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The enigmatic methyltransferase, DNMT2 (DNA methyltransferase 2), structurally resem-
bles a DNA methyltransferase, but has been shown to be a tRNA methyltransferase tar-
geting cytosine within a specific CpG in different tRNA molecules. We had previously
shown that, during environmental stress conditions, DNMT2 is re-localized from the
nucleus to the cytoplasmic stress granules (SGs) and is associated with RNA-processing
proteins. In the present study, we show that DNMT2 binds and methylates various mRNA
species in a sequence-independent manner and gets re-localized to SGs in a phosphor-
ylation-dependent manner. Importantly, our results indicate that HIV-1 enhances its sur-
vivability in the host cell by utilizing this RNA methylation capability of DNMT2 to
increase the stability of its own genome. Upon infection, DNMT2 re-localizes from the
nucleus to the SGs and methylates HIV-1 RNA. This DNMT2-dependent methylation pro-
vided post-transcriptional stability to the HIV-1 RNA. Furthermore, DNMT2 overexpres-
sion increased the HIV-1 viral titre. This would suggest that HIV hijacks the RNA-
processing machinery within the SGs to ensure its own survival in the host cell. Thus, our
findings provide for a novel mechanism by which virus tries to modulate the host cell
machinery to its own advantage.

Introduction
Stress granules (SGs) are dynamic, non-membranous cytoplasmic RNA–protein aggregates formed in
response to a variety of environmental stresses and as a consequence of reduced or abortive translation
machinery in the cell [1,2]. They serve as a reservoir of translationally silent mRNA, whose fate is con-
ditional upon release from the SGs once the stress condition is alleviated [2,3]. The repertoire of pro-
teins common to most of the SGs includes modulators of RNA processing including splicing, RNA
transport, RNA stability and translation [4–9]. However, the complete list of proteins that reside in
SGs varies depending on the cue of stress. In addition, proteins that are not normally associated with
RNA processing like HDAC6, DNMT2 (DNA methyltransferase 2), epithelial cell transforming 2,
Aurora kinase B and TRAF-2 have also been found to be residing within the SGs [10–13].
DNMT2, a DNA methyltransferase based on its structure, shows very residual catalytic activity for

DNA and has been shown to methylate tRNA molecules especially cytosine at position 38 of Asp, Gly
and Val tRNA [14–16]. A highly conserved protein, DNMT2, is the only known enzyme which uses a
DNA methyltransferase-like catalytic mechanism to methylate tRNA [17]. Even though the knockout
of Dnmt2 failed to show any significant phenotype in mice and Drosophila, the protein has been
found to play a role in cell physiology in a wide range of organisms. In Zebrafish, morpholino knock-
down of Dnmt2 caused organ differentiation defects [18]. In Drosophila, Dnmt2 has
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Dicer-2-dependent siRNA pathway activity and provides genomic stability and longevity [19–21]. In mice, it is
required for protein synthesis and fidelity, and is associated with RNA-mediated epigenetic inheritance [22,23].
Various studies have pointed to the role of Dnmt2 as a part of cellular response to various environmental stres-
ses. In Physcomitrella patens, Dnmt2 helps in recovery from osmotic and salt stress [24]. In Drosophila,
Dnmt2-mediated methylation protects tRNA from stress-induced cleavage [15]. Previous work from our
laboratory had elucidated the role of DNMT2 in RNA processing during cellular stress in mammalian cells.
DNMT2, a protein that localizes predominantly in the nucleus, re-localized to SGs in the cytoplasm in response
to environmental stress and interacted with several proteins involved in RNA processing [11].
However, the reason for the presence of DNMT2 in SGs has remained an enigma. What could be the role of

a DNA/tRNA methyltransferase in the SGs, an abode predominantly enriched in untranslated mRNA mole-
cules? Moreover, in our previous study, we had also reported misregulation of several genes involved in host
response to viral infection. Since viral infections are known to be correlated with nucleation of SGs, could this
suggest involvement of DNMT2 in the mechanism of host cell response to viral infection? In the present study,
we show that similar to what happens during various environmental stress conditions, infection of mammalian
cells by HIV-1 also causes dynamic re-localization of DNMT2 from the nucleus to cytoplasmic SGs.
Importantly, we show that DNMT2 can bind to and methylate HIV-1 RNA. But this RNA binding and methy-
lation capability of DNMT2 were not limited to HIV-1 RNA. DNMT2 was able to bind and methylate cellular
mRNA molecules in a sequence-independent manner. Interestingly, HIV-1 titre increased with overexpression
of DNMT2. In light of our finding that DNMT2 improves the stability of HIV-1 RNA, we believe that HIV-1
could be utilizing this RNA methylation capability of DNMT2 to increase the stability of its own genome and
enhance its survivability in the host cell.

Materials and methods
Cloning, expression and purification of DNMT2
DNMT2 was PCR-amplified from cDNA generated from HEK293 cells with the following gene-specific
primers

DNMT2 EcoRIFP-50-GAAGAATTCATGGAGCCCCTGCGG-30

DNMT2 BamH1FP-50-GGAGGATCCATGGAGCCCCTGCGG-30

DNMT2 ApaIRP-50-GGGGGGCCCTTATTCATATAAGATTTTGATTAGTTTAG-30

DNMT2 EcoRIRP-50-GAAGAATTCTTATTCATATAAGATTTTGATTAGTTTAG-30

and cloned into mammalian expression vector pcDNA-EGFPMCS at the EcoRI–ApaI sites and in pcDNA-SFB
vector in BamHI–ApaI sites. DNMT2 was also cloned into bacterial expression vector pET28a+ in BamH1–
EcoR1 sites containing the N-terminal 6×His tag. 6×His-DNMT2 was overexpressed in E. coli BL21-DE3 cells
using 0.2 mM IPTG at 18°C overnight. Protein purification was done in Tris–Cl buffer following the established
protocol [25].

Transient transfections and infections
Vector alone or GFP or SFB (Protein S-Flag-Biotin)-tagged DNMT2 (WT or phospho-mutants) was transfected
into HEK293 cells [a kind gift from Dr Gayatri Ramakrishna, who obtained it from the Cell Culture Stock
Centre at National Centre for Cell Science (NCCS), Pune] using Lipofectamine 2000 as per the manufacturer’s
protocol (Invitrogen).
For siRNA-based DNMT2 repression, HEK293 cells were transfected with DNMT2 siRNA (GE Dharmacon,

On-TARGET plus) using Lipofectamine RNAiMAX (Invitrogen) reagent in OptiMEM as per the manufac-
turer’s protocol.
Infections with HIV-1 were done either in CEMx174 or SupT1 cells. CEMx174 cells (2 × 106) were infected

with 20 ng of freshly purified virus per well (titrated by the p24 assay) in the presence of 2 mg/ml polybrene in
RPMI 1640. After removal of the residual virus, cells were seeded again in RPMI complete media. SupT1 cells
were infected by adding 30 ng/ml of p24 equivalent virus in serum-free RPMI. Media were changed to com-
plete RPMI with 10% FBS after 2 h of infection. Cells were harvested at defined time points. For mock infec-
tions, HIV-1 particles were heat-inactivated for 30 min at 70°C. The infections were performed in the BSL-II
type-II negative pressure facility of either Dr S. Mahalingam, IIT Madras, Chennai or Dr Sharmistha Banerjee
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in the University of Hyderabad, Hyderabad after taking appropriate Institutional Biosafety Committee
approval.

