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The RNA editing enzyme ADAR2 restricts L1 mobility
Loredana Frassinelli a, Elisa Orecchini a,#, Sofian Al-Wardata, Marco Tripodib,c, Carmine Manconed, 
Margherita Doriae, Silvia Galardia, Silvia Anna Ciafrèa, and Alessandro Michienzi a

aDepartment of Biomedicine and Prevention, University of Rome ‘Tor Vergata’, Rome, Italy; bNational Institute for Infectious Diseases L. Spallanzani, 
IRCCS, Rome, Italy; cIstituto Pasteur Italia-Fondazione Cenci Bolognetti, Department of Molecular Medicine, Sapienza University of Rome, Rome, 
Italy; dDepartment of Molecular Medicine, Sapienza University of Rome, Rome, Italy; eUnit of Primary Immunodeficiency, Bambino Gesu` Children’s 
Hospital, IRCCS, Rome, Italy

ABSTRACT
Adenosine deaminases acting on RNA (ADARs) are enzymes that convert adenosines to inosines in 
double-stranded RNAs (RNA editing A-to-I). ADAR1 and ADAR2 were previously reported as HIV-1 
proviral factors. The aim of this study was to investigate the composition of the ADAR2 ribonucleopro-
tein 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 10 non-ribosomal ADAR2- 
interacting factors. A significant fraction of these proteins was previously found associated to the 
Long INterspersed Element 1 (LINE1 or L1) ribonucleoparticles and to regulate the life cycle of L1 
retrotransposons. Considering that we previously demonstrated that ADAR1 is an inhibitor of LINE-1 
retrotransposon activity, we investigated whether also ADAR2 played a similar function. To reach this 
goal, we performed specific cell culture retrotransposition assays in cells overexpressing or ablated for 
ADAR2. These experiments unveil a novel function of ADAR2 as suppressor of L1 retrotransposition. 
Furthermore, we showed that ADAR2 binds the basal L1 RNP complex.

Overall, these data support the role of ADAR2 as regulator of L1 life cycle.
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INTRODUCTION

Almost half of the human genome is composed of transpo-
sable elements (TEs) [1–3]. These are sequences that have 
been able or are still able to mobilize from one genomic 
location to another. TEs include retrotransposons, that move 
(retrotransposition) by a ‘copy and paste’ mechanism through 
an RNA intermediate [4]. Long interspersed element-1 
sequences (LINE-1s or L1s) are the only active autonomous 
retrotransposon and comprise ∼17% of human DNA [4–6].

There are about 500.000 L1 copies in the human genome, 
but the vast majority of them are retrotransposition defective, 
due to 5ʹ truncations, rearrangements, mutations or splicing 
[5,7]. However, about 80–100 copies preserve the capacity to 
retrotranspose, thus still shaping the evolution of the human 
genome [7–9]. Moreover, the L1 machinery also drives in 
trans the retrotransposition of short interspersed elements 
(SINEs), SINE-VNTR-Alu (SVA) and processed pseudogenes 
[10–12].

A full-length human L1 element is about 6 kb long and 
contains a 5ʹ untranslated region (UTR) harbouring an RNA 
polymerase II sense and an antisense promoter, followed by 
two open reading frames (ORFs), ORF1 and ORF2, and a 3′ 
UTR that ends in a poly(A) tract [13,14].

ORF1 encodes a ∼40-kDa protein (ORF1p) with RNA- 
binding and nucleic acid chaperone activities [4,15–18].

ORF2 encodes an ∼150-kDa protein (ORF2p) with endo-
nuclease and reverse transcriptase activities [4,19,20]. L1 ret-
rotransposition starts with the transcription of a full length 
bicistronic L1 mRNA from the sense strand promoter [21–23] 
in the nucleus, followed by translocation of the L1 mRNA to 
the cytoplasm where translation occurs leading to the synth-
esis of both ORF1p and ORF2p proteins [24,25]. These pro-
teins preferentially bind, with a poorly understood 
mechanism, their encoding L1 mRNA [cis preference; 26, 
27], thus forming the L1 ribonucleoprotein complex (L1 
RNP). The L1 RNP complex then moves to the nucleus 
where a new copy of L1 element is integrated into the host 
genome by a target primed reverse transcription mechanism 
(TPRT) [28,29].

Recently, another ORF (ORF0) was identified [30]. ORF0 
is primate-specific and is transcribed from the antisense 
5ʹUTR promoter sequence. There is published evidence show-
ing that ORF0p may enhance L1 retrotransposition [30].

L1 retrotransposons, even though contributed to the evo-
lution of the human genome, are also potent insertional 
mutagenic agents that may cause genomic instability, genetic 
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disorders and cancers [31,32]. For this reason, to limit the L1 
deleterious effects cells evolved multiple mechanisms of 
defence ranging from epigenetic regulation to the action of 
host restriction factors [31,32]. Among these restriction fac-
tors, a role for the DNA and RNA deaminases was recently 
demonstrated [33, 34,and 35].

ADARs are adenosine deaminases acting on RNA, a family 
of enzymes that upon binding to double-stranded RNA 
(dsRNA) catalyse the conversion of Adenosines (A) in 
Inosines (I) (RNA editing A-to-I) [36,37]. Three ADAR 
enzymes are expressed in mammals, two that are catalytically 
active (ADAR1 and ADAR2) and one inactive (ADAR3). 
These enzymes share some common structural features, such 
as the catalytic domain at the C-terminus and two or three 
double-stranded RNA binding motifs (dsRBDs) in the central 
or N-terminal region [36,37]. Since inosines are recognized as 
guanosines by most cellular machinery, RNA editing can lead 
to the formation of an altered protein (recoding) or may affect 
different aspects of the RNA metabolism [36,38,39]. RNA 
editing efficiency differs greatly depending on the target tran-
script and the different tissue. By perturbing ADAR enzymes 
in human cells, it has been suggested that ADAR2 catalyzes 
editing of specific adenosines (site-selective editing), whereas 
ADAR1 mainly mediates editing of several adenosines on 
dsRNAs (promiscuous editing) [40,41]. The vast majority of 
the RNA editing A-to-I occurs within repetitive elements, in 
particular in SINE (Alu in primates) present in tandem and in 
inverse orientation that gives rise to dsRNA in the non-coding 
sequence of mRNAs (introns and 3ʹUTRs).

Of note, ADARs have more functions besides RNA editing 
[42] thus exerting a deep impact on the transcriptome. 
Moreover, it is well characterized that these enzymes affect 
microRNAs and other non-coding RNAs (ncRNAs) metabo-
lism [36].

ADAR1 plays also a role as a suppressor of the interferon 
(IFN) signalling and response [43–46]. Mouse models and 
human cell lines lacking ADAR1 expression showed that its 
RNA editing activity (in particular of the interferon-inducible 
p150 isoform) plays a critical role in the innate immune 
response by avoiding that endogenous ‘self’ dsRNAs (prob-
ably long dsRNA formed by Alu:Alu hybrids) improperly 
stimulate cytosolic RNA sensing receptors melanoma differ-
entiation-associated gene 5 or MDA5 [47] and activate innate 
immune proinflammatory responses via the MAVS adaptor 
[44–46,48]. Specifically, RNA editing A-to-I suppresses fila-
ment formation of MDA5 on dsRNAs [48]. MDA5 is one 
sensor of virus presence and is activated by RNA, recognizing 
the internal duplex structure [47].

The main function of ADAR2 is the editing of the coding 
sequence of transcripts found mostly in the brain, in particu-
lar the recoding of the Q/R site in the glutamate receptor 
Gria2 transcript [49]. Impairment of this editing leads to 
early-onset epilepsy and eventual death in mouse models 
[50]. Adar2 knockout mice die early after birth due to seizures 
caused by Gria2 underediting [51]. This phenotype can be 
rescued by knocking-in a G residue in the genomic DNA at 
the edited Q/R codon of Gria2, mimicking the constitutive 
recoding at this site [51].

As widely reported, RNA editing is deregulated in a variety 
of human diseases, such as cancer, neurodegenerative disease, 
interferonopathies and viral infection [37,39,52]. There is 
growing evidence showing that ADARs, in particular 
ADAR1, affect the life cycle of viruses exerting either an anti- 
viral or a pro-viral activity depending on the type of virus and 
host [53,54]. Very recently, we demonstrated that ADAR1 
plays a role also in controlling the activity of endogenous 
parasites, such as L1 and Alu retrotransposons [33,34, and, 
data not shown]. Herein, we provide evidence that also 
ADAR2 is a LINE-1 restriction factor.

