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A specific domain within the 3′ untranslated
region of Usutu virus confers resistance to
the exonuclease ISG20

Jim Zoladek 1, Priscila El Kazzi2, Vincent Caval3, Valérie Vivet-Boudou4,
MarionCannac 1, Emma L. Davies 5, SolénaRossi1, Inès Bribes1, Lucile Rouilly2,
Yannick Simonin 6, Nolwenn Jouvenet 3, Etienne Decroly 2,
Jean-Christophe Paillart 4, Sam J. Wilson5,7 & Sébastien Nisole 1

Usutu virus (USUV) andWestNile virus (WNV) are twoclosely related emerging
mosquito-borne flaviviruses. Their natural hosts are wild birds, but they can
also cause severe neurological disorders in humans. Both viruses are efficiently
suppressed by type I interferon (IFN), which interferes with viral replication,
dissemination, pathogenesis and transmission. Here, we show that the repli-
cation of USUV andWNV are inhibited through a common set of IFN–induced
genes (ISGs), with the notable exception of ISG20, which USUV is resistant to.
Strikingly, USUVwas the only virus among all the other testedmosquito-borne
flaviviruses that demonstrated resistance to the 3′–5′ exonuclease activity of
ISG20.Ourfindings highlight that the intrinsic resistance of theUSUV genome,
irrespective of the presence of cellular or viral proteins or protective post-
transcriptional modifications, relies on a unique sequence present in its
3′ untranslated region. Importantly, this genomic region alone can confer
ISG20 resistance to a susceptible flavivirus, without compromising its infec-
tivity, suggesting that it could be acquired by other flaviviruses. This study
provides new insights into the strategy employed by emerging flaviviruses to
overcome host defense mechanisms.

The Orthoflavivirus genus (hereafter referred to as flavivirus for
simplicity), which belongs to the Flaviviridae family, encompasses
over 70 viruses, including significant arthropod-borne human
pathogens like Dengue virus (DENV), Zika virus (ZIKV), yellow fever
virus (YFV), and Japanese encephalitis virus (JEV)1. Flaviviruses are
small, enveloped viruses, with a capped, non-polyadenylated (polyA),
single‐strandedpositive sense RNAgenomecomprising a single open

reading frame (ORF) flanked by highly structured 5′ and 3′ untrans-
lated regions (UTR). Amidst this large viral genus, Usutu virus (USUV)
poses a potential threat to animal and human health2–4. First isolated
in South Africa in 19595, USUV has since spread across much of Eur-
ope in the last two decades and is likely to continue its geographic
expansion in the future2–4,6–8. Phylogenetic analyses, based on the
NS5 gene sequence, reveal eight distinct lineages: Africa 1–3 and

Received: 27 February 2024

Accepted: 18 September 2024

Check for updates

1Viral Trafficking, Restriction and Innate Signaling, Institut de Recherche en Infectiologie de Montpellier (IRIM), Université de Montpellier, CNRS UMR 9004,
Montpellier, France. 2Architecture et Fonction des Macromolécules Biologiques (AFMB), Aix Marseille Université, CNRS UMR 7257, Marseille, France. 3Virus
Sensing and Signaling Unit, CNRS UMR3569, Institut Pasteur, Université Paris Cité, Paris, France. 4Université de Strasbourg, CNRS, Architecture et Réactivité
de l’ARN, UPR 9002, Strasbourg, France. 5MRC-University of Glasgow, Centre for Virus Research, University of Glasgow, Glasgow, UK. 6Pathogenesis and
Control of Chronic and Emerging Infections (PCCEI), INSERM, Etablissement Français du Sang, Université de Montpellier, Montpellier, France. 7Cambridge
Institute of Therapeutic Immunology & Infectious Disease (CITIID), Jeffrey Cheah Biomedical Centre, Department of Medicine, University of Cambridge,
Cambridge, UK. e-mail: sebastien.nisole@inserm.fr

Nature Communications |         (2024) 15:8528 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-0715-251X
http://orcid.org/0000-0003-0715-251X
http://orcid.org/0000-0003-0715-251X
http://orcid.org/0000-0003-0715-251X
http://orcid.org/0000-0003-0715-251X
http://orcid.org/0000-0001-8907-7650
http://orcid.org/0000-0001-8907-7650
http://orcid.org/0000-0001-8907-7650
http://orcid.org/0000-0001-8907-7650
http://orcid.org/0000-0001-8907-7650
http://orcid.org/0000-0002-8416-9203
http://orcid.org/0000-0002-8416-9203
http://orcid.org/0000-0002-8416-9203
http://orcid.org/0000-0002-8416-9203
http://orcid.org/0000-0002-8416-9203
http://orcid.org/0000-0002-3475-1369
http://orcid.org/0000-0002-3475-1369
http://orcid.org/0000-0002-3475-1369
http://orcid.org/0000-0002-3475-1369
http://orcid.org/0000-0002-3475-1369
http://orcid.org/0000-0001-6103-6048
http://orcid.org/0000-0001-6103-6048
http://orcid.org/0000-0001-6103-6048
http://orcid.org/0000-0001-6103-6048
http://orcid.org/0000-0001-6103-6048
http://orcid.org/0000-0002-6046-024X
http://orcid.org/0000-0002-6046-024X
http://orcid.org/0000-0002-6046-024X
http://orcid.org/0000-0002-6046-024X
http://orcid.org/0000-0002-6046-024X
http://orcid.org/0000-0003-1647-8917
http://orcid.org/0000-0003-1647-8917
http://orcid.org/0000-0003-1647-8917
http://orcid.org/0000-0003-1647-8917
http://orcid.org/0000-0003-1647-8917
http://orcid.org/0000-0001-9793-419X
http://orcid.org/0000-0001-9793-419X
http://orcid.org/0000-0001-9793-419X
http://orcid.org/0000-0001-9793-419X
http://orcid.org/0000-0001-9793-419X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52870-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52870-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52870-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52870-w&domain=pdf
mailto:sebastien.nisole@inserm.fr
www.nature.com/naturecommunications


Europe 1–58–10. USUV belongs to the JEV serocomplex, along with
West Nile virus (WNV) and other neurotropic mosquito-borne
flaviviruses11. USUV and WNV share the same transmission cycle
involving wild birds as reservoirs and amplifying hosts, and Culex
mosquitoes as vectors. Both viruses cause major avian epidemics,
leading to mass mortality in wild birds. They can also infect mam-
mals, including humans, who cannot transmit the virus to mosqui-
toes but can nevertheless develop severe neurological symptoms12.
To date, there is no treatment or vaccine available for WNV or USUV
infections.

Similar to other viruses, the replication of USUV and WNV is effi-
ciently impeded by type I interferons (IFN–I)13–15, which are cytokines
released by eukaryotic cells in response to viral infection16–18. These
cytokines have no antiviral activity per se, but act by inducing the
expression of hundreds of genes known as interferon-stimulated
genes (ISGs). The products of these ISGs enable the establishment of a
so-called antiviral state, rendering the cells highly resistant to any viral
infection16–18.

Considerable efforts have been invested in identifying key
ISGs responsible for the antiviral activity of IFN–I against major
human pathogenic viruses17,18. This has led to the identification of
several human ISGs with potent antiviral effects against
flaviviruses19–26, including IFI6, SHFL, and ISG20. All these antiviral
cellular factors interfere with different stages of the viral life cycle.
IFI6 has robust anti-flavivirus activity through inhibiting viral fac-
tory formation in the endoplasmic reticulum23,24. SHFL (also known
as C19orf66, IRAV or RyDEN) is believed to bind viral RNA and to
disrupt viral translation22,27. ISG20, which belongs to the DEDDh
subgroup of 3′–5′ exonucleases, contains three conserved exonu-
clease motifs, named Exo I, II and III28,29. ISG20 selectively degrades
single-stranded RNA substrates30, and has been shown to inhibit
the replication of many unrelated RNA viruses, including members
of the Retroviridae31,32, Orthomyxoviridae33,34, Rhabdoviridae33,35,
Picornaviridae33,36 and Flaviviridae19,36,37 families. While the con-
ventional understanding was that ISG20′s antiviral activity pri-
marily involved the degradation of viral RNAs, recent studies have
proposed an alternative mechanism wherein ISG20 may inhibit
RNA translation into viral proteins35,38.

Although ISGs have been extensively studied for their inter-
ference with widely prevalent flaviviruses including DENV, ZIKV, and
WNV, no such investigations have been conducted on USUV. The
identification of key anti-USUV ISGs would not only extend our
knowledge of the pathophysiology of the infection but would also
pinpoint potential vulnerabilities in the virus life cycle, which could
then be harnessed for future therapeutic strategies.

In this work, we identify USUV as the only mosquito-transmitted
flavivirus whose replication is not inhibited by ISG20, thanks to a
unique sequence in its 3′–UTR that confers resistance to ISG20-
mediated degradation to its genome. We tested 12 known human ISGs
for their antiviral activity on USUV and report that USUV replication is
sensitive to the same ISGs as WNV, with the notable exception of
ISG20. Surprisingly, we found that USUV is the only mosquito-borne
flavivirus tested to be resistant to ISG20-mediated restriction.We used
various methods to show that the genome of USUV is intrinsically
resistant to the ISG20-mediateddegradation, and that this resistance is
conferred by a specific domain, known as Dumbbell 2 (DB2), within its
3′–UTR. Interestingly, the replacement of WNV DB2 by that of USUV
was sufficient to confer resistance to ISG20-mediated degradation,
without affecting infectivity, suggesting that other flaviviruses may
acquire resistance to this IFN-induced exonuclease. Altogether, our
study demonstrates that the antiviral activity of ISG20 is primarily
driven by its capacity to degrade viral RNA in the context of flavivirus
infections and provide evidence that certain secondary structures,
such as internal stem-loops, are key to resisting ISG20-mediated
degradation.