Osmotic, oxidative and pH stress
For osmotic and oxidative stress, HEK293 cells were treated with 0.5 M sorbitol for 30 min (osmotic stress) or
0.5 mM sodium arsenite for 1 h (oxidative stress). For pH stress, HEK293 cells were incubated in HBSS buffer
(pH 5.7) (Hank’s buffer — 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.1 g glucose, 0.44 mM KH2PO4,
1.3 mM CaCl2, 1.0 mM MgSO4, 4.2 mM NaHCO3) for 25 min followed by PBS wash.

Preparation and quantification of infectious HIV-1 particles
HEK293T cells were transfected with pNL4.3 (HIV-1 proviral DNA) with the calcium phosphate method.
Culture supernatant was collected 24 h after transfection and filtered through 0.45 mM filter (Millipore), preci-
pitated using polyethylene glycol and quantified by the HIV-1 p24 ELISA kit (Advanced BioScience
Laboratories, Inc.) according to the manufacturer’s protocol [26].

Immunofluorescence
Cells were washed with PBS, 12, 24 or 48 h post-transient transfection or infection, and fixed in 3.7% formalde-
hyde followed by cell permeabilization with 0.1% Triton X-100. DNMT2 antibody was used for immunostain-
ing at a 1:200 dilution at 4°C overnight. Anti-rabbit antibody conjugated to Alexa Fluor 488 or 586
(Invitrogen) was used at a 1:2000 dilution for 1 h at room temperature. Cells were mounted using DAPI con-
taining Vectashield (Vector Laboratories) and examined by a confocal microscopy.

RNA pull-down assay and differential display PCR
Total RNA was isolated from untreated HEK293 cells or HEK293 cells treated with 0.5 mM sodium arsenite
for 1 h, or HIV-1-infected and uninfected SupT1, using Trizol (Sigma) as per the manufacturer’s protocol. A
20 mg aliquot of 6×His-DNMT2 bound to Ni-NTA agarose was incubated with 5 mg of total RNA. RNA pull-
down and differential display PCR were performed as mentioned elsewhere [27]. For PCR amplification,
primers HT11A (50-AAGCTTTTTTTTTTTA-30) and arbitrary primer AP3 (50-AAGCTTTGGTCAG-30) were
used. For reverse transcription, HT11A primer was used. The PCR products were resolved on 6% Urea-PAGE.
The amplified bands were excised and eluted from polyacrylamide gel, and the re-amplified bands were cloned
into the pBSK-TA vector. Positive clones were sequenced.

In vitro transcription
The cloned RNA sequences were in vitro-transcribed using the T7 or T3 promoter present in the pBSK-TA
vector. Reaction mixture [1 mg template, 1× reaction buffer, 10 mM UTP, 10 mM ATP, 10 mM GTP, 10 mM
CTP and T7 RNA Polymerase (Fermentas), T3 RNA pol (NEB)] was incubated for 1 h at room temperature,
followed by DNase treatment for 15 min at 37°C. RNA was extracted by phenol–chloroform, ethanol-
precipitated overnight at −80°C and resuspended in RNase-free water. For radioactive in vitro transcription,
100 mM cold CTP and 2 ml α32P-CTP were used. Free nucleotides were removed by the Nucleotide Removal
Kit (Qiagen). In vitro-transcribed RNA was quantified on a Urea-PAGE.
The following primers were used for cloning the various regions from HIV.

HIV9F-50-CAGTGGATATATAGAAGCAGAAGTTATTC-30

HIV9R-50-GTCCTTTCCAAAGTGGATTTCTG-30

HIV13F-50-ACCCACAAGAAGTAGTATTGGTAAATG-30

HIV13R-50-TACATGGTCCTGTTCCATTGAACG-30

HIV18F-50-AGCACAAGAGGAGGAGGAGGTG-30

HIV18R-50-TCGATGTCAGCAGTTCTTGAAGTAC-30

For HIV-1 RNA the co-ordinates for the various regions analyzed are as follows:

HIV9:4015–4487
HIV13:6009–6488
HIV18:8519–8969
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RNA-EMSA
RNA was in vitro-transcribed using α32P-CTP and used as the probe for DNMT2 in RNA-EMSA. The binding
reaction was performed at 37°C for 30 min as mentioned elsewhere [28]. The cold competition assay was per-
formed using 10× or 100× cold competitor [DNA, specific or non-specific RNA and poly (dI-dC)]. For compe-
tition assay, cold competitor was incubated with protein for 10 min followed by the addition of the probe.

RNA methyltransferase assay
For the RNA methylation assay, 300 ng of RNA substrate (in vitro-transcribed) and 300 ng of purified
6×His-DNMT2 were incubated in methylation reaction buffer [10 mM Tris (pH 8.0), 1 mM EDTA, 1 mM
DTT, 40 mM NaCl, 400 ng/ml BSA and 10 mM MgCl2] with 200 mM SAM for 2 h at 37°C. RNA was purified
after proteinase K treatment by the phenol–chloroform method and resuspended in 10 ml of RNase-free water.

RNA bisulphite sequencing
The RNA incubated with DNMT2 protein in the methyltransferase assay was subjected to bisulphite conversion
as described elsewhere [15]. Bisulphite-converted RNA was used as the template for cDNA synthesis. PCR
amplification was done using bisulphite-converted RNA-specific primers. The PCR product was cloned into
plasmid pBSK-TA vector followed by sequencing. Methylation analysis was done on at least 15–20 clones for
each RNA species. Primers used for bisulphite PCR are as follows:

RPL27ABS1F-50-TAGTTATTTAGGTTATTTTGGGAAAG-30

RPL27ABS1R-50-TTAAACCAAAATTTTATAAAAAAAAATAT-30

HIVBS18bF-50-TGGAAGGGTTAATTTATTTTTAAAG-30

HIVBS18R-50-ATATCAACAATTCTTAAAATACTCCG-30

Filter binding assay
The RNA methylation assay was performed with 2 mM tritiated S-adenosylmethionine (3H-SAM) as the
methyl group donor. RNA precipitated with 10% TCA was spotted on GF/C filters pre-soaked with 50 mM
cold SAM. Filters were washed with 10% TCA, water and 95% ethanol sequentially. Filters were dried at 70°C
and soaked in 4 ml of scintillation fluid, and scintillation counts (DPMs) were taken in the Tri-Carb
Scintillation Counter (PerkinElmer).