RESULTS

Nano-LC MS analysis of ADAR2-binding proteins

Based on previous studies showing a role of ADAR2 as HIV-1 
proviral factor [55], we searched for ADAR2 interacting fac-
tors that may affect this novel function by means of a dual-tag 
affinity purification procedure. To this end, we generated an 
ADAR2-expressing vector (pADAR2-V5) to express a V5 
tagged protein that we used as a bait for the affinity purifica-
tion. The expression and the efficient catalytic activity of the 
ADAR2-V5 was tested in 293 T cells overexpressing an arti-
ficial RNA editing substrate (data not shown). 293 T cells 
were co-transfected with HIV-1 proviral DNA (pNL4-3), 
together with pADAR2-V5 or pV5 empty vector (as 
a control).

Total cell extract was prepared from the transfected cells 
and subjected to dual-tag affinity procedure. Ruby-stained 
electrophoretic gels of the immunocomplex recovered showed 
relatively few bands in pV5 empty vector lane compared with 
those in pADAR2-V5 lane (Fig. 1); then, proteins were in-gel 
digested and analysed by mass spectrometry (nano-LC- 
MALDI-TOF/TOF). Using this approach, 10 putative non- 
ribosomal ADAR2-associated factors were identified (Table 
1). Interestingly, NONO, PSF, DHX15 and NCL, all nuclear/ 
nucleolar proteins, were previously found as ADAR1- 
associated factors by using the same experimental approach 
[33]. Of note, half of the identified factors, specifically 
ADAR1, TOP1, NCL, hnRNP C1/C2 and PSF were previously 
reported as associated factors to the L1 RNP complex or to its 
components (ORF1p, ORF2p and L1 RNA) [33,56,57], 
whereas ZNF317 is a member of the large family of Krüppel- 
associated box (KRAB) zinc finger proteins, well-known tran-
scription factors that repress the expression of endogenous 
retroelements [58,59]. These results point-out a possible func-
tional correlation between ADAR2 and LINE-1 elements, 
further strengthened by the previously published data show-
ing that ADAR1, the other active deaminase in mammals, is 
an inhibitor of L1 retrotransposition in vitro.

Co-immunoprecipitation (co-ip) experiments were per-
formed in order to validate the mass spectrometry (MS) 
results. Thus, 293 T cells were co-transfected as described 
above and total cell extract prepared and subjected to co-ip 
experiments using anti-V5 tag magnetic beads followed by 
western blot (WB) analysis using specific antibodies. As 
shown in Fig. 2A, the putative endogenous interacting factors 
analysed (five out of ten identified) were confirmed to co- 
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immunoprecipitate with ADAR2. Notably, their association 
with ADAR2 was found to be mostly RNA dependent because 
disappeared or dropped dramatically after RNase treatment 
(Fig. 2A). The same co-ip experiments were performed with-
out co-transfection of the HIV-1 proviral DNA (pNL4-3) 
(Fig. 2B), providing overlapping results and thus suggesting 
that the interaction of ADAR2 with these endogenous protein 
factors does not require active HIV-1 replication.

ADAR2 restricts L1-retrotransposition

The dual-tag affinity procedure/MS analysis and the valida-
tion by co-ip experiments uncovered novel ADAR2 interac-
tors and prompted us to explore the role of ADAR2 in L1 life 
cycle.

To reach this goal, we employed well-characterized L1 
retrotransposition cell culture assays [60].

In particular, we used the pYX014 plasmid (Fig. 3A) that 
contains a full-length L1 element harbouring the firefly luci-
ferase gene (Fluc) inserted in the 3′UTR of L1 in the opposite 
direction of the retrotransposon coding sequence, in which 
the Fluc coding sequence is disrupted by an intron in the 
sense orientation.

Thus, Fluc activity can be measured only after one round 
of retrotransposition and serves as read-out of L1 retrotran-
sposition efficiency. A Renilla Luciferase (Rluc) expression 
cassette cloned in the backbone of the pYX014 plasmid was 
used to normalize for transfection efficiency (Fig. 3A).

HeLa cells were co-transfected in triplicate with pYX014 
plasmid together with pV5 or different amounts of pADAR2- 
V5, and four days after transfection, cells were lysed for 
luminescence analysis and L1 activity measured as the Fluc/ 
Rluc ratio.

As shown in Fig. 3, overexpression of ADAR2 (Fig. 3C) 
caused a reduction of retrotransposition efficiency compared 
to the control (cells transfected with the pV5 empty vector) 
(Fig. 3B).

This result points to a role of ADAR2 as inhibitor of L1 
retrotransposition.

To further confirm this hypothesis, we tested the effect of 
depleting endogenous ADAR2 expression on L1 retrotranspo-
sition activity. To this aim, we employed the CRISPR/Cas9 
gene-editing technology and generated single 293 T clones 
partially knocked-out for ADAR2 expression, with the intra-
cellular level of the enzyme reduced by 70 to 80% compared 
to the parental 293 T cell line (KO1 and KO2 clones, Fig. 4A). 
Moreover, we derived a control wild-type clone (CTR), 
expressing ADAR2 at the same level as in parental 293 T 
cell line (Fig. 4A).

Next, ADAR2 KO clones and the control clone were trans-
fected in triplicate with the pYX104 plasmid. Four days post- 
transfection, cells were lysed for luminescence analysis and L1 
activity measured. As shown in Fig. 4B, ablation of ADAR2 
expression, even if partial, causes an increase in retrotranspo-
sition efficacy.

To confirm this result, we carried out another retrotran-
sposition assay by using the 99-PUR-RPS-pBlaster1 plasmid, 
which contains a blasticidin S deaminase gene reporter cas-
sette which activates the blasticidin-resistant gene after retro-
transposition (Fig. 4C). Again, ADAR2 KO clones and 
controls were transiently transfected with 99-PUR-RPS- 
pBlaster1 and 96 h post-transfection cells were selected with 
blastidicin. After 15 days of selection cells were stained and 

Figure 1. Isolation of the ADAR2 native complex by dual-tag affinity purification. 
Total cell extract was prepared from 293 T cells transfected with either pADAR2- 
V5 or pV5 empty vector and the proviral NL4-3 genome and then subjected to 
two steps of immunoprecipitation (IP), first with the NiNTA Magnetic Beads and 
then the eluted His-tagged native protein complex was subjected to a second 
step of IP using the anti-V5-tag magnetic beads. The resulting magnetic beads 
were resuspended in SDS loading buffer and the protein separated by SDS- 
PAGE, visualized by Sypro–Ruby staining and subjected to nano-LC-MALDI-TOF 
/TOF analysis. ADAR2-V5 and all the 10 non-ribosomal proteins identified as 
putative ADAR2-interacting factors are indicated.

Table 1. ADAR2-RNP complex in HIV-1 expressing cells identified by nano-LC 
MALDI-TOF/TOF. ProteinPilot Unused ProtScore (Conf) >1.30 (95.0%). All the 10 
non-ribosomal proteins identified as putative ADAR2-interacting factors are 
indicated.

Accession 
numbera

Gene 
namea Protein Name

P78563 ADAR2 Double-stranded RNA-specific editase 1
P55265 ADAR1 Double-stranded RNA-specific adenosine 

deaminase
P23246 PSF (SFPQ) Splicing factor, proline-and glutamine-rich
P11387 TOP1 DNA topoisomerase I
Q969P6 TOP1M DNA topoisomerase I, mitochondrial
P19338 NCL Nucleolin (Protein C23)
O35286 DHX15 Putative pre-mRNA splicing factor RNA helicase 

(DEAH box protein 15)
Q9C0E2 XPO4 Exportin 4 (Exp4)
Q15233 NONO (p54 

nrb)
Non-POU domain containing octamer-binding 

protein
P07910 HNRNPC1/ 

C2
Heterogeneous nuclear ribonucleoproteins C1/C2 

(hnRNP C1/C2)
Q96PQ6 ZN317 Zinc finger protein 317

aAccording to the UniProtKB/Swiss-Prot entry 
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counted. The resulting number of drug-resistant colonies 
provides a readout of retrotransposition activity. In all experi-
ments, a co-transfection with plasmid pEGFP was carried out 
in parallel as control for transfection efficiency. As shown in 
Fig. 4C and Fig. 4D, the number of blasticidin-resistant colo-
nies increased in ADAR2 KO clones compared to the control. 
ADAR2 KO clones and the control were also transfected with 
the pcDNA6 plasmid containing a constitutively expressed 
blasticidin-resistance gene. As shown in Fig. 4D, the blastidi-
cin-resistant colonies are similar in all the transfected clones.

Overall, these results strongly support a role of ADAR2 as 
an inhibitor of L1 retrotransposition.