Results
USUV is the only mosquito-borne flavivirus resistant to ISG20-
mediated inhibition
To assess the sensitivity of USUV to human ISGs, we performed a mini
expression screen on 12 ISGs that are known to inhibit the replication
of most flaviviruses, i.e. EIF2AK2 (also known as PKR), IFI6, IFIT1, SHFL,
SLFN11, TRIM56, ZC3HAV1 (also known as ZAP), ISG20, IFITM1–3, and
RSAD2 (also known as Viperin)19–25,39,40. The assay is based on the use of
a bicistronic lentiviral vector, named SCRPSY, co-expressing an ISG
and the red fluorescent protein TagRFP (Fig. 1A), as previously
described20,41–44. HEK 293 T cells were first transduced with the ISG-
encoding SCRPSY lentivectors at a dilution leading to around 50% of
transduced cells (i.e. 1 TCID50), then challenged for 48 h with 1 TCID50

ofwild-typeUSUVAfrica 2 (AF2) orWNV lineage 2 (L2). Viral replication
in TagRFP-negative and TagRFP-positive cells was assessed by flow
cytometry, using a pan-flavivirus antibody (Fig. 1A). As expected, given
that USUV and WNV are closely related, both viruses showed similar
susceptibility to all ISGs, with the notable exception of ISG20 (Fig. 1B).
Indeed, WNV replication was efficiently inhibited by ISG20, as pre-
viously described19, whereas USUV replication remained unaffected.

To ensure that this was not a cell type-specific phenomenon, we
comparedWNV and USUV replication in four other cell types (i.e. Vero
E6, A549, HeLa and Huh7.5) overexpressing ISG20 or not. In all cell
types, ISG20 was able to inhibit WNV L2 replication but not that of
USUV AF2 (Fig. 1C), thus demonstrating that USUV resistance to ISG20
is not cell-type specific.

Next, we sought to verify whether the observed phenotype was
specific to the viruses and strains we used, or if it was a general phe-
notype. To this end, we generated stable cell lines expressing ISG20
from Vero E6 or HEK 293T cells transduced with the corresponding
SCRPSY lentivectors (Fig. 1D). As controls, twowell-characterized ISGs,
IFI6 and SHFL, known for their broad anti-flavivirus activity, were
included in this experiment22–24,27. Transgene expression was con-
firmed by flow cytometry (Fig. 1E and Supplementary Fig. 1) and
Western blot (Fig. 1F).We then compared the susceptibility to ISG20of
several strains of WNV and USUV along with two other phylogeneti-
cally related mosquito-borne flaviviruses: DENV and ZIKV. As we
noticed that DENV and ZIKV preferably infect Vero E6 cells and already
ruled out a cell-specific effect of resistance to ISG20 (Fig. 1C), these
cells were used for DENV and ZIKV infections, while HEK 293T cells
were used for WNV and USUV infections.

Cells were challenged with 14 different mosquito-borne flavi-
viruses representative of four DENV serotypes (serotypes 1–4), the
Asian lineage of ZIKV, the two lineages ofWNV (lineage 1 and 2), and six
different lineages of USUV (Africa 2 and 3, Europe 1–3 and 5) (Fig. 1G).
As expected, all tested viruses were efficiently inhibited by IFI6 and
SHFL (Fig. 1H). Strikingly, ISG20 was able to block the replication of all
flaviviruses we tested, with the notable exception of USUV (Fig. 1H).
Indeed, apart from USUV EU5, which corresponds to a minor lineage
identified in a few birds in Germany10, all USUV strains circulating in
Africa or Europe proved resistant to ISG20, including AF2, AF3, EU1,
EU2 and EU38–10. The fact that most USUV lineages show resistance to
ISG20 rules out the possibility that this is a strain-specific phenotype,
therefore implying that the resistance to ISG20 is an intrinsic, dis-
tinctive and conserved property of USUV.

ISG20 is an effector of the antiviral activity of IFN–I against
WNV, but not USUV
To investigate the molecular basis for the differential susceptibility of
flaviviruses to ISG20, we selected a sensitive virus (WNV L2) and a
resistant one (USUV AF2) for further experiments. We first evaluated
the antiviral activity of the endogenous protein, following its induction
by IFN–I. To select a suitable cell model for these experiments, dif-
ferent cell lines (i.e. HEK 293T, A549, HT1080 and Huh7.5) were trea-
ted with IFN–I and the expression of several ISGs, namely MX1, MX2,
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IRF7, IFI6, SHFL and ISG20 was assessed by RT-qPCR at 8 h post-
treatment (Fig. 2A). Among the treated cells, A549 cells were the most
responsive to IFN–I stimulation, notably leading to a significant
induction of IFI6, SHFL and ISG20, as shown by RT-qPCR (Fig. 2A), and
confirmed by Western blot (Fig. 2B). Therefore, A549 cells were
selected as a suitable model for further analyses.

To evaluate the respective contribution of IFI6, SHFL and ISG20 in
WNV and USUV restriction by IFN–I, A549 cells were transfected with
irrelevant (i.e. targeting PPIB) or specific siRNAs, and treated or not
with IFN–I (Fig. 2C). The knockdown (KD) efficiency was confirmed by
RT-qPCR analyses showing that siRNAs targeting IFI6, SHFL, and ISG20
transcripts effectively decreased the expression of the corresponding
genes upon IFN–I stimulation (Fig. 2D). Then, the cells were infected
for 24 h with WNV L2 or USUV AF2 at a MOI of 1 and viral RNA yields
were evaluated by RT-qPCR.

In control PPIBKD cells, IFN–I blocked the replication of both
viruses (Fig. 2E), with USUV being more sensitive than WNV, as pre-
viously described15. As expected, in IFI6KD and SHFLKD cells, the antiviral

effect of IFN–I was partially reversed (Fig. 2E). The KD of IFI6 led to the
most efficient rescue in viral RNAquantity, demonstrating that this ISG
is the main effector of the antiviral activity of IFN–I for both viruses
(Fig. 2E). In ISG20KD cells, on the other hand, WNV replication was
partially restored, but not USUV replication (Fig. 2E), thus demon-
strating that, unlikeWNV, ISG20 is not aneffector of the antiviral effect
of IFN–I against USUV.

This observation was further confirmed by a knockout (KO)
approach, in which we generated ISG20KO A549 cells by CRISPR/Cas9,
leading to the deletion of the Exo II domain of ISG20 (Fig. 2F and
Supplementary Fig. 2), thus abolishing functional expression (Fig. 2G).
Wild-type or ISG20KO cells were infected for 48 hwithWNV L2 or USUV
AF2 at a MOI of 1 and infection was evaluated by flow cytometry. We
showed again that WNV and USUV equally infected control and
ISG20KO cells in the absence of IFN–I, and that USUV replication was
more sensitive to IFN–I thanWNV (Fig. 2H).Moreover, WNV replicated
significantly better in ISG20KO cells than in control cells in the presence
of IFN–I, whereas USUV replication was inhibited, irrespective of the
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Fig. 1 | USUV is the onlymosquito-borne flavivirus resistant to ISG20-mediated
inhibition. AOrganization of the SCRPSY lentivector and graphical representation
of the transient expression mini-screen and experimental procedure. B Results of
the transient expression mini-screen in HEK 293 T cells, infected with WNV L2 or
USUV AF2. Each dot represents one ISG. Shading highlights genes with or without
observed antiviral activity. ISG20 is indicated with red dots. C Flow cytometry
analysis of VeroE6, A549, HeLa andHuh7.5 cells overexpressing ISG20 and infected
withWNV L2 or USUVAF2 (MOI of 1) for 48 h. An empty SCRPSY vector was used as
a control.D Experimental procedure to generate stable Vero E6 andHEK 293 T cells
expressing IFI6, SHFL, ISG20, and empty SCRPSY vector. E Flow cytometry analysis
of TagRFP expression in stable Vero E6 cells. FWestern blot analysis of IFI6, SHFL,
and ISG20 expression in stable HEK 293 T cells. Molecular weight markers (in kD)

are indicated.G Phylogenetic tree of the viral strains used in this study. The protein
sequences of the indicated viruses were aligned with MUSCLE, refined with BMGE
and tree was generated with PhyML.H Vero E6 cells stably expressing IFI6, SHFL or
ISG20were infectedwith four serotypes of DENV and two strains of ZIKV (MOI of 1).
HEK 293 T cells stably expressing IFI6, SHFL or ISG20 were infected with two WNV
lineages and sixUSUV lineages (MOI of 1). Infectionwas assessed by flowcytometry
at 48h post-infection. I Data are presented as individual biological replicates and
mean ± SD, except in panel B where dots represent the mean of two biological
replicates. ***, P ≤ 0.001; **, P ≤ 0.01; ns, P > 0.05 (one-way ANOVA followed by
Tukey’s HSD post hoc). Exact P-values are provided in Supplementary Table 7.
Abbreviations: LTR, long terminal repeat; PAC, puromycin N-acetyltransferase;
TagRFP, red fluorescent protein. Source data are provided as a Source Data file.
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ISG20 expression status (Fig. 2H). Altogether, these results confirm
that USUV is resistant to ISG20-mediated restriction, whileWNV is not,
regardless of whether ISG20 expression occurs by exogenous over-
expression or by IFN–I endogenous induction.

