ribosomal proteins indentified as 

putative ADAR1-interacting factors are separated from the ribosomal ... 

Validation of the mass spectrometry results by co-immunoprecipitation assay 

Strikingly, TOP1, PABPC1, NCL, hnRNP L and HSPA1A proteins were previously reported as 

associated with the L1 ORF1 and/or ORF2 proteins and their ribonucleoproteins (RNPs). Moreover, 

NCL, hnRNP L, PABPC1 were also demonstrated to play a role in the regulation of the L1 activity. 

These results suggest a functional link between ADAR1 and the L1 retrotransposon that we further 

investigated. First of all, to confirm the interaction of ADAR1 with the identified L1 RNP-associated 

proteins and overall to validate the mass spectrometry results, these selected proteins and other two 

putative ADAR1-interactors that are well-known RNA- and DNA-binding proteins (PSF and NONO) 

were analyzed for their capacity to specifically bind to ADAR1-V5. To this aim, we co-transfected 

293T cells as described above and total cell extract prepared and subjected to co-immunoprecipitation 

experiments (Co-IP) using anti-V5 tag magnetic beads followed by WB analysis. 

As shown in Figure Figure2 , the putative interactors were confirmed to Co-IP with ADAR1-V5 and 

interestingly their association with ADAR1 was found to be mostly RNA-dependent and disappeared 

or reduced dramatically after RNase treatment (Figure (Figure2 left panel). The only exceptions are 

NONO and HSPA1A that interacted with ADAR1 in an RNA-independent manner (Figure (Figure2, 

left panel). Complete degradation of total RNA from cell lysate after RNase-treatment was confirmed 

(Figure (Figure2, right panel). Notably, all these associations occur also in the absence of HIV-1 

expression since they can be recapitulated in total cell extracts prepared from 293T cells transfected 

only with pADAR1-p150-V5 vector (Supplementary Figure S1). Unfortunately, due to the low 

immunoblotting and immunoprecipitation efficiency of various TOP1 antibodies employed in this 

study, we could not test the interaction between ADAR1-V5 and TOP1. 

 
Figure 2. 
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Validation of the results of the nano-LC MS/MS data by co-immunoprecipitation (Co-IP) analysis. 

Lysates of 293T cells co-transfected with pADAR1-p150-V5 or pV5 empty vector and the proviral 

NL4-3 genome were subjected to IP with anti-V5-tag magnetic beads ... 

Next, we assayed the ability of the ADAR1-binding factors to associate with endogenous ADAR1. 

To this aim, we performed Co-IP experiments using total cell extract of 293T cells and specific 

antibodies against the putative ADAR1-interactors (NCL, hnRNP L, HSPA1A, PABPC1, PSF and 

NONO) followed by WB analysis with anti-ADAR1 antibody. As shown in Figure3, the selected 

proteins associate with the endogenous ADAR1. 

 
Figure 3 

 

Validation of the results of the nano-LC MS/MS data by reciprocal IP. Lysate of 293T cells was 

subjected to IP using either IgGs or anti-NONO or anti-PSF or anti- hnRNP L or anti-NCL or anti-

HSPA1A or anti-PABPC1 antibodies followed by WB analysis using ... 

Overall, the Co-IP data strongly support MS sequencing results and validate the use of tagged-

ADAR1 construct for discovering cellular proteins that potentially associate with ADAR1. 

Furthermore, we identified novel ADAR1-interacting factors, a good fraction of which is shared with 

the L1 RNP complexes. 

ADAR1 regulates retrotransposition in a cell culture assay 

Next, we sought to investigate whether ADAR1 is involved in the regulation of L1 life cycle. We 

used previously established cell culture L1 retrotransposition assays to determine the effect of down-

regulation of endogenous ADAR1 expression on the activity of engineered L1 retrotransposons. First, 

to knockdown ADAR1 expression, we transiently transfected HeLa cells with the three different short 

hairpin (shRNA) plasmids and 72 h post-transfection total cell extract was prepared and analyzed by 

WB using specific antibodies (Figure (Figure4A). HeLa cells transfected with anti-ADAR1 shRNA 

plasmids showed a reduction of ADAR1 protein level of at least 60–70% compared to the level in 

cells transfected with suitable controls (a plasmid expressing the scramble shRNA or the empty 

vector) (Figure (Figure4A). A GFP expression cassette cloned in the backbone of the shRNA 

plasmids was used to normalize transfection efficiency. 

 
Figure 4 

 

ADAR1 regulates L1 retrotransposition. (A) HeLa cells were transiently transfected with specific 

anti-ADAR1 shRNA plasmids or controls (empty vector or scramble shRNA plasmid). WB analysis 

using anti-ADAR1 and anti-GAPDH antibodies of total cell extract ... 

To test the effect of silencing of ADAR1 on L1 retrotransposition, we employed a dual-luciferase 

retrotransposition assay using the pYX014 plasmid. This plasmid is a retrotransposition cassette 
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containing an engineered L1 element harboring the Firefly luciferase (Fluc) gene as retrotransposition 

indicator,Figure 4B). The Fluc reporter gene was cloned in the antisense orientation (relative to L1) 

in the 3′-untranslated region (3′-UTR) of L1 sequence and its coding sequence disrupted by an intron 

in the sense orientation. Therefore, Fluc expression occurs in the transfected cells only after one round 

of retrotransposition, in particular when the L1 is transcribed, the intron is removed by splicing and 

the reverse transcription and the integration is followed by transcription of the intact Fluc gene. The 

resulting Firefly luciferase measurement serves as read-out of L1 retrotransposition efficiency. A 

Renilla Luciferase expression cassette cloned in the backbone of the pYX014 plasmid was used to 

normalize transfection efficiency Figure4B). We transfected HeLa cells in triplicate with anti-

ADAR1 shRNA plasmids, and 48 h later we further transfected them with the pYX014 plasmid. Four 

days after pYX014 transfection, we lysed cells for luminescence analysis and L1 activity measured 

as the Fluc/Rluc ratio. As shown in Figure4C knockdown of ADAR1 expression in HeLa cells 

increased L1 activity by 2- to 3-fold when compared to controls (scramble shRNA and empty vector). 

To confirm that Fluc signal was originated from L1 retrotransposition, we performed experiments 

using the pYX015 vector, instead of the pYX014, carrying a missense mutation in the ORF1 coding 

sequence that dramatically impairs L1 retrotransposition. Using this vector in ADAR1-silenced HeLa 

cells, following the same experimental procedure described above, we measured only background 

levels of Fluc (data not shown). Therefore, these results suggest that ADAR1 is a regulator of L1 

retrotransposition activity. 