The ADAR2-catalytic domain is not required for L1 
suppression

Since ADAR2 is an active deaminase, it is conceivable that its 
RNA editing activity might be necessary to suppress L1 activ-
ity. To investigate this possibility, we employed a catalytically 
inert ADAR2 mutant [ADAR2 E/A, 61]. ADAR2 E/A was 
generated by a single-point mutation in the catalytic domain 
changing a glutamate residue (E396) into an alanine.

HeLa cells were co-transfected in triplicate with pYX014 
plasmid together with either pADAR2-V5 or pADAR2 E/ 
A-V5 or pADAR1-V5 [the latter used as a positive control, 
since it was previously proved to impair L1 activity; 33] or 
pV5 empty vector (as negative control) and, four days post- 

transfection, cells were lysed for luminescence analysis and L1 
activity measured as the Fluc/Rluc ratio.

As shown in Fig. 5, overexpression of ADAR2 E/A sup-
presses L1 activity even though to a lesser extent compared to 
the ADAR2 wt and ADAR1 overexpression.

Thus, the catalytic activity of ADAR2 seems to play 
either a marginal role or not to be required in this inhi-
bitory mechanism, in agreement with the previously pub-
lished data showing that the catalytic domain of ADAR1 is 
dispensable for retrotransposition impairment [33].

ADAR2 associates with L1 RNP complex

To elucidate the mechanism responsible for L1 inhibition, we 
tested whether ADAR2 associates with the basal L1 RNP 
complex.

Total cell extract prepared from 293 T cells previously 
transiently co-transfected with either pADAR2-V5 or 
pADAR2 E/A-V5 or pV5 together with the pES2TE1 plasmid, 
was subjected to immunoprecipitation (IP) with an anti-V5 
antibody. The pES2TE1 plasmid contains the full-length L1.3 
retrotransposon sequence that allows expression of a T7- 
tagged ORF1p protein [62]. A fraction of the resulting immu-
nocomplex was analysed by WB using specific antibodies 
showing that both the ADAR2-V5 and ADAR2 E/A-V5 pro-
teins co-immunoprecipitated with the ORF1p-T7 protein 
(Fig. 6A, Fig. S1A). The interaction between ADAR2-V5 and 
ORF1p-T7 occurs in an RNA-dependent manner since it was 

Figure 2. Validation of the results of the nano LC-MALDI-TOF/TOF data by co-immunoprecipitation (Co-IP) experiments. A) 293 T cells were co-transfected with 
pADAR2-V5 or pV5 empty vector and the proviral NL4-3 genome and then subjected to IP with anti-V5-tag magnetic beads followed by Western blot (WB) analysis 
with anti-V5, anti-PSF, anti-NCL, anti-hnRNP C1/C2, anti-NONO and anti-ADAR1 antibodies. Total cell lysates were mock-treated or RNase (A+ V1)-treated prior to IP. 
WB analysis of 10 μg of cell lysate inputs (input) is shown. Complete RNA digestion after RNase-treatment of the cell extract (lysate) prior IP was confirmed by loading 
a fraction of the treated and untreated cell extract onto 1% agarose/formaldehyde gel followed by electrophoresis and ethidium bromide staining (data not shown). 
B) The same experiment performed in panel A) without the transfection of the proviral NL4-3 genome.
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abolished by RNase treatment of the cell extract prior to 
immunoprecipitation (Fig. 6A).

From the remaining immunocomplex, total RNA was isolated 
and subjected to conventional RT-PCR to assay for the presence 
of the ectopically expressed L1 RNA. As shown in Fig. 6B and S1B, 
ADAR2-V5 and ADAR2 E/A-V5 immunoprecipitated with the 
L1 RNA but not the actin mRNA, used as negative control.

Overall, ADAR2 associates with components of the basal 
L1 RNP suggesting that through this interaction it might 
interfere with retrotransposon activity.

To get insight into the mechanism that may cause L1 
restriction, we tested whether the interaction between 
ADAR2 and L1 RNA may affect accumulation of the retro-
transposon transcripts. To this aim, we transiently transfected 
ADAR1 KO and control clones with pES2TE1 retrotransposi-
tion cassette. Four days post-transfection, total RNA was 

isolated from the transfected cells and subjected to an RT- 
qPCR analysis to measure the level of the ectopically 
expressed L1 transcripts by using specific primers. As shown 
in Fig. S1C, partial ablation of ADAR2 expression does not 
affect significantly the accumulation of L1 RNA.

To further confirm the association between ADAR2 and 
the basal L1 RNP, subcellular localization of ADAR2 and 
ORF1p in HeLa cells expressing ADAR2-V5 and ORF1p-T7 
was analysed by using confocal laser scanning microscopy 
(FV1000, Olympus). As previously reported ORF1p accumu-
lates in cytoplasmic foci such as stress granules in most cells 
[62,63], whereas a small percentage of cells show also 
a nucleolar localization [64, Fig. S2A]. ADAR2 is a nuclear/ 
nucleolar protein [65, Fig. S2B]. Notably, as shown in Fig. 7 
and Movie S1 (https://figshare.com/s/ae5f8012b2131598adf7) 
in HeLa cells co-expressing ORF1p-T7 and ADAR2-V5, the 

Figure 3. Overexpression of ADAR2 inhibits L1 retrotransposition. A) Schematic representation of the pYX014 cassette and the rational of L1 retrotransposition assay, 
as previously described [60]. The Fluc indicator cassette is cloned into the L1 3ʹ UTR in antisense orientation relative to L1 transcription. This cassette has its own 
promoter (P2) and the Fluc coding sequence is interrupted by a gamma globin intron. An Rluc cassette, containing its own promoter (P3), is incorporated into the 
backbone of the plasmid and allows measurement of the transfection efficiency. The Fluc gene can be expressed only when the L1 transcript (L1 pre-mRNA) is spliced 
(L1 mRNA), reverse transcribed and inserted into genomic DNA B) Hela cells were co-transfected in triplicate with two different amounts of the vector pADAR2-V5 or 
the control empty vector pV5, together with the retrotransposition cassette pYX014. After three days of puromycin selection the total cell extract was prepared and 
the level of both Firefly luciferase and Renilla luciferase were measured by a luminometer. The ratio Fluc/Rluc was used to measure the retrotransposition efficiency 
(Y-axis). The different samples are indicated in the X-axis. The data are calculated as the means ± SD from three independent experiments and normalized to the 
control pV5 that is set at 100%. P-values were calculated by two-tailed t test and they are indicated above each histogram (**P < 0.01). C) 48 h post-transfection the 
expression of ADAR2-V5 was analysed by WB, using the specific antibody anti-V5. The antibody anti-Actin was used to normalize the expression of ADAR2-V5.
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deaminase co-localizes with ORF1p-T7 in the nucleoli of the 
co-transfected cells. The same result was obtained by co- 
transfecting the pADAR2 E/A-V5 plasmid, demonstrating 
that the point mutation in the catalytic domain does not affect 
ADAR2 co-localization (Fig. S2C and data not shown).

ADAR2 binds but does not edits L1 RNA

Next, we tested whether ADAR2 binding to L1 transcripts 
causes deamination of specific adenosines. To this aim, the L1 
RNAs ectopically expressed in cells overexpressing ADAR2 
were sequenced to identify any putative A-to-I editing events. 
In particular, 293 T cells were co-transfected with pADAR2-V5 
and pES2TE1 plasmid and taking advantage of specific Tag 
sequences (T7 and FLAG-HA) cloned downstream the ORF1 
and ORF2 sequence respectively, fragments of the exogenous L1 
RNA were RT-PCR amplified and sequenced by Sanger 
method. This partial analysis (50% of the 6kb sequence assayed) 
failed to detect any A-to-I editing events in the L1 RNA 

sequence. Thus, we cannot rule out that some RNA editing 
events occurred elsewhere in the retrotransposon transcripts.

