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            Abstract
In mammals, 2′-O-methylation of RNA is a molecular signature by which the cellular innate immune system distinguishes endogenous from exogenous messenger RNA1,2,3. However, the molecular functions of RNA 2′-O-methylation are not well understood. Here we have purified TAR RNA-binding protein (TRBP) and its interacting partners and identified a DICER-independent TRBP complex containing FTSJ3, a putative 2′-O-methyltransferase (2′O-MTase). In vitro and ex vivo experiments show that FTSJ3 is a 2′O-MTase that is recruited to HIV RNA through TRBP. Using RiboMethSeq analysis4, we identified predominantly FTSJ3-dependent 2′-O-methylations at specific residues on the viral genome. HIV-1 viruses produced in FTSJ3 knockdown cells show reduced 2′-O-methylation and trigger expression of type 1 interferons (IFNs) in human dendritic cells through the RNA sensor MDA5. This induction of IFN-α and IFN-β leads to a reduction in HIV expression. We have identified an unexpected mechanism used by HIV-1 to evade innate immune recognition: the recruitment of the TRBP–FTSJ3 complex to viral RNA and its 2′-O-methylation.
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                    Fig. 1: FTSJ3 2′-O-methyltransferase interacts with TRBP.[image: ]


Fig. 2: The FTSJ3–TRBP complex is recruited to HIV-1 viral RNA through TRBP and is different from the TRBP–DICER complex.[image: ]


Fig. 3: HIV RNA isolated from viral particles is internally 2′-O-methylated by FTSJ3.[image: ]


Fig. 4: HIV viral particles produced in FTSJ3 knockdown cells induce type-1 interferons expression that inhibits HIV-1 expression.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 FTSJ3 is a human 2′-O-methyltransferase.
a, Reciprocal immunoprecipitation was performed on HeLa S3 cells expressing Flag/HA epitope-tagged FTSJ3 protein (FTSJ3–FH). Eluates were analysed using anti-HA and anti-TRBP antibodies. The experiment was repeated four times with similar results. b, FTSJ3 methylation activity was assessed in vitro using TAR RNA as a substrate. Radiolabelled 32P-TAR was incubated for 1 h at 30°C with equal amounts of Flag/HA-immunoprecipitated FSTJ3–FH or mock immunoprecipitate blotted in Fig. 1d. RNAs were then treated with nuclease P1 for 3 h, and released caps were analysed by TLC chromatography migration using 0.3 M ammonium sulfate buffer. The plate was dried and exposed by autoradiography. The experiment was repeated twice with similar results. c, Products from in vitro mock and FTSJ3–FH TAR methylation were digested with TAP. As a control, 32P-m7G-TAR was also digested with TAP, to release the m7GMP residue. Products were analysed on TLC plates developed with 0.45 M ammonium sulfate buffer. The experiment was repeated twice with similar results. d, Purified recombinant FTSJ3 was incubated without exogenous RNA (–) or with the homopolymeric synthetic 27-mer RNAs A27, U27, G27 and C27, and associated MTase activity was determined by [3H]-methyl incorporation assay. The background obtained in the absence of exogenous RNA was subtracted. n = 3 independent samples, results shown as the mean ± s.d. representative of three experiments. Indicated P values obtained using two-tailed Student’s t-test.

                          Source Data
                        


Extended Data Fig. 2 RiboMethSeq analysis of 2′-O-methylated sites detected in HIV RNA isolated from viral particles.
RiboMethSeq data are presented for each of the seventeen 2′-O-methylated sites. Data are superposed with relative local cleavage profiles for in vitro T7 transcripts of HIV-1 RNA, WT-HIV-1 RNA, siFTSJ3-HIV-1 RNA and CRISPR–Cas9-FTSJ3-HIV-1 RNA extracted from virions. Individual points for biological replicates are shown; n = 2 or n = 3. Position numbers are indicated on the bottom. In RiboMethSeq, the protection caused by 2′-O-methylation appears at the 3′-neighbouring position in RNA. For simplicity, a shift of –1 was applied to numbering here, so that the increased protection signal falls exactly to the 2′-O-methylated nucleotide.

                          Source Data
                        


Extended Data Fig. 3 RiboMethSeq analysis of 2′-O-methylated sites detected in HIV RNA isolated from viral particles: scores.
Variations and absolute values of RiboMethSeq scores (ScoreC, ScoreMean, ScoreA and ScoreB) for each of the seventeen methylated positions. ScoreC, ScoreMean and ScoreA can vary from 0 to 1 (negative values are possible), whereas Score B may be >1 for highly methylated positions in RNA. Individual points for biological replicates are shown; n = 2 or n = 3.

                          Source Data
                        


Extended Data Fig. 4 Validation of 783A, 1423U, 8063A, 8403A and 8407A 2′-O-methylation using primer extension assay.
HIV-1 RNA isolated from viral particles produced in mock cells (WT) or cells knocked-out for FTSJ3 using CRISPR–Cas9 (CRISPR–Cas9-FTSJ3) were subjected to primer extension assay using specific radiolabelled primers. Extension assay was realized at high (lanes 1, 3) and low concentrations (lanes 2, 4) of dNTP as indicated. The sequencing experiment was run side-by-side using WT-HIV RNA as a template (lanes 4–8). Primer extension products were analysed on an acrylamide–urea sequencing gel and visualized by autoradiography. Arrows, 2′-O-methylated position and stop. Results are representative of two independent experiments.


