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Bruno Coutard7, Sébastien Nisole 3 and Etienne Decroly 1,*

1AFMB, CNRS, Aix-Marseille University, UMR 7257, Case 925, 163 Avenue de Luminy, 13288 Marseille Cedex 09,
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ABSTRACT

RNA 2′O-methylation is a ‘self’ epitranscriptomic
modification allowing discrimination between host
and pathogen. Indeed, human immunodeficiency
virus 1 (HIV-1) induces 2′O-methylation of its genome
by recruiting the cellular FTSJ3 methyltransferase,
thereby impairing detection by RIG-like receptors.
Here, we show that RNA 2′O-methylations interfere
with the antiviral activity of interferon-stimulated
gene 20-kDa protein (ISG20). Biochemical experi-
ments showed that ISG20-mediated degradation of
2′O-methylated RNA pauses two nucleotides up-
stream of and at the methylated residue. Structure-
function analysis indicated that this inhibition is
due to steric clash between ISG20 R53 and D90
residues and the 2′O-methylated nucleotide. We
confirmed that hypomethylated HIV-1 genomes pro-
duced in FTSJ3-KO cells were more prone to in vitro
degradation by ISG20 than those produced in cells
expressing FTSJ3. Finally, we found that reverse-
transcription of hypomethylated HIV-1 was impaired
in T cells by interferon-induced ISG20, demonstrat-
ing the direct antagonist effect of 2′O-methylation on
ISG20-mediated antiviral activity.

GRAPHICAL ABSTRACT

INTRODUCTION

RNA structure and functions are regulated by post-
transcriptional modifications (PTMs). To date, more than
140 chemical epitranscriptomic modifications have been de-
scribed and they regulate most RNA-mediated cellular pro-
cesses (e.g. splicing, nuclear export, microRNA biogene-
sis, localization, translation mechanisms, degradation and
sensing by innate immunity) (1). Despite the increasing
knowledge on PTM roles in RNA biological functions, the
viral RNA (vRNA) epitranscriptomic modification land-
scape is still poorly characterized (2,3), and the role of these
chemical modifications in virus replication remains poorly
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understood. RNA capping is one of the best characterized
PTMs in the viral world, which consists of a guanosine moi-
ety linked via a 5′-5′ triphosphate to the first nucleotide
(N1) at the 5′ end of most vRNAs (GpppN1) (4). This cap
structure is methylated at the N7 position of the guano-
sine residue by an S-adenosyl-L-methionine-dependent N7-
methyltransferase (MTase), forming the cap-0 (mGpppN1)
structure. In some cases, the first nucleotide (N1) of the cap-
0 structure is methylated on the ribose 2′OH by a virally en-
coded 2′O-MTase, leading to the formation of a cap-1 struc-
ture (mGpppNm) (5). This cap structure plays critical role
in protecting RNA against 5′ exonucleases such as XRN1
(6) and DXO (7) and favors the recognition of Eif4E, thus
promoting mRNA translation (8). Moreover, the cap 2′O-
methylation is sensed by the host cytosolic retinoic acid-
inducible gene I protein (RIG-I) as a hallmark of the self
(9,10). The detection of ‘non-self ’ RNAs (i.e. vRNAs with-
out cap-1 structure) by RIG-like receptors initiates a cas-
cade of events, leading to the secretion of type I interferon
(IFN-I) and proinflammatory cytokines (10). In addition,
it has been shown that some IFN-stimulated genes (ISG),
such as IFN-induced proteins with tetratricopeptide repeats
(IFIT) 1/3, can specifically discriminate capped RNA with-
out the N1 2′O-methylation mark (11). The modality of
recognition of this RNA structure as ‘non-self ’ by these re-
striction factors has been established by X-ray crystallogra-
phy (12). By sequestering ‘non-self ’ RNAs, IFIT1/3 block
their translation into proteins (13,14).

In the viral world, several MTases involved in cap methy-
lation have been characterized biochemically and struc-
turally (15–19). The activity of these MTases depends on
their ability to recruit and accommodate specific substrates
in their catalytic pocket. Besides their functional role in
RNA capping, the MTases of Flaviviruses and Filoviruses
can methylate internal adenosines at the 2′O position within
the vRNA (20–23). These internal epitranscriptomic marks
have been mapped in the genome of some RNA viruses
using RiboMethSeq (24), Nm-seq (25) and sensitive ‘ag-
nostic’ mass spectrometry techniques (2). The presence of
2′O-methylated nucleotides (Nm) has been demonstrated
within the genome of Zika virus (ZIKV), Dengue virus
(DENV) (2), and severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) (25). Strikingly, internal Nm have
been identified also in the genomes of polioviruses and hep-
atitis C viruses (2), although they do not encode any known
MTase. This suggests that host 2′O-MTases might be re-
cruited to promote these epitranscriptomic vRNA mod-
ifications. In line with these findings, type 1 human im-
munodeficiency virus (HIV-1) recruits the complex com-
posed of a transactivation-responsive RNA-binding protein
(TRBP) and the cellular 2′O-MTase FTSJ3 to catalyze the
2′O-methylation of 17 internal nucleotides in its genome
(26). These modifications have a ‘proviral’ effect, at least
by limiting the sensing by the RIG-like receptor MDA5
(26). Indeed, the production of HIV-1 in FTSJ3 knock-out
(KO) cells leads to the release of hypomethylated progeny
viruses that trigger the expression of IFN-I upon the spe-
cific activation of the cytoplasmic MDA5 sensor (26). Al-
though the exact molecular mechanism whereby MDA5
discriminates self and non-self has not been fully character-
ized, it has been suggested that the internal 2′O-methylation

might prevent MDA5 interaction with the vRNA (27).
Moreover, internal RNA 2′O-methylation might also con-
fer resistance towards cellular restriction factors, including
the IFN-induced exonucleases RNase L (28) and ISG20
(29,30).

In this study, we focused on ISG20, an interferon-induced
3′ to 5′ exonuclease that inhibits the replication of a broad
range of RNA viruses, including Flaviviruses (Yellow fever,
West Nile, DENV, bovine viral diarrhea virus, and hepatitis
C) (31), Togaviruses (Sindbis, Chikungunya, and Venezue-
lan equine encephalitis viruses), Rhabdoviruses (vesicular
stomatitis virus), Orthomyxoviruses (influenza virus), Bun-
yaviruses, Hepadnaviruses (hepatitis B) (32) and Retro-
viruses (HIV-1) (33). ISG20 is a 20-kDa protein that is
enriched in the nucleolus and Cajal bodies (34). It con-
tains three conserved exonuclease motifs (Exo I, II and III)
and belongs to the DEDDh box 3′-5′ exonucleases. Mem-
bers of this superfamily are usually involved in ssRNA and
ssDNA degradation, but ISG20 might preferentially tar-
get RNA substrates (35,36). This hypothesis is supported
by the crystal structure of ISG20 in complex with uri-
dine 5′ monophosphate (UMP) showing a specific hydro-
gen bond between residues M14 and R53 of ISG20 and the
2′OH moiety of the nucleotide ribose (35) that might sta-
bilize the RNA in the catalytic pocket. Here, we produced
and purified human ISG20 to precisely characterize its ex-
onuclease activity on RNA substrates, and 2′O-methylation
role in ISG20 RNase activity. We confirmed our biochemi-
cal results in an infectious cell model and demonstrated that
the HIV-1 genome, which is naturally 2′O-methylated by the
host FTSJ3, is more resistant to ISG20-mediated degrada-
tion than hypomethylated vRNA. In addition, using pseu-
dotyped HIV-1 particles, we demonstrated that the vRNA
stability and luciferase reporter gene expression are reduced
in the absence of 2′O-methylation. We further confirmed
that ISG20 interferes with the retro-transcription of hy-
pomethylated HIV-1 within T cells. Together, our data shed
light on a new proviral role of HIV-1 RNA 2′O-methylation
by FTSJ3 in protecting the viral transcripts against ISG20-
mediated degradation during the early stages of infection.