To further validate these results, we employed a different and widely used pJM101/L1.3 

retrotransposition cassette. This cassette is similar to pYX014 described above (Figure (Figure4B), 

but the retrotransposition indicator Fluc gene is substituted by the neomycin phosphotransferase gene 

(mneoI). We measured retrotransposition efficiency by counting the numbers of G418-resistant cells 

as a result of new L1 insertions as previously described. In particular, using an experimental protocol 

similar to that described above we transfected HeLa cells in triplicate first with the anti-ADAR1 

shRNA plasmids or control plasmids (empty vector and scramble shRNA vector), and 72 h post-

transfection, we further transfected them with the pJM101/L1.3 cassette. Forty eight hours later, cells 

were grown in media supplemented with G418 and after ∼10 days of G418 selection, the remaining 

cells were fixed and then stained with crystal violet to facilitate the visualization and allow the 

counting of the colonies formed for individual retrotransposition events. As shown in Figure4D , and 

Supplementary Figure S2, knockdown of ADAR1 expression in HeLa cells increased L1 

retrotransposition efficiency by at least 6-fold when compared to the controls (scramble shRNA and 

empty vector) in five independent transfection experiments. In order to confirm that the results 

obtained are due to the reduction of ADAR1 expression acting specifically on L1 retrotransposition, 

and not to either a general or toxic effect of ADAR1 knockdown, we carried out the same experiments 

described above using the pcDNA3.1 vector instead of the pJM101/L1.3 cassette. The pcDNA3.1 is 

a plasmid that confers to the transfected cells resistance to G418 without the need of 

retrotransposition. The G418-resistant colonies were counted in the HeLa cells silenced or not for 

ADAR1 expression after ∼10 days of G418 selection and their numbers were equivalent (Figure 

(Figure4F and data not shown). Moreover, we performed also experiments using the pJM105/L1.3 

cassette that is identical to pJM101/L1.3 but contains a missense mutation in the RT domain of the 

ORF2 gene that dramatically reduces L1 retrotransposition efficiency. Using the pJM105/L1.3 

cassette in ADAR1 silenced HeLa cells we selected no or just few G418-resistant colonies (data not 

shown). Overall, these results demonstrate that the knockdown of the endogenous ADAR1 expression 

in HeLa cells causes an increase in L1 retrotransposition efficiency thus unveiling a novel role for 

ADAR1 as regulator of L1 retrotransposition. 

The retrotransposition assays employed in this study are based on the removal of the gamma globin 

intron for the expression of the reporter gene (Fluc or mneoI)) allowing the measurement of the 

retrotransposition efficiency (Figure 4B). Since native L1 lacks introns, this raises the possibility that 
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alteration of endogenous ADAR1 protein level by using specific shRNAs may not affect directly the 

L1 life cycle but merely alters the efficiency in the removal of the artificial intron contained within 

the cassettes. To exclude this possibility, we employed a previously described strategy based on RT-

qPCR experiments (Supplementary Figure S3,) to measure the splicing efficiency of the globin intron 

harbored within the pJM101/L1.3 cassette in HeLa cells previously knocked-down for ADAR1 

expression. As shown in Supplementary Figure S3, silencing of ADAR1 expression does not affect 

significantly the splicing efficiency when compared to specific controls (HeLa cells transfected with 

scr shRNA and empty vector), thus indicating that this mechanism cannot account for the increased 

L1 retrotransposition activity observed (Figure (Figure4C and D) and confirming a specific role of 

ADAR1 in the L1 life cycle. 

To further confirm the suppression of LINE-1 retrotransposition by ADAR1, it was evaluated whether 

over-expression of this enzyme causes an impairment of L1 retrotransposition. 

Unfortunately, the ectopic expression of ADAR1 may lead to erroneous result interpretation. 

In fact, it has been previously demonstrated that co-expression of ADAR1 increases any exogenous 

plasmid-based gene expression independently of the type of the promoter or reporter present in the 

plasmid. This effect is caused by the reduction of the PKR (protein kinase regulated by RNA) 

activation and phoshorylation of the PKR-substrate eIF-2α mediated by the ectopic ADAR1 

expression. This, in turn, leads to an increase of the exogenous gene expression at the protein level 

up to 20- to 50-fold. 

In the attempt of overcoming this problem, we assayed the amount of the pADAR1-p150-V5 plasmid 

that transfected in HeLa cells is sufficient to show an effect on L1 retrotransposition efficiency 

without affecting the eIF-2α phosphorylation at Ser51 (normalized quantification of the level of 

phospho-eIF-2α relative to the level of total eIF-2α). 

To this aim, we transiently transfected HeLa cells with a constant amount of the pYX014 

retrotransposition cassette and a decreasing amount of pADAR1-p150-V5 plasmid ranging from a 

1:1 to 25:1 ratio. Four days after transfection, we lysed transfected cells for both luminescence 

analysis to measure L1 activity as the Fluc/Rluc ratio and for WB analysis. As shown in Figure 

Figure5A , over-expression of ADAR1-V5 (bottom panel) at all the amounts of pADAR1-p150-V5 

plasmid transfected caused a reduction of L1 retrotransposition efficiency compared to control (cells 

transfected with pV5 empty vector) (Figure (Figure5A, top panel). 

 
Figure 5 

 

Inhibition of LINE-1 retrotransposition by ADAR1 over-expression. (A) Representative Fluc 

retrotransposition assay results: Hela cells were co-transfected with a constant amount of the pYX014 

retrotransposition cassette and a decreasing amount of pADAR1-p150-V5 ... 

We repeated the transfection experiment described above using a 5:1 ratio of the two plasmids and 

by luminescence analysis confirmed the inhibition of L1 retrotrotrasposition mediated by the ADAR1 

over-expression and by WB analysis we demonstrated that no alteration of the level of 

phosphorylation of eIF-2α protein occurred compared to its level in control cells (cells transfected 

with pV5, Figure Figure5B middle panel). 
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Therefore over-expression of ADAR1, as expected, causes inhibition of L1 retrotransposition. 

ADAR1 deaminase domain is not required to restrict LINE-1 retrotransposition 

We examined whether the RNA editing activity of ADAR1 was required for suppression of 

retrotransposition. To this aim, we employed the pADAR1-Dcat plasmid that allows the expression 

of an ADAR1 mutant deleted in the catalytic deaminase function (Figure (Figure5B, bottom panel). 

As shown in Figure Figure5B (top panel), when HeLa cells were transfected with pADAR1-p150-V5 

or pADAR1-Dcat plasmids together with the pYX014 cassette (1:5 ratio to avoid effects on eIF-2α 

phoshorylation level, Figure Figure5B middle panel) we observed a reduction of L1 retrotransposition 

efficiency compared to the control (cells transfected with pV5 plasmid). Only a slight difference, not 

statistically significant, in reducing L1 retrotransposition was measured between cells expressing 

ADAR1-V5 and ADAR1-Dcat mutant (Figure (Figure5B, top panel) suggesting that the deaminase 

domain of ADAR1 is either dispensable or plays a minor role in inhibiting retrotransposition. 