DISCUSSION

It was previously reported the roles of ADAR2 as HIV-1 
proviral factor, stimulating some steps of viral replication 
with mechanisms that are both RNA editing-dependent and - 
independent [55]. To unveil and characterize the ADAR2- 
associated factors that may contribute to its proviral function, 
we employed a dual-tag affinity procedure followed by MS 
analysis in HIV-1 positive cells. This approach led to the 
identification of 10 non-ribosomal interacting factors, most 
of which are novel. Four of these factors, NONO, PSF, 
DHX15 and NCL, were previously found also in the ADAR1 
native complex isolated by using the same experimental 
approach [33]. The association with the nuclear DNA 
Topoisomerase I (TOP1), suggests the localization of 
ADAR2 in close proximity of chromatin, thus further 

Figure 4. Depletion of ADAR2 increases L1 retrotransposition. A) WB analysis of total cell extracts prepared from the single clones ADAR2 KO1 and KO2 partially 
depleted for ADAR2 expression, the CTR control clone and the parental 293 T cells. The relative amount of ADAR2 protein is indicated in all the samples by setting 
293 T cells as 100% B) Representative Fluc retrotransposition assay results: ADAR2 KO1, KO2 clones and CTR control clone were co-transfected in triplicate with the 
retrotransposition cassette pYX014. After three days of puromycin selection the total cell extract was prepared and the level of both Firefly luciferase and Renilla 
luciferase were measured by a luminometer. The ratio Fluc/Rluc was used to measure the retrotransposition efficiency (Y-axis). The different samples are indicated in 
the X-axis. The data are calculated as the means ± SD from three technical replicates of a single representative experiment and normalized to the control clone CTR. 
P-values were calculated by two-tailed t test and they are indicated above each histogram (***P < 0.001). The experiment was conducted three times (biological 
replicates) with similar results. C) Blasticidin resistance-based retrotransposition assay. Top panel, schematic representation of the 99 PUR-RPS-pBlaster1 cassette. 
Bottom panel, ADAR2 KO1, KO2 clones and CTR control clone were transfected with 99-PUR-RPS-pBlaster1 and ninety-six hours post-transfection cells were selected 
with blastidicin. After 15 days of selection cells were stained and counted. The resulting number of drug-resistant colonies provides a readout of retrotransposition 
activity. This number was then normalized for the transfection efficiency and for the number of blasticidin-resistant colonies obtained by transfecting the same clones 
with the pcDNA6 plasmid that confers to the transfected cells resistance to blasticidin without the need of retrotransposition (Y-axis). The different samples are 
indicated in the X-axis. The data are calculated as the means ± SD from three technical replicates of a single representative experiment and normalized to the control 
clone CTR set as 100%. P-values were calculated by two-tailed t test and they are indicated above each histogram (**P < 0.01, ***P < 0.001). The experiment was 
conducted three times (biological replicates) with similar results. D) Representative T25 flasks with crystal violet-stained blasticidin-resistant colonies of the clones 
transfected with 99-PUR-RPS-pBlaster1 and pcDNA6 plasmids are shown.
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strengthening the hypothesis of co-transcriptional RNA edit-
ing activity of ADARs [66].

Strikingly, 5 out of the 10 identified factors are also asso-
ciated with the L1 RNP components thus implying that 
ADAR2 might be involved, as ADAR1, in regulating the L1 
retrotransposition. To elucidate the role of ADAR2 in L1 
activity, we employed well-characterized cell culture retro-
transposition assays showing that the overexpression of 
ADAR2 causes a decrease in L1 retrotransposition efficiency, 
whereas partial depletion of the endogenous enzyme causes, 
as expected, a corresponding increase of L1 activity. These 
results underpin the role of ADAR2 as an L1 restriction 
factor. To test whether the catalytic activity of ADAR2 is 
required to suppress retrotransposition, we employed 

a catalytic inactive ADAR2 mutant (ADAR2 E/A) and found 
that its overexpression affects the L1 activity even though 
probably to a lesser extent compared to the ADAR2 wt. 
Thus, the ADAR2 RNA editing activity appears to play 
a minor role in the impairment of L1 mobilization or not to 
be required at all.

To get insight into the mechanism through which ADAR2 
inhibits L1 activity, we investigated whether this enzyme 
associates with L1 RNP complex or its components, in parti-
cular ORF1p and L1 RNA. To reach this goal, we performed 
immunoprecipitation experiments using an antibody specific 
for the V5 tag in cell overexpressing the tagged ADAR2-V5 or 
ADAR2 E/A-V5 proteins and an L1 retrotransposon encoding 
an ORF1p fused to a T7 tag.

Figure 5. The catalytic domain of ADAR2 is not required for suppression of LINE-1 mobilization A) HeLa cells were co-transfected in triplicate with either the vector 
pADAR2-V5 or pADAR2 E/A-V5 or pADAR1-V5 or the control empty vector pV5, together with the retrotransposition cassette pYX014. After three days with 
puromycin selection the total cell extract was prepared and the level of both Firefly luciferase and Renilla luciferase were measured by a luminometer. The ratio Fluc/ 
Rluc was used as readout of the retrotransposition efficiency (Y-axis). The different samples are indicated in the X-axis. The data are calculated as the means ± SD 
from eight independent experiments and normalized to the control pV5 that is set at 100%. P-values were calculated by two-tailed t test and they are indicated 
above each histogram (*P < 0.05, **P < 0.01, ***P < 0.001). B) 48 h post-transfection the expression of ADAR2-V5, ADAR2 E/A-V5 and ADAR1-V5 was analysed by WB, 
using a specific anti-V5 antibody. Beta-Actin expression was used as loading control.

Figure 6. ADAR2 binds the basal L1 RNP complex. A) Lysates of 293 T cells transfected with either pADAR2-V5 or pV5 empty vector together with pES2TE1 cassette 
were subjected to IP with anti-V5-tag magnetic beads (IP) followed by WB analysis with anti-V5 and anti-T7 tag antibodies. WB analysis of 10 μg of cell lysate inputs 
(input) is shown. Total cell lysates were mock-treated or RNase (A+ V1)-treated prior to IP B) Total RNA isolated from a fraction of the immunocomplexes (IP) 
obtained in A) and total RNA isolated from the co-transfected 293 T cells with pADAR2-V5 or pV5 plasmids together with pES2TE1 cassette (input) were subjected to 
RT-PCR analysis using specific primers to amplify fragments of the ectopically expressed L1 RNA and actin mRNA.
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The resulting immunocomplex was then analysed by WB 
and RNA immunoprecipitation assay, showing that ADAR2- 
V5 and ADAR2 E/A-V5 co-immunoprecipitate with both 
ORF1p-T7 protein and the L1 RNA. Indeed, immunofluores-
cence (IF) experiments confirmed the association between 
ADAR2 and L1 RNP components.

In particular, IF experiments showed that in cells where 
a fraction of ORF1p-T7 localizes in the nucleoli a co- 
localization with the deaminase in this subcellular compart-
ment can be clearly observed.

As to the mechanisms used by ADAR2 to restrict L1 
activity, it could be envisioned that ADAR2 binding to the 
L1 RNA causes deamination of specific adenosines, which in 
turn impairs the retrotransposition process. The ORFs or the 
regulative sequence of the retrotransposon are the most plau-
sible targets of RNA editing. To test this hypothesis, we 
sequenced the ectopically expressed L1 RNA in cells over-
expressing ADAR2 (more than 50% of the 6 kb full-length 
sequence analysed) and failed to detect any A-to-I changes.

To explain, the lack of evidence of any A-to-I editing 
events in L1 transcripts, one possibility is that a fraction of 
L1 RNA is excessively edited (hyper-edited) by ADAR2, and 
this in turn causes RNA degradation, as shown for other RNA 
targets. This is the less probable hypothesis, though, as 
ADAR2 generally catalyses A-to-I editing of specific adeno-
sines, whereas ADAR1 is the enzyme more prone to the 
promiscuous editing [40]. In addition, it cannot be excluded 
that the RNA editing events lye in the rest of the L1 RNA 
sequence not yet analysed. In any event, the most plausible 
explanation is that L1 RNA is a target for binding but not for 

the editing of ADAR2 or that RNA editing occurs at very low 
frequency, below the threshold of detection of the DNA 
Sanger sequencing analysis and it has a poor impact on L1 
activity. This hypothesis is in agreement with the results 
showing the ADAR2 E/A inhibits the L1 retrotransposition 
and thus that the catalytic domain exerts a limited or no role 
in this inhibitory mechanism. Finally, we also analysed 
whether the interaction of ADAR2 with the L1 RNAs may 
have an impact on their accumulation. Specifically, we showed 
that the partial ablation of ADAR2 expression does not causes 
a significant alteration in the intracellular accumulation of the 
L1 transcripts.

Overall, the results we obtained suggest that ADAR2 
through the binding of the L1 RNP complex might interfere 
with its retrotransposition activity without affecting neither 
the accumulation of the retrotransposon transcripts nor by 
deaminating specific adenosines.