The USUV genome is intrinsically resistant to ISG20-mediated
degradation
Although ISG20 exonuclease activity is well characterized and its
ability to degrade viral RNAs in vitro has been formally
demonstrated30–33,45–47, it remains debated whether ISG20 exerts its
antiviral activity by degrading or inhibiting translation of viral
RNAs35,38.

To assess whether ISG20 was capable of degrading viral genomic
RNA, HEK 293 T cells were infected for 24 h with WNV L2 or USUV AF2
at a MOI of 1. Total RNA, purified from infected cells was incubated
with or without recombinant wild-type human ISG20 (rhISG20WT) for
1 h at 37 °C (Fig. 3A). As a control, a catalytically inactive32,35 mutant of
ISG20 (rhISG20D94A) was also included in this experiment, in order to
ensure that RNA degradation was not caused by non-specific RNase
activity present in RNA or protein purifications. Following RNA incu-
bation with or without rhISG20WT or rhISG20D94A, residual cellular (i.e.
RPL13A, ACTB, and B2M housekeeping gene transcripts) and viral
RNAswere quantified by RT-qPCR analyses using primers targeting the
3′–UTR of the two viruses, as this region would be the first to be
degraded by ISG20. Ex cellula, ISG20 degrades all RNAs with no dis-
tinction between self and non-self transcripts30. Indeed, incubation
with rhISG20WT resulted in a significant decay of both cellular and viral
RNAs (Fig. 3B). In contrast, rhISG20D94A did not induce RNA degrada-
tion, thus ruling out the presence of unspecific RNase activity. Inter-
estingly, USUV RNA was degraded with the same efficiency as
housekeeping gene transcripts following incubation with rhISG20WT,
whereas WNV RNA showed more extensive degradation (Fig. 3B). This

greater sensitivity of WNV to ISG20-mediated degradation is better
highlighted using a 2-ΔΔCt analysis, i.e. bymeasuring the amount of viral
RNA relative to the housekeeping genes (Fig. 3C). These results sug-
gest that USUV RNA is intrinsically more resistant to the exonuclease
activity of ISG20 than that of WNV.

The mechanism by which ISG20 degrades viral RNAs while
sparing cellular RNAs is not fully understood. While polyA tails and
polyA-binding proteins likely protect cellular mRNAs47, other fea-
tures on the 3′ end of the RNA, including secondary structures like
stem-loops30,46, and RNA methylations, might influence RNA sus-
ceptibility to the exonuclease activity of ISG20. In this respect,
ISG20was shown to specifically degradeN6-methyladenosine (m6A)
modified Hepatitis B Virus (HBV) transcripts through recruitment
by YTHDF248 (Fig. 3D), and we recently demonstrated that internal
2′-O-methylations (2′-O-Me) of the HIV-1 genome conferred resis-
tance to ISG2032 (Fig. 3E).

Considering the role of RNA methylations in ISG20 activity and
the presence of m6A and 2′-O-Me modifications in the genomes of
ZIKV49 andDENV50, respectively, we investigatedwhether the genomes
of WNV and USUV had different methylation profiles, which might
explain their different sensitivity to ISG20. We focused on the 3′–UTR
of the two viruses, since this is the first region to undergo degradation
by ISG20. In silico analysis revealed a conserved m6A profile (Fig. 3D)
but divergent 2′-O-Me sites distribution (Fig. 3E) betweenWNV L2 and
USUV AF2 genomes, therefore making 2′-O-Me a prime candidate for
USUV resistance to ISG20.

To investigate whether USUV, like HIV-1, can evade ISG20 through
internal 2′-O-Me within its genome, we took advantage of an ISG20
mutant (R53A/D90A) that we recently described as being able to
degrade RNA regardless of the presence of 2′-O-Me32. We also included
in our experimental procedure the catalytically inactive mutant of
ISG20 (D94A) as a control32,35. The antiviral activity of wild-type ISG20
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and bothmutants was assessed by reintroducing each protein into the
previously generated ISG20KO A549 cells (Fig. 2F) using lentiviral vec-
tors (Fig. 3F). Once ISG20 expression was confirmed by Western blot
analysis (Fig. 3F), cells were infected for 48hwithWNV L2 orUSUVAF2
at a MOI of 1 and infection was assessed by flow cytometry. WNV
replication was efficiently inhibited by wild-type ISG20 addback, while
USUV remained unaffected (Fig. 3G). As expected, the inactive D94A
mutant ISG20 showed no antiviral activity (Fig. 3G). In contrast, the
R53A/D90A double-mutant ISG20 inhibited WNV but not USUV
(Fig. 3G), suggesting that USUV resistance to ISG20 is not due to 2′-O-
Me that might be found within its 3′–UTR.

To validate these findings, we replicated the experiments in HEK
293T cells thatwere transfectedwith plasmids expressingwild-type or
mutant ISG20 (Fig. 3H) and infected for 48 hwithWNV L2 orUSUVAF2
at aMOI of 1. Under these conditions, weobserved a similar phenotype
as in ISG20KO A549 cells expressing the different mutants of ISG20,
although in this new condition, USUVwasnot entirely resistant towild-
type ISG20 overexpression, presumably because of the higher
expression of ISG20 due to transient transfection (Fig. 3I). Once again,
neither virus was affected by expression of the catalytically inactive
D94A mutant, while only WNV was inhibited by the R53A/D90A
double-mutant (Fig. 3I). Altogether, these results confirm that RNA
methylation is unlikely to contribute to the USUV resistance to ISG20.
They also provide definitive proof that the anti-flaviviral activity of
ISG20 is dependent on its exonuclease activity.

The USUV 3′–UTR is intrinsically resistant to ISG20-mediated
degradation
ISG20 degrades RNAs from their 3′ end28,30. Given that flavivirus
genomicRNA lacks apolyA tail but have ahighly structured 3′–UTR51–55,

we sought to determine whether USUV 3′–UTR could resist ISG20-
mediated degradation. To this end, we used in vitro transcription to
generate unmodified 3′–UTRs ofWNVL2 andUSUVAF2, and evaluated
their susceptibility to ISG20-mediateddegradationby incubating them
with varying concentrations of wild-type rhISG20WT. We then quanti-
fied the amount of residual RNA by RT-qPCR (Fig. 4A and Supple-
mentary Fig. 3). Our findings showed that USUV 3′–UTR exhibited
significantly greater stability at all rhISG20WT concentrations
(<500 nM), compared toWNV3′–UTR (Fig. 4B). This relative resistance
of USUV 3′–UTR compared to that of WNV can also be observed
directly on an agarose gel, using RNase A as a positive control for RNA
degradation (Fig. 4C). Similarly, treatment with rhISG20WT in a time
course experiment confirmed the slower decay of USUV 3′–UTR
compared to WNV 3′–UTR (Fig. 4D). Again, no unspecific RNase
activity was observed with the catalytically inactive rhISG20D94A

(Fig. 4D). Using higher concentrations of rhISG20WT (2.5 μM), we were
able to observe USUV 3′–UTR degradation beginning at 15min of
incubation. Interestingly, after 1 h, an ISG20-resistant digestion pro-
duct was detected, approximately 100 nucleotides lighter than the
template (Fig. 4E).

These results show that USUV 3′–UTR is intrinsically resistant to
ISG20-mediated degradation without the contribution of any external
factors or post-transcriptional modifications. They also suggest that
the ISG20-resistant domain may lie around 100 nucleotides upstream
of the 3′ end of USUV genome.

The USUV 3′–UTR confers resistance to ISG20-mediated
degradation
Next, we sought to evaluate whether the USUV 3′–UTR would
confer ISG20 resistance to a sensitive virus. To test this
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hypothesis, we constructed a chimeric replicon of WNV by
switching the 3′–UTR of an eGFP-encoding WNV L2 replicon with
that of USUV AF2 (Fig. 4F).

The wild-type WNV L2 reporter virus particles (RVPs) and the
resulting chimeras (referred to as 3′–WNV and 3′–USUV RVPs,
respectively) were generated by co-transfecting HEK 293 T cells with
the respective replicons and a plasmid encoding WNV structural pro-
teins. Both the parental and chimeric 3′–USUV RVPs replicated effi-
ciently in HEK 293 T cells, as evidenced by fluorescent microscopy
(Fig. 4G) andflowcytometry (Fig. 4H). Additionally, bothwerepotently
suppressed when IFI6 or SHFL were overexpressed in HEK 293 T
(Fig. 4G). However, distinct behavior was observed upon ISG20 over-
expression, since the replication of 3′–WNV RVPs was inhibited by
ISG20, whereas the chimeric 3′–USUV RVPs exhibited complete resis-
tance (Fig. 4I).

This finding was further explored by assessing the sensitivity of
replicon RNAs to ISG20-mediated degradation. For this, total RNAs
were extracted from HEK 293 T cells infected with either the 3′–WNV
or 3′–USUV RVPs and were subject to wild-type rhISG20 degradation.
Once again, the chimeric 3′–USUV replicon displayed similar degra-
dation to housekeeping gene transcripts, whereas the parental

3′–WNV replicon was more susceptible (Fig. 4J). The protective role
provided by USUV 3′–UTR to the WNV reporter RNA was further
supported by comparing the amount of viral RNA relative to house-
keeping gene expression (Fig. 4K).