ADAR1 binds the L1 RNP complex 

To get further insight into the mechanism used by ADAR1 to inhibit L1 retrotransposition, we 

investigated whether ADAR1 associates with the basal L1 RNP complex, as previously demonstrated 

for its putative binding-factors identified in this study, and hence possibly interferes with its activity. 

To this aim, we immunoprecipitated with anti-V5 antibody total cell lysate prepared from 293T cells 

previously co-transfected with pADAR1-V5 or pV5 together with the pES2TE1 plasmid. The 

pES2TE1 is an expression vector of L1.3 retrotransposon containing an ORF1 fused to a T7-Tag at 

the C terminus. We analyzed half of the resulting immunocomplex by WB with antibodies specific 

for the V5 and T7 tags showing that ADAR1-V5 does co-immunoprecipitate the ORF1 protein 

(Figure (Figure6A), even though this association seems to be weak. From the remaining 

immunocomplex, we isolated total RNA that was subjected to RT-PCR analysis with specific primers 

for the amplification of fragments of the ectopically expressed L1 RNA and endogenous actin mRNA, 

used as negative control. As shown in Figure6B, ADAR1-V5 Co-IP the L1 RNA but not the actin 

mRNA. This result suggests that ADAR1 may affect L1 retrotransposition by binding the basal L1 

RNP complex. Additional experiments showed that ADAR1-V5 Co-IP also the endogenous L1 

transcripts (data not shown). 

 
Figure 6 

 

ADAR1 binds the basal L1 RNP complex without affecting the accumulation of its components. (A) 

Lysates of 293T cells transfected with either pV5-ADAR1-p150 or pV5 empty vector together with 

pES2TE1 cassette were subjected to IP with anti-V5-tag magnetic ... 

L1 RNA is not edited by ADAR1 

Finally, we investigated whether ADAR1 binding to L1 RNA resulted in editing of retrotransposon 

sequences. To this aim, total RNA isolated from 293T cells co-transfected with pADAR1-V5 or pV5 

together with the pcL1-FH retrotransposition cassette was subjected to reverse transcription and 

polymerase chain reaction (PCR) using specific primers for the amplification of different fragments 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5224506/figure/F5/
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of the ectopically expressed L1 RNA followed by DNA Sanger sequencing. Inosine is interpreted as 

guanosine during reverse transcription, therefore the A-to-I changes in the RNA appear as A-to-G 

changes in the corresponding PCR products. By using this experimental approach we did not identify 

any editing event within the L1 sequence analyzed (more than 2.5 kb) (data not shown). This result 

is in agreement with the experiments described above (Figure 5B, carried out by using a plasmid 

expressing an ADAR1 mutant lacking the catalytic domain (ADAR1-Dcat) and showing the 

negligible role of this domain in ADAR1 inhibition of L1 retrotransposition. 

This result supports a model in which ADAR1 affects L1 retrotransposition mainly by a mechanism 

that is editing-independent. 

ADAR1 does not affect the accumulation of full length L1 RNA and ORF1p 

Since ADAR1 binds the basal L1 RNP, we next asked whether this interaction alters the activity of 

the complex by affecting the accumulation of both the L1 RNA and the translated ORF1p. To reach 

this goal, we transiently transfected HeLa cells previously knocked-down for ADAR1 expression 

with the pES2TE1 retrotransposition cassette followed by hygromicyn selection. Five days post-

transfection, total RNA and total cell extract were prepared from the transfected cells. Total RNA 

was subjected to an RT-qPCR analysis to measure the level of L1 RNA by using specific primers to 

amplify a fragment that span the ORF2/Flag-HA sequence. These primers were designed to amplify 

exclusively the exogenous L1 RNA derived from the pES2TE1 cassette. Primers specific for the 

hygromycin phosphotransferase gene (HYG) present on the pES2TE1 plasmid were used to amplify 

a fragment of the corresponding mRNA that was used for normalization. 

As shown in Figure 6C silencing of ADAR1 expression in HeLa cells does not affect significantly the 

L1 RNA accumulation. Moreover, the WB analysis of the total cell lysates using specific antibodies 

anti-T7 tag and anti-GAPDH, showed no significant alteration of the ORF1p protein in cells silenced 

for ADAR1 expression compared to control cells. Overall these results show that the knock-down of 

ADAR1 expression in HeLa cells does not affect the accumulation of the L1 RNA or ORF1p protein. 

It is reasonable to envision that, even though ADAR1 binds the L1 RNP complex, suppression of the 

LINE-1 activity occurs by a mechanism that does not cause an alteration in the level of the L1 RNP 

components but impairs some functions of the complex critical for the retrotransposition. 

 

DISCUSSION 

Herein we presented the first comprehensive study aimed at identifying candidate ADAR1-

interacting factors in HIV-1 expressing cells using a dual-tag affinity approach followed by mass 

spectrometry analysis. Using this approach, we identified 22 proteins. Excluding 7 ribosomal proteins 

and the nucleolar pre-ribosomal-associated protein 1 (URB1) that are possibly contaminants of the 

affinity purification procedure, the other 14 candidates include three heat shock proteins, two 

components of the cytoskeleton and a large number of proteins with a reported DNA and/or RNA 

binding capacity. Some of these proteins are well known to interact with HIV-1 components and/or 

affect viral replication thus suggesting that through their association with ADAR1 may contribute to 

or modulate its proviral activity. 

These proteins include Nucleolin that interacts with p55 Gag and it has been recently demonstrated 

to affect viral transcription. Moreover, Hsp70 proteins mediate Tat activation and viral transcription, 



and are released in HIV-1 virions. Both PSF and NONO bind the HIV-1 RNA instability element 

(INS), but only PSF causes a down-regulation of the Rev-dependent gag and env transcripts. Finally, 

the Ras GTPase-activating protein-binding protein 2 (G3BP2) is one of the main components of the 

cytoplasmic SGs and G3BP proteins play a role in the replication process of different viruses. 

Interestingly, it has been recently reported that the HIV-1 Gag protein inhibits SG assembly. 

Strikingly, 5 out of the 14 identified ADAR1-interacting factors, such as TOP1, PABPC1, NCL, 

hnRNP L and HSPA1A, were previously reported as associated with the L1 ORF1p and/or ORF2p 

proteins and their ribonucleoproteins. 

This unexpected result suggested a possible involvement of ADAR1 in L1 life cycle and this 

hypothesis was further investigated. 