MATERIALS AND METHODS

Cloning of ISG20 coding sequence for recombinant protein
expression

The coding sequence of human ISG20 (amino acids 1–
181) followed by a C-terminal hexa-histidine tag was cloned
into the pDEST14 vector (Thermo Fisher Scientific) using
the Gateway cloning system following the manufacturer’s
instruction. Mutations were introduced in the expression
plasmid by PCR using the QuickChange Site-Directed Mu-
tagenesis Kit (Stratagene) according to the manufacturer’s
instructions. Primers are listed in Supplementary Table S1.

ISG20 expression and purification

ISG20 was produced in Escherichia coli BL21-CodonPlus
(DE3)-RIPL bacteria (Agilent). Cells were grown in LB
medium containing 1% glucose, 100 �g/ml of ampi-
cillin, and 34 �g/ml chloramphenicol at 37◦C. Expression
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was induced at OD600nm = 0.7 with 0.2 mM isopropyl-
thiogalactopyranoside (IPTG) and stopped after 4h. Cells
were harvested by centrifugation at 8000 × g at 4◦C for 20
min, and pellets were stored at –80◦C until purification. Pel-
lets were thawed on ice and resuspended in lysis buffer (50
mM Tris pH 7, 50 mM NaCl, 1 mM �-mercaptoethanol,
1 mM PMSF and 10% glycerol). The suspension was soni-
cated and centrifuged at 30 000 × g 4◦C for 30 min. After
clarification, 0.3% (w/v) of polyethyleneimine was slowly
added to the lysate with gentle shaking at 4◦C for 30 min,
followed by another centrifugation step. The supernatant
was collected and supplemented with 5 mM imidazole pH
7.9 and 500 mM NaCl. Soluble ISG20 was purified on
NiNTA resin, the column was washed with buffer W1 (50
mM Tris pH 7.9, 500 mM NaCl, 1 mM �-mercaptoethanol,
25 mM imidazole), W2 (50 mM Tris pH 7.9, 1 M NaCl,
25 mM imidazole, 1 mM �-mercaptoethanol), W3 (50 mM
Tris pH 7.9, 100 mM NaCl, 25 mM imidazole, 1 mM �-
mercaptoethanol), and W1. Proteins were eluted with buffer
E (50 mM Tris pH 7.9, 250 mM NaCl, 250 mM imidazole
and 1 mM �-mercaptoethanol), then dialyzed against 50
mM Tris pH 7, 150 mM NaCl, 1 mM �-mercaptoethanol
and 0.1 mM dithiothreitol (DTT). Finally, proteins were
concentrated on Amicon Ultra 5 kDa, and stored in 50%
glycerol at -20◦C.

Synthesis of RNA and DNA substrates

The synthetic RNAs (Biomers) and DNAs (Eurofins
Genomics) used in this study are listed in Table 1 and
S2. Synthetic RNAs and DNAs (HPLC grade) were
purchased. A27 with an N6-methyl adenosine at position
7 from the 3′ end (A20AN6mA6) was synthesized as pre-
viously described (37). Synthesis was performed at the 1
mmol scale on an ABI 394 DNA synthesizer using com-
mercially available 5′-O-DMTr-2′-O-pivaloyloxymethyl-
3′-O-(O-cyanoethyl-N,N-diisopropylphosphoramidite
N-6-phenoxyacetyl adenosine (Chemgenes Corp). The N6-
methyl adenosine (AN6m) was introduced in the sequence
using the 5′-O-DMTr-2′-O-pivaloyloxymethyl-3′-O-(O-
cyanoethyl-N,N-diisopropylphosphoramidite N6-methyl
adenosine synthesized by us. After deprotection and release
from the solid support upon basic conditions (DBU then
aqueous ammonia treatment at 37◦C for 4 h), A20AN6mA6
was purified by IEX-HPLC to high purity.

32Pradiolabeling of the 5′ of substrates

The non-fluorescent substrates were radiolabeled at their
5′ end using T4 polynucleotide kinase (New England) and
[� 32P]ATP (Perkin Elmer) according to the manufacturer’s
instructions.

Exonuclease assays

Nuclease activity assays were performed by mixing 2 nM
of recombinant ISG20 with 500 nM of radiolabeled sub-
strate in optimized buffer (50 mM Tris–HCl pH 7, 2.5
mM MnCl2, 1 mM �-mercaptoethanol, 0.1 mM DTT and
0.1% Triton X-100). Reaction was performed at 37◦C and
at each time point (0, 1, 5, 15, 30 and 60 min), 5 �l

of suspension was taken and a double volume of load-
ing buffer containing 96% formamide and 10 mM EDTA
was added to stop the reaction. Then, the digested prod-
ucts were loaded on 7 M urea-containing 14% (wt/vol)
polyacrylamide gels (acrylamide/bisacrylamide ratio, 19:1)
buffered with 0.5× Tris-NH2-taurine-EDTA and run at
65 W. Results were visualized by phosphor imaging using
a Typhoon-9410 variable-mode scanner (GE Healthcare).
ISG20 exonuclease activity was quantified using the Fuji-
Imager and Image Gauge analysis software. The nuclease
activity of NP1 (New England Biolabs) and PDE (Sigma-
Aldrich) was tested according to manufacturer recommen-
dation at 37◦C. All assays were done at least twice.

Structural modeling

2′O-Methylated UMP was designed using PubChem
Sketcher V2.4 (https://pubchem.ncbi.nlm.nih.gov//edit3/
index.html) then aligned with the UMP of the ISG20 struc-
ture (1WLJ) via UCSF Chimera (38) to visualize the molec-
ular basis of ISG20 inhibition at N0. Modeling of ISG20
with an RNA was done by superimposing the previously
described structure of this nuclease (PDB:1WLJ) with that
of SDN1 (PDB: 5Z9X) in ChimeraX (39). Methyl groups
were added to the RNA of this model at the 2′O of riboses
at positions N–2 and N0 using the chimera build structure
option that guaranties proper angles and bond distances.

Cell lines and culture conditions

The cell lines used in this study are: parental HEK293T
(HEK-WT), FTSJ3 knock-out HEK293T (HEK-FTSJ3-
KO), Jurkat and HeLa P4C5 cells. The HEK-FTSJ3-KO
cells (26) were kindly provided by Y. Bennasser (IGH,
Montpellier, France) and were used to produce viral
or pseudoviruses particles containing a hypomethylated
genome. HeLa P4C5 is HeLa-derived cell line expressing
CD4 and CCR5 (40). The HeLa P4C5, HEK-WT and
HEK-FTSJ3-KO cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco), whereas the Jurkat
(clone E6-1) cells were cultured in Roswell Park Memorial
Institute medium (RPMI,Gibco). Both media were supple-
mented with 10% FCS, supplemented with 1% penicillin–
streptomycin (Thermo Fisher Scientific). When indicated,
HeLa P4C5 and Jurkat cells were treated with recombinant
human IFN-�2a (R&D Systems).