There are similarities and few differences in the modalities 
used by ADAR1 and ADAR2 to restrict L1 elements. In 
particular, both deaminases suppress L1 retrotransposition 
mostly by an RNA-editing independent mechanism, interact 
and co-localize with ORF1p protein and do not affect L1 
RNA accumulation, but ADAR1 probably exerts this func-
tion within stress granules (unpublished data), while ADAR2 
in the nucleolus. Interestingly, ADAR2 is highly expressed in 
the brain where L1 retrotransposition is active even in 
mature neurons, where it is probably involved in the neural 
plasticity [67]. It could be speculated that ADAR2 in neurons 
may contribute by limiting L1 activity thus avoiding the 
detrimental effects of retrotransposition. Of note, very 

Figure 7. ADAR2 co-localizes with ORF1p in the nucleolus A) HeLa cells were co-transfected with the plasmids pADAR2-V5 and pES2TE1, and 48 h post-transfection 
the subcellular localization of ADAR2-V5 and ORF1p-T7 was analysed by an immunofluorescence assay, using the anti-V5 and anti-T7 specific antibodies and stained 
with the secondary Alexa Fluor 488-labelled anti-rabbit antibody (Invitrogen) and the secondary Alexa Fluor 555-labelled anti-mouse antibody (Invitrogen) B) 
Orthogonal Projection of confocal planes of the same cell. Images taken using 60x magnification and scale bars represent 5 μm.
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recently bi-allelic variants in ADAR2 (most of them in the 
deaminase domain or in close proximity) were found in 
individuals with microcephaly, intellectual disability, and 
epilepsy. Some of these variants have reduced editing activity 
in the Gria2 Q/R-site tested by in vitro assay; thus, the 
reduced editing at this site might be responsible at least in 
part for the phenotypes observed in patients, such as the 
epilepsy [68,69]. It cannot be excluded that mutations in 
ADAR2 affect other enzyme functions. Thus, it would be 
worth to test whether in these patients the control of L1 
mobilization mediated by ADAR2 might be hindered thus 
contributing to the onset of the disease. In fact, dysregulation 
of retrotransposon activity has been detected in neurological 
disorders [70].

Overall, our results further extend the knowledge on the 
functional role of ADAR2 in human cells and underline the 
contribution of this enzyme along with the other host deami-
nases as a line of defence against endogenous parasites [35].

MATERIALS AND METHODS

Cells and transfection

Human Embryonic Kidney (HEK) 293 T cells and HeLa cells 
were grown at 37°C in a humidified incubator and in an 
atmosphere of 5% CO2, in Dulbecco’s Eagle’s Medium sup-
plemented with 10% foetal calf serum, 50 U/ml penicillin, 
50 mg/ml of streptomycin and 2 mM L-glutamine. Depending

on the assay, cells were transfected by using either transit- 
LT1 (Mirus) or lipofectamine 3000 (Invitrogen) reagents 
according to the protocol provided by the manufacturer.

Plasmids

pADAR1-V5 (expressing the full-length p150 ADAR1 wt 
enzyme fused with a C-terminal V5/6xHis double tag) and 
pV5 vector (pcDNA3.1/V5 empty vector) were previously 
described

[pADAR1-p150-V5; 71].
To generate the pADAR2-V5 expression vector, 

a fragment containing the human ADAR2 cDNA was 
amplified by PCR using as substrate the pGFP-ADAR2 wt 
[65] and the following pair of primers: ADAR 2 forward 5ʹ - 
GGGGGGTACCACCATGGATATAGAAGATGAAG-3ʹ 
(Kpn I site is underlined) and ADAR2 reverse 5ʹ-AAAAAA 
GCGGCCGCGGGCGTGAGTGAGAACTG-3ʹ (Not I site is 
underlined). The PCR fragment was subcloned into the 
KpnI and NotI sites of the pcDNA3.1 V5/His and the 
nucleotide sequence determined by Sanger sequencing. To 
generate the pADAR2 E/A-V5 the same subcloning proce-
dure described above was followed using the same pair of 
primers and as PCR substrate the pGFP-ADAR2 E/A [61]. 
This plasmid encodes for the fusion protein GFP-ADAR2 E/ 
A, containing a single amino acid change in ADAR2 cata-
lytic domain (Glut396 to Ala396), that makes the enzyme 
catalytically inactive.

pYX014 is a retrotransposition cassette containing an 
active human LINE-1 (L1RP), and an Fluc retrotransposition 
indicator gene as previously described [60].

L1 reporter construct 99-PUR-RPS-pBlaster1 contains an 
active L1 element (L1RP) and a blasticidin S deaminase gene 
reporter cassette [63].

pcDNA6 myc/his B (Thermofisher). pES2TE1 is a vector 
containing an active human L1 element expressing ORF1p 
protein fused to the T7 gene 10 epitope tag at its C-terminus 
and the ORF2p fused to its C-terminus to a double FLAG-HA 
tag [as described in 62].

HIV-1 proviral DNA (pNL4-3) was obtained through the 
NIH AIDS Reagent Program.

The eSpCas9-2A- GFP (PX458) (purchased from 
GenScript) encodes for the Cas9 enzyme from S. pyogenes 
with 2A-EGFP tag, and an sgRNA directed against a sequence 
of exon 4 of ADAR2 gene. In particular, we employed three 
PX458 plasmids each one encoding a different sgRNA:

ADAR2 1: 5ʹ-GCTGACGCTGTCTCACGCCT-3ʹ
ADAR2 2: 5ʹ- CACGCTCGCAGAAAAGTGC-3ʹ
ADAR2 3: 5ʹ- GGTAAGTTTGGTGACCTG-3ʹ

Antibodies

The following antibodies were employed in this study: anti- 
ADAR2 (Sigma), anti-ACTIN (Promega), anti-V5 
(Invitrogen), anti-SFPQ/PSF (Abcam), anti-ADAR1 (Santa 
Cruz Biotechnology), anti-NCL (Santa Cruz Biotechnology), 
Anti-P54/NONO (Bethyl), anti-hnRNP-C1/C2 (Santa Cruz 
Biotechnology), anti-GAPDH (Invitrogen), anti-T7 epitope 
tag (Millipore), Anti-V5-tag magnetic beads (MBL), NiNTA 
beads (Qiagen).

Generation of 293 T cells partially knocked-out for 
ADAR2 expression

We transiently transfected 293 T cells with plasmid eSp-Cas9 
-2A-GFP (PX458, GenScript) expressing the SpCAS9-GFP and 
the anti-ADAR2 guide RNAs (gRNAs) specific for exon 4. 
Seventy-two hours post-transfection, single GFP+ cells were iso-
lated by flow cytometry and plated in a 96 well plate. Single and 
expanded ADAR2 KO clones were screened for reduction of 
ADAR2 expression by WB and disruption of the genomic locus 
that was confirmed by DNA Sanger sequencing. Single clones 
expressing wild-type level of ADAR2 protein as in the parental 
293 T cells were identified in parallel and used as controls.

L1 retrotransposition assay

We performed the L1 retrotransposition assay following the 
previously published protocol [33]. Briefly, HeLa cells were 
seeded in a 24-well plate and grown up to ~ 60% confluence 
and then co-transfected in triplicate with either pV5 empty 
vector or pADAR2-V5 or pADAR2 E/A-V5 or pADAR1-V5, 
together with pYX014. 24 h post-transfection puromycin 
(2.5 μg/ml; Sigma-Aldrich) was added in complete media. 
Three days later, cells were lysed for luminescence analysis 
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using the Dual-Luciferase Reporter Assay System (Promega) 
following the manufacturer’s instructions. LINE-1 activity was 
measured as the Fluc/Rluc ratio [33,60].

For the Fluc retrotransposition assay in partially depleted 
ADAR2 cells, ADAR2 KO (KO1 and KO2) and control clones 
(CTR) were seeded in a 24-well plate at a density of 9 × 104 

cells/well and grow up to ~80% confluence. The day after 
clones were transfected in triplicate with the pYX014 plasmid. 
After 24 h puromycin (1.5 μg/ml; Sigma-Aldrich) was added 
in complete media and three days later cells were lysed for 
luminescence analysis using the Dual-Luciferase Reporter 
Assay System (Promega) following the manufacturer’s 
instructions.

For the blasticidin resistance-based retrotransposition 
assay, control and ADAR2 KO clones (KO1 and KO2) 
were seeded in 12-well plates and the day after transfected 
in triplicate with the 99-PUR-RPS-pBlaster1 plasmid.

Seventy-two hours post-transfection cells were detached 
and ~200.000 cells were resuspended in complete DMEM 
medium and seeded in T25 flasks.

The day after, cells were supplemented with blasticidin 
(7 μg/ml) (Santa Cruz Biotechnology). After 15 days of selec-
tion, resistant cells were fixed with methanol 100%, stained 
with 0.1% crystal violet solution and counted. To take into 
account any toxic effect of the ADAR2 KO clones and control 
clone, these cells were seeded into 24-well plates and the day 
after transfected in triplicate with the pcDNA6 myc/his 
B plasmid encoding a constitutively expressed blasticidin- 
resistance gene. Twenty-four hours post-transfection cells 
were detached and ~1000 cells were seeded in T25 flasks.