First, we assayed the interaction between ADAR1 and these L1 RNP-associated proteins by Co-IP 

experiments. Actually, we also tested additional proteins (NONO and PSF) to validate the overall 

results of mass spectrometry analysis. In particular, the tagged ADAR1-V5 was able to Co-IP the 

selected endogenous ADAR1-interactors (hnRNP L, NONO, PSF, PABPC1, HSPA1A and NCL) and 

by treatment with an RNase mix it was determined that most of these associations are RNA-

dependent. The only exceptions are the interactions between ADAR1 and the NONO and HSPA1A 

proteins. 

Moreover, the interactions we validated are maintained also in the absence of HIV-1 expression, thus 

suggesting that ADAR1 interacts with the L1 RNP-associated proteins independently from viral 

replication. However, it is reasonable to expect that some other interactors distinct from those 

validated by Co-IP associate with ADAR1 only during viral replication. Finally, by using specific 

antibodies raised against PABPC1, HSPA1A, hnRNP L, NONO, PSF and NCL the endogenous 

ADAR1 was Co-IP. 

Of note, ADAR2 and NONO were previously described to interact with ADAR1, thus corroborating 

the results of our experimental approach. Nevertheless, other previously described ADAR1-binding 

factors were not identified in our study, such as PKR, PACT, NF90 proteins, HuR (ELAVL1), Tudor 

and Dicer and others. The only plausible explanation for this discrepancy is the different experimental 

settings used in these studies. In fact, prior to this study most of the ADAR1-binding factors were 

identified by single IP experiments, instead of two sequential IP experiments employed here, or by 

the use of differently tagged-ADAR1 proteins/antibodies, different cell lines and only another study 

employed the mass spectrometry analysis.  

It is likely that our approach allowed the identification of the most stable associations in 293T cells, 

as indicated by the limited numbers of putative ADAR1-binding factors identified. In support of this 

hypothesis, in our validation Co-IP experiments performed with lysate prepared from 293T cells 

expressing the ADAR1-V5 protein, we were able to Co-IP, using the anti-V5 antibody, the 

endogenous PKR protein (not found in the mass spectrometry analysis), also confirming that this 

interaction is strictly RNA-independent (data not shown). 

The interaction of ADAR1 with proteins shared with the L1 RNP complexes suggests that this 

enzyme might play a regulative role in L1 life cycle. This hypothesis is in agreement with recent 

published results showing that cellular factors that restrict L1 retrotransposition are also involved in 

the regulation of exogenous viruses (TREX1, APOBEC3 proteins, SAMHD1, MOV10, RNase L and 

ZAP), thus indicating a sort of selection during the evolution of some host proteins to defend cells 

from endogenous and exogenous parasites. To investigate whether ADAR1 affects L1 activity, we 

employed two distinct and well-established retrotransposition assay systems. By using these assays, 



we demonstrated that silencing of ADAR1 expression in HeLa cells causes an increase in L1 

retrotransposition. Conversely, ADAR1 over-expression inhibits L1 retrotransposition. 

An ADAR1 mutant lacking the deaminase domain (ADAR1-Dcat) still acts as an L1 inhibitor at 

similar extent compared to the wt protein, suggesting that RNA editing plays a marginal role in this 

novel ADAR1 function. 

This result is in agreement with the analysis of L1 RNA sequence carried out by RT-PCR followed 

by DNA Sanger sequencing that failed to detect any A-to-I change in the retrotransposon sequence. 

The RT-PCR analysis was performed using primer pairs designed to amplify specific fragments of 

the ectopically expressed L1 RNA, with a significant fraction of full length RNA competent for 

retrotransposition thus avoiding any contamination with the mixed population of mostly truncated 

endogenous L1 RNAs. 

Unfortunately, there are only few unique sequences in the full-length ectopically expressed L1 RNA, 

thus this analysis was limited to almost half of the retrotransposon sequence. For this reason, we can't 

exclude that A-to-I editing might occur in the L1 regions we could not sequence. Moreover, it should 

be taken into account the possibility that a small fraction of L1 RNA can be edited by ADAR1 or that 

editing occurs at very low frequency below the threshold of detection by using an RT-PCR approach. 

In any event, it seems that if editing occurs within L1 RNA sequence this modification might affect 

only marginally the retrotransposition efficiency. 

The use of a deep sequencing approach to conduct an unbiased genome-wide screening of A-to-I 

editing sites in the transcriptome of human adult brain, revealed the presence of editing sites within 

the LINE sequences. They are generally located in truncated LINE-1 elements that reside in 3′ UTR 

of transcripts in tandem repeats allowing the formation of extensive dsRNA structures that are good 

target for ADAR1 binding and editing. 

Hence, we can't exclude that retrotransposition of endogenous intragenic and full-length LINE-1 

elements might be restricted through RNA editing of their sequence. 

In addition, we demonstrated that ADAR1 binds the basal L1 RNP complex, in particular the L1 

RNA (both endogenous and ectopically expressed) and the ORF1p protein. The interaction between 

ADAR1 and ORF1p protein seems to be weak, requiring prolonged exposure of the WB filters to 

detect it, indicating that probably this enzyme interacts more stably with the LINE-1 RNA. In 

agreement with this result, Bahn et al. recently reported the first global study of ADAR1–RNA 

interaction in human cells using CLIP-seq and demonstrated an interaction between endogenous 

ADAR1 and L1 RNA that was further confirmed by RNA immunoprecipitation (RIP)-PCR 

experiments. 

Notably, both L1 RNA and ORF1p protein were previously reported to localize in SGs. ADAR1 was 

shown to localize within the same granules in HeLa cells following several type of stress. Moreover, 

it was shown that the Zα-DNA-binding domain of the p150 isoform is required for this specific 

localization. Thus, it is conceivable that ADAR1 p150 may interact with the L1 RNP complex within 

SG. To further strength this hypothesis, in this study we report the interaction between ADAR1 and 

two main components of the SG, G3BP2 and PABPC1. Interestingly, it has been recently reported 

that SAMHD1 inhibits L1 retrotransposition by promoting SG formation and sequestration of the 

retrotransposon complex in these granules, thus interfering with the nuclear import of LINE-1 RNA 

and its subsequent reverse transcription and integration into genomic DNA. Further experiments are 

required to investigate whether ADAR1 and other retrotransposon restriction factors may inhibit L1 

activity using the same mechanism. 



To investigate how ADAR1 inhibits LINE-1 activity, we analyzed whether the interaction of ADAR1 

with the L1 RNP complex may cause a reduction in the accumulation of the L1 RNA and ORF1p 

protein. This analysis showed that the knockdown of ADAR1 expression in HeLa cells does not cause 

a significant alteration in the accumulation of the L1 RNP components. 

Hence, the more plausible explanation for the inhibitory effect of ADAR1 on L1 retrotransposition is 

that the binding of the enzyme to the basal L1 RNP complex might interfere with its activity without 

affecting the accumulation of its components. 