Methylated RNA immunoprecipitation
HEK293 were transfected with pcDNA-SFB and pcDNA-SFB–DNMT2 followed by sodium arsenite treatment
(2.5 mM for 25 min) 24 h post-transfections. Cells were fixed using 1% formaldehyde and quenched with
125 mM glycine. SFB–DNMT2-bound RNA was pulled down from total cell lysate using streptavidin agarose
beads and eluted with biotin (2 mg/ml). The eluted RNA was reverse cross-linked at 70°C for 15 min, precipi-
tated after phenol–chloroform extraction, sonicated and subjected to immunoprecipitation with the 5-methyl
cytosine antibody (IP star — as per the manufacturer’s protocol, Diagenode) that has been also shown to
detect 5-methyl cytosines in RNA [30]. The precipitated RNA was subjected to DNase treatment (Invitrogen)
followed by cDNA synthesis using random hexamers. Semi-quantitative RT-PCR was performed using
RPL27A, BRWD1 and CNNM3-specific primers. pcDNA-SFB-transfected cell lysate was taken as control.
Primers used for MeRIP-RT PCR were as follows:

RPLRT5F-50-TCGGTGGTTTATCCTGGTTC-30

RPLRT5R-50-TGGGTGGCTAGGAAGAGGTA-30

CNNM3RT1F-50-GCCAGGCTGATCTTGAACTC-30

CNNM3RT1R-50-AATTTGCCAGGTGATTCTGG-30

BRWD1RT2F-50-TCTTGCAGCCATGAACAGTC-30

BRWD1RT2R-50-GTCTGGAAACTTCAGGCAGG-30

For performing MeRIP on HIV-1 RNA, HEK293T cells transfected with pcDNA-SFB/pNL4.3 or pcDNA-SFB–
DNMT2/pNL4.3 were fixed using 1% formaldehyde. HIV-1 RNA bound to DNMT2 was pulled down with
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streptavidin agarose beads (GE) and processed as above. Semi-quantitative RT-PCR was done using the follow-
ing HIV-1 genomic RNA-specific primers:

HIV18F-50-AGCACAAGAGGAGGAGGAGGTG-30

HIV18R-50-TCGATGTCAGCAGTTCTTGAAGTAC-30

Fluorescent in situ hybridization
HEK cells were seeded in chamber slides at a density of 1 × 105 cells/chamber in DMEM and transfected with
pcDNA-EGFP-DNMT2 in OptiMEM medium using lipofectamine as per the manufacturer’s instructions
(Invitrogen). pcDNA-EGFP MCS-transfected cells were used as control. Cells were fixed using 3.7% formalde-
hyde 48 h post-transfection, permeabilized in 70% ethanol and incubated overnight at 4°C. After three PBS
washes, the cells were incubated for 2 h in hybridization buffer (2× SSC, 100 mg of BSA, 10% Dextran sulphate,
50 mg of yeast total RNA, 50 mg of salmon sperm DNA and 70% formamide) with the mRNA probes (1 nM
each) at 50°C as described elsewhere [29]. Fluorescently labelled DNA probes were prepared for RPL27A,
BRWD1 and CNNM3 using Chromatide Alexa Fluor 546-14-dUTP (Invitrogen) by PCR as per the manufac-
turer’s protocol (Invitrogen) using the following primers:

RPLFSHF-50-CTGCCTCTGACATTGTCGGTG-30

RPLFSHR-50-GCAGTGACAGTAGGCACTGCTACG-30

CNNM3FSHF-50-CTCAAGGAATAAACTCTGAGAGCAAG-30

CNNM3FSHR-50-GAGGTCGAGGCTGCAGCAAG-30

After hybridization, cells were rinsed with 2× SSC, 0.5% SDS for 5 min, 2× SSC, 10% formamide, 0.5% SDS for
10 min and in 2× SSC, 0.5% SDS for 5 min. Cells were mounted using Vectashield containing DAPI followed
by a confocal microscopy.
For HIV-FISH, SupT1 cells were harvested post HIV-1 infections at required time points. Cells were fixed

using 3.7% formaldehyde after 48 h of transfections and processed for RNA-FISH as mentioned above.
Fluorescent-labelled DNA probes against HIV-1 RNA were PCR-amplified (using primers mentioned earlier in
the section on in vitro transcription) using cy3- dUTP (in Figure 4, Sigma) or 568-5-dUTP (in Figure 6,
Invitrogen) as per the manufacturer’s protocol followed by PCR purification.

HIV-1 mRNA stability assay
HEK293 cells were co-transfected with pNL4.3 proviral DNA along with GFP or GFP-DNMT2 in the BSL-II
type-II negative pressure facility in the Laboratory of Dr Sharmistha Banerjee in the University of Hyderabad,
Hyderabad. Cells were washed with PBS twice and the media were changed with complete DMEM (10% FBS)
supplemented with Actinomycin D (5 mg/ml; Sigma) 12 h after transfection to stop cellular transcription. Cells
were fixed at different time points and processed for FlSH as mentioned above. As a control, to test the effect
of Actinomycin D on transcription, total proteins isolated from HEK293 cells cultured as above in the presence
of Actinomycin D were western blotted and probed for Cyclin D1. As shown in Supplementary Figure S16, the
Cyclin D1 level was significantly reduced in the presence of Actinomycin D.

Quantification of fluorescent in situ hybridization for HIV RNA/mRNA stability
Cells were fixed at different time points and processed for RNA-FlSH as mentioned above; HIV-1 RNA inten-
sity and RPL27A RNA intensity were quantified for randomly selected fields in cells expressing GFP/pNL4.3
and GFP-DNMT2/pNL4.3 and GFP or GFP-DNMT2-transfected cells. The imaging settings for confocal
imaging were kept constant for all the images. The brightness and contrast for all the images were constant for
all fields in each sample. The signal intensity was quantified using Image J, and the raw integrated intensity for
each GFP-DNMT2-expressing cell was calculated.

HIV-1 RNA stability analysis by real-time PCR
HEK293T co-transfected with pNL4.3 and GFP/GFP-DNMT2 and treated with Actinomycin D (as mentioned
above) were harvested 24 and 48 h post-transfections. RNA was isolated using Trizol reagent as per the manu-
facturer’s protocol (Sigma). A 1 mg aliquot of RNA was converted into cDNA using Superscript III
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(Invitrogen). The change in expression of HIV-1 mRNA upon overexpression of DNMT2 was evaluated by
real-time PCR using Mesa Green qPCR Mastermix Plus (Eurogentec) in the ABI Prism SDS 7500 system. 18s
rRNA was used as an internal control. RNA was quantified using the Nanodrop Spectrophotometer. Primers
were designed immediately downstream from the 30 poly-A sequence to avoid any reverse transcription bias
because of nucleotide methylation of HIV-1 mRNA.
The primers used for real-time PCR were as follows:

SKNEFRTF-50-AGCTTGTTACACCCTGTGAGC-30

SKNEFRTR-50-CTTGAAGTACTCCGGATGCAG-30

18SrRNAF-50-GGCCCTGTAATTGGAATGAGTC-30

18SrRNAR-50-CCAAGATCCAACTACGAGCTT-30

Kinase assay
The kinase domain of ATM kinase was cloned into the pCDNA3.1-SFB vector in the KpnI/XhoI restriction
sites.
The following primers were used:

ATMcKpn1F-50-GGTGGTACCATGGGAGAATATGGAAATCTGGTG30

ATMcXho1R-50CTCCTCGAGTCAAGCTTTCAAAGGATTCATGGTC-30

The recombinant SFB-ATM kinase domain (SFB-ATMK) was pulled down using streptavidin beads from
pcDNA-SFB-ATMK-transfected HEK293 cells and eluted in kinase buffer (20 mM HEPES, 10 mM MgCl2,
1 mM DTT and 20 ng BSA) supplemented with 2 mg/ml biotin. Streptavidin pull-down using
pcDNA-SFB-transfected cell lysate was taken as control. The kinase assay was performed as follows: 20 ml of
SFB-ATMK, 300 ng of DNMT2 and 1 ml of γ-32PATP were taken to give a 30 ml reaction mixture, which was
incubated for 30 min at 30°C. Substrate blank (-DNMT2) and kinase blank (-ATMK) were taken as control.
The reaction mix was resolved on SDS–PAGE, the gel was stained in Coomassie blue stain, vacuum-dried,
exposed overnight and scanned in a phosphorimager (Fuji Film FLA-9000).