One day later, cells were supplemented with blasticidin 
(7 μg/ml). After 8–10 days of selection, cells were fixed with 
methanol 100%, stained with 0.1% crystal violet solution and 
the foci number counted. The colony numbers obtained with 
pcDNA6 transfection were used to normalize those with the 
99-PUR-RPS-pBlaster1 construct to calculate the retrotran-
sposition efficiency.

In each experiment, one well was transfected with pGFP 
plasmid for monitoring the transfection efficiency.

Dual-Tag Affinity Purification (DTAP)

293 T cells were plated in 100 mm dishes. 24 h after they 
were transfected with 8 μg of HIV-1 proviral DNA (pNL4-3) 
together with 12 μg of either pADAR2-V5 or pV5 empty 
vector. Transfected cells were lysed in NP40 buffer (0.5% 
NP40, 50 mM Tris-HCl Ph 7.5, 150 mM NaCl, 0.05% 
Tween 20, 50 mM NaH2PO4, pH 8) supplemented with 
10 mM imidazole, protease and phosphatase inhibitor cock-
tail (Roche and Sigma-Aldrich, respectively) for 30 minutes 
on ice. Thirty milligrams of cells 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 sup-
plemented with 20 mM imidazole). The His-tagged native 
complex was then eluted with Elution Buffer (0.5% NP40, 
50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween 20, 
50 mM NaH2PO4, 250 mM imidazole, pH 8) and subjected 
to a second step of immunoprecipitation (IP) using 200 μl of 
the anti-V5-tag magnetic beads (MBL) for 2 h at 4°C 

followed by several washes with NP40 buffer. The resulting 
beads were resuspended in SDS loading buffer and stored at 
−80°C. The pADAR2-V5 or pV5 eluted complex proteins 
were separated on 4–12% gradient gel (Invitrogen), stained 
with Sypro Ruby staining (BioRad Laboratories) and visua-
lized using a Typhoon 9200 Laser scanner (GE Healthcare). 
Every lane was cut in ten sections and then digested to isolate 
proteins, that were then analysed by MS using MALDI TOF/ 
TOF analyser (AB Sciex, Foster City, CA) following the same 
experimental procedure previously described [33].

Protein and RNA immunoprecipitation (IP)

293 T cells transfected with 5–12 μg of pADAR2-V5 or pV5 
empty vector with or without 5 μg of HIV-1 proviral DNA 
(pNL4-3) were lysed in NP40 buffer for 30ʹ on ice. Two 
milligrams of cell extracts were pre-cleared on IgG/dynabeads 
protein G (Invitrogen) and incubated for 1 h at 4°C with 
rotation and then incubated for 3 h or overnight at 4°C with 
either anti-V5 antibody (Invitrogen) or anti-V5-tag magnetic 
beads (MBL) or control IgG followed by incubation with 
dynabeads protein G (Invitrogen) for 1–3 h at 4°C with 
rotation. After 3–4 washes with NP40 buffer, the resulting 
beads and 10 μg of the total cell extract (input) were resolved 
by SDS-PAGE and transferred onto nitrocellulose membrane 
and then analysed by immunoblotting using specific 
antibodies.

Moreover, to assay the physical association between 
ADAR2 and the L1 RNP components, such as ORF1p and 
L1 RNA, 293 T cells were transiently co-transfected with 5 μg 
of either pADAR2-V5 or pADAR2 E/A-V5 or pV5 vector 
together with 5 μg of the pES2TE1 retrotransposon cassette. 
72 h post-transfection the cell lysates were prepared by using 
the NP40 buffer supplemented with 80 U of RNase inhibitors 
(NEB) and the immunoprecipitation with an anti-V5 anti-
body was performed as described above. A fraction of the 
immunocomplex was analysed by WB analysis using specific 
antibodies.

From the remaining immunocomplex total RNA was iso-
lated and analysed by RT-PCR to amplify fragments of the 
exogenous LINE-1 RNA and actin mRNA. To isolate RNA, 
beads were incubated with NP40 buffer supplemented with 
5 mM EDTA, 0.5% SDS and 50μ g proteinase K (Promega) for 
20 minutes at 37°C, followed by phenol-chloroform extraction 
method, and ethanol precipitation. After DNase treatment 
(NEB) each RNA sample was subjected to RT-PCR experi-
ments using random hexamers (Invitrogen) and M-MLV 
reverse transcriptase (Invitrogen) according to manufacturer’s 
instructions. The resulting cDNA was amplified by PCR using 
these two pairs of primers: LINE-1 forward: 5ʹ- 
CACCGCATATTCTCACTCATAGG-3ʹ, LINE-1 reverse: 5ʹ- 
GCACCTTCCAGGGTCAAGGAAG-3ʹ, Actin forward: 5ʹ- 
CCACACCTTCTACAATGAGC-3ʹ, Actin reverse: 5ʹ- 
CGTCATACTCCTGCTTGCTG-3ʹ.

RNase treatment

When indicated, before the co-IP, RNase V1 (0.002 U/μl, Life 
Technologies) was added to the cell extract and after an 
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incubation at RT for 15 minutes, we added the RNase 
A (0.1 μg/μl, Sigma-Aldrich), with a further incubation at 
37°C for 15 minutes. The complete digestion of the RNA by 
RNase treatment was confirmed by loading a fraction of the 
treated and un-treated lysates on 1% agarose gel, followed by 
electrophoresis and ethidium bromide staining.

Immunofluorescence and confocal microscopy

HeLa cells were plated on a pre-sterilized coverslip in a 6-well 
plate at 60 × 103 cells per well with complete media and 
transfected the next day with pADAR2-V5 or pADAR2 E/ 
A-V5 or pV5 and/or pES2TE1 plasmids. Two days after 
transfection, cells were rinsed with 1X phosphate-buffered 
saline (PBS) and fixed with 4% paraformaldehyde for 10 min-
utes at room temperature (RT), followed by 3 washes with 
PBS 1X. Next the cells were permeabilized with 0.1% Triton 
X-100 in PBS 1X for 5 minutes at RT, and then incubated 
with a bovine serum albumin in PBS 1X containing (BSA) 5% 
solution for 30 minutes. For dual immunofluorescence stain-
ing, the cells were incubated with anti-V5 antibody 
(Invitrogen) and anti-T7 epitope tag (Millipore) for 90 min-
utes at 37°C. After 3 further washes with PBS 1X, the cells 
were stained with the secondary Alexa Fluor 488-labelled anti- 
rabbit antibody (Invitrogen) and the secondary Alexa Fluor 
555-labelled anti-mouse antibody (Invitrogen) at room tem-
perature for 60 minutes. After 3 washes with PBS 1X, the 
coverslip was mounted on a glass slide using one drop of 
dapi-mountant (Thermo Fisher Scientific). Samples were ana-
lysed under a confocal laser-scanning microscope (FV1000, 
Olympus) after excitation at 405, 488, and 543 nm wave-
lengths for blue, green, and red channel acquisition, respec-
tively. Volume reconstruction (3D rendering) and iso-surface 
for blue and red channels of xyz confocal image was per-
formed using Imaris software (Bitplane).

Real-time RT-qPCR

Total RNA was prepared from the transfected cells using TRI 
reagent (Zymo Research) according to manufacturer’s 
instruction followed by DNase treatment (DNase I, NEB). 
cDNA was synthesized with M-MLV RT (Invitrogen) follow-
ing the manufacture instructions and 25 ng was used as 
template in 20 μl qPCR reactions performed with Luna 
Universal qPCR Master mix (NEB). All the reactions were 
performed with biological triplicates using StepOnePlus 
instrument (Applied Biosystem). Reactions were incubated 
at 95°C for 1 min, then for 40 cycles at two-step cycling 
(95°C for 15”, 60°C for 30”), and melting curves were used 
to confirm the specificity of each amplification product. 
Negative controls (-RT) were included for each experiment 
and showed an insignificant background.

Analysis of accumulation of L1 RNA

ADAR2 KO and control clones were seeded into 24-well 
plates and the day after transfected in triplicate with 500 ng 
of pES2TE1 cassette. Four days post-transfection, total RNA 
was extracted and analysed by RT-qPCR using primers 

designed to detect the L1 RNA generated from the pES2TE1 
cassette. In particular, these primers pair the ORF2 gene and 
the downstream FLAG-HA tag sequence in the pES2TE1 
cassette:

Flag-HA rev: 5ʹ-GAGCTTGTCATCGTCGTCCTTGTAG-3ʹ;
ORF2 for: 5ʹ- CACCGCATATTCTCACTCATAGG −3ʹ.
The following primers were used to detect the actin 

mRNA:
ACT for: 5ʹ- GCACTCTTCCAGCCTTCC- 3ʹ;
ACT rev: 5ʹ-TGTCCACGTCACACTTCATG- 3ʹ.
Data were analysed with the 2−ΔΔCT method. Three biolo-

gical replicates were performed.