Further experiments are required to determine this inhibitory activity of ADAR1 thus paving the way 

toward a better comprehension of the cell defense against exogenous and endogenous parasites. 

 

ACKNOWLEDGMENTS 

The authors would like to thank Dr Gatignol at the McGill University for the pADAR1-p150-V5 and 

pADAR1-Dcat plasmids, Dr Moran JV at the University of Michigan Medical School for the 

pJM101/L1.3, pJM105/L1.3 and pES2TE1 cassettes, Dr Goodier JL at the John Hopkins School of 

Medicine for the pc-L1-FH plasmid and Dr An at the South Dakota State University for the pYX014 

and pYX015 cassettes. The authors also thank Dr Matteo Surdo for assistance with FACS analysis. 

 

FOOTNOTES 

Present address: Ambra Antonioni, Department of Movement, Human and Health Sciences, 

University of Rome ‘Foro Italico’, Italy. 

 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online. 

 

FUNDING 

Ministry of Health, ‘Programma Nazionale di ricerca sull'AIDS’ in collaboration with ISS [to A.M.]; 

Telethon-Italy [GGP15227 to A.M.]; Italian Ministry of Health, Ricerca Finalizzata (RF-2010-

2310438) and Ricerca Corrente co-funded by the Italian 5×1000 contribution [to M.D.]; MIUR 

Ministero dell'Università e Ricerca Scientifica [FIRB 2012, codice progetto RBFR12NSCF to C.M]; 

The Ministry for Health of Italy “Ricerca Corrente" [to M.T., C.M. and C.M.]; Associazione Italiana 

per la Ricerca sul Cancro [AIRC; grants IG-14114 to M.T]. Funding for open access charge: 

Fondazione Telethon. 

Conflict of interest statement. None declared. 



 

REFERENCES 

1. George C.X., John L., Samuel C.E. An RNA editor, adenosine deaminase acting on double-

stranded RNA (ADAR1) J. Interferon Cytokine Res. 2014;34:437–446. [PMC free article] [PubMed] 

2. Mannion N., Arieti F., Gallo A., Keegan L.P., O'Connell M.A. New Insights into the Biological 

Role of Mammalian ADARs; the RNA Editing Proteins. Biomolecules. 2015;5:2338–2362. [PMC 

free article] [PubMed] 

3. Patterson J.B., Samuel C.E. Expression and regulation by interferon of a double-stranded-RNA-

specific adenosine deaminase from human cells: evidence for two forms of the deaminase. Mol. Cell. 

Biol. 1995;15:5376–5388. [PMC free article] [PubMed] 

4. Savva Y.A., Rieder L.E., Reenan R.A. The ADAR protein family. Genome Biol. 2012;13:252–

262. [PMC free article] [PubMed] 

5. Samuel C.E. Adenosine deaminases acting on RNA (ADARs) are both antiviral and proviral. 

Virology. 2011;411:180–193. [PMC free article] [PubMed] 

6. Nie Y., Hammond G.L., Yang J.H. Double-stranded RNA deaminase ADAR1 increases host 

susceptibility to virus infection. J Virol. 2007;81:917–923. [PMC free article] [PubMed] 

7. Li Z., Wolff K.C., Samuel C.E. RNA adenosine deaminase ADAR1 deficiency leads to increased 

activation of protein kinase PKR and reduced vesicular stomatitis virus growth following interferon 

treatment. Virology. 2010;396:316–322. [PMC free article] [PubMed] 

8. Casey J.L. RNA editing in hepatitis delta virus. Curr. Top. Microbiol. Immunol. 2006;307:67–89. 

[PubMed] 

9. de Chassey B., Aublin-Gex A., Ruggieri A., Meyniel-Schicklin L., Pradezynski F., Davoust N., 

Chantier T., Tafforeau L., Mangeot P.E., Ciancia C., et al. The interactomes of influenza virus NS1 

and NS2 proteins identify new host factors and provide insights for ADAR1 playing a supportive role 

in virus replication. PLoS Pathog. 2013;9:e1003440. [PMC free article] [PubMed] 

10. Cachat A., Alais S., Chevalier S., Journo C., Fusil F., Dutartre H., Boniface A., Ko N., Gessain 

A., Cosset F.L., et al. ADAR1 enhances HTLV-1 and HTLV-2 replication through inhibition of PKR 

activity. Retrovirology. 2014;11:93–108. [PMC free article] [PubMed] 

11. Zahn R.C., Schelp I., Utermohlen O., von Laer D. A-to-G hypermutation in the genome of 

lymphocytic choriomeningitis virus. J. Virol. 2007;81:457–464. [PMC free article] [PubMed] 

12. Mohamed Y.M., Bangphoomi N., Yamane D., Suda Y., Kato K., Horimoto T., Akashi H. Physical 

interaction between bovine viral diarrhea virus nonstructural protein 4A and adenosine deaminase 

acting on RNA (ADAR) Arch. Virol. 2014;159:1735–1741. [PubMed] 

13. Taylor D.R., Puig M., Darnell M.E., Mihalik K., Feinstone S.M. New antiviral pathway that 

mediates hepatitis C virus replicon interferon sensitivity through ADAR1. J. Virol. 2005;79:6291–

6298. [PMC free article] [PubMed] 

14. Ward S.V., George C.X., Welch M.J., Liou L.Y., Hahm B., Lewicki H., de la Torre J.C., Samuel 

C.E., Oldstone M.B. RNA editing enzyme adenosine deaminase is a restriction factor for controlling 

measles virus replication that also is required for embryogenesis. Proc. Natl. Acad. Sci. U.S.A. 

2011;108:331–336. [PMC free article] [PubMed] 

15. Suspene R., Petit V., Puyraimond-Zemmour D., Aynaud M.M., Henry M., Guetard D., Rusniok 

C., Wain-Hobson S., Vartanian J.P. Double-stranded RNA adenosine deaminase ADAR-1-induced 

hypermutated genomes among inactivated seasonal influenza and live attenuated measles virus 

vaccines. J. Virol. 2011;85:2458–2462. [PMC free article] [PubMed] 