Together, our results demonstrate that USUV resistance to ISG20
is conferred by its 3′–UTR. Furthermore, and importantly, this resis-
tance can also be transferred to an ISG20-susceptible virus.

USUV DB2 is responsible for USUV 3′–UTR resistance to ISG20
The 3′–UTR of mosquito-borne flaviviruses is highly structured51–55,
consisting of three autonomously folded domains (Fig. 5A). Domain 1,
which is located just downstream of the stop codon, is the longest and
most variable, featuring simple and branched stem-loop (SL)
structures53. Domain 2 is comparatively more conserved and contains
one or two dumbbell (DB) structures (DB1 and DB2)52. In addition to
these secondary structures, SL and DB have been shown to form
pseudoknots (PKs), thus conferring an even more complex 3D
structure56–58. Domain 3 is the shortest and most conserved, and con-
sists of a small hairpin (sHP) followed by a terminal 3′SL structure
which is particularly stable. This domain is crucial for viral replication
as it allows the circularization of the genome52,55. Collectively, the
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described in panel B (MOI of 0.1) and treated with rhISG20WT for 1 h. The relative
amount of RNA was normalized to the geometric mean of three housekeeping
genes (RPL13A, ACTB and B2M), following the 2–ΔΔCt method. Data are presented as
a percentage of the relative amount of RNA compared to untreated samples.
E Secondary structure diagrams of WNV and USUV DB2 fragments, obtained by
hSHAPE on the full-length 3′–UTR ofWNV and USUV (presented in Supplementary
Fig. 4)with overlayofhSHAPE reactivities. Position numbering starts at+1 after stop
codon. Arrowheads indicate the region further analyzed in the exonuclease assay
shown in panel I. The black lines indicate the nucleotides involved in pseudoknot
formation (PK), while the green shaded lines show the complementary sequence
(CS) present in the regions flanking USUV DB2. F Genomic organization of USUV
AF2 DB2 and USUV EU5 DB2 regions inserted in place of parental DB2 within the
3′–UTR of the WNV replicon. G HEK 293 T cells stably expressing ISG20 were

infected for 48h with WNV or chimeric RVPs described in panel F (MOI of 1).
Infection was assessed by flow cytometry. H RT-qPCR analysis of rhISG20WT exo-
nuclease assay of total RNA extracted from HEK 293 T cells infected for 24h with
WNVor chimeric RVPs described in panel F (MOI of 0.1) and treatedwith rhISG20WT

for 1 h. The relative amount of RNA was normalized to the geometric mean of the
three housekeeping (RPL13A, ACTB andB2M), following the 2–ΔΔCt method.Data are
presented as a percentage of the relative amount of RNA compared to untreated
samples. I Experimental procedure for exonuclease assay on 5′ end
32P-radiolabelled WNV L2 and USUV AF2 DB2 RNA fragments incubated with
rhISG20 and electrophoretic analysis. The RNA sequences used are indicated
between the arrowheads in panel E and are also described in the Materials and
methods section. Template sizes (nucleotides) are indicated. JQuantification of the
specificWNV L2 DB2 and USUV AF2 DB2 RNA substrate 3′ end excision by rhISG20.
K Proposed model for USUV escape to ISG20-mediated degradation. Data are
presented as individual biological replicates and mean± SD. ***, P ≤ 0.001; **, P ≤

0.01; *, P ≤ 0.05; ns, P > 0.05 (two-way ANOVA followed by Tukey’s HSD post hoc).
Exact P-values are provided in Supplementary Table 7. Abbreviations: SL, stem-
loop; DB, dumbbell; PK, pseudoknot; CS, complementary sequence; sHP, short
hairpin; rhISG20, recombinant human ISG20; ND, no data. Source data are pro-
vided as a Source Data file.
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different domains within the 3′–UTR play a vital role in the life cycle of
flaviviruses in both mosquitoes and mammals.

In addition toUSUV’s unique resistance to ISG20, it is important to
note that the 3′–UTR of flaviviruses is notoriously resistant to the 5′−3′
exonucleaseXRN1. Indeed, the incomplete degradationof viral RNAby
XRN1, which stalls on the folded RNA structures present in the
3′–UTRs, generates small 3′–UTR-derived non-coding RNAs, which are
known as subgenomic flaviviral RNAs (sfRNAs)59–62. Numerous studies
have focused on the structure and functions of sfRNAs, which play
multiple roles in facilitating viral pathogenicity63, including by inhi-
biting the IFN response in target cells64.

Sincewedetermined thatUSUV resistance to ISG20wasconferred
by its 3′–UTR, we sought to determine whether one of its 3 domains
was specifically responsible for this phenotype. To do this, we engi-
neered chimeric WNV L2 replicons containing progressively shorter
segments of the 3′–UTR of USUV. The chimeras generated included
either all three domains of USUV 3′–UTR (USUV D1/D2/D3, i.e. the
previously described 3′–USUV), the last twodomains (USUVD2/D3), or
only the last domain (USUVD3). The resulting chimeric RVPswere then
compared to the wild-type WNV RVPs (Fig. 5B).

As expected, overexpression of IFI6 or SHFL effectively blocked
the infection of all RVPs (Fig. 5C), and overexpression of ISG20 inhib-
ited WNV RVPs but not the chimeric USUV D1/D2/D3 RVPs (Fig. 5C),
consistent with our previous findings (Fig. 4I). The chimeric USUV
D2/D3 RVPs retained this resistance, whereas the USUV D3 RVPs were
inhibited by ISG20 overexpression (Fig. 5C). This finding was once
again confirmedby assessing the sensitivity of repliconRNAs extracted
from RVP-infected HEK 293 T to rhISG20-mediated degradation
(Fig. 5D). Taken together, these results therefore indicate that resis-
tance to ISG20 is primarily mediated by the domain 2 of the USUV
3′–UTR, in agreement with the block located around 100 nucleotides
upstream of the 3′ end of the USUV 3′–UTR suggested by our previous
observations (Fig. 4E).

We then used benzoyl cyanide (BzCN) to analyze by high-
throughput selective 2′–hydroxyl acylation analyzed by primer
extension (hSHAPE) the detailed secondary structure of USUV and
WNV 3′–UTR RNAs. We used our previously generated 3′–UTR chi-
meric replicons (Fig. 4F) as templates for consistency with our func-
tional investigations. SHAPE experiments interrogate RNA structural
dynamics using electrophilic reagents that preferentially acylate the
2′–hydroxyl (2′OH) ribose group of flexible nucleotides that most
often correspond to single-stranded RNA65,66. 2′OH acylation leads to a
block to reverse transcription that can be quantified using fluorescent
oligonucleotides on a capillary electrophoresis device67. First, we
analyzed the SHAPE reactivities of WNV and USUV 3′–UTR RNAs and
showed that the deduced secondary structuremodels (Supplementary
Fig. 4) are rather consistent with previous flavivirus 3′–UTR models
(Fig. 5A) and consists of three autonomously folded domains51–55,59.

Based on their homology to sequences in other mosquito-borne
flaviviruses, several nucleotides in the large bulge of SL1 (WNV 89 – 95)
and in the lower stem of SL1 (WNV 113 – 119) are predicted to partici-
pate in the formation of an RNA pseudoknot (PK). In our conditions,
thesepositions reactwithBzCN (Supplementary Fig. 4) arguing against
the formation of a stable PK60,68. However, such a structure may be
transient or unstable under the probing conditions. Domain 2 is a
conserved region and our chemical data analyses suggest the presence
of the DB structures (DB1 and DB2) and the formation of the two PK
motifs: for WNV, PKs involve nucleotides 335 – 339 (DB1) and 411 – 415
(DB2) which base pair with nucleotides 461 – 435 and 473 – 477,
respectively; and for USUV, PKs involved nucleotides 410 – 414 (DB1)
and 490 – 494 (DB2) which base pair with nucleotides 542 – 546 and
549 – 553, respectively (Fig. 5E). Finally, our chemical probing data
concerning domain 3 are consistent with the formation of a previously
identified stem-loop structure and small upstream hairpin at the
3′ terminus of the WNV and USUV RNAs.

These hSHAPE data did not identify any notable differences in the
RNA conformation of domain 2 between USUV and WNV besides a
complementary sequence (CS) consisting of four nucleotides on either
side of USUV DB2 that is absent in the WNV 3′–UTR (Fig. 5E). This
suggests that USUV DB1 and/or DB2 may adopt a distinctive 3D
structure that is resistant to ISG20-mediated degradation. Given that
DB2 is the first that ISG20 will encounter and has the additional CS, we
investigated whether this structure would be sufficient to confer WNV
resistance to ISG20. We therefore replaced the DB2 of the WNV L2
replicon with that of USUV AF2 (Supplementary Fig. 5 and Fig. 5F). The
phenotype of this chimeric replicon was assessed in HEK 293 T over-
expressing ISG20 (Fig. 5G), and with rhISG20 treatment of total RNA
extracted from infected cells (Fig. 5H). As a control, we also assessed
the ISG20 sensitivity of a WNV L2 replicon containing the ISG20-
sensitive USUV EU5 DB2 (Supplementary Fig. 5 and Fig. 5F). System-
atically, the insertion of USUV AF2 DB2 resulted in significant resis-
tance to ISG20, whereas that of USUV EU5 DB2 did not (Fig. 5G, H),
indicating that USUV AF2 DB2 is sufficient to confer resistance
to ISG20.