Mass spectrometry analysis
DNMT2 was phosphorylated by SFB-ATM kinase in an in vitro kinase assay as mentioned above. For MS/MS
analysis, the kinase assay was performed with 10 mM ATP instead of γ32P-ATP. The reaction was resolved on
10% SDS–PAGE followed by Coomassie blue staining. The DNMT2 protein band was excised and sent for MS/
MS analysis of phospho-DNMT2 at Taplin Mass Spectrometry Facility at Harvard Medical School, U.S.A. The
phosphorylation score was calculated as an ‘A’ score [30].

Source of antibodies used
Antibodies against DNMT2 (sc-365001, sc-20702) were purchased from Santa Cruz. Antibodies against phos-
phoserine (05-1000) were purchased from Millipore. Anti-G3BP (ab56574) was purchased from Abcam. Alexa
Fluor 488 (A11078) and Alexa Fluor 568 (A11061) antibodies were purchased from Invitrogen.

Results
DNMT2 re-localizes to SGs in response to multiple cellular stresses including
HIV-1 infection
Previous work from our laboratory had shown DNMT2 to be a component of SGs [11]. DNMT2 not only
re-localized to cytoplasmic SG in response to oxidative and endoplasmic reticulum (ER) stress, but it was also
found to be interacting and co-localizing with established SG markers like G3BP and TTP [1,11]. This
re-localization is not just restricted to oxidative and ER stress, as we find re-localization of DNMT2 to the cyto-
plasmic SGs even under other stress conditions including low pH and osmotic shock (Supplementary
Figure S1).
In the previous study, we had noted that several genes involved in host defence against viral infection were

misregulated upon DNMT2 overexpression [11]. Since infection by a pathogen also causes stress to the cell, we
sought to investigate whether infection of a cell by a virus could also cause DNMT2 re-localization. CEMx174
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cells were infected with HIV-1 and the localization of the endogenous DNMT2 was observed at different time
intervals by immunofluorescence, 12–72 h post-infection (see Materials and Methods). We observed dynamic
re-localization of the DNMT2 protein from the nucleus to the cytoplasmic SGs. DNMT2 was found to be pre-
dominantly nuclear in uninfected cells (Figure 1A, topmost panel). By 12 h, DNMT2 was found to be present
both in the cytoplasm and the nucleus (Figure 1A, second panel from top). Twenty-four hours after infection,
DNMT2 was completely re-localized to the cytoplasmic SGs. The predominant cytoplasmic localization per-
sisted till 36 h post-infection and by 72 h, DNMT2 was found both in the cytoplasm and the nucleus
(Figure 1A). The quantitation of the DNMT2 signal in uninfected and HIV-1-infected CEMx174 cells also con-
firmed significant localization of DNMT2 in the cytoplasm after HIV-1 infections (Figure 1B). As a control, to
confirm that the DNMT2 re-localization was correlated with HIV-1 infection, the cells were incubated with
heat-killed HIV viral particles. No re-localization of DNMT2 was observed in these cells infected with heat-
killed HIV viral particles (Supplementary Figure S2). The re-localization of DNMT2 upon HIV-1 infection was
also true in another cell line, SupT1 (Supplementary Figure S3). To confirm that the DNMT2 cytoplasmic foci
were indeed SGs, the HIV-1-infected cells were also immunostained for G3BP, a known SG marker [1]. As can
be seen in Supplementary Figure S3, upon HIV-1 infection, DNMT2 does co-localize with G3BP foci in the
cytoplasm. Thus, the DNMT2 protein responds to multiple cellular stresses including HIV-1 infection and gets
localized to the SGs.

Re-localization of DNMT2 is dependent on its phosphorylation by ATM kinase
DNMT2 does not have any canonical nuclear export signal. As many nuclear proteins that are involved in
RNA processing show phosphorylation-/dephosphorylation-dependent cytoplasmic re-localization, we

Figure 1. Re-localization of DNMT2 in response to HIV-1 infection.

(A) Localization of endogenous DNMT2 was examined by immunostaining in uninfected and at various time points post HIV-1

infection. Note the dynamic change in localization of endogenous DNMT2 during HIV-1 infection. Nucleus was counterstained

with DAPI. Scale bar — 5 mM. (B) Cytoplasm/nuclear (C/N) ratio for the DNMT2 signal in mock-infected and HIV-1-infected

CEMx174 cells. The intensity of nuclear and cytoplasmic immunofluorescence was calculated using Image J (n = 16). Error bars

represent the standard deviation (SD). * indicates significant difference Student’s t-test, ***P < 0.001, ****P < 0.0001. a.u.,

arbitrary units.
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decided to examine whether DNMT2 localization was also dependent on phosphorylation [31]. DNMT2 was
immunoprecipitated from untreated or sodium arsenite (oxidative stress)-treated HEK293 cells followed by
western blotting and probed with phosphoserine antibodies. Indeed, the immunoprecipitated DNMT2 was
found to be phosphorylated at serine residue(s) in response to oxidative stress (Figure 2A). Bioinformatic
investigation, using web-based search engine (PhosphoMotif Finder) that can predict probable kinases
involved in phosphorylation at specific sites, indicated the ATM kinase to be the probable kinase for

Figure 2. Re-localization of DNMT2 to stress granules is dependent on its phosphorylation by ATM kinase.

(A) DNMT2 gets phosphorylated at serine residues in response to oxidative stress. DNMT2 immunoprecipitated from control and sodium

arsenite-treated cells using DNMT2 antibody was probed for serine phosphorylation with phosphoserine antibody (anti-pSer). UT, untreated cells; +,

SA; −, sodium arsenite-treated cells. The blot was also probed with DNMT2 antibody as a control. (B) In vitro kinase assay showing ATM

kinase-mediated phosphorylation of DNMT2. SFB-tagged ATM kinase domain (SFB-ATMK) was pulled down from SFB-ATMK-transfected cells and

incubated with purified recombinant 6×His-DNMT2 (DNMT2) protein in the presence of γ32P-ATP. As a control, protein(s) pulled down from

pcDNA-SFB-transfected cells were also incubated with 6×His-DNMT2. Incubation of SFB-ATMK pull-down fraction with BSA alone was also used

as control. Note that the transfer of γ32P to DNMT2 occurs only in the presence of SFB-ATM kinase. Upper panel, autoradiograph showing the

phosphorylation of DNMT2 by the ATM kinase domain. Coomassie blue staining in the lower panel shows the total amount of 6×His-DNMT2 in

various reactions. (C) ATM kinase inhibitor prevents re-localization of DNMT2 in response to stress. HEK293 cells were treated with sodium arsenite

in the absence (middle panel) or presence of ATM kinase inhibitor KU55933 (lower panel) and immunostained for endogenous DNMT2. Nuclei were

counterstained with DAPI. Scale bar — 5 mM. (D) Serine residues at S215 and S219 are involved in the re-localization of DNMT2. HEK293 cells

were transfected with either the WT, non-phosphorylatable (S215A, S219A or S215A/S219A) or phosphomimetic (S215E or S219E) mutants of