16. Phuphuakrat A., Kraiwong R., Boonarkart C., Lauhakirti D., Lee T.H., Auewarakul P. Double-

stranded RNA adenosine deaminases enhance expression of human immunodeficiency virus type 1 

proteins. J. Virol. 2008;82:10864–10872. [PMC free article] [PubMed] 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4046350/
https://www.ncbi.nlm.nih.gov/pubmed/24905200
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4693238/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4693238/
https://www.ncbi.nlm.nih.gov/pubmed/26437436
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC230787/
https://www.ncbi.nlm.nih.gov/pubmed/7565688
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3580408/
https://www.ncbi.nlm.nih.gov/pubmed/23273215
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3057271/
https://www.ncbi.nlm.nih.gov/pubmed/21211811
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1797455/
https://www.ncbi.nlm.nih.gov/pubmed/17079286
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2789878/
https://www.ncbi.nlm.nih.gov/pubmed/19913273
https://www.ncbi.nlm.nih.gov/pubmed/16903221
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3701712/
https://www.ncbi.nlm.nih.gov/pubmed/23853584
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4245799/
https://www.ncbi.nlm.nih.gov/pubmed/25389016
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1797460/
https://www.ncbi.nlm.nih.gov/pubmed/17020943
https://www.ncbi.nlm.nih.gov/pubmed/24500065
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1091666/
https://www.ncbi.nlm.nih.gov/pubmed/15858013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3017198/
https://www.ncbi.nlm.nih.gov/pubmed/21173229
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3067779/
https://www.ncbi.nlm.nih.gov/pubmed/21159878
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2573204/
https://www.ncbi.nlm.nih.gov/pubmed/18753201


17. Doria M., Neri F., Gallo A., Farace M.G., Michienzi A. Editing of HIV-1 RNA by the double-

stranded RNA deaminase ADAR1 stimulates viral infection. Nucleic Acids Res. 2009;37:5848–5858. 

[PMC free article] [PubMed] 

18. Clerzius G., Gelinas J.F., Daher A., Bonnet M., Meurs E.F., Gatignol A. ADAR1 interacts with 

PKR during human immunodeficiency virus infection of lymphocytes and contributes to viral 

replication. J. Virol. 2009;83:10119–10128. [PMC free article] [PubMed] 

19. Clerzius G., Shaw E., Daher A., Burugu S., Gelinas J.F., Ear T., Sinck L., Routy J.P., Mouland 

A.J., Patel R.C., et al. The PKR activator, PACT, becomes a PKR inhibitor during HIV-1 replication. 

Retrovirology. 2013;10:96–111. [PMC free article] [PubMed] 

20. Tang Y.D., Na L., Fu L.H., Yang F., Zhu C.H., Tang L., Li Q., Wang J.Y., Li Z., Wang X.F., et 

al. Double-stranded RNA-specific adenosine deaminase 1 (ADAR1) promotes EIAV replication and 

infectivity. Virology. 2015;476:364–371. [PubMed] 

21. Hancks D.C., Kazazian H.H., Jr Active human retrotransposons: variation and disease. Curr. 

Opin. Genet. Dev. 2012;22:191–203. [PMC free article] [PubMed] 

22. Khazina E., Weichenrieder O. Non-LTR retrotransposons encode non canonical RRM domains 

in their first open reading frame. Proc. Natl. Acad. Sci. U.S.A. 2009;106:731–736. [PMC free article] 

[PubMed] 

23. Feng Q., Moran J.V., Kazazian H.H., Jr, Boeke J.D. Human L1 retrotransposon encodes a 

conserved endonuclease required for retrotransposition. Cell. 1996;87:905–916. [PubMed] 

24. Mathias S.L., Scott A.F., Kazazian H.H., Jr, Boeke J.D., Gabriel A. Reverse transcriptase encoded 

by a human transposable element. Science. 1991;254:1808–1810. [PubMed] 

25. Denli A.M., Narvaiza I., Kerman B.E., Pena M., Benner C., Marchetto M.C., Diedrich J.K., 

Aslanian A., Ma J., Moresco J.J., et al. Primate-specific ORF0 contributes to retrotransposon-

mediated diversity. Cell. 2015;163:583–593. [PubMed] 

26. Doucet A.J., Wilusz J.E., Miyoshi T., Liu Y., Moran J.V. A 3′ Poly(A) Tract Is Required for 

LINE-1 Retrotransposition. Mol Cell. 2015;60:728–741. [PMC free article] [PubMed] 

27. Brouha B., Schustak J., Badge R.M., Lutz-Prigge S., Farley A.H., Moran J.V., Kazazian H.H., Jr 

Hot L1s account for the bulk of retrotransposition in the human population. Proc. Natl. Acad. Sci. 

U.S.A. 2003;100:5280–5285. [PMC free article] [PubMed] 

28. Beck C.R., Collier P., Macfarlane C., Malig M., Kidd J.M., Eichler E.E., Badge R.M., Moran J.V. 

LINE-1 retrotransposition activity in human genomes. Cell. 2010;41:1159–1170. [PMC free article] 

[PubMed] 

29. Beauregard A., Curcio M.J., Belfort M. The take and give between retrotransposable elements 

and their hosts. Annu. Rev. Genet. 2008;42:587–617. [PMC free article] [PubMed] 

30. Goodier J.L., Cheung L.E., Kazazian H.H., Jr Mapping the LINE1 ORF1 protein interactome 

reveals associated inhibitors of human retrotransposition. Nucleic Acids Res. 2013;41:7401–7419. 

[PMC free article] [PubMed] 

31. Taylor M.S., Lacava J., Mita P., Molloy K.R., Huang C.R., Li D., Adney E.M., Jiang H., Burns 

K.H., et al. Affinity proteomics reveals human host factors implicated in discrete stages of LINE-1 

retrotransposition. Cell. 2013;155:1034–1048. [PMC free article] [PubMed] 

32. Moldovan J.B., Moran J.V. The Zinc-Finger Antiviral Protein ZAP Inhibits LINE and Alu 

Retrotransposition. PLoS Genet. 2015;11:e1005121. [PMC free article] [PubMed] 

33. Dombroski B.A., Mathias S.L., Nanthakumar E., Scott A.F., Kazazian H.H., Jr Isolation of an 

active human transposable element. Science. 1991;254:1805–1808. [PubMed] 

34. Moran J.V., Holmes S.E., Naas T.P., DeBerardinis R.J., Boeke J.D., Kazazian H.H., Jr High 

frequency retrotransposition in cultured mammalian cells. Cell. 1996;87:917–927. [PubMed] 

35. Doucet A. J., Hulme A.E., Sahinovic E., Kulpa D.A, Moldovan J.B, Kopera H.C., Athanikar J.N., 

Hasnaoui M., Bucheton A., Moran J.V., et al. Characterization of LINE-1 ribonucleoprotein particles. 