To confirm these observations and visualize this difference in
susceptibility to ISG20-mediated degradation between WNV L2 and
USUV AF2 DB2s, radiolabeled synthetic RNAs corresponding to the
DB2 regions of WNV L2 (i.e. nucleotides 386 – 458, in-between
arrowheads on Fig. 5E) and USUV AF2 (i.e. nucleotides 461 – 542, in-
between arrowheads on Fig. 5E), were incubated with rhISG20 and
their decay was analyzed on urea-PAGE in a time course experiment
(Fig. 5I). As a control, we aimed to treat the sHP/3′SL sequences of both
viruses with rhISG20, but this domain was barely degraded in our
experimental conditions (Supplementary Fig. 6). The level of both
structured RNA substrates decreased over time, as expected (Fig. 5I, J).
However,whileWNVL2DB2 substrate decayed linearly, USUVAF2DB2
exhibited a distinct pattern with intermittent halts. For instance, after
5minutes, the USUVAF2DB2 substrate lightened by a fewnucleotides,
as shown with a black arrowhead (Fig. 5I), suggesting that ISG20
initiated degradation but paused after a short sequence. After
15minutes and beyond, the differences became more pronounced:
USUV AF2 RNA 3′ end excision consistently lagged behind that ofWNV
DB2 (Fig. 5J). These findings further confirm that USUV AF2 DB2 is
intrinsically more resistant to ISG20-mediated degradation than its
WNV L2 counterpart.

Altogether, our results demonstrate that the main determinant of
USUV resistance to ISG20 is the DB2 structure located in the 3′–UTR of
its genome.

Discussion
Although USUV has been described to be sensitive to IFN13–15, no stu-
dies have yet identifiedwhich ISGs inhibit its replication. To investigate
this, we tested the main ISGs that are known to inhibit WNV replica-
tion, given the close phylogenetic relationship between the two viru-
ses. As expected, most of these ISGs were effective in inhibiting USUV
replication, including IFI6, IFIT1, and SHFL. Surprisingly, neither RSAD2
(Viperin) nor IFITMs were found to block WNV or USUV infection
in our mini-screen, despite their well-documented anti-flaviviral
activity19,20,39,40. It is possible that the use of wild-type viruses instead of
reporter virus-like particles, as in most previous studies19,20,39,40, could
explain these contradictory observations. But the most striking result
that emerged from our comparative mini-screen was that USUV and
WNV have entirely different sensitivity to ISG20.

Initially discovered in 1997 as a novel ISG69, ISG20 was later
identified as a 3′–5′ exonuclease able preferentially to degrade single-
stranded RNA in vitro30. By 2003, it was established that ISG20 is an
IFN–I effector that effectively inhibits replication of unrelated
RNA viruses such as vesicular stomatitis virus (Rhabdoviridae)33,35,
influenza virus (Orthomyxoviridae)33,34, and encephalomyocarditis
virus (Picornaviridae)33,36. Subsequently, several other viruses, including
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flaviviruses, were identified as sensitive to ISG2019,36,37. However, our
work revealed USUV as an exception among flaviviruses, as it is the sole
testedviruswithin this genus to exhibit resistance to the antiviral effects
of human ISG20. This resistance phenotype is highly conserved among
the different USUV strains, since we have found that all USUV isolates
were resistant to ISG20, including EU1, EU2, EU3, AF2 and AF3. The only
exception was EU5, which proved to be sensitive to ISG20. The EU5
lineage comprises a fewavian viruses isolated inGermany in 2016, and it
has been proposed that this minor viral cluster be classified as the 5th
European lineage, which included only 4 at the time8–10. However, none
of these viruses has ever been associated with infections in humans or
even other mammals, so it is unlikely that they have undergone any
selection pressure towards human ISGs.

We characterized USUV resistance to ISG20 and discovered
that this resistance is not due to the recruitment of viral or cellular
proteins to viral RNA, nor to the presence of post-transcriptional
modifications. Instead, it is an inherent characteristic of the USUV
genome, which is naturally resistant to ISG20-mediated degrada-
tion. By constructing chimeric WNV replicons containing different
fragments of the USUV genome, we were able to map the deter-
minant of this resistance within the domain 2 of the USUV 3′–UTR.
Furthermore, we successfully identified the smallest domain cap-
able of conferring WNV resistance as USUV DB2. Since previous
studies have proposed that ISG20 struggles to break down ther-
modynamically stable RNA structures, such as stem-loops30,46,47, we
first hypothesized that USUV DB2 would have a particular sec-
ondary structure, rich in double-strand pairing, which would
explain why it was not degraded by ISG20. However, hSHAPE data
revealed that the secondary structure of USUV DB2 was in fact
broadly equivalent to that found in the WNV genome, therefore
suggesting that this domain may adopt a particular 3D structure
that prevents it from being degraded by ISG20. Another possible
explanation could be that it is during the degradation of USUV
3′–UTR that an RNA structure resistant to ISG20 is generated
(Fig. 5K). Indeed, if we compare the sequences located at the base
of the DB2, we noticed that USUV has a complementary sequence
(CS) comprised of four nucleotides on either side of the DB2,
whereas this is not the case for WNV (Fig. 5E). It is therefore pos-
sible that, during the degradation of USUV RNA, ISG20 breaks PK3
and PK4, which connect DB1 and DB2 to the downstream sequence,
respectively, allowing the complementary sequences to pair, gen-
erating a longer double-stranded RNA sequence that ISG20 would
have difficulty degrading (Fig. 5K). Neither WNV nor USUV EU5
would be able to form such structures in the absence of com-
plementary sequences at the base of DB2 (Supplementary Fig. 5).
Although speculative, this model may explain how, despite an
apparently identical secondary structure to WNV, the unique
context provided by the flanking sequences of the USUV DB2
would confer resistance to digestion by ISG20.

The fact that we were able to confer resistance to ISG20 by
replacing only a short 86 nucleotide sequence in its 3′–UTR raises the
question of whether another flavivirus could acquire this resistance
spontaneously. This may happen through mutations, or, more likely,
through RNA recombination events70–73. In this respect, WNV and
USUV co-circulate in many European countries74,75 and cases of co-
infection of birds have been reported76, suggesting that recombination
events between these two viruses are theoretically possible.

Yet, a crucial question remains: if ISG20 possesses the capacity to
hinder the replication of all flaviviruses, why has only USUV evolved an
evasion strategy while other flaviviruses have not? One plausible
explanation is that USUV might lack the robust mechanisms exhibited
by other flaviviruses to inhibit viral sensing, IFN synthesis, and IFN
signaling77–80. Studies have shown that USUV induces significantly
higher levels of IFN in human cells and ismore sensitive to the antiviral
effects of IFN compared to WNV14,15,81. Therefore, if USUV fails to

effectively counteract the IFN response, its survival could be depen-
dent on developing resistance to key antiviral ISGs. To test this
hypothesis, it would be necessary to evaluate the ability of USUV
proteins to antagonize the IFN response, mirroring previous investi-
gations conducted on major pathogenic flaviviruses14,15,81. However, it
is also possible that themutations identified in the 3′–UTR of USUV are
the result of an adaptation to its two main hosts, namely mosquitoes
and wild birds, and that the resistance they confer to human ISG20 is
fortuitous. One way of assessing whether ISG20 resistance confers a
selective advantage on USUV or is incidental, would be to evaluate the
sensitivity of USUV to avian ISG20.

While previous studies have proposed that ISG20 struggles to
break down thermodynamically stable secondary structures such as
stem-loops30,46,47, our work is the first to identify this as an actual
strategy employed by a virus to escape ISG20. This original strategy
developed by USUV contrasts with what has been described for HBV,
for which it is precisely a stem-loop that enables ISG20 degradation.
Indeed, ISG20 is recruited to HBV RNA via a direct interaction with a
stem-loop called Epsilon, prior to viral RNA degradation46.

USUV is not the only virus to overcome ISG20, since we recently
reported that HIV-1 can also resist ISG20-mediated degradation, but
through a distinct mechanism. Specifically, our findings revealed that
HIV-1 utilizes the FTSJ3 methyltransferase to introduce 2′-O-methyla-
tions into its genome82. This modification hinders the access of viral
RNA to the catalytic site of ISG20 through steric hindrance32,83. The
development of distinct strategies by unrelated viruses to evade
ISG20-mediated restriction highlights the great pressure imposed by
this cellular exonuclease on RNA viruses.

In the complex environment of an infected cell, the virus engages
in a race against antiviral factors. Our findings reveal that, when
compared to WNV, USUV DB2 inherently displays greater, but not
absolute, resistance to ISG20. On the other hand, the sHP/3′SL
sequences of both viruses completely resist ISG20 in vitro. However,
within the dynamic framework of an entire genome, these sequences
prove ineffective in safeguarding the remainder of the viral genome.
The temporal delay that USUV DB2 introduces to the ISG20 degrada-
tion may prove sufficient for replication to regain momentum within
the context of an infection.

While it was commonly accepted that ISG20 restriction depended
solely on its exonuclease activity, recent studies proposed that ISG20
binds to viral RNA, blocking its translation without causing
degradation35,38. Our current study, along with our prior research on
HIV-132 demonstrates that ISG20 primarily exerts its antiviral activity
through the direct degradation of viral RNA. This degradation was not
limited to in vitro conditions but was also observed in infected cells.
However, we cannot formally rule out the possibility that ISG20 may
also inhibit translation in infected cells, independently of its ability to
degrade RNA.