Acknowledgments

The authors would like to thank Dr Gatignol A at the McGill University 
for the pADAR1-V5, Dr. Gallo A at the Ospedale Bambino Gesù for the 
pGFP-ADAR2 E/A, Dr Moran JV at the University of Michigan Medical 
School for the pES2TE1 cassette, Dr Goodier JL at the John Hopkins 
School of Medicine for the 99-PUR-RPS-pBlaster1 and Dr An at the 
South Dakota State University for the pYX014 cassette. The authors also 
thank Dr Di Cesare for assistance with FACS sorting, and the Centre of 
Advanced Microscopy (CAM), Department of Biology, University of 
Rome Tor Vergata, for the skillful assistance.

Disclosure Statement
No potential conflict of interest was reported by the author(s).

Funding

This work was supported by grants of the United Leukodystrophy 
Foundation to AM, Ministry for Health of Italy (Ricerca Corrente) and 
Sapienza University of Rome (RG11916B6A9C42C7) to MT and Italian 
Ministry of Health (Ricerca Finalizzata RF-2016-02363642 and Ricerca 
Corrente co-funded by the Italian 5 × 1000) to MD.

ORCID
Loredana Frassinelli http://orcid.org/0000-0001-6138-3963
Elisa Orecchini http://orcid.org/0000-0002-0654-4696
Alessandro Michienzi http://orcid.org/0000-0002-9133-8482

References

[1] Chuong EB, Elde NC, Feschotte C. Regulatory activities of trans-
posable elements: from conflicts to benefits. Nat Rev Genet. 
2017;18(2):71–86.

[2] Drongitis D, Aniello F, Fucci L, et al. Roles of Transposable 
Elements in the Different Layers of Gene Expression Regulation. 
Int J Mol Sci. 2019;20(22):E5755.

[3] Kazazian HH Jr, Moran JV. Mobile DNA in Health and Disease. 
N Engl J Med. 2017;377(4):361–370.

[4] Hancks DC, Kazazian HH Jr. Active human retrotransposons: 
variation and disease. Curr Opin Genet Dev. 2012;22:191–203.

[5] Lander ES, Linton LM, Birren B, et al. International Human 
Genome Sequencing Consortium, Initial sequencing and analysis 
of the human genome. Nature. 2001;409:860–921.

[6] Ostertag EM, Kazazian HH Jr. Biology of mammalian L1 
retrotransposons. Ann Rev Genet. 2001;35:501–538.

[7] Brouha B, Schustak J, Badge RM, et al. Hot L1s account for the 
bulk of retrotransposition in the human population. Proc Natl 
Acad Sci USA. 2003;100:5280–5285.

RNA BIOLOGY 11



[8] Beck CR, Collier P, Macfarlane C, et al. LINE-1 retrotransposition 
activity in human genomes. Cell. 2010;41:1159–1170.

[9] Faulkner GJ, Garcia-Perez JL. L1 Mosaicism in Mammals: extent, 
Effects, and Evolution. Trends Genet. 2017;33(11):802–816.

[10] Dewannieux M, Esnault C, Heidmann T. LINE-mediated retro-
transposition of marked Alu sequences. Nat Genet. 2003;35 
(1):41–48.

[11] Esnault C, Maestre J, Heidmann T. Human LINE retrotranspo-
sons generate processed pseudogenes. Nat Genet. 2000;24 
(4):363–367.

[12] Hancks DC, Goodier JL, Mandal PK, et al. Retrotransposition of 
marked SVA elements by human L1s in cultured cells. Hum Mol 
Genet. 2011;20(17):3386–3400.

[13] Dombroski BA, Mathias SL, Nanthakumar E, et al. Isolation of an 
active human transposable element. Science. 1991;254:1805–1808.

[14] Richardson SR, Doucet AJ, Kopera HC, et al. The influence of 
LINE-1 and SINE retrotransposons on mammalian genomes 
Microbiol. Spectr. 2015;3(2):MDNA3-0061–2014.

[15] Khazina E, Truffault V, Büttner R, et al. Trimeric structure and 
flexibility of the L1 ORF1 protein in human L1 retrotransposition. 
Nat Struct Mol Biol. 2011;18(9):1006–1014.

[16] Khazina E, Weichenrieder O. Non-LTR retrotransposons encode 
non canonical RRM domains in their first open reading frame. 
Proc Natl Acad Sci USA. 2009;106:731–736.

[17] Martin SL, Branciforte D, Keller D, et al. Trimeric structure for an 
essential protein in L1 retrotransposition. Proc Natl Acad Sci 
U S A. 2003;100(24):13815–13820.

[18] Martin SL, Cruceanu M, Branciforte D. LINE-1 retrotransposition 
requires the nucleic acid chaperone activity of the ORF1 protein. 
J Mol Biol. 2005;348(3):549–561.

[19] Feng Q, Moran JV, Kazazian HH Jr, et al. Human L1 retrotran-
sposon encodes a conserved endonuclease required for 
retrotransposition. Cell. 1996;87:905–916.

[20] Mathias SL, Scott AF, Kazazian HH Jr, et al. Reverse transcriptase 
encoded by a human transposable element. Science. 
1991;254:808–1810.

[21] Nigumann P, Redik K, Mätlik K, et al. Many human genes are 
transcribed from the antisense promoter of L1 retrotransposon. 
Genomics. 2002;79(5):628–634.

[22] Speek M. Antisense promoter of human L1 retrotransposon drives 
transcription of adjacent cellular genes. Mol Cell Biol. 2001;21 
(6):1973–1985.

[23] Swergold GD. Identification, characterization, and cell specificity 
of a human LINE-1 promoter. Mol Cell Biol. 1990;10 
(12):6718–6729.

[24] Alisch RS, Garcia-Perez JL, Muotri AR, et al. Unconventional 
translation of mammalian LINE-1 retrotransposons. Genes Dev. 
2006;20(2):210–224.

[25] Dmitriev SE, Andreev DE, Terenin IM, et al. Efficient translation 
initiation directed by the 900-nucleotide-long and GC-rich 5ʹ 
untranslated region of the human retrotransposon LINE-1 
mRNA is strictly cap dependent rather than internal ribosome 
entry site mediated. Mol Cell Biol. 2007;27(13):4685–4697.

[26] Kulpa DA, Moran JV, Cis-preferential LINE. 1 reverse transcrip-
tase activity in ribonucleoprotein particles. Nat Struct Mol Biol. 
2006;13(7):655–660.

[27] Wei W, Gilbert N, Ooi SL, et al. Human L1 retrotransposition: cis 
preference versus trans complementation. Mol Cell Biol. 2001;21 
(4):1429–1439.

[28] Cost GJ, Feng Q, Jacquier A, et al. Human L1 element 
target-primed reverse transcription in vitro. EMBO J. 2002;21 
(21):5899–5910.

[29] Luan DD, Korman MH, Jakubczak JL, et al. Reverse transcription 
of R2Bm RNA is primed by a nick at the chromosomal target site: 
a mechanism for non-LTR retrotransposition. Cell. 1993;72 
(4):595–605.

[30] Denli AM, Narvaiza I, Kerman BE, et al. Primate-specific ORF0 
contributes to retrotransposon-mediated diversity. Cell. 2015;163 
(3):583–593.

[31] Ariumi Y. Guardian of the Human Genome: host Defense 
Mechanisms against LINE-1 Retrotransposition. Front Chem. 
2016;4:28.

[32] Pizarro JG, Cristofari G. Post-Transcriptional Control of LINE-1 
Retrotransposition by Cellular Host Factors in Somatic Cells. 
Front Cell Dev Biol. 2016;4:14.

[33] Orecchini E, Doria M, Antonioni A, et al. ADAR1 restricts 
LINE-1 retrotransposition. Nucleic Acids Res. 2017;45 
(1):155–168.

[34] Orecchini E, Frassinelli L, Michienzi A. Restricting retrotranspo-
sons: ADAR1 is another guardian of the human genome. RNA 
Biol. 2017;4(11):1485–1491.

[35] Orecchini E, Frassinelli L, Galardi S, et al. Post-transcriptional 
regulation of LINE-1 retrotransposition by AID/APOBEC and 
ADAR deaminases. Chromosome Res. 2018;26(1–2):45–59.