Plasmids and siRNA

A codon-optimized plasmid encoding for a 3xFlag WT
or R53A/D90A ISG20 was purchased from TWIST bio-
science for eukaryotic cell expression. siRNA directed
against human ISG20 were purchased from Horizon
as pools of four individual siRNAs (ON-TARGETplus
SMARTpool). The non-targeting control siRNA are di-
rected against human PPIB (CypB), also as an ON-
TARGETplus SMARTpool (Horizon). siRNA transfec-
tions into Jurkat cells were performed by nucleofection, us-
ing the SE Cell Line 4D-Nucleofector™ X Kit (Lonza) in
a 4D-Nucleofector apparatus, following the manufacturer’s
recommendations. For transfections of HeLa P4C5 cells,

https://pubchem.ncbi.nlm.nih.gov//edit3/index.html
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Table 1. List of the RNA substrates used for the exonuclease assays with ISG20

Name Sequence from 5′ to 3′ �G (kcal/mol) Modifications

A27 AAAAAAAAAAAAAAAAAAAAAAAAAAA –0.00 No
A26Am AAAAAAAAAAAAAAAAAAAAAAAAAAAm –0.00 2′O-methylation
A26Um AAAAAAAAAAAAAAAAAAAAAAAAAAUm –0.00 2’O-methylation
A26Cm AAAAAAAAAAAAAAAAAAAAAAAAAACm –0.00 2′O-methylation
A26Gm AAAAAAAAAAAAAAAAAAAAAAAAAAGm –0.00 2′O-methylation
A24AmA2 AAAAAAAAAAAAAAAAAAAAAAAAAmAA –0.00 2′O-methylation
A20AmA6 AAAAAAAAAAAAAAAAAAAAAmAAAAAA –0.00 2′O-methylation
A20UmA6 AAAAAAAAAAAAAAAAAAAAUmAAAAAA –0.00 2′O-methylation
A20CmA6 AAAAAAAAAAAAAAAAAAAACmAAAAAA –0.00 2′O-methylation
A20GmA6 AAAAAAAAAAAAAAAAAAAAGmAAAAAA –0.00 2′O-methylation
RNA4-A27 AGAUCGUGAACUUACAAACUAUACAAA –0.00 No
RNA4-A27m AGAUCGUGAACUUACAAACUAUACAAAm –0.43 2′O-methylation
RNA4-C27 AGAUCGUGAACUUACAAACUAUACAAC –0.44 No
RNA4-C27m AGAUCGUGAACUUACAAACUAUACAACm –0.44 2’O-methylation

siRNA and plasmids were transfected simultaneously us-
ing Lipofectamine 3000 (Invitrogen) following the manu-
facturer’s instructions.

Production of WT and hypomethylated HIV-1 particles

The HIV-1 plasmid pNL4-3.Luc.R-E (41) was kindly pro-
vided by N. Landau (Aaron Diamond AIDS Research Cen-
ter, The Rockefeller University, New York, USA). VSV-
G pseudotyped luciferase-encoding HIV-1 particles were
produced by transient transfection of HEK293T (WT or
FTSJ3-KO) with pNL4-3.Luc.R-E and pVSV-G using cal-
cium phosphate, and were concentrated by ultracentrifu-
gation for 1 h at 22 000 × g (Beckman Coulter) at
4◦C (26). Replication-competent, infectious HIV-1 particles
were produced by transient transfection of HEK293T (WT
or FTSJ3-KO) with pNL4-3 and were concentrated using
Lenti-X Concentrator (Takara). Virus yields were measured
by p24 enzyme-linked immunosorbent assay following the
manufacturer’s instructions (Lenti-X p24 Rapid Titer Kit,
Takara). All pseudotyped and infectious HIV-1 particles
were treated with 250 U/ml benzonase (Merck) at 37◦C for
20 min before being used in the experiments.

Western blot analyses

Cells were lysed in a buffer containing 50 mM Tris–HCl
(pH7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100
and EDTA-free protease inhibitor cocktail (Roche). Protein
extracts were analyzed on 12% SDS-PAGE gels, and trans-
ferred onto nitrocellulose membranes. Membranes were
incubated with primary antibodies against FTSJ3 (rab-
bit; Bethyl Laboratories), Flag (clone M2; Sigma-Aldrich),
ISG20 (rabbit, Proteintech) and �-actin (mouse, Sigma-
Aldrich), followed by anti-mouse and anti-rabbit HRP-
conjugated antibodies. Chemiluminescent bands were im-
aged with a ChemidocTM MP Imager and analyzed for
quantification using the Image LabTM desktop software
(Bio-Rad Laboratories).

RT-qPCR analyses

Total RNA was extracted using the RNeasy Mini kit (Qi-
agen) and subjected to deoxyribonuclease (DNase) treat-
ment, following the manufacturer’s instructions. RNA con-

centration and purity were evaluated by spectrophotome-
try (NanoDrop 2000c, Thermo Fisher Scientific). Cellular
mRNA were reverse-transcribed with both oligo(dT) and
random primers using a PrimeScript RT Reagent Kit (Per-
fect Real Time, Takara) in a 10 �l reaction.

HIV-1 RNA (50 ng) was reverse-transcribed using an
oligo(dT) primer (located at the 3′ end of HIV-1 RNA)
or the M661 primer (in the Gag gene) (Zack et al., 1990)
and the PrimeScript RT Reagent Kit (Perfect Real Time,
Takara) in a 20 �l reaction. Real-time PCR amplifications
were performed in triplicate using Takyon Rox SYBRMas-
terMix dTTP Blue (Eurogentec) on an Applied Biosys-
tems QuantStudio 5 instrument (Thermo Fischer Scien-
tific). RT products were quantified using the M667/AA55
primers that amplify the R/U5 region of HIV-1, and the
following program: 3 min at 95◦C followed by 40 cycles
of 15 s at 95◦C, 20 s at 60◦C, and 20 s at 72◦C. En-
dogenous ISG20 transcripts were quantified with ISG20-F
and ISG20-R primers, whereas transfected ISG20 (WT or
R53A/D90A), which has been codon-optimized, was quan-
tified using ISG20co-F and ISG20co-R primers. Ct values
for ISG20 and ISG20co were normalized to expression lev-
els of RPL13A (60S ribosomal protein L13a), using the 2-
��Ct method. Primers are listed in Supplementary Table
S1.

Quantification of HIV-1 RT products by qPCR

Cells were either transduced with VSV-G-pseudotyped
HIV-1 or infected with replication-competent HIV-1 (pro-
duced in HEK-WT or HEK-FTSJ3-KO cells). Cells were
collected 6 h post-infection and total DNA was extracted
using the DNeasy Blood & Tissue Kit (Qiagen). Real-
time PCR reactions were performed as described above.
RT products were quantified using M667/M661 primers
and results were normalized to GAPDH expression level.
Primers are listed in Supplementary Table S1.