GFP-DNMT2. GFP-DNMT2-transfected HEK293 cells were also treated with ATM kinase inhibitor KU55933 (lowermost panel). Nuclei were

counterstained with DAPI. Scale bar — 5 mM.
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DNMT2 phosphorylation [32]. To examine if indeed ATM kinase was involved in DNMT2 phosphorylation,
recombinant SFB-tagged ATM kinase domain (SFB-ATMK) was purified from HEK293 cells and incubated
with Escherichia coli purified recombinant 6×His-DNMT2 in an in vitro kinase assay using γ32P-ATP as a
phosphate donor (see Materials and Methods). As a control, 6×His-DNMT2 was also incubated with the
SFB tag alone (purified from HEK293 cells). As a negative control, SFB-ATMK was also incubated with
BSA. While SFB-ATMK transferred a phosphate group to DNMT2. DNMT2 was not phosphorylated by the
SFB tag alone (Figure 2B). Moreover, SFB-ATMK did not phosphorylate BSA. MS/MS mass spectrometry
analysis on recombinant 6×His-DNMT2 incubated with ATM kinase in an in vitro kinase assay showed
serine at position 215 and 219 to be phosphorylated (Supplementary Figure S4). Furthermore, in an in vitro
kinase assay, DNMT2 phosphorylation by SFB-ATMK was found to be impaired in the presence of the
ATM kinase inhibitor KU55933 (Supplementary Figure S5). This suggested that DNMT2 was being phos-
phorylated by ATM kinase.
To test the possibility that cytoplasmic re-localization of DNMT2 upon stress was dependent on phosphoryl-

ation by ATM kinase, HEK293 cells were treated with ATM kinase inhibitor KU55933 followed by incubation
with sodium arsenite (oxidative stress). Treated or untreated cells were immunostained for DNMT2.
Endogenous DNMT2, which re-localizes to cytoplasmic SGs in response to oxidative stress, was found to be
restricted to the nucleus even after sodium arsenite treatment in the presence of KU55933 (Figure 2C and
Supplementary Figure S6). These observations indicated that re-localization of endogenous DNMT2 from the
nucleus to the cytoplasm upon stress was dependent on its phosphorylation by ATM kinase.
We had previously shown that when GFP-DNMT2 is overexpressed in mammalian cells, it localizes to cyto-

plasmic SGs and mimics the localization of endogenous DNMT2 during stress [11]. To examine whether this
transfected DNMT2 protein was phosphorylated, the SFB–DNMT2 fusion protein construct was transfected into
HEK293 cells. The SFB–DNMT2 fusion protein, pulled down using biotin and probed with phosphoserine anti-
body, was found to be phosphorylated (Supplementary Figure S7). To examine the role of the two serine residues
S215 and S219 found to be phosphorylated in DNMT2 during stress, these serine residues were mutated to
alanine independently as well as together (GFP-DNMT2S215A, GFP-DNMT2S219A and GFP-DNMT2S215A+S219A)
in the GFP-DNMT2 construct by site-directed mutagenesis, to create non-phosphorylatable mutants. Upon trans-
fection of these constructs into HEK293 cells, the cytoplasmic localization of overexpressed mutant GFP-DNMT2
was affected to varied extents in the mutants. GFP-DNMT2S215A and GFP-DNMT2S219A showed localization in
the nucleoli in addition to the cytoplasm. On the other hand, the GFP-DNMT2S215A+S219A double mutant, in
contrast with the GFP-DNMT2 (WT, wild type), was localized to the nucleus in addition to the cytoplasm
(Figure 2D) as is the case with endogenous DNMT2 (Figure 2C, upper panel). The localization of
GFP-DNMT2S215A+S219A double mutant was also similar to that of WT GFP-DNMT2 in HEK293 cells that were
treated with the ATM kinase inhibitor KU55933 (Figure 2D, lowest panel). As a control, GFP-DNMT2S215E and
GFP-DNMT2S219E phosphomimic mutants of GFP-DNMT2 were also tested for their localization. Both these
phosphomimetic mutants of GFP-DNMT2 were found to be localized predominantly in the cytoplasm as was
observed for GFP-DNMT2 (Figure 2D). This would indicate that phosphorylation of serine residues at the 215
and 219 positions in DNMT2 have an important role to play in its re-localization to the cytoplasm.

DNMT2 binds to mRNA
In our previous study, we had observed co-localization of DNMT2 with mRNA in the SGs using cDNA, corre-
sponding to the whole-cell mRNA, as a probe [11]. This would suggest that DNMT2 could also be interacting
with different mRNA species present in the SGs. Therefore, we decided to characterize the RNA-binding poten-
tial of DNMT2 by the RNA pull-down assay. DNMT2-bound RNA was enriched from total RNA isolated from
HEK293 cells treated with sodium arsenite (oxidative stress) by incubating with recombinant 6×His-DNMT2
protein bound to Ni-NTA agarose beads. A few RNA species that were present in the bound fraction of the
sodium arsenite-treated samples were identified to be regions within the BRWD1 (Bromodomain and WD
repeat domain containing 1, transcript variant 2), RPL27A (ribosomal protein L27A), CNNM3 (cyclin M3)
and the non-coding (4(A+3)1) mRNAs (see Supplementary Information for experimental details and
Supplementary Figure S8). To confirm the interaction of DNMT2 with these mRNA species, RNA-EMSA (elec-
trophoretic mobility shift assay) was performed with recombinant DNMT2 and α32P-CTP-labelled in vitro
RNA probes for 4(A+3)1 and BRWD1, RPL27A. Since tRNAVal is a known substrate for DNMT2 [16], binding
with tRNAVal was taken as a positive control. DNMT2 showed efficient binding with all the mRNA probes
(Figure 3A).
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We next sought to investigate whether DNMT2 had substrate specificity for a specific mRNA species.
Furthermore, as DNMT2 also has binding affinity for DNA (Supplementary Figure S9), we were also interested
in examining the mRNA-binding specificity of DNMT2 when compared with DNA [33]. Therefore,
RNA-EMSA was performed with in vitro-transcribed mRNA corresponding to regions within the 4 (A+3)1 and
BRWD1 genes (see above) in the presence or absence of non-specific and non-radioactive mRNA (pBSK; cold
competitor) and DNA fragment D1–8 (see Supplementary Information) or poly (dI-dC). Unlabelled mRNA
and DNA competitor were used at concentrations of 25× and 10× respectively, whereas poly (dI-dC) was used
at 10× and 100×. In the presence of DNA or poly (dI-dC) as cold competitor, the intensity of the RNA–
DNMT2 complex was reduced but not abolished (Figure 3B,C). This indicated that DNMT2 has a preference
for RNA over DNA as a substrate.

Figure 3. DNMT2 binds to and co-localizes with mRNA in stress granules.