Extended Data Fig. 5 Characterization of HIV-1 RNA transfected in U937 cells.
a, HIV viruses were produced in 293T cells transfected with FTSJ3 siRNA or a control non-specific siRNA (scramble). Inhibition of FTSJ3 was assessed by western blot. The experiment was repeated more than 10 times with similar results or a more efficient knockdown. b, Purified recombinant wild-type or catalytic KDKE mutant FTSJ3–His was incubated with in vitro-transcribed HIV-1 RNA in the presence of radiolabelled [3H]-SAM, and MTase activity was determined by [3H]-methyl incorporation. n = 3 independent samples; results shown as the mean ± s.d. representative of two independent experiments. Indicated P values obtained by two-tailed Student’s t-test. c, Purified recombinant WT-FTSJ3 was incubated without exogenous RNA or with the 8362–8461 HIV RNA fragment and MTase activity was determined by [3H]-methyl incorporation assay (left) or 2D TLC separation (right). [3H]-methyl incorporation assay results were normalized by subtracting the background obtained in the absence of exogenous RNA. 2D TLC separation of 5′-[32P]-NMPs resulted from nuclease P1 hydrolysis of HIV RNA transcript 8362–8461 radiolabelled with [α-32P]ATP and incubated with WT-FTSJ3 or mutant KDKE-FTSJ3 recombinant proteins. Migration was performed in the N1/N2 or N1/R2 combination of solvents (see Methods). Positions of unmodified AMP (pA), 2′-O-methyl AMP (pAm) and inorganic phosphate (Pi) are indicated. The experiment was repeated twice with similar results.

                          Source Data
                        


Extended Data Fig. 6 HIV viral particles produced in TRBP knockdown cells induce type-1 interferon expression whereas viruses produced in siMRM2 knockdown and siFTSJ3-empty virus-like particles do not.
a, b, 293T cells were transfected with siRNA targeting TRBP (siTRBP) (a), FTSJ3 (siFTSJ3) or MRM2 (siMRM2) (b) or a control non-specific siRNA (scramble). After 16 h, cells were further transfected with pNL4-3 HIV molecular clone. Viruses were harvested 48 h later and quantified for RT, p24 and packaged viral RNA. Top, protein inhibition was assessed by western blot. U937 cells were infected with same amounts of viruses produced in cells treated with scramble siRNA (WT-HIV) or siTRBP, siFTSJ3 or siMRM2 as indicated. Bottom, 16 h later, expression of IFN-α and IFN-β was quantified by qRT–PCR. n = 3 biological samples, representative of two experiments. c, Empty virus-like particles were produced in scramble-293T cells or siFTSJ3-293T cells and used to transduce U937 cells. Expression of IFN-α and IFN-β was quantified by qRT–PCR 16 h later. n = 3 biological samples. Experiment repeated three times with similar results. d, RT-mutant HIV-BaL virus produced in scramble- or siFTSJ3-treated cells was used to infect U937 cells. Type-1 interferons were quantified by qRT–PCR 16 h after infection. Knockdown of FTSJ3 expression in HIV-producing cells was assessed by western blot (left). n = 3 biological samples representative of two independent experiments. Results shown as the mean ± s.d. Indicated P values obtained by two-tailed Student’s t-test.

                          Source Data
                        


Extended Data Fig. 7 Characterization of shMDA5 and shRIG-I knockdown U937 cells.
a, Inhibition of RIG-I using shRNA in U937 cells assessed by western blot. Experiment repeated three times with similar results. b, U937-shMDA5 and U937-shRIG-I cells were characterized for their ability to induce IFN-β after poly(I:C) treatment or Sendai virus infection. As indicated, n = 2 or n = 3 biological replicates representative of two experiments. Results shown as the mean ± s.d. Indicated P values obtained by two-tailed Student’s t-test. c, Type-1 interferon expression in U937 or U937-shRIG-I cells infected by siFTSJ3-HIV viral particles. IFN-α and IFN-β were quantified by qRT–PCR 16 h after infection. n = 2 independent samples, representative of three experiments. Results shown as the mean ± s.d. Indicated P values obtained by two-tailed Student’s t-test.

                          Source Data
                        


Extended Data Figure 8 siFTSJ3-HIV induces phosphorylation of IRF-3, IRF-7 and STAT1 transcriptional regulators and expression of type-1 interferons in MDMs.
a, Monocytes were purified from human peripheral blood mononuclear cells from healthy donors using CD14 selection magnetic beads. Monocytes were differentiated using GM-CSF for 5 days into macrophages and checked by FACS analysis. The same amounts of WT-HIV or siFTSJ3-HIV were used to infect primary cells. After 4 h, phosphorylation of IRF3, IRF7 and STAT1 was assessed by western blot. ERK-1/2 level was assessed as a loading control. Experiment repeated twice with similar results. b, Cells were harvested and RNAs purified 16 h post-infection. IFN-α and IFN-β were quantified using qRT–PCR and normalized to actin. Results are expressed as fold increase compared to uninfected cells. n = 3 biological replicates representative of two experiments realized on different donors, results shown as the mean ± s.d. Indicated P values obtained by two-tailed Student’s t-test.

                          Source Data
                        


Extended Data Table 1 Conservation frequency of the seventeen identified 2′-O-methylated residues among major HIV-1 subtypes and circulating recombinant formsFull size table
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