RESULTS

Internal 2′O-methylation of RNA limits ISG20 activity at
N–2 and N0 of the methylated residue

Recombinant human ISG20 was purified (Supplementary
Figure S1A) and its exonuclease activity was assessed us-
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Figure 1. Impact of RNA 2′O-methylation on ISG20 nuclease activity. (A–D) Recombinant human ISG20 was incubated with different 5′-radiolabeled
RNAs carrying 2′O-methylated residues at various positions in a time-course experiment, and the substrate hydrolysis was followed by PAGE. The degrada-
tion kinetics of various substrates in (C and D) were monitored by PAGE separation. Quantification of nucleotide removal, relative to the total RNA length,
was done using the FujiImager and Image Gauge analysis software. (A) Schematic representation of the experimental procedure of panel (B). (B) Effect of
RNA 2′O-methylation on ISG20 exonuclease activity. The assay was performed using non-methylated A27, and 3′ end 2′O-methylated A26Am, A24AmA2,
A20AmA6, A20UmA6, A20CmA6, and A20GmA6. (C) Quantification of non-methylated (A27) and 3′ end 2′O-methylated RNA (A26Am, A26Um, A26Cm,
A26Gm) degradation by ISG20. (D) Quantification of non-methylated RNA4-A27 and RNA4-C27 and 3′-end 2′O-methylated RNA4-A27m, RNA4-C27m
degradation by ISG20. The results in panel B and C correspond to the mean values and standard deviation of three independent experiments.

ing synthetic 27-nucleotide RNAs (A27, C27, U27) (Supple-
mentary Figure S1B, Supplementary Table S2) after opti-
mization of the reaction conditions (Supplementary Fig-
ure S1C, D). The laddering degradation profile confirmed
ISG20 distributive 3′ exonuclease activity. Sequence analy-
sis showed that ISG20 contains conserved ‘DEDDh’ motifs
(Supplementary Figure S2, Supplementary Table S3). After
alanine substitution of residues in the Exo I (D11A, E13A),
Exo II (D94A) and Exo III (H149A, D154A) motifs, the five
recombinant ISG20 mutants were purified (Supplementary
Figure S3A). The exonuclease activity of wild type (WT)
ISG20 was confirmed using synthetic A27 RNA, whereas
that of the five mutants was strongly impaired (Supplemen-
tary Figure S3B). Moreover, assessment of ISG20 nucle-
ase activity using ssRNA1, ssRNA2 that forms a 3′ hairpin
structure, and ssDNA1 (Supplementary Table S2) showed
that the presence of an RNA secondary structure stalled
ISG20 exonuclease activity and that the enzyme was inac-
tive on ssDNA (Supplementary Figure S3C). Lastly, ISG20
also degraded RNA involved in RNA/DNA heterodu-
plexes (Supplementary Figure S3D).

Next, to investigate whether the internal 2′O-methylation
mark conferred resistance to ISG20-mediated degradation,
radiolabeled A27 fragments carrying a 2′O-methyl group at

different positions were incubated with ISG20 (Figure 1A),
and their decay analyzed on urea-PAGE. A27 that contained
one Nm at the 3′ end (A26Am) or two nucleotides upstream
of its 3′ end (A24AmA2) was almost completely protected
from ISG20-mediated degradation (Figure 1B). Conversely,
if the methylation was 7 nucleotides upstream of the 3′ end
(A20AmA6), the RNA remained sensitive to ISG20 exonu-
clease activity, but hydrolysis paused before further degra-
dation of the substrate. The stalling occurred at two dis-
tinct positions. The first main pause was detected two nu-
cleotides upstream of the Nm (N–2) and the second at the
Nm (N0). This inhibition is likely to be ISG20-specific be-
cause the 3′ exonuclease activity of two other 3′-5′ exonu-
cleases, namely nuclease P1 (NP1) and phosphodiesterase
I (PDE), was barely affected by the presence of Nm (Sup-
plementary Figure S4). Then, the same experiment was
repeated to evaluate whether 2′O-methylation on ribonu-
cleotides other than ‘A’ led to the same degradation pat-
tern. A20UmA6 and A20GmA6 displayed a similar degrada-
tion profile as A20AmA6 (Figure 1B). However, the pause
observed at N-2 and N0 seemed to be less pronounced with
A20CmA6, and ISG20 overcame the Nm after a longer in-
cubation period (2 h). The 2′O-methylation mark also pro-
tected heteropolymeric RNAs from degradation (Supple-
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Figure 2. Molecular basis of ISG20 inhibition by 2′O-methylation at N0. (A) Structural model of ISG20 showing the steric clash between residues R53
(yellow surface) and M14 (cyan surface), and 2′O-methylated UMP (UMP is in grey and 2′O-methyl in cyan). The methylated UMP was built using
PubChem Sketcher V2.4 and superimposed on the UMP present in the catalytic pocket of the ISG20 structure (PDB: 1WLJ). (B) The exonuclease activity
of wild-type (WT) and M14A and R53A mutant ISG20 on methylated and non-methylated A27 RNAs was monitored by PAGE analysis as in Figure 1.

mentary Figure S5), but less efficiently than the homopoly-
meric A27 (Figure 1B). These findings indicated that ISG20
exonuclease activity pauses two nucleotides upstream of the
Nm, and at the Nm and that the length of these pauses de-
pends on the Nm nature and its sequence context.

2′O-Methylation of poly(A) at its 3′end suppresses degrada-
tion by ISG20

To further characterize the stalling observed at the Nm,
ISG20 was incubated with a poly(A) carrying Am, Gm, Cm
or Um at its 3′ end for different times. Following PAGE
separation, the hydrolysis of RNA substrates was quanti-
fied by densitometry. This showed that the 3′ to 5′ exci-
sion kinetics of A26Nm was dependent on the nature of
the Nm at the 3′ end. Indeed, ISG20 fully hydrolyzed non-
methylated A27 in ∼5 min (Figure 1C). After 120 min
∼100% of A26Cm, ∼43% of A26Um, and 13% of A27m were
degraded, conversely A26Gm was almost completely pro-
tected from ISG20 degradation (6%) (Figure 1C). These re-
sults confirm that the presence of a methyl group on the 2′O
of the last nucleotide strongly reduces RNA decay and in-
creases its lifespan to a different extent in function of the
methylated residue (G > A>>U>>C). Again, ISG20 was
more active on heteropolymeric linear ssRNAs that con-
tained an Nm at their 3′ end, as indicated by the degradation
of ∼75% and 95% of RNA4-A27m and RNA4-C27m RNA,
respectively, after 60 min of incubation (Figure 1D).