The exact mechanism by which ISG20 degrades viral RNAs while
sparing cellular RNAs remains an open question. Although certain
viruses that are sensitive to ISG20 have polyadenylated genomes (e.g.,
picornaviruses or retroviruses), the presence of a polyA tail seems
necessary but not sufficient to escape ISG20-mediated degradation47.
For viruses with a highly structured 3′ non-coding region instead of a
polyA tail, such as flaviviruses, the nature of RNA structures influences
their sensitivity to ISG20. Despite ISG20’s ability to degrade both viral
and cellular RNAs in vitro30, we observed amore severe degradation of
the genome of an ISG20-sensitive virus than that of a resistant virus, or
of cellular mRNAs. This implies that ISG20 alone does not specifically
discriminate between self andnon-self RNAbut rather succeedsor fails
in degrading different RNAs. Overall, these findings indicate that the
susceptibility of an RNA viral genome to ISG20-mediated degradation
is likely influenced by structural, genetic, and epigenetic determinants,
and further research will be necessary to fully elucidate these
mechanisms.
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Methods
Cell lines
HEK 293 T (CRL-11268), Vero E6 (CRL-1586), Huh7.584, HeLa (CCL-2),
A549 (CCL-185) HT1080 (CCL-121), and C6/36 cells (CRL-1660) were
purchased from the American Type Culture Collection (ATCC). HEK
293FT (R70007) cells were purchased from Thermo Fisher Scientific.
All cells, except C6/36, were cultured in complete high-glucose Dul-
becco′s modified Eagle′s medium (DMEM, Gibco) supplemented with
10% fetal bovine serum (FBS, Serana), and 1% Penicillin/Streptomycin
(Gibco), cells were kept at 37 °C with 5% CO2.

C6/36 cells were cultured in Leibovitz′s L15 medium (Gibco)
supplemented with 10% FBS, 1% Penicillin/Streptomycin, 1% tryptose
phosphate broth (Gibco), and 1% non-essential amino acids (Gibco),
cells were kept at 28 °C with no CO2.

Viruses
Usutu virus (USUV) Europe 2 (TE20421/Italy/2017) was kindly provided
by Giovanni Savini (Istituto Zooprofilattico Sperimentale dell′Abruzzo
e del Molise, Teramo, Italy). USUV Europe 1 (Vienna 2001-blackbird)
was provided by INIA Madrid (Spain). USUV Europe 5 (BNI507/2016/
Germany) was provided by the Bernhard Nocht Institute for Tropical
Medicine, Hamburg (Germany). USUV Europe 3 (USUV-HautRhin7315/
France/2015), USUV Africa 2 (Rhône2705/France/2015), USUV Africa 3
(USUV-HauteVienne4997/France/2018) and West Nile virus (WNV)
lineage 2 (WNV-6125/France/2018) were provided by ANSES (National
Agency for Food, Environmental and Occupational Health Safety,
France). WNV lineage 1 (WN-Tunisia-1997 PaH001) was provided by
Isabelle Leparc-Goffart (French National Reference Center on Arbo-
viruses, Marseille, France).

Dengue virus 1 (UVE/DENV-1/2012/VC/16692), Dengue virus 2
(UVE/DENV-2/2014/FR/CNR_26104), Dengue virus 3 (UVE/DENV-3/
2015/TH/7716), Dengue virus 4 (UVE/DENV-4/2014/HT/6169) and Zika
virus (strains H/PF/2013 and MRS/OPY/Martinique/PaRi/2015) were
kindly provided by Xavier de Lamballerie (Unité des Virus Emergents,
Aix Marseille Université, Marseille, France), through the European
Virus Archive GLOBAL (EVA-GLOBAL) project.

All viruses were amplified on C6/36 cells. Viral stocks were pre-
pared by infecting 80% confluent C6/36 cells for 2 h, the inoculumwas
then removed, fresh medium was added on the cells, and cellular
supernatants were collected 5 (USUV andWNV), 7 (DENV), or 10 (ZIKV)
days after infection when cytopathic effect was observed. Viral titers
were determined by TCID50 using the Spearman–Kärber method and
flow cytometry85. Information on strain accession numbers, number of
passages, and titers of the viral pools are detailed in Supplementary
Table 1.

Infections were carried out by inoculating cells with a low volume
of viral dilution, at an appropriate multiplicity of infection (MOI) as
detailed in figure legends, in serum-free DMEM for 2 h. The inoculum
was then removed, cells were washed with phosphate-buffered saline
(PBS, Gibco), and cultured in fresh DMEM, 2% FBS, 1% Penicillin/
Streptomycin.

ISG overexpression
ISG overexpression was performed using lentiviral constructions from
the SCRPSY library (GenBank accession no. KT368137) that express a
red fluorescent protein (TagRFP) and puromycin resistance, as
described previously41. Constructions carrying IFI6, SHFL or ISG20
were co-transfected with VSV-G (pMD2.G, Addgene accession no.
12259), and HIV-1 gag-pol (pCMVR8.74, Addgene accession no. 22036)
in HEK 293 T cells using polyethylenimine (PEI, Polysciences). Culture
medium was replaced 8 h post-transfection and supernatants were
collected48 hpost-transfection. Lentivector titerswere determinedby
flow cytometry.

For the transient ISG expressionmini-screen, HEK 293 T cells were
transduced with lentivectors for 72 h, at a multiplicity leading to

TagRFP protein (and hence ISG) expression in around 50% of cells.
Subsequently, cells were infected with 1 TCID50 of either WNV L2 or
USUV AF2 for 48 h, resulting in around 50% of infected cells. Four
distinct populations can therefore be observed by flow cytometry:
double-negative, TagRFP-negative/infected, TagRFP-positive/unin-
fected, and double-positive. The proportion of double-positive cells
(ISG-expressing cells that are infected) thus reveals the antiviral effect
of the ISG.

For stable expression experiments, cells were transduced with
lentivectors for 48 h and submitted to 1 µg/mLpuromycin selection for
at least 14 days, with additional cell sorting on a FACSAria II (Becton
Dickinson) to ensure clean populations.

Stimulation of ISG expression by interferon
Confluent cellmonolayerswere cultured in completeDMEMwith 10 or
100U/mL of universal type I interferon (PBL Assay Science) for 8 h to
induce the expression of ISGs. Cells were then washed with PBS to
remove interferon and used for further analysis.

Flow cytometry
For TagRFP or eGFP expression quantification, cells were detached
with 5min trypsin treatment (Gibco) and pelleted for 5min at 500 × g.
Cells were washed with cold PBS, pelleted, and fixed with 4% for-
maldehyde in PBS for 15min. Cells were pelleted and washed with PBS
to remove excess of formaldehyde.

For flavivirus infection quantification, infected cells were
detached with trypsin, pelleted and fixed like previously described.
Cells were then incubated with 0.5 µg/mL of the pan-flavivirus anti-Env
4G2 primary antibody (Novus Biologicals) in PBS, 1% bovine serum
albumin (BSA, Thermo Fisher Scientific) and 0.05% saponin for 2 h.
Cells were then washed twice with PBS and incubated with 1 µg/mL of
anti-mouse secondary antibody coupledwith Alexa Fluor 488 (Thermo
Fisher Scientific) in PBS, 1% BSA and 0.05% saponin. Cells were then
washed again with PBS.

Flow cytometry was performed with a Novocyte flow cytometer
(Agilent), analysis was performed with the Novoexpress software
(Agilent), visualization of the data was performed with FlowJo v10 for
Windows (BD Biosciences).

Western blot
Confluent cell monolayers were washed with PBS, lysed in ice-cold
RIPA buffer (25mM Tris-HCl [pH 7.5], 150mM NaCl, 0.5% sodium
deoxycholate, 1%NP-40, 1 mMEDTA, 2.5mMsodiumpyrophosphate,
1mM sodium orthovanadate, and 1mM β-Glycerophosphate) for
15min with periodic scrapping, and centrifuged at 15,000 × g for
10min to remove insoluble debris. Samples were heat-denatured
denatured at 95 °C for 10min in 4X Laemmli buffer (250mMTris-HCl
[pH 7], 8% sodium dodecyl sulfate [SDS], 40% glycerol, 10% β-mer-
captoethanol, and 0.005% bromophenol blue) underwent SDS
polyacrylamide gel electrophoresis (SureCast Gel Handcast System,
Thermo Fisher Scientific), followed by transfer onto a 0.45 µm
nitrocellulosemembrane (Amersham).Membranes were saturated in
PBS, 0.05% Tween 20 (PBST) with 10% fat-free milk for 30min. Pri-
mary antibodies and secondary antibodies (Supplementary Table 2)
were diluted in PBST, 1% BSA. Protein visualization was achieved by
HRP activity (Immobilon Forte Western HRP substrate, Merck) on a
ChemiDoc imaging system (Bio-Rad). Images were analyzed with
ImageJ.

Real-time quantitative RT-PCR (RT-qPCR)
Cellular RNAs were extracted using the RNeasy Mini kit (Qiagen) fol-
lowing the manufacturer′s instructions. RNA concentration and purity
were evaluated by spectrophotometry (NanoDrop 2000c, Thermo
Fisher Scientific). A maximum of 500 ng of RNA were reverse tran-
scribedwith both oligo dT and randomprimers using a PrimeScript RT
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Reagent Kit (Perfect Real Time, Takara Bio Inc.) in a 10 µL reaction.
Real-time PCR reactions were performed in duplicate using Takyon
ROX SYBR MasterMix blue dTTP (Eurogentec) on an Applied Biosys-
tems QuantStudio 5 (Thermo Fisher Scientific).