(A) DNMT2 binds to mRNA in vitro. RNA-EMSA showing binding of DNMT2 with different in vitro-transcribed mRNA species (indicated below the

image). Lanes 1, 3, 5, 7 and 9 — radiolabelled probes corresponding to the indicated in vitro-transcribed mRNA species. Lanes 2, 4, 6, 8 and

10 — radiolabelled probes + DNMT2 protein. Note that DNMT2 also binds to in vitro RNA transcribed from pBSK cloning vector. (B and C) DNMT2

binds more strongly to mRNA. RNA-EMSA with recombinant 6×His-DNMT2 protein and radiolabelled in vitro-transcribed RNA, corresponding to

regions within 4(A+3)1 and BRWD1 mRNA, as probes. Unlabelled in vitro-synthesized pBSK RNA, DNA-specific to the D1-8 DNA fragment (see

Supplementary Information) (B) and poly (dI-dC) (C) were used as cold competitor. + indicates the presence and − indicates the absence of the

indicated component in the RNA–protein-binding reaction. + is 10× and ++ is 100× for poly (dI-dC) in (C). (D and E) DNMT2 and mRNA species

co-localize in stress granules during oxidative stress. RNA-FISH was performed using Alexa Fluor 546-labelled CNNM3 mRNA probe on: HEK293

cells untreated (upper panel) or treated (lower panel) with sodium arsenite (oxidative stress) and immunostained for endogenous DNMT2 (D); and

HEK293 cells transfected with either GFP (upper panel) or GFP-DNMT2 (lower panel) (E). Nuclei were counterstained with DAPI. Scale bar — 5 μM.
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10× pBSK mRNA was also not able to compete out binding with 4 (A+3)1 and BRWD1 mRNA (Figure 3B).
This could indicate the specificity of DNMT2 for specific mRNA species. However, when RNA-EMSA was per-
formed using an α32P-labelled non-specific RNA (pBSK MCS transcribed from T7 promoter), DNMT2
showed binding to pBSK RNA. This could suggest that the DNMT2 could bind to any RNA species but had
stronger affinity to specific mRNA species.

DNMT2 co-localizes with mRNA species during stress
DNMT2 is a component of the SGs during stress [11]. To examine whether any of the above-mentioned
mRNA species also co-localize with DNMT2 during stress, fluorescence RNA in situ hybridization using fluor-
escent probe against CNNM3 and RPL27A mRNA followed by immunostaining for endogenous DNMT2 was
performed on HEK293 cells untreated or treated with sodium arsenite. CNNM3 and RPL27A mRNAs are nor-
mally localized both in the nucleus and the cytoplasm, but during stress conditions both these mRNA species
were present along with endogenous DNMT2 predominantly in the cytoplasm (Figure 3D and Supplementary
Figure S10).
We had previously shown that upon overexpression, GFP-DNMT2 localizes to the SGs ([11] and Figure 2D).

Fluorescence RNA in situ hybridization for CNNM3 mRNA in GFP-DNMT2-expressing HEK293 cells showed
co-localization of GFP-DNMT2 with CNNM3 in the cytoplasm (Figure 3E). This was also true for RPL27A
(Supplementary Figure S10). This indicated that DNMT2 co-localizes with mRNA species in the SGs during
stress.

DNMT2 interacts with HIV-1 RNA during infection
As observed for other environmental stress conditions, DNMT2 also re-localizes to SGs during HIV-1 infection
(Figure 1A and Supplementary Figure S3). Since HIV uses the host machinery to transcribe its own transcripts
and because the HIV RNA goes through the same RNA-processing machinery as host mRNA, the HIV RNA
transcribed inside the host cell has all the hallmarks of host mRNA [34]. Moreover, it is known that HIV infec-
tion induces SG formation with HIV-2 RNA being found localized to SGs during infection [35]. In light of our
finding that DNMT2 could bind mRNA species during stress, we examined the possibility that DNMT2 could
also interact with HIV-1 RNA during infection. To achieve this, affinity RNA pull-down was performed, using
recombinant 6×His-DNMT2, on total RNA isolated from HIV-1-infected SupT1 cells followed by semi-
quantitative RT-PCR for a region within the nef gene of HIV-1 RNA. As can be seen from Figure 4A,
6×His-DNMT2 binds HIV-1 RNA. The binding of HIV-1 RNA to DNMT2 was further confirmed by perform-
ing RNA-EMSA using 6×His-DNMT2, α32P-CTP-labelled and in vitro-transcribed probes from H18 (corre-
sponding to nef gene, Figure 4B), H9 (present within the integrase gene, Supplementary Figure S11) and H13
(present within a region that is part of the vpu, rev, env and tat genes, Supplementary Figure S11) regions of
the HIV-1 RNA. To examine whether HIV-1 RNA and DNMT2 co-localize during infection, RNA fluorescence
in situ hybridization (for the H18 region) followed by immunostaining for DNMT2 was performed on SupT1
cells, 24–72 h after infection. As can be seen in Figure 4C, HIV-1 RNA and DNMT2 indeed co-localize. To
confirm that the localization of HIV-1-RNA and DNMT2 was within the cytoplasmic SGs, RNA-FISH and
immunostaining were also performed for HIV-1 and DNMT2, respectively, along with immunostaining for the
well-established SG marker, G3BP, in SupT1 cells. HIV-1 RNA was found to co-localize with DNMT2 and
G3BP (Supplementary Figure S12), indicating that HIV-1 RNA indeed localizes to SGs along with DNMT2
and G3BP.

DNMT2 mediates mRNA cytosine methylation in response to stress and HIV-1
RNA during infection
DNMT2 has been shown to methylate tRNA. To test the possibility that the DNMT2 was methylating mRNA
in response to stress, we sought to examine the methylation status of RPL27A, CNNM3 and BRWD1 mRNA.
Similarly, to investigate whether DNMT2 could methylate HIV-1 RNA during infection, the methylation status
of the H18 region within the nef gene of HIV-1 RNA was tested by in vitro and in vivo methylation assays.
In the in vitro RNA methylation assay (filter binding), in vitro-transcribed RPL27A, CNNM3, BRWD1

mRNA and H18 region of HIV-1 RNA were used as substrates with tritiated SAM as a methyl donor. As a
positive control, in vitro-transcribed tRNAVal was also used as a substrate. As can be seen in Figure 5A, all
mRNAs and HIV-1 RNA substrates showed significant gain of tritiated methyl groups in the presence of
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recombinant DNMT2, which was comparable to that observed for tRNAVal, which is a known substrate of
DNMT2.
To examine the nature of this methylation, the DNMT2-mediated methyltransferase assay was performed on

in vitro-transcribed RPL27A mRNA and the H18 region of HIV RNA followed by RNA-specific bisulphite
sequencing. When compared with the RNA substrates incubated with BSA, significant higher numbers of cyto-
sines both at CpG and non-CpG dinucleotides were found to be methylated in the presence of DNMT2 for
both RPL27A (Figure 5B,D) and the H18 region of HIV-1 (Figure 5C,E).
To test whether DNMT2 methylates RPL27A, CNNM3 and BRWD1 mRNA in vivo, we performed

MeRIP-RT-PCR (methylated RNA immunoprecipitation RT-PCR) using the 5-methyl cytosine (5mC) antibody
[36]. RNA bound to DNMT2, isolated from sodium arsenite-treated HEK293 cells that were transiently trans-
fected with SFB–DNMT2, was pulled down using 5mC antibody followed by RT-PCR for RPL27A, BRWD1
and CNNM3. All these mRNAs were enriched in the methylated bound fraction of SFB–DNMT2-transfected
HEK293 cells but not in the control bound fraction from SFB-transfected HEK293 cells (Figure 5F).
The status of HIV RNA methylation in vivo upon HIV-1 infection was also examined by MeRIP-RT-PCR

for HIV-1 RNA. DNMT2-associated RNA was pulled down from HEK293T cells, co-transfected with SFB–
DNMT2 and pNL4.3, followed by MeRIP and semi-quantitative RT-PCR. HIV-1 RNA was enriched in the
bound fraction of SFB–DNMT2/pNL4.3-transfected HEK293T cells (Figure 5G), indicating DNMT2-mediated
HIV-1 RNA methylation during infection.