2′O-Methylated ribonucleotides limit ISG20 RNase activity
through steric hindrance

Next, the previously described 3D structure of ISG20 in
complex with UMP (32) was used to determine whether
ISG20 exonuclease activity inhibition resulted from a di-
rect inhibition of the catalytic reaction or from altered sub-
strate recognition. A methyl group was modeled on the
2′O of the UMP ribose to determine its impact on the

catalytic/binding pocket of ISG20. This modification led to
a potential steric clash of the methyl group with the M14
and R53 residues of ISG20 (Figure 2A), suggesting that
UMP would need to be repositioned within the catalytic
pocket to accommodate the methyl group. To test this hy-
pothesis, these two ISG20 residues were substituted with the
less bulky alanine residue (Supplementary Figure S6) and
the activity of each mutant was evaluated using A27 and
A26Am (as substrate to analyze the pause at N0). The ex-
onuclease activity of these two ISG20 mutants toward A27
was slightly reduced compared with WT ISG20, confirm-
ing the role of these residues in RNA stabilization in ISG20
catalytic pocket (Figure 2B). When incubated with A26Am,
WT ISG20 and the M14A mutant did not show any nu-
clease activity. Conversely, the R53A mutant could degrade
A26Am, indicating that this mutant can overcome the stop at
N0 (Figure 2B). Therefore, it can be inferred that the stop at
N0 results from a steric hindrance mechanism with residue
R53 of ISG20 (Supplementary Figure S7A).

Then, the molecular mechanism of the N-2 stop was in-
vestigated using the structural information of two ISG20
homologs (SDN1 and ExoX) in complex with a nucleic
acid chain (42,43). Superimposition of ISG20 with SDN1
and ExoX showed a good fit of their catalytic sites with a
Root-Mean-Square Deviation of 0.836 Å and 1.148 Å, re-
spectively, and the superposition of the nucleic acid chains
with the UMP of ISG20 (Supplementary Figure S8). Based
on the structural alignment, putative candidate residues of
the RNA binding domain (RBD) were selected: M14, R53,
H89, D90, H93, R126, R127, V128, S129 and L130 (Figure
3A, B). To experimentally test the structural model, alanine
scanning was carried out on residues that were most likely
to affect the binding (H89A, D90A, H93A, R126A, R127A,
V128A) and the different proteins were produced and pu-
rified (Supplementary Figure S6) for RNA nuclease assays.
Although most ISG20 mutants conserved their exonuclease
activity on A27 (Figure 3C), the D90A, R126A and R127A
mutants showed reduced hydrolytic capacity that may re-
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Figure 3. Structural activity relationship of ISG20 RNA binding Domain. (A) Model of ISG20 in interaction with an RNA substrate was built based
on superimposition of ISG20 (PDB: 1WLJ) and SDN1 in complex with RNA (PDB: 5Z9X). Surface representation of ISG20 (off-white) containing
an RNA from SDN1 structure (sticks). Highlighted in yellow are the residues of the RNA binding domain (RBD) and in cyan the conserved residues
of the exonuclease domain. Zoom on the ISG20 catalytic pocket showing the interaction (cyan) between the (1) residues of its catalytic domain (cyan),
manganese (purple), and the nucleotide to be excised (grey), (2) residues of its RBD (yellow) and the RNA (grey). (B) Cartoon representing the ISG20 model
in interaction with an RNA substrate performed using Biorender in which the residues of ISG20 RBD interacting with the RNA 2′OH are highlighted
in bold. (C) Mutagenesis analysis of the residues highlighted in panel (B). The different ISG20 mutants were produced and their exonuclease activity was
followed as in Figure 1 using non-methylated A27.

sult from disruption of the interaction between ISG20 and
the RNA substrate (Figure 3B). According to our structural
model, the stop at N-2 could implicate residue(s) H89, D90
and/or V128 that are supposed to interact with the 2′OH
of N0 in the RNA and could be struggling to accommodate
the methylated nucleotide (Supplementary Figure S7B). To
confirm this hypothesis, the effect of 2′O-methylation on
the ISG20 H89A, D90A, and V128A mutant activity on
A20AmA6 was assessed at a concentration of 20 nM instead
of 2 nM to overcome their decreased enzymatic activity. All
mutants showed the same activity profile as WT ISG20, in-
cluding the two intermediate degradation products detected
at N-2 and N0, with the exception of the D90A mutant that

only stopped at N0 (Figure 4A). These results confirmed
that D90 is the key player in the N-2 stop, which is likely
due to a steric clash with the Nm (Supplementary Figure
S7B).

A double mutant R53A/D90A was next generated. De-
spite partial loss of its nuclease activity on substrates
at 2 nM, the double mutant digested both methylated
(A26Am and A24AmA2) and non-methylated A27 in a time-
dependent manner at 20 nM (Figure 4B). Although the hy-
drolytic activity of the mutant was reduced, it could by-
pass the N-2 and N0 stops, unlike WT ISG20. Altogether,
these results give insights into the molecular basis of the hy-
drolysis blockage that is caused by two consecutive steric
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Figure 4. The D90 and R53 residues play a key role in ISG20 inhibition by 2′O-methylation. (A) Exonuclease activity of WT ISG20 and the H89A, D90A,
and V128A mutants was assessed on A20AmA6, and the RNA degradation products were separated on PAGE and analyzed by autoradiography, as in
Figure 1. (B) Exonuclease activity of WT ISG20 and the double mutant R53A/D90A was assessed using the A27, A26Am and A24AmA2 RNA substrates.
Degradation was monitored by PAGE and analyzed by autoradiography, as described in Figure 1. (C) Structural model of ISG20 catalytic site (PDB:
1WLJ) with a methylated RNA (the methyl groups were added to the RNA using the chimera build structure option). Residues D90 and R53 are in yellow,
the RNA is in grey, the RNA 2′O-methyl moieties in cyan. The model shows the steric hindrance between the distinct methylated nucleotides and the R53
and D90 residues of ISG20.

hindrances between the D90 and R53 residues of ISG20
and the methylated nucleotide (Figure 4C & Supplementary
Figure S7). The specificity of the 2′O-methylation-linked
inhibition was confirmed by introducing another PTM,
adenosine N6-methylation (AN6m), in the RNA substrate.
This methylation did not interact with the ISG20 RBD in
the structural model (Supplementary Figure S9A) nor af-
fected ISG20 exonuclease activity (Supplementary Figure
S9B).