Cellular transcripts were quantified with primers which hybridize
the cDNA sequences (Supplementary Table 3). Viral genomes were
quantified with primers within the 3′–UTR regions (Supplementary
Table 3). Plasmids into which USUV and WNV amplicons have been
cloned were used for absolute quantification of viral cDNA. Wild-type
and chimeric WNV replicon genomes were quantified with primers
which hybridize within the NS5 of WNV (Supplementary Table 3).
Quantifications were performed with the following program: 3min at
95 °C, 40 cycles of 15 s at 95 °C, 20 s at 60 °C and 20 s at 72 °C. Melting
curves were also assessed.

Selective ISG knockdown
siRNAs targeting the transcripts encoding PPIB, IFI6, SHFL and ISG20
were ordered from Horizon Discovery as pools of four individual siR-
NAs (Dharmacon ON-TARGETplus SMARTpools) and transfected into
A549 cells using HiPerFect Transfection Reagent (Qiagen), according
to the manufacturer’s instructions. Knockdown efficiency was eval-
uated by RT-qPCR 40h post-transfection.

CRISPR/Cas9 ISG20 knockout
Synthetic guide RNA sequences targeting ISG20 were ordered from
Thermo Fisher Scientific, (TrueGuide Synthetic sgRNA, CRISPR679065_
SGM: TAATCGGTGATCTCTCCCTC AGG and CRISPR679068_SGM:
TCTACGACACGTCCACTGAC AGG). Non-targeting guide RNA was
ordered from Thermo Fisher Scientific (TrueGuide sgRNA Negative
Control, non-targeting 1). Guide RNA sequences were co-transfected in
A549 cells using Cas9 Lipofectamine CRISPRMAX system with v2
TrueCut Cas9 enzyme. 48 h post-transfection, the cells were harvested
and used to derivate clones using limiting dilution cloning.

Gene editing of one A549 IS20KO clone displaying normal growth
kinetic, and absence of detectable ISG20 protein expression in Wes-
ternblot was confirmed by amplifying ISG20 transcript fromcell cDNA
using ISG20mRNA primers (Supplementary Table 4). Amplicons were
cloned in PCR Blunt II-TOPO (Thermo Fisher Scientific), and ± 10
colonies were picked and sent for Sanger sequencing using M13 pri-
mers (Eurofins Genomics).

Complementation of A549 IS20KO cells with wild-type or
mutant ISG20
Plasmids designed to express 3X-FLAG tagged, codon optimized,
wild-type, catalyticmutant (D94A) and2′-O-methylation insensitive
double mutant (R53A/D90A) of ISG20 were previously described86.
ISG20 coding sequences were amplified using ISG20 addback pri-
mers (Supplementary Table 4) designed to add NheI/EcoRV
restriction sites, and amplicons were cloned into PLX_307 lentiviral
vector (Addgene accessionno. 184492) digestedwithNheI/EcorV to
generate the PLX_307-ISG20-3X-FLAG plasmids. Lentiviral particles
were produced in HEK 293FT cells co-transfected with VSV-G
(pCMV-VSV-G opt, obtained from Pierre Charneau, Institut Pasteur,
Paris, France), and HIV-1 gag-pol (psPAX2, Addgene accession no.
12260) expressing plasmids along with PLX_307-ISG20-3X-FLAG
vectors using Trans IT-293 (Mirus) following the manufacturer’s
instructions. PLX_307-GFP vector was used as control. Culture
mediumwas replaced 24 hpost-transfection and supernatantswere
collected 48 h post-transfection. A549 IS20KO were transduced with
lentivectors for 48 h and submitted to 1 µg/mL puromycin selection
for 10 days.

Transient expression of wild-type or mutant ISG20
Plasmids expressing 1X-FLAG tagged wild-type and catalytic mutant
(D94A) of ISG20 (kind gift of Andrea Cimarelli, Center International de

Recherche en Infectiologie [CIRI], France) were previously described35.
The plasmid designed to express 3X-FLAG tagged, codon optimized,
2′-O-methylation insensitive double mutant (R53A/D90A) was pre-
viously described86. The plasmids were transfected in HEK 293T using
PEI. pcDNA3.1-eGFP was used as a control. Viral infection and trans-
genic expression of the constructs byWestern blot were performed at
48 h post-transfection.

Production of wild-type and chimeric WNV reporter virus
particles (RVPs)
The constructs (WNVII Rep-G/Z and WNV NY99 CprME) used to gen-
erate the eGFP-encodingWNVRVPswere kindly providedby Theodore
Pierson (Vaccine Research Center, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Bethesda, Maryland,
USA). Chimeras of WNVII Rep-G/Z with fragments of the USUV 3′–UTR
were generated by PCR using Q5 high fidelity DNA polymerase (New
England Biolabs) using insert/backbone primers listed in Supplemen-
tary Table 4 and assembled using GeneArt Gibson Assembly HiFi
Master Mix (Thermo Fisher Scientific) following the manufacturer’s
recommendations.

First, the full-length USUV AF2 3′–UTRwas inserted intoWNVII
Rep-G/Z. USUV AF2 3′–UTR insert was amplified by touch-up PCR
on cDNA from USUV AF2-infected HEK 293 T cells with the fol-
lowing program: 30 s at 98 °C followed by 35 cycles of 10 s at 98 °C,
20 s at 57 °C ( + 1 °C every cycle until reaching 68 °C) and 20 s at
72 °C. Final extension was allowed for an additional 2 min. 3′–UTR-
lacking WNVII Rep-G/Z backbone was generated by PCR on WNVII
Rep-G/Z with the following program: 30 s at 98 °C followed by 35
cycles of 10 s at 98 °C and 6min at 72 °C, with a final extension
of 2 min.

Next, functional domains within the 3′–UTR of WNVII Rep-G/Z
were replaced with those from USUV. The USUV AF2 D2D3, D3, and
DB2 inserts were generated by PCR on the USUV 3′–UTR-containing
WNVII Rep-G/Z chimera with the following program: 30 s at 98 °C, 35
cycles of 10 s at 98 °C, 20 s at 72 °C (D2D3), 58 °C (D3), or 65 °C (DB2),
and 20 s at 72 °C, with a final extension of 2min. USUV EU5 DB2 was
amplified by PCR on cDNA from USUV EU5-infected HEK 293 T cells
with the followingprogram: 30 s at 98 °C, 35 cycles of 10 s at98 °C, 20 s
at 70 °C, and 20 s at 72 °C, with a final extension of 2min. The corre-
sponding WNVII Rep-G/Z backbones lacking these domains were
generated by PCR onWNVII Rep-G/Z with the following program: 30 s
at 98 °C, 35 cycles of 10 s at 98 °C, and 6min at 72 °C, with a final
extension of 2min.

All plasmids were amplified in Stbl2 Max Efficiency bacteria
(Thermo Fisher Scientific) at 30 °C and analyzed by sequencing (Plas-
midsaurus and Eurofins Genomics). Production of RVPs was per-
formed as described previously87. Briefly, HEK 293 T cells were
transfected with the plasmids encoding the replicons and the WNV
structural proteins (WNV NY99 CprME) using PEI in a 3:1 (structur-
al:replicon) ratio. RVP-containing supernatants were harvested 48 h
post-transfection, filtered, concentrated by ultracentrifugation at
60,000 × g on an Optima XE-90 centrifuge with a SW 32 Ti rotor
(Beckam Coulter), and stored at −80 °C. Viral titers were determined
by flow cytometry.

Fluorescent microscopy
HEK 293T cells plated on poly-D-lysine-treated (Thermo Fisher Sci-
entific) glass coverslips were infected with wild-type or chimeric RVPs
for 48 h. Cells were fixed with 4% formaldehyde in PBS for 15min,
followed by nuclear staining using 1μg/ml Hoechst 33342 (Thermo
Fisher Scientific) in PBS for 10min. Coverslips were mounted onto
glass slides using ProLong Diamond Antifade mounting medium
(Thermo Fisher Scientific). Fluorescence was assessed for eGFP and
Hoechst using a Thunder imaging system (Leica Microsystems). Ima-
ges were analyzed with ImageJ.
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In vitro transcription of full-length USUV and WNV 3′–UTRs
A T7 initiation site-containing linear DNA template of the 3′–UTR of
WNV L2 or USUV AF2 was generated by elongation PCR using Q5 high
fidelity DNA polymerase on the previously described replicons (wild-
type or USUV 3′–UTR-containing WNVII Rep-G/Z) using appropriate
primers (Supplementary Table 5) with the following program: 30 s at
98 °C followed by 40 cycles of 10 s at 98 °C, 20 s at 68.5 °C and 30 s at
72 °C. Final extension was allowed for an additional 2min. The tem-
plates were run on a 1% agarose DNA gel (40mMTris-Acetate [pH 8.3],
1mM EDTA) prior to purification (NucleoSpin Gel and PCR Clean‑up,
Macherey-Nagel), concentration and purity were evaluated by
spectrophotometry.