PLoS Genet. 2010;6:e1001150. [PMC free article] [PubMed] 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2761272/
https://www.ncbi.nlm.nih.gov/pubmed/19651874
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2747994/
https://www.ncbi.nlm.nih.gov/pubmed/19605474
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3848765/
https://www.ncbi.nlm.nih.gov/pubmed/24020926
https://www.ncbi.nlm.nih.gov/pubmed/25589239
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3376660/
https://www.ncbi.nlm.nih.gov/pubmed/22406018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2630067/
https://www.ncbi.nlm.nih.gov/pubmed/19139409
https://www.ncbi.nlm.nih.gov/pubmed/8945517
https://www.ncbi.nlm.nih.gov/pubmed/1722352
https://www.ncbi.nlm.nih.gov/pubmed/26496605
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4671821/
https://www.ncbi.nlm.nih.gov/pubmed/26585388
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC154336/
https://www.ncbi.nlm.nih.gov/pubmed/12682288
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3013285/
https://www.ncbi.nlm.nih.gov/pubmed/20602998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2665727/
https://www.ncbi.nlm.nih.gov/pubmed/18680436
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753637/
https://www.ncbi.nlm.nih.gov/pubmed/23749060
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3904357/
https://www.ncbi.nlm.nih.gov/pubmed/24267889
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4423928/
https://www.ncbi.nlm.nih.gov/pubmed/25951186
https://www.ncbi.nlm.nih.gov/pubmed/1662412
https://www.ncbi.nlm.nih.gov/pubmed/8945518
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2951350/
https://www.ncbi.nlm.nih.gov/pubmed/20949108


36. Xie Y., Rosser J.M., Thompson T.L., Boeke J.D., An W. Characterization of L1 retrotransposition 

with high-throughput dual-luciferase assays. Nucleic Acids Res. 2011;39:e16. [PMC free article] 

[PubMed] 

37. Rosado I.V., Dez C., Lebaron S., Caizergues-Ferrer M., Henry Y., de la Cruz J. Characterization 

of Saccharomyces cerevisiae Npa2p (Urb2p) reveals a low-molecular-mass complex containing 

Dbp6p, Npa1p (Urb1p), Nop8p, and Rsa3p involved in early steps of 60S ribosomal subunit 

biogenesis. Mol. Cell. Biol. 2007;27:1207–1221. [PMC free article] [PubMed] 

38. Gingras A.C., Gstaiger M., Raught B., Aebersold R. Analysis of protein complexes using mass 

spectrometry. Nat. Rev. Mol. Cell Biol. 2007;8:645–654. [PubMed] 

39. Pardo M., Choudhary J.S. Assignment of protein interactions from affinity purification/mass 

spectrometry data. J. Proteome Res. 2012;11:1462–1474. [PubMed] 

40. Chilibeck K.A., Wu T., Liang C., Schellenberg M.J., Gesner E.M., Lynch J.M., MacMillan A. M. 

FRET analysis of in vivo dimerization by RNA-editing enzymes. J. Biol. Chem. 2006;281:16530–

16535. [PubMed] 

41. Cenci C., Barzotti R., Galeano F., Corbelli S., Rota R., Massimi L., Di Rocco C., O'Connell M.A., 

Gallo A. Down-regulation of RNA editing in pediatric astrocytomas: ADAR2 editing activity inhibits 

cell migration and proliferation. J. Biol. Chem. 2008;283:7251–7260. [PubMed] 

42. Elbarbary R.A., Li W., Tian B., Maquat L.E. STAU1 binding 3′ UTR IRAlus complements 

nuclear retention to protect cells from PKR-mediated translational shutdown. Genes Dev. 

2013;27:1495–1510. [PMC free article] [PubMed] 

43. Peddigari S., Li P.W., Rabe J.L., Martin S.L. hnRNPL and nucleolin bind LINE-1 RNA and 

function as host factors to modulate retrotransposition. Nucleic Acids Res. 2013;41:575–585. [PMC 

free article] [PubMed] 

44. Dai L., Taylor M.S., O'Donnell K.A., Boeke J.D. Poly(A) binding protein C1 is essential for 

efficient L1 retrotransposition and affects L1 RNP formation. Mol. Cell. Biol. 2012;32:4323–4336. 

[PMC free article] [PubMed] 

45. Wang Y., Samuel C.E. Adenosine deaminase ADAR1 increases gene expression at the 

translational level by decreasing protein kinase PKR-dependent eIF-2alpha phosphorylation. J. Mol. 

Biol. 2009;393:777–787. [PMC free article] [PubMed] 

46. Gao W., Li M., Zhang J. Tandem immunoprecipitation approach to identify HIV-1 Gag associated 

host factors. J. Virol. Methods. 2014;203:116–119. [PubMed] 

47. Tosoni E., Frasson I., Scalabrin M., Perrone R., Butovskaya E., Nadai M., Palù G., Fabris D., 

Richter S.N. Nucleolin stabilizes G-quadruplex structures folded by the LTR promoter and silences 

HIV-1 viral transcription. Nucleic Acids Res. 2015;43:8884–8897. [PMC free article] [PubMed] 

48. Sugiyama R., Naganumam H., Nishitsujim H., Takakum H. Human immunodeficiency virus-1 

Nef suppresses Hsp70-mediated Tat activation. FEBS Lett. 2011;585:3367–3371. [PubMed] 

49. O'Keeffe B., Fong Y., Chen D., Zhou S., Zhou Q. Requirement for a kinase-specific chaperone 

pathway in the production of a Cdk9/cyclin T1 heterodimer responsible for P-TEFb-mediated tat 

stimulation of HIV-1 transcription. J Biol Chem. 2000;275:279–287. [PubMed] 

50. Gurer C., Cimarelli A., Luban J. Specific incorporation of heat shock protein 70 family members 

into primate lentiviral virions. J Virol. 2002;76:4666–4670. [PMC free article] [PubMed] 

51. Zolotukhin A.S., Michalowski D., Bear J., Smulevitch S.V., Traish A.M., Peng R., Patton J., 

Shatsky I.N., Felber B.K. PSF acts through the human immunodeficiency virus type 1 mRNA 

instability elements to regulate virus expression. Mol. Cell. Biol. 2003;23:6618–6630. [PMC free 

article] [PubMed] 

52. Matsuki H., Takahashi M., Higuchi M., Makokha G.N., Oie M., Fujii M. Both G3BP1 and G3BP2 

contribute to stress granule formation. Genes Cells. 2013;18:135–146. [PubMed] 

53. Buchan J.R., Parker R. Eukaryotic stress granules: The ins and outs of translation. Mol. Cell. 

2009;36:932–941. [PMC free article] [PubMed] 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3035435/
https://www.ncbi.nlm.nih.gov/pubmed/21071410
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1800719/
https://www.ncbi.nlm.nih.gov/pubmed/17145778
https://www.ncbi.nlm.nih.gov/pubmed/17593931
https://www.ncbi.nlm.nih.gov/pubmed/22283744
https://www.ncbi.nlm.nih.gov/pubmed/16618704
https://www.ncbi.nlm.nih.gov/pubmed/18178553
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3713430/
https://www.ncbi.nlm.nih.gov/pubmed/23824540
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3592465/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3592465/
https://www.ncbi.nlm.nih.gov/pubmed/23161687
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3486150/
https://www.ncbi.nlm.nih.gov/pubmed/22907758
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2763985/
https://www.ncbi.nlm.nih.gov/pubmed/19733181
https://www.ncbi.nlm.nih.gov/pubmed/24690621
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4605322/
https://www.ncbi.nlm.nih.gov/pubmed/26354862
https://www.ncbi.nlm.nih.gov/pubmed/21970979
https://www.ncbi.nlm.nih.gov/pubmed/10617616
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC155079/
https://www.ncbi.nlm.nih.gov/pubmed/11932435
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC193712/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC193712/
https://www.ncbi.nlm.nih.gov/pubmed/12944487
https://www.ncbi.nlm.nih.gov/pubmed/23279204
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2813218/
https://www.ncbi.nlm.nih.gov/pubmed/20064460