Internal 2′O-methylation limits HIV-1 RNA degradation by
ISG20

In the HIV-1 genome, internal 2′O-methylation is catalyzed
by the cellular 2′O-MTase FTSJ3 (26). Therefore, parental
and FTSJ3-KO HEK293T cells (Figure 5A & B) were
used to produce HIV-1 virions. After extraction, naturally
methylated (from parental cells) and hypomethylated (from
FTSJ3-KO cells) full-length vRNAs were incubated with
increasing concentrations of recombinant human ISG20
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Figure 5. Hypomethylated HIV-1 RNA is sensitive to in vitro ISG20-mediated degradation. (A–D) Parental and FTSJ3-KO HEK293T cells were trans-
fected with HIV-1 molecular clone pNL4-3.Luc.R-E in order to produce HIV-1 virions containing naturally methylated (WT) and hypomethylated (KO)
genome, respectively. Upon recovery of viral particles, full-length vRNAs were extracted and incubated with recombinant human ISG20 (WT or double
mutant R53A/D90A) for 60 min. Finally, vRNAs degradation by ISG20 was monitored by RT-qPCR. (A) Schematic representation of the experimental
procedure. (B) FTSJ3 expression in parental (WT) and FTSJ3-KO (KO) HEK293T cells was assessed by western blotting before transfection of the HIV-1
molecular clone pNL4.3. (C, D) 50 ng of RNA extracted from HIV-1 particles produced in parental (WT) or FTSJ3-KO HEK293T cells was incubated
with ISG20 at the indicated concentrations at 37◦C for 1h. After ISG20 inactivation (20 min at 70◦C), RNA products were reverse-transcribed using a (C)
oligo(dT) or (D) the M661 primer, and the reverse-transcripts quantified by qPCR. The relative amount of HIV-1 reverse-transcripts in each condition is
shown. (E) The exonuclease activity of ISG20 R53A/D90A was evaluated using HIV-1 RNA extracted from viral particles produced in parental (WT) or
FTSJ3-KO HEK293T cells. RNA degradation products were reverse-transcribed using the M661 primer, and the reverse-transcripts quantified by qPCR
as in (D). Data are the mean ± standard deviation of three independent experiments performed in triplicate. **P < 0.01, ***P < 0.001 and **** P < 0.0001
(Student’s t-test).
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Figure 6. Restriction of the hypomethylated HIV-1 replication by ISG20. (A–D) ISG20 restricts the reverse-transcription of hypomethylated VSV-G pseu-
dotyped HIV-1. WT and FTSJ3-KO HEK293T cells were used to produce VSV-G-pseudotyped HIV-1 particles containing WT and hypomethylated (KO)
genome, respectively. Extracted virions were used to infect 48 h WT HEK293T cells over-expressing or not Flag-tagged human ISG20. At 6 h post-infection,
total cell DNA was extracted and HIV-1 reverse-transcripts were quantified by qPCR and HIV-1 infection was estimated by measuring luciferase activity
in cell extracts 24h post-infection. (A) Schematic representation of the experimental procedure. (B) HEK293T cells were transfected with an empty plasmid
or with a plasmid encoding Flag-tagged human ISG20. The expression of ISG20 was analyzed by western blotting using an anti-Flag antibody. (C) Quan-
tification of HIV-1 reverse-transcripts by qPCR. (D) HIV-1 infection was estimated by measuring luciferase activity in cell extracts 24 h post-infection. (C,
D) Data are the mean ± standard deviation of three independent experiments performed in triplicate; **P < 0.01, ***P < 0.001 and **** P < 0.0001 (Stu-
dent’s t-test). (E–H) Jurkat cells were treated or not with 1000 IU/ml human IFN-I for 18 h and transfected with a siRNA control (−) or targeting ISG20
(+), as indicated. At 48 h post-transfection, cells were infected with HIV-1 NL4-3 produced in WT or in FTSJ3-KO HEK293T cells. At 6 h post-infection,
cells were harvested and total RNA and DNA were extracted for specific qPCR analysis. (E) Schematic representation of the experimental procedure. (F)
Jurkat cells were treated or not with 1000 IU/ml human IFN-I for 18h and ISG20 expression was assessed by western-blot. (G) Evaluation of endogenous
ISG20 expression by RT-qPCR. (H) Quantification of HIV-1 RT products by qPCR. (G, H) Data represents the mean of three independent experiments
performed in duplicates ± SD. ****P < 0.0001, as determined by one-way ANOVA with Bonferroni post hoc test. ns, non-significant.

(Figure 5A). After 1 h incubation, the exonuclease reac-
tion was stopped by heating, and the remaining HIV-1 vR-
NAs were reverse-transcribed using primers that anneal to
the 5′ (M661, in the Gag gene) or the 3′ end (oligo(dT))
of the HIV-1 genome (Figure 5A). Quantification of the
reverse-transcription (RT) products by qPCR (Figure 5C,
D) showed that HIV-1 RNA could be degraded by ISG20
and that the 5′ end of the genome was less prone to RNA
degradation, as expected for 3′ to 5′ exonuclease activity.
Moreover, hypomethylated HIV-1 RNA was more sensi-
tive to ISG20-mediated degradation than methylated RNA.
Then, methylated and hypomethylated HIV-1 RNAs were
incubated with the ISG20 double mutant R53A/D90A, the
activity of which is barely affected by RNA 2′O-methylation
(Figure 4B). Methylated and hypomethylated HIV-1 RNAs
were degraded to a similar extent (Figure 5E), confirming
that Nm presence in the HIV-1 genome does not alter the ac-
tivity of the ISG20 double mutant. These results prompted
us to evaluate the antiviral effect in ISG20-expressing cells
during infection. To this aim, luciferase-encoding VSV-G
pseudotyped viruses were produced in parental and FTSJ3-
KO HEK293T cells to generate HIV-1 pseudoparticles
that contained methylated and hypomethylated vRNAs, re-

spectively (Figure 6A). Then, HEK293T cells that over-
express or not Flag-tagged human ISG20 (Figure 6A, B)
were transduced with these pseudoviruses and the reverse-
transcription of HIV-1 RNA in infected cells was moni-
tored by qPCR (Figure 6A). Quantification of HIV-1 DNA
products at 6 h post-infection showed a decreased in RT
efficiency of hypomethylated viruses in ISG20-expressing
cells (Figure 6C). This observation suggests an increased
sensitivity of hypomethylated vRNA to ISG20-mediated
degradation in infected cells. This was further supported
by the lower luciferase expression observed in ISG20-
expressing cells infected with hypomethylated compared
to naturally methylated pseudotyped viruses (Figure 6D,
FTSJ3-KO). Collectively, these results suggest that RNA
2′O-methylation induced by FTSJ3 impairs the antiviral
activity of ISG20 by limiting the degradation of HIV-1
genomes.

We next sought to determine whether ISG20 expres-
sion would affect the reverse-transcription of replication-
competent HIV-1 in its main target cells, CD4+ T lym-
phocytes. To this end, we evaluated the antiviral effect of
ISG20 in human Jurkat cells infected with HIV-1 parti-
cles either containing naturally methylated (WT) or a hy-
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pomethylated genome (Figure 6E). In these cells, the con-
stitutive expression of ISG20 is undetectable, but can be
significantly increased following type I interferon (IFN-I)
treatment (Figure 6F, G). We therefore assessed the abil-
ity of WT and hypomethylated HIV-1 to perform RT in
Jurkat cells following IFN-I treatment, with or without si-
lencing the expression of ISG20 by a specific siRNA. In-
terestingly, IFN-I treatment led to a significantly greater
inhibition of the reverse-transcription of hypomethylated
HIV-1 compared to the WT viruses (Figure 6H). How-
ever, this effect was lost upon ISG20 knockdown, suggest-
ing that hypomethylated HIV-1 was more sensitive than WT
virus to ISG20-mediated decay (Figure 6H). Moreover, we
wanted to determine whether the overexpression of WT
ISG20 or the double mutant R53A/D90A could revert the
effect of ISG20 silencing on replication-competent HIV-1.
However, since Jurkat cells proved to be very difficult to
transfect and that we could not use HIV-1 vectors to trans-
duce them, we decided to perform the next experiments in
HeLa P4C5 cells, which express HIV-1 receptors and are
easy to transfect. Unlike Jurkat cells, HeLa cells constitu-
tively express ISG20, and its expression can be further in-
creased by IFN-I treatment (Figure 7A, B). In order to eval-
uate the sensitivity to ISG20 of infectious HIV-1 contain-
ing naturally methylated or hypomethylated genome, cells
were first pre-treated or not with IFN-I, then co-transfected
with a siRNA control (−) or targeting ISG20 (+) and an
empty vector (EV) or a plasmid encoding either WT or
the R53A/D90A ISG20. Then, the cells were infected with
HIV-1 produced in WT or FTSJ3-KO HEK293T cells and
the amount of RT products was quantified by RT-qPCR
6 h post-infection. In this experimental setup, we observed
that the level of IFN-I induced ISG20 expression was lower
than that observed in Jurkat cells, probably due to its rela-
tively high constitutive expression in HeLa cells (Figures 6F,
G and 7A, B). In addition, the siRNA-mediated ISG20 si-
lencing in this experimental system was very efficient (Fig-
ure 7B) and overexpression of ISG20-encoding plasmids,
which are not sensitive to ISG20 siRNA, was assessed by
RT-qPCR (Figure 7C). As expected and concordantly with
the results obtained in Jurkat cells, the RT of hypomethy-
lated viruses was more affected by IFN-I treatment than
that of WT viruses (Figure 7D). Interestingly, the RT of hy-
pomethylated viruses was restored to WT levels following
ISG20 knockdown, which once again supports the conclu-
sion that difference in IFN-I sensitivity results from an in-
creased sensitivity of hypomethylated HIV-1 to ISG20 re-
striction (Figure 7D). To further confirm these observa-
tions, we compensated ISG20-depleted HeLa cells with ec-
topic ISG20 expression. We thus observed a similar pro-
file as in IFN-I treated cells, illustrated by a significant in-
hibition of the RT of hypomethylated viruses, but not of
WT viruses (Figure 7D). The sensitivity of ISG20 to vi-
ral RNA 2′O-methylations was further demonstrated using
the ISG20 double mutant R53A/D90A, which, unlike WT
ISG20, inhibited the RT process of both viruses in a sim-
ilar manner (Figure 7D). Altogether, our in cellula assays
showed that ISG20 interferes with the retro-transcription of
hypomethylated viruses to a greater extent than that of the
WT viruses. However, it should be noted that this ISG20-
induced inhibition of HIV-1 is less pronounced than that