The in vitro transcription was performed on 1 µg of DNA template
with T7 RNA polymerase (New England Biolabs) in presence of murine
RNase inhibitor (New England Biolabs) according to the manu-
facturer’s instructions. The reaction was allowed for 16 h at 37 °C. The
DNA template was removed with RNase-free DNase I treatment (New
England Biolabs) for 15min at 37 °C. RNA was then purified (Monarch
RNA cleanup, New England Biolabs), concentration and purity were
evaluated by spectrophotometry, and the samples were stored at
−80 °C until analysis.

hSHAPE analysis of USUV and WNV 3′–UTRs
For hSHAPE experiments, in vitro transcribed WNV and USUV full-
length 3′–UTR RNA (see above) were purified by exclusion chroma-
tography on a TSKgel G4000SW column as previously described88.
RNAs integrity and purity were confirmed by electrophoresis on an 8%
polyacrylamide denaturing gel. For each RNA, benzoyl cyanide (BzCN)
was used to acylate the 2’-hydroxyl group of the unconstrained
nucleotides in the RNA structure, followed by interrogation of each
nucleotide using two sets of labeled primers (Supplementary Table 6).
One primer within each set was labeled with either VIC (AS 1 & AS 3) or
NED (AS 2 & AS 4) for USUV 3′–UTR RNA and VIC (AS 5 & AS 7) or NED
(AS 6 & AS 8) for WNV 3′–UTR. The NED-labeled primers from each set
were used toprepare addGsequencing ladder fromtheuntreatedRNA
samples. The VIC-labeled primers were used for reverse transcription
of the modified or DMSO-treated control RNAs.

3′–UTR RNA modification with BzCN. One pmol of in vitro tran-
scribed 3′–UTR RNA was denatured at 90 °C for 2min and then cooled
on ice for 2min, followed by the addition of excess yeast tRNA (2μg)
and RNasin (5 U) in 10μL HEPES Buffer (30mM HEPES pH 8, 300mM
KCl, 5mM MgCl2). The RNA was then folded at 37 °C for 20min and
modified by 3μL of 300mM BzCN in DMSO for one min at room
temperature. After adding 82μL of water, the chemically modified RNA
was ethanol precipitated and resuspended in 7μL of water. Similarly, for
the control (unmodified RNA sample), 3μL of anhydrous DMSO was
added to the folded RNA instead of BzCN and treated similarly.

cDNA synthesis and analysis. For elongation of both the modified
and control samples, 1μL of AS 1, AS 3, AS 5 or AS 7 (1μM) were added
to the resuspended RNA and incubated at 90 °C for 2min, then cooled
on ice for 2min. 2μL of commercial 5X RT buffer was added to each of
the samples and incubated at room temperature for 10min. Reverse
transcription was initiated by addition of 10 μL of the elongation mix
(2μL of 5X RT Buffer, 0.6μL of 25mM dNTP, 7.2μL H2O and 2 U of
AMV RT (Life Science)) and incubation at 42 °C for 50min and 60 °C
for 10min. For the ddG sequencing ladder, 2 pmol of untreated RNA
and 1μL of the AS 2, AS 4, AS 6 or AS 8 (2μM)were used and treated as
above except for the composition of the sequencingmix (2μL of 5XRT
Buffer, 1μL of 100μMddGTP, 6μL of G10 (0.25mMdGTP, 1mMdATP,
1mMdCTP, 1mMdTTP), 0.6μLH2O and4Uof AMVRT (Life Science)).
For each experiment, 80μL of water were added and cDNA were
extracted using Roti Aqua-Phenol/Chloroform/Isoamyl alcohol (Carl
Roth). The aqueous phase of modified or unmodified samples were
pooled with the aqueous phase of the ddG sequencing ladder. The
samples were then ethanol precipitated and resuspended in 10μL of

HiDi Formamide (ABI). The samples were then denaturated 5min at
90 °C, cooled on ice for 5min, centrifuged, and loaded onto a 96-well
plate for sequencing (Applied Biosystems 3130xl genetic analyzer).

The electropherograms obtained were analyzed with QuShape
algorithm89 to extract reactivity data for each nucleotide. The mean
reactivity data from three independent experiments were applied as
constraints to the RNA sequence in RNAstructure90 (version 6.1) aswell
as a maximum pairing distance of 250 nts in order to avoid artifactual
pairing of 5′ and 3′ ends of the RNAs.

Synthesis of radiolabeled 3′–UTR fragments
Synthetic RNAs corresponding to WNV DB2 element (5′–AAGUGCA
CGGCCCAACUUGGCUGAAGCUGUAAGCCAAGGGAAGGACUAGAGGU
UAGAGGAGACCCCGUGCCAA, 73 nucleotides), or USUV DB2 element
(5′–AACUUAGGUGCGGCCCAAGCCGUUUCCGAAGCUGUAGGAACGG
UGGAAGGACUAGAGGUUAGAGGAGACCCCGCAUCAUAAGCA, 84
nucleotides) were purchased from Biomers. The RNAs were radi-
olabeled at their 5′ end using T4 polynucleotide kinase (New England
Biolabs) and [γ32P]-ATP (Perkin Elmer) according to themanufacturer’s
instructions. Radiolabeled RNAs corresponding to the 3′–SL of WNV
(5′–GACACCUGGGAUAGACUAGGGGAUCUUCUGCUCUGCACAACCA
GCCACACGGCACAGUGCGCCGACAUAGGUGGCUGGUGGUGCUAGAA
CACAGGAUCU, 99 nucleotides), or USUV (5′–AACUUAGGUGCGGCCC
AAGCCGUUUCCGAAGCUGUAGGAACGGUGGAAGGACUAGAGGUUAG
AGGAGACCCCGCAUCAUAAGCA, 84 nucleotides) were acquired as a
control.

ISG20 exonuclease assays
Expression and purification of recombinant humanwild-type or R53A/
D90A mutant ISG20 (rhISG20) were previously described86.

Quantitative ISG20 RNA degradation assays were conducted by
incubating 100 ng of total RNA from HEK 293T cells infected with
WNV, USUV or RVPs for 24 h, or 25 ng of in vitro transcribed full-length
3′–UTR RNAs, with 31.25–1000nM wild-type or R53A/D90A mutant
rhISG20 in an optimized buffer (50mMTris-HCl [pH 7], 2.5mMMnCl2,
1mM β-mercaptoethanol, 0.1mMDTT and 0.1% triton) for 1 h at 37 °C.
The reaction was halted by inactivating ISG20 for 5min at 70 °C, and
the digestion products were stored at −80 °C until analysis by
RT-qPCR.

Qualitative assessment of ISG20 degradation of in vitro tran-
scribedflavivirus 3′–UTRRNAwas conducted by incubating 1 µg of full-
length 3′–UTR RNAs with 500, 2500 or 3000 nM wild-type or R53A/
D90A mutant rhISG20 (indicated in figure legends) in the optimized
buffer for 1 h at 37 °C. Incubation with 1 µg/mL RNase A (Qiagen) for
5min at 25 °C served as a control. The reaction was halted by inacti-
vating ISG20 for 5min at 70 °C or addition of 40 U of murine RNase
inhibitor (NewEnglandBiolabs). Digestion productswere denatured in
gel loading buffer II with SYBR Gold (Thermo Fisher Scientific) by
heating for 15min at 55 °C and then analyzed on a 1% agarose RNA gel
(20mM MOPS [pH 7], 5mM sodium acetate, 1mM EDTA, and 4% for-
maldehyde). Alternatively, digestion products were analyzed on 2%
agarose RNA gel and stained with GelRed nucleic acid gel stain
(Merck). Images were acquired using UV transillumination (E-Box,
Vilber) and analyzed with ImageJ.

Qualitative assessment of ISG20 degradation of radiolabeled
3′–UTR fragments was conducted by incubating 500 nM of substrate
with 5 nM rhISG20 in the optimized buffer for 0, 1, 5, 15, 30, and
60min at 37 °C. 5 µL of suspension was taken and blocked in 15 µL of
loading buffer containing 96% formamide and 10mM EDTA. The
digested products were loaded on 7M urea-containing 14% poly-
acrylamide gels (acrylamide/bisacrylamide, 19:1 ratio) buffered with
Tris-Taurine-taurine-EDTA and run at 65W. Results were visualized
by phosphor imaging using a Typhoon-9410 variable-mode scanner
(GE Healthcare). RNA degradation was quantified using the FujiIma-
ger and Image Gauge analysis software.
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In silico analysis of the 3′–UTR features
The 3′–UTR sequences of the previously described replicons (wild-
type orUSUV 3′–UTR-containingWNVII Rep-G/Z, see above) were used
for the prediction and comparison of post-transcriptional methyla-
tions and secondary structure folding.

Potential m6A sites were predicted using the online tool SRAMP91

in mature RNA mode and using the HEK 293 cell model. Only high
confidence sites were considered. The potential 2′-Omethylation sites
were predicted using the online tool NmSEER V2.092 using theHEK 293
cell model. Only sites with a score >0.25 were considered. Secondary
structure of RNA was predicted using the ViennaRNA Package 2.0 for
Linux93 and confirmed with the Mfold web server94 in a literature-
oriented approach. RNA 2D Structures were visualized with either
Structure Editor graphical tool, a module of the RNAstructure soft-
ware, or RNAcanvas95.

Quantification and statistical analyses
Graphical representations and statistical analyses were performed
using GraphPad Prism version 10 for Windows (GraphPad Software).
To analyze two conditions, two-tailed Mann-Whitney tests were per-
formed. To analyze multiple conditions, a normality test was first
performed, data were then analyzedwith one-way or two-way analyses
of variance (ANOVA) followed by the appropriatemultiple comparison
analysis (indicated in figure legends).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are provided in Supple-
mentary Information or SourceDatafile. Sourcedata areprovidedwith
this paper.
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