54. Banfield B.W., Mouland A.J., McCormick C. 1st International Symposium on Stress-associated 

RNA Granules in Human Disease and Viral Infection. Viruses. 2014;6:3500–3513. [PMC free article] 

[PubMed] 

55. Valiente-Echeverría F., Melnychuk L., Vyboh K., Ajamian L., Gallouzi I.E., Bernard N., Mouland 

A.J. eEF2 and Ras-GAP SH3 domain-binding protein (G3BP1) modulate stress granule assembly 

during HIV-1 infection. Nat. Commun. 2013;5:4819–4836. [PMC free article] [PubMed] 

56. Nie Y., Ding L., Kao P.N., Braun R., Yang J.H. ADAR1 interacts with NF90 through double-

stranded RNA and regulates NF90-mediated gene expression independently of RNA editing. Mol. 

Cell. Biol. 2005;25:6956–6963. [PMC free article] [PubMed] 

57. Wang I.X., So E., Devlin J.L., Zhao Y., Wu M., Cheung V.G. ADAR regulates RNA editing, 

transcript stability, and gene expression. Cell Rep. 2013;5:849–860. [PMC free article] [PubMed] 

58. Weissbach R., Scadden A.D. Tudor-SN and ADAR1 are components of cytoplasmic stress 

granules. RNA. 2012;18:462–471. [PMC free article] [PubMed] 

59. Ota H., Sakurai M., Gupta R., Valente L., Wulff B.E., Ariyoshi K., Iizasa H., Davuluri R.V., 

Nishikura K. ADAR1 forms a complex with Dicer to promote microRNA processing and RNA-

induced gene silencing. Cell. 2013;153:575–589. [PMC free article] [PubMed] 

60. Nie Y., Ding L., Kao P.N., Braun R., Yang J.H. ADAR1 interacts with NF90 through double-

stranded RNA and regulates NF90-mediated gene expression independently of RNA editing. Mol. 

Cell. Biol. 2005;25:6956–6963. [PMC free article] [PubMed] 

61. van Montfoort N., Olagnier D., Hiscott J. Unmasking immune sensing of retroviruses: interplay 

between innate sensors and host effectors. Cytokine Growth Factor Rev. 2014;25:657–668. [PubMed] 

62. Wang X., Han Y., Dang Y., Fu W., Zhou T., Ptak R.G., Zheng Y.H. Moloney leukemia virus 10 

(MOV10) protein inhibits retrovirus replication. J. Biol. Chem. 2010;285:14346–14355. [PMC free 

article] [PubMed] 

63. Chakrabarti A., Banerjee S., Franchi L., Loo Y.M, Gale M., Jr, Núñez G., Silverman R.H. RNase 

L Activates the NLRP3 Inflammasome during Viral Infections. Cell Host Microbe. 2015;17:466–

477. [PMC free article] [PubMed] 

64. Sakurai M., Ueda H., Yano T., Okada S., Terajima H., Mitsuyama T., Toyoda A., Fujiyama A., 

Kawabata H., Suzuki T. A biochemical landscape of A-to-I RNA editing in the human brain 

transcriptome. Genome Res. 2014;24:522–534. [PMC free article] [PubMed] 

65. Bahn J.H., Ahn J., Lin X., Zhang Q., Lee J.H., Civelek M., Xiao X. Genomic analysis of ADAR1 

binding and its involvement in multiple RNA processing pathways. Nat. Commun. 2015;6:6355–

6368. [PMC free article] [PubMed] 

66. Goodier J.L., Mandal P.K., Zhang L., Kazazian H.H., Jr Discrete subcellular partitioning of 

human retrotransposon RNAs despite a common mechanism of genome insertion. Hum. Mol. Genet. 

2010;19:1712–1725. [PMC free article] [PubMed] 

67. Ng S.K., Weissbach R., Ronson G.E., Scadden A.D. Proteins that contain a functional Z-DNA-

binding domain localize to cytoplasmic stress granules. Nucleic Acids Res. 2013;41:9786–9799. 

[PMC free article] [PubMed] 

68. Hu S., Li J., Xu F., Mei S., Le Duff Y., Yin L., Pang X., Cen S., Jin Q., Liang C., et al. SAMHD1 

inhibits LINE-1 retrotransposition by promoting stress granule formation. PLoS Genet. 

2015;11:e1005367. [PMC free article] [PubMed] 

69. Desterro J.M., Keegan L.P., Lafarga M., Berciano M.T., O'Connell M., Carmo-Fonseca M. 

Dynamic association of RNA-editing enzymes with the nucleolus. J. Cell. Sci. 2003;116:1805–1818. 

[PubMed] 

 
Articles from Nucleic Acids Research are provided here courtesy of Oxford University 
Press 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4189036/
https://www.ncbi.nlm.nih.gov/pubmed/25256393
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4978539/
https://www.ncbi.nlm.nih.gov/pubmed/25229650
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1190226/
https://www.ncbi.nlm.nih.gov/pubmed/16055709
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3935819/
https://www.ncbi.nlm.nih.gov/pubmed/24183664
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3285934/
https://www.ncbi.nlm.nih.gov/pubmed/22240577
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3651894/
https://www.ncbi.nlm.nih.gov/pubmed/23622242
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1190226/
https://www.ncbi.nlm.nih.gov/pubmed/16055709
https://www.ncbi.nlm.nih.gov/pubmed/25240798
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2863248/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2863248/
https://www.ncbi.nlm.nih.gov/pubmed/20215113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4393362/
https://www.ncbi.nlm.nih.gov/pubmed/25816776
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3941116/
https://www.ncbi.nlm.nih.gov/pubmed/24407955
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4355961/
https://www.ncbi.nlm.nih.gov/pubmed/25751603
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2850619/
https://www.ncbi.nlm.nih.gov/pubmed/20147320
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3834823/
https://www.ncbi.nlm.nih.gov/pubmed/23982513
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4489885/
https://www.ncbi.nlm.nih.gov/pubmed/26134849
https://www.ncbi.nlm.nih.gov/pubmed/12665561