observed in our in vitro experiments. This could be due to
various factors such as the accessibility of the vRNA to the
cellular ISG20, the methylation level of viral genomic RNA,
the position of the Nm within the vRNA and the sequence
context of Nm. Despite this, all of our results highlight
the antagonistic effect 2′O-methylation on ISG20 nuclease-
mediated antiviral activity and reveal a new proviral role for
the 2′O-methylations of the HIV-1 genome.

DISCUSSION

ISG20 is an IFN-regulated protein with antiviral activity
against a broad range of RNA viruses (31–33,44). Although
it has been suggested that its antiviral activity is linked to
its exonuclease activity, ISG20 also inhibits the translation
of vRNA (45). Several recent studies have shown that the
genome of many RNA viruses contains PTM, including
Nm (1–3,25,26). Here, we found that this epitranscriptomic
modification can inhibit ISG20 exonuclease activity in vitro
and thereby limit the host antiviral response mediated by
ISG20. Using synthetic RNAs carrying 2′O-methylation at
different positions, we demonstrated that ISG20 nuclease
activity is specifically impaired by this epitranscriptomic
mark. We also observed that this inhibition is modulated
by several factors, such as the nature of the methylated nu-
cleotide moiety (Gm > Am > Um > Cm>>A), its position
in the RNA sequence, and the substrate sequence (Figure
1 and Supplementary Figure S5). We found that ISG20
activity was strongly impaired when the 2′O-methylation
occurred in the context of homopolymeric RNA, such as
poly(A), and at the 3′ end of the sequences than in het-
eropolymeric RNA substrates (Figure 1 and Supplementary
Figure S5). Together, these data indicate that Nm can regu-
late RNA decay and that synthetic poly(A) is quite resistant
to ISG20-mediated degradation when modified at its 3′ end.
However, the proportion of methylated A residues in viral
poly(A) tails has not been investigated yet, to our knowl-
edge.

In addition, we showed that the degradation of RNA car-
rying internal 2′O-methylation (A20NmA6) by ISG20 was
paused at N-2 and N0 from the Nm (Figure 1A). Through a
structure-guided analysis, we selected key residues of ISG20
RBD that may be involved in this inhibition (M14, R58,
H89, D90, and V128; Figure 3A, B). Alanine mutagenesis
of these residues revealed that the pauses at N–2 and N0 were
overcome by ISG20 harboring the D90A and R53A mu-
tation, respectively (Figure 2 and 4A, and Supplementary
Figure S7), indicating that this inhibition occurs through
steric hindrance. This was further confirmed by the finding
that the double mutant R53A/D90A can hydrolyze methy-
lated RNA without pausing at N–2 and N0 (Figure 4B)
and highlights the role of residues R53 and D90 as 2’O-
methyl group sensors within the ISG20 catalytic pocket.
Moreover, this inhibition seems to be specific to RNA 2′O-
methylation because N6-methylation, another important
epitranscriptomic mark present on vRNA, barely affected
ISG20 exonuclease activity (Supplementary Figure S9B).
This observation is also supported by the structural model
of ISG20 in the presence of an RNA substrate showing
that N6-methylation is outside the RNA binding pocket
(Supplementary Figure S9A). This is consistent with the
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Figure 7. Restriction profile of ISG20 WT and the R53A/D90A mutant on replication competent HIV-1. (A) HeLa P4C5 cells were treated or not with
1000 IU/ml human IFN-�2a for 18h and transfected with a siRNA control (−) or targeting ISG20 (+), as indicated. At 48h post-transfection, ISG20
expression was assessed by western-blot using anti-ISG20 antibodies. (B–D) HeLa P4C5 cells were treated or not with 1000 IU/ml human IFN-I for
18 h and transfected with a siRNA control (−) or targeting ISG20 (+), as indicated. At 48h post-transfection, cells were infected with HIV-1 NL4-3
produced in WT or in FTSJ3-KO cells. At 6 h post-infection, cells were harvested and total RNA and DNA were extracted for specific qPCR analysis. (B)
The expression of endogenous ISG20 upon IFN-I induction was evaluated by RT-qPCR. (C) Quantification of ectopic expression of transfected ISG20
WT and double mutant by RT-qPCR. (D) The amount of HIV-1 RT products was estimated by qPCR. Data represent the mean of three independent
experiments performed in duplicate ± SD. ****P < 0.0001, as determined by one-way ANOVA with Bonferroni post hoc test. ns, non-significant.

study by Imam et al. demonstrating that ISG20 targets
HBV transcripts containing AN6m (46). Therefore, it is likely
that ISG20 inhibition is specifically related to the presence
of RNA 2′O-methylation, suggesting that viruses that in-
duce such internal PTM, using their own (21–23) or the
host MTase (26), might limit ISG20 antiviral activity. This
possible role of internal 2′O-methylation is reminiscent of
other viral strategies to overcome the cell defenses, such as
cap 2′O-methylation that prevents vRNA sensing by RIG-I
(9,10) and its subsequent sequestration by IFIT1/3 restric-
tion factors (11).