[36] Nishikura K. A-to-I editing of coding and non-coding RNAs by 
ADARs. Nat Rev Mol Cell Biol. 2016;17(2):83.

[37] Sinigaglia K, Wiatrek D, Khan A, et al. ADAR RNA editing in 
innate immune response phasing, in circadian clocks and in sleep. 
Biochim Biophys Acta Gene Regul Mech. 2019;1862(3):356–369.

[38] George CX, John L, Samuel CE. An RNA editor, adenosine 
deaminase acting on double stranded RNA (ADAR1). 
J Interferon Cytokine Res. 2014;34(6):437.

[39] Song C, Sakurai M, Shiromoto Y, et al. Functions of the RNA 
Editing Enzyme ADAR1 and Their Relevance to Human Diseases. 
Genes (Basel). 2016;7(12):E129. .

[40] Eisenberg E, Levanon EY. A-to-I RNA editing - immune protector 
and transcriptome diversifier. Nat Rev Genet. 2018;19(8):473–490.

[41] Tan MH, Li Q, Shanmugam R, et al. Dynamic landscape and 
regulation of RNA editing in mammals. Nature. 2017;550 
(7675):249–254. .

[42] Licht K, Jantsch MF. The Other Face of an Editor: ADAR1 
Functions in Editing-Independent Ways. Bioessays. 2017;39:11.

[43] Hartner JC, Walkley CR, Lu J, et al. ADAR1 is essential for the 
maintenance of hematopoiesis and suppression of interferon 
signaling. Nat Immunol. 2009;10(1):10.

[44] Liddicoat BJ, Piskol R, Chalk AM, et al. RNA editing by ADAR1 
prevents MDA5 sensing of endogenous dsRNA as nonself. 
Science. 2015;349(6252):1115. .

[45] Mannion NM, Greenwood SM, Young R, et al. The RNA-editing 
enzyme ADAR1 controls innate immune responses to RNA. Cell 
Rep. 2014;9(4):1482. .

[46] Pestal K, Funk CC, Snyder JM, et al. Isoforms of RNA-Editing 
Enzyme ADAR1 Independently Control Nucleic Acid Sensor 
MDA5-Driven Autoimmunity and Multi-organ Development. 
Immunity. 2017;43:933–944.

[47] Dias Junior AG, Sampaio NG, Rehwinkel J. A Balancing Act: 
MDA5 in Antiviral Immunity and Autoinflammation. Trends 
Microbiol. 2019;27(1):75–85.

[48] Ahmad S, Mu X, Yang F, et al. Breaching Self-Tolerance to Alu 
Duplex RNA Underlies MDA5-Mediated Inflammation. Cell. 
2018;172(4):797–810.

[49] Sommer B, Köhler M, Sprengel R, et al. RNA editing in brain 
controls a determinant of ion flow in glutamate-gated channels. 
Cell. 1991;67:11–19.

[50] Brusa R, Zimmermann F, Koh DS, et al. Early-onset epilepsy and 
postnatal lethality associated with editing-deficient GluR-B allele 
in mice Science. Science (New York, N.Y.). 1995;270: 1677–1680.

[51] Higuchi M, Maas S, Single F, et al. Point mutation in an AMPA 
receptor gene rescues lethality in mice deficient in the 
RNA-editing enzyme ADAR2. Nature. 2000;406:78–81.

[52] Frassinelli L, Galardi S, Ciafrè SA, et al. RNA Editing in 
Interferonopathies. Methods Mol Biol. 2021;2181:269–286.

[53] Samuel CE. Adenosine deaminases acting on RNA (ADARs) are 
both antiviral and proviral. Virology. 2011;411(2):180–193.

[54] Tomaselli S, Galeano F, Locatelli F, et al. ADARs and the Balance 
Game between Virus Infection and Innate Immune Cell Response. 
Curr Issues Mol Biol. 2015;17:37–51.

12 L. FRASSINELLI ET AL.



[55] Doria M, Tomaselli S, Neri F, et al. ADAR2 editing enzyme is 
a novel human immunodeficiency virus-1 proviral factor. J Gen 
Virol. 2011;92(Pt 5):1228–1232.

[56] Goodier JL, Cheung LE, Kazazian HH Jr. Mapping the LINE1 
ORF1 protein interactome reveals associated inhibitors of human 
retrotransposition. Nucleic Acids Res. 2013;41(15):7401–7419.

[57] Lv J, Zhao Z. Binding of LINE-1 RNA to PSF transcriptionally 
promotes GAGE6 and regulates cell proliferation and tumor for-
mation in vitro. Exp Ther Med. 2017;14(2):1685–1691.

[58] Castro-Diaz N, Friedli M, Trono D. Drawing a fine line on endo-
genous retroelement activity. Mob Genet Elements. 2015;5(1):1–6.

[59] Takashima H, Nishio H, Wakao H, et al. Molecular cloning and 
characterization of a KRAB-containing zinc finger protein, 
ZNF317, and its isoforms. Biochem Biophys Res Commun. 
2001;288(4):771–779.

[60] Xie Y, Rosser JM, Thompson TL, et al. Characterization of L1 
retrotransposition with high-throughput dual-luciferase assays. 
Nucleic Acids Res. 2011;39(3):e16.

[61] Galeano F, Rossetti C, Tomaselli S, et al. ADAR2-editing activity 
inhibits glioblastoma growth through the modulation of the 
CDC14B/Skp2/p21/p27 axis. Oncogene. 2013;32(8):998–1009.

[62] Doucet AJ, Hulme AE, Sahinovic E, et al. Characterization of LINE-1 
ribonucleoprotein particles. PLoS Genet. 2010;6(10):e1001150.

[63] Goodier JL, Zhang L, Vetter MR, et al. LINE-1 ORF1 protein 
localizes in stress granules with other RNA-binding proteins, 
including components of RNA interference RNA-induced 
silencing complex. Mol Cell Biol. 2007;27(18):6469–6483.

[64] Goodier JL, Ostertag EM, Engleka KA, et al. A potential role for 
the nucleolus in L1 retrotransposition. Hum Mol Genet. 2004;13 
(10):1041–1048.

[65] Desterro JMP, Keegan LP, Lafarga M, et al. Dynamic association 
of RNA-editing enzymes with the nucleolus. J Cell Sci. 
2003;116:181–1805.

[66] Rodriguez J, Menet JS, Rosbash M. Nascent-seq indicates wide-
spread cotranscriptional RNA editing in Drosophila. Mol Cell. 
2012;47:27–37.

[67] Bartlett AA, Hunter RG. Transposons, stress and the func-
tions of the deep genome. Front Neuroendocrinol. 
2018;49:170–174.

[68] Maroofian R, Sedmik J, Mazaheri N, et al. Biallelic variants in 
ADARB1, encoding a dsRNA-specific adenosine deaminase, cause 
a severe developmental and epileptic encephalopathy. J Med 
Genet. 2020;jmedgenet-2020-107048. DOI:10.1136/jmedgenet- 
2020-107048.

[69] Tan TY, Sedmik J, Fitzgerald MP, et al. Bi-allelic ADARB1 
Variants Associated with Microcephaly, Intellectual Disability, 
and Seizures. Am J Hum Genet. 2020;106(4):467–483.

[70] Terry DM, Devine SE. Aberrantly High Levels of Somatic LINE-1 
Expression and Retrotransposition in Human Neurological 
Disorders. Front Genet. 2020;10:1244.

[71] Clerzius G, Gélinas JF, Daher A, et al. ADAR1 interacts with PKR 
during human immunodeficiency virus infection of lymphocytes 
and contributes to viral replication. J Virol. 2009;83 
(19):10119–10128.

RNA BIOLOGY 13

https://doi.org/10.1136/jmedgenet-2020-107048
https://doi.org/10.1136/jmedgenet-2020-107048

	Abstract
	INTRODUCTION
	RESULTS
	Nano-LC MS analysis of ADAR2-binding proteins
	ADAR2 restricts L1-retrotransposition
	The ADAR2-catalytic domain is not required for L1 suppression
	ADAR2 associates with L1 RNP complex
	ADAR2 binds but does not edits L1 RNA

	DISCUSSION
	MATERIALS AND METHODS
	Cells and transfection
	Plasmids
	Antibodies
	Generation of 293 T cells partially knocked-out for ADAR2 expression
	L1 retrotransposition assay
	Dual-Tag Affinity Purification (DTAP)
	Protein and RNA immunoprecipitation (IP)
	RNase treatment
	Immunofluorescence and confocal microscopy
	Real-time RT-qPCR
	Analysis of accumulation of L1 RNA

	Acknowledgments
	Disclosure Statement
	Funding
	References