Figure 4. DNMT2 binds to and co-localizes with HIV-1 RNA during infection.

(A) Representative RT-PCR showing DNMT2 binding to HIV-1 RNA in vivo. RNA pull-down assay performed on total cell RNA from HIV-1-infected

SupT1 with recombinant 6×His-DNMT2 followed by semi-quantitative RT-PCR for the H18 region within the nef gene. -RT denotes RT-PCR without

the addition of template; Bound — RT-PCR on SFB–DNMT2-bound RNA fraction; Control — RT-PCR on SFB-bound RNA; M — 100 bp DNA

marker. (B) RNA-EMSA showing DNMT2 binding with in vitro-transcribed HIV-1 RNA. Radiolabelled and in vitro-transcribed RNA for the H18 region

(from within the nef gene of HIV RNA) was incubated with DNMT2 in the presence or absence of unlabelled in vitro-synthesized H18 RNA (100×). +

indicates the presence and − indicates the absence of the indicated component in the RNA–protein-binding reaction. (C) DNMT2 co-localizes with

HIV-1 RNA during infection. RNA-FISH was performed on uninfected and HIV-1-infected (at the indicated times post-infection) SupT1 cells with the

Cy3-labelled H18 region RNA probe (corresponding to the nef gene in the HIV-1 RNA; see Materials and Methods) and immunostained for

endogenous DNMT2. HIV-1 RNA (green) co-localizes with DNMT2 (red) in the SGs. Nuclei were counterstained with DAPI. Scale bar — 5 μM.
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DNMT2 facilitates HIV-1 infection
To test whether the DNMT2-mediated methylation of HIV-1 RNA during infection was indicative of a role for
DNMT2 in host cellular response to HIV-1 infection, we examined the efficacy of HIV-1 infection in the pres-
ence of higher (overexpression) or lower (knockdown, Supplementary Figure S13) levels of DNMT2. HEK293T
cells were transiently co-transfected with (i) pNL4.3/SFB–DNMT2 (overexpression); (ii) pNL4.3/pcDNA-SFB
(overexpression control); (iii) pNL4.3/siRNA-DNMT2 (down-regulation, Supplementary Figure S10); and (iii)
pNL4.3/scrambled siRNA (siRNA control, Supplementary Figure S13). p24 ELISA that detects p24 HIV capsid
protein (p24 is an HIV capsid protein that is widely used as the marker for HIV infections) was performed on
cell supernatant, 24 and 48 h after infection. Twenty-four hours post-infection, the p24 levels were similar for
all the transfected cells. However, a significant difference in the viral titre was observed in SFB–
DNMT2-overexpressing and DNMT2-knockdown cells when compared with the control, 48 h post-infection
(Figure 6A). HEK293T cells overexpressing SFB–DNMT2 showed a two-fold increase in viral titre, whereas
HEK293T cells with DNMT2 down-regulation showed a significant decrease in the viral titre (p24 level). This
was quite surprising as this indicated that DNMT2 was facilitating HIV particle production.

Figure 5. DNMT2 can methylate mRNA and HIV RNA.

(A) in vitro methylation assay. Filter binding assay was performed on indicated in vitro-transcribed mRNA, HIV-1 RNA and Valine tRNA species with

DNMT2 in the presence of tritiated SAM. Control — BSA. Error bars represent the standard deviation (SD). * indicates significant difference

Student’s t-test, **P < 0.005; *P < 0.01. (B and C) Bisulphite sequencing analysis on in vitro-transcribed and methylated RPL27A RNA (B) and H18

region of HIV-1 RNA (C). The position of each cytosine as it appears in the sequence is represented as a rectangle. Red rectangles indicate

cytosine in CpG and black rectangles indicate cytosine in a non-CpG dinucleotide context. Filled symbols indicate methylated cytosine. (D and E)

Quantification of percentage gain of methylated cytosines [CpG + non-CpG (%)] in RPL27A (D) and HIV-1 RNA (E) after bisulphite sequencing. (F)

Representative MeRIP-RT-PCR (semi-quantitative) for RPL27A, BRWD1, CNNM3 mRNA. DNMT2-bound RNA was enriched from SFB–

DNMT2-transfected HEK293 cells followed by MeRIP. MeRIP on HEK293 cells transfected with pcDNA-SFB followed by sodium arsenite treatment

was taken as a negative control. -RT denotes RT-PCR without the addition of template. (G) Representative MeRIP-RT-PCR (semi-quantitative) for

the H18 region of HIV-1 RNA. DNMT2-bound RNA was enriched from pNL4.3 and SFB–DNMT2-co-transfected HEK293 cells followed by MeRIP.

MeRIP on uninfected HEK293 cells transfected with pcDNA-SFB alone was taken as a negative control. -RT denotes RT-PCR without the addition

of template RNA.
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DNMT2 co-localizes with HIV-1 RNA in SGs during infection (Figure 4 and Supplementary Figure S12)
and, as shown in Figure 2C, re-localization of DNMT2 from the nucleus to the SGs was blocked when its phos-
phorylation was inhibited by the ATM kinase inhibitor KU55933. Therefore, to confirm the role of DNMT2 in
HIV-1 particle production, we examined the HIV-1 viral titre (p24 capsid protein levels) in the presence of
KU55933. SupT1 cells were treated with KU55933 following which they were infected with HIV-1 (see
Materials and Methods). P24 ELISA was performed on cell supernatant, 24 and 48 h after infection. A signifi-
cant decrease in the viral titre was observed in KU55933-treated cells when compared with the control
untreated cells, at both 24 and 48 h time points post-infection (Figure 6B). ATM kinase is expected to affect
the activity of several downstream proteins, which in turn could lead to a reduction in the viral titre. To
examine whether the effect of ATM kinase on HIV titre was through DNMT2 phosphorylation, we performed
p24 ELISA on HEK293T cells, transfected with either pNL4.3 and DNMT2 siRNA or pNL4.3 and scrambled

Figure 6. DNMT2 promotes HIV infection.