Although the viral epitranscriptome is still poorly char-
acterized for most viruses, the recent development of
sequencing-based methods to identify modified nucleotides
and their location has boosted the knowledge on the mech-
anisms and functions of 2′O-methylation in RNA viruses
(1–3,25,26). For instance, HIV-1 exploits the cell machin-
ery to catalyze 2′O-methylation of its own genome through
a tightly regulated process. Indeed, HIV-1 recruits FTSJ3,
a cellular MTase, to catalyze the 2′O-methylation of 17
specific residues of its own RNA. This prevents the sens-
ing of vRNA by MDA5, which in turn limits the pro-
duction of IFN-I (26). Therefore, we asked whether inter-
nal methylation of HIV-1 RNA might also influence its
resistance to ISG20 restriction. We addressed this ques-
tion by comparing in vitro the sensitivity to ISG20 of
HIV-1 RNAs extracted from viruses produced in parental
HEK293T cells or cells that lack FTSJ3. As expected, we
found that recombinant ISG20 was able to degrade HIV-
1 genome and that internal 2′O-methylation could coun-
teract this degradation (Figure 5C, D). However, the pro-
tection conferred by vRNA 2′O-methylation was less dras-
tic than observed in the in vitro experiments performed
on 2′O-methylated homopolymeric synthetic RNA. This
might be due to the fact that only 17 confident methyla-
tions were detected inside the HIV RNA (26) and are dis-
tributed along the viral genome. In addition, it is note-
worthy that the methylations detected in the HIV genome

are in heteropolymeric regions which are more suscepti-
ble to ISG20 in vitro degradation (Figure 1D and Supple-
mentary Figure S5) and we do not know yet whether the
poly(A) tail of HIV-1 contains Nm. We next confirmed this
result in cell lines (HEK293T, Jurkat, HeLaP4C5) infected
with naturally methylated or hypomethylated VSV-G pseu-
dotyped HIV-1 or with replication-competent HIV-1 virus.
Using a VSV-G pseudotyped HIV-1 encoding luciferase, we
first showed that ectopically expressed ISG20 reduced the
RT and subsequent luciferase expression of HIV-1 vectors
containing a hypomethylated genome. (Figure 6C, D). Us-
ing replication-competent HIV-1, we also found that IFN-
induced ISG20 reduced the RT level of hypomethylated
HIV-1 in Jurjat cells (Figure 6H). Finally, we showed that
the ectopic expression of ISG20 in HeLa-CD4 cells, only
interfered with the RT of hypomethylated HIV-1 viruses
(Figure 7D), whereas the R53A/D90A ISG20 mutant in-
hibited the RT of both WT and hypomethylated viruses at
the same extent, as expected (Figure 7D). It should be noted
that the levels of HIV RT inhibition by ISG20 in infected
cells were rather modest compared to the results obtained in
vitro. This observation illustrates the fact that vRNA is pro-
tected by a core during the early stages of infection, presum-
ably making it difficult for ISG20 to access. However, the
fact that viruses with hypomethylated genomes are partly
susceptible to ISG20 restriction suggests that the vRNA re-
mains relatively accessible. Further experiments will be re-
quired to determine whether this relative accessibility of the
HIV-1 genome only occurs at certain stages of the cycle
(e.g. RT initiation or decapsidation) and whether ISG20 de-
grades RNA in the cytoplasm or nucleus. In any case, con-
trary to the study by Espert et al. (33), we did not observe
any susceptibility of WT HIV-1 to ISG20 restriction.

Collectively, our results highlight the role of internal 2′O-
methylations in the early phases of HIV-1 infection, pre-
venting ISG20 antiviral activity. Indeed, 2′O-methylation
is a viral countermeasure to the cellular antiviral response
originally identified as the subversion of ‘self ’ sensing to im-
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pair type 1 IFN expression. Our study also demonstrates
that at least for HIV-1, 2′O-methylation also directly inter-
feres with the antiviral effect of ISG20 by protecting the
vRNA from its exonuclease activity. The importance of 2′O-
methylation in viral replication has been shown in various
RNA viruses, including Nipah and Hendra viruses (47), but
the dual function observed in HIV-1 (limiting vRNA sens-
ing and degradation) must be investigated in other viruses
to determine whether this dual mechanism is universal.

The analysis of SARS-CoV-2 epitranscriptome also
showed the presence of internal 2′O-methylation marks
(25). However, the implicated MTase remains unknown.
These Nm marks, were mainly detected in the 5′ and 3′ un-
translated regions (UTR) and in the non-coding regions
of the vRNA (25) that are enriched in hairpin structures.
Therefore, these methylation marks might prevent the de-
tection of vRNA by MDA5, as observed for HIV-1. Their
impact on ISGs that target double stranded RNA, such as
2′-5′-oligoadenylate synthetase 1 (48) and the RNase L, is
questionable. Moreover, as a recent study revealed a tran-
sient upregulation of ISG20 expression upon SARS-CoV-
2 infection (49), the resistance to ISG20-mediated restric-
tion could result from the adoption of countermeasures
(e.g. hyper-2′O-methylation at the 3′UTR) (25) evolved by
the virus. More studies are needed to confirm these hy-
potheses in the context of SARS-CoV-2 infection. Inter-
nal 2′O-methylation has also been described in flaviviruses,
and in vitro studies showed that the NS5 MTases of DENV
(22) and ZIKV (21) specifically methylate adenosines. How-
ever, the epitranscriptome analysis of both viruses high-
lighted the presence of 2′O-methylation marks on all four
ribonucleotides (2). This implies that the host 2′O-MTases
might also participate in these methylation processes. This
is consistent with the binding of fibrillarin, a nucleolar 2′O-
MTase, in the DENV and ZIKV genomes (50). These obser-
vations suggest that there is synergy and fine-tuning in the
2′O-methylation performed by viral and cellular MTases to
shield vRNAs from innate immune censors and the IFN re-
sponse.

Furthermore, our experimental data raise an important
question as how cellular RNAs escape the exonuclease ac-
tivity of ISG20. A recent study showed that ISG20 can dis-
criminate self from non-self RNA (45), but the molecular
signatures involved in this process are not yet identified.
Our results suggest that epitranscriptomic modifications
such as 2′O-methylation of ribonucleotides in the poly(A)
might play a role in such process, although the mechanisms
governing the 2′O-methylation of cellular RNA are still
poorly characterized. Despite the fact that numerous cellu-
lar RNA MTases have been identified, their involvement in
self-marking is still an open question. The mechanism gov-
erning specific RNA recognition is barely described except
for Fibrilarin, which is involved in RNA guided methyla-
tion and was particularly studied in the case of ribosomal
RNA (51–53).

The identification of the functions associated with inter-
nal 2′O-methylation on MDA5 sensing and ISG20 exonu-
clease activity may also be considered in the context of im-
proving mRNA-based therapeutics. Indeed treatment with
exogenous RNA can be hampered by the rapid degrada-
tion of RNA molecules and/or its capacity to induce in-

appropriate innate immunity stimulation. Various PTMs
are used to overcome these drawbacks. For instance, ad-
dition of an RNA cap structure (54–56), a 5′ and 3′ un-
translated region (57), or Poly-A (56,58) promotes mRNA
stabilization and increases protein translation. In addition,
modified nucleosides, such as AN6m, 5-methylcytidine, and
pseudo-uridine, can be used to avoid innate immunity over-
stimulation and to increase RNA translation (59,60). The
results from this study and earlier work (26) highlight the
role of 2′O-methylation in RNA sensing and suggest that
this modification may be used to improve the half-life of
exogenous RNAs, acting as a protection against ISG20-
mediated degradation and the cellular response against
non-self RNA.
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