(A) DNMT2 expression level affects the HIV-1 viral titre. HIV-1 packaging plasmid pNL4.3 was co-transfected into HEK293T cells with either

pcDNA-GFP-DNMT2 (black bars) or siRNA against DNMT2 (bars with square pattern, see Materials and Methods). The level of the viral p24 protein

was measured at indicated time points in the cell supernatant. The level of the viral p24 protein in HEK293 cells co-transfected with pNL4.3 &

pcDNA-GFP and pNL4.3 & scrambled siRNA was used as a control for the analysis. (B) ATM kinase inhibitor affects the HIV-1 p24 levels. SupT1

cells were treated with ATM kinase inhibitor (filled circles), KU55933, following which they were infected with HIV-1. The level of the viral p24 protein

was measured at indicated time points in the cell supernatant. Open squares, SupT1 cells not incubated with KU55933. (C and D) DNMT2 stabilizes

HIV-1 RNA during infection. mRNA transcription was blocked in pNL4.3/GFP-DNMT2 or pNL4.3/GFP-transfected HEK293T cells with Actinomycin

D. (C) Representative FISH images showing the intensity of HIV-1 RNA in Actinomycin D-treated and untreated transfected cells at 24 h (upper

panel) and 48 h (lower panel). Nuclei were counterstained with DAPI. Scale bar — 5 μM. (D) Quantification of the HIV-1 RNA-FISH signal for the

indicated number of untreated and Actinomycin D-treated cells by scatter plot analysis. Signal intensity was calculated for the indicated number of

cells (n > 50 across more than eight randomly chosen fields for each time point), 24 and 48 h post-transfection. (E) Quantitative real-time RT-PCR to

determine the HIV-1 RNA load. HEK293T cells transfected with pNL4.3/GFP, pNL4.3/GFP-DNMT2 or pNL4.3/GFP-DNMT2C79A (catalytically inactive

mutant of GFP-DNMT2) were treated with Actinomycin D. Quantitative RT-PCR was performed on total RNA isolated from these cells 24 and 48 h

after transfection. Error bars represent the standard deviation (SD). * indicates significant difference Student’s t-test, *P < 0.05; **P < 0.005; ***P < 0.001.
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siRNA, and treated with KU55933 (see Materials and Methods). Untreated transfected cells were taken as
control. As can be seen in Supplementary Figure S14, no further reduction in viral titre was observed even after
the addition of KU55933 in DNMT2-knockdown cells. This confirmed our finding that DNMT2 was facilitat-
ing HIV particle production.

DNMT2 provides post-transcriptional stability to HIV RNA
An increased level of HIV-1 viral titre in the presence of DNMT2 indicated that the virus was utilizing the
host-encoded DNMT2 for promoting its own survival and growth. Could the methylation of HIV-1 RNA by
DNMT2 be improving its survivability in the cell? To examine the possibility that the increased viral titre was
because of increased stability of HIV-1 RNA in the presence of DNMT2, RNA-FISH for HIV-1 RNA was per-
formed on GFP/pNL4.3 and GFP- DNMT2/pNL4.3-co-transfected HEK293T cells. Actinomycin D (5 mg/ml)
was added to the culture medium 12 h after transfection and the cells were visualized 24 and 48 h after trans-
fection by confocal microscopy, and the intensity of the HIV-1 RNA signal for multiple cells in randomly
selected fields was quantified. As can be seen in Figure 6C,D, the intensity of HIV-1 RNA staining was higher
in a significantly higher number of GFP-DNMT2/pNL4.3-transfected HEK293T cells when compared with
control GFP/pNL4.3-transfected cells. To further confirm the effect of DNMT2 on HIV-1 RNA stability,
HEK293T cells, co-transfected either with pNL4.3 and GFP, pNL4.3 and GFP-DNMT2 or pNL4.3 and a cata-
lytically inactive mutant of DNMT2, GFP-DNMT2C79A were treated with Actinomycin D. Quantitative
RT-PCR performed for HIV-1 RNA on these cells showed that the level of HIV-1 RNA (nef mRNA) was sig-
nificantly higher in the presence of GFP-DNMT2. The catalytically inactive GFP-DNMT2C79A had no effect on
the stability of HIV-1 RNA (Figure 6E).
To investigate the possibility that DNMT2 also provides post-transcriptional stability to mRNA molecules,

RNA-FISH was performed for RPL27A on sodium arsenite-treated GFP and GFP-DNMT2-transfected
HEK293 cells that were subsequently grown in the presence of Actinomycin D. Quantification of the intensity
of the RPL27A mRNA signal (for multiple cells in randomly selected eight fields) at 0, 2 and 4 h
post-Actinomycin D addition showed higher intensity in a significantly higher number of
GFP-DNMT2-transfected cells (Supplementary Figure S15).

Discussion
With different functions being ascribed in different species, the evolutionarily conserved DNMT2 has remained
an enigmatic methyltransferase in terms of its function [15,37].
Though previous studies have shown tRNA methylation capability of DNMT2 in several species, DNMT2

has also been shown to have residual DNA methylation activity [14–16]. In this study, we add mRNA to the
list of DNMT2 substrates and show that DNMT2 methylates mRNA. Importantly, we show that HIV uses the
RNA methylation property of DNMT2 to stabilize its RNA genome during viral production, which in turn
may facilitate it to proliferate and survive in the host cell.

DNMT2 binds and methylates mRNA
Epigenetic modification of RNA is being recognized as an important event during RNA metabolism [38–40].
As SGs are cytoplasmic loci where several untranslated RNA species are brought in and sorted either for decay
or storage during environmental stress, it is possible that RNA epigenetic modifications play a role in this
RNA-processing mechanism [1].
Owing to its interaction with RNA-processing proteins and its localization within the SGs, we had previously

proposed a role for DNMT2 in RNA processing during environmental stress to the cell. In the present study,
we show that DNMT2 not only associates but also methylates different species of mRNA. Previous reports
have suggested DNMT2 to be a tRNA methyltransferase, methylating a specific cytosine present within the
CpG dinucleotide context in the tRNA [14–16]. In addition to methylating tRNA, the previous report also
showed methylation of a specific cytosine, confined within a tRNA-type stem–loop structure, in the KRT18
mRNA by DNMT2 [41]. However, we find that DNMT2 can bind to and methylate different mRNA species
including RPL27A, BRWD1 and CNNM3. RPL27A, a ribosomal protein, is a constituent of the 60S ribosomal
subunit; CNNM3, a transmembrane protein, is a metal transporter and BRWD1 is associated with transcription
activation and chromatin remodelling. All these proteins are important in different cellular pathways, but in
response to stress their untranslated transcripts co-localize with DNMT2 in the cytoplasm, which is known to
be localized to SGs. Neither did we find any sequence similarity or consensus motif between these different
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mRNA species nor was methylation limited to cytosines present within CpG dinucleotides. Moreover, none of
the cytosines that were found to be methylated in RPL27A were present in a tRNA-type stem–loop structure.
Binding studies showed that DNMT2 could bind mRNA in a sequence-independent manner and preferred
RNA as a substrate over DNA. Even RNA corresponding to the pBSK vector was found to bind to DNMT2.
Therefore, the cytosine methylation activity of DNMT2 was similar to the other known eukaryotic cytosine
methyltransferases that can methylate cytosines in a sequence-independent manner. However, it would be
important to test a larger cohort of mRNA species that localize to the SGs to find out whether any signature
sequence or structure motifs determine the mRNA methylation specificity of DNMT2.

HIV-1 uses DNMT2 to increase viral load in the host cell
Upon HIV-1 infection, DNMT2 was found to be re-localized from the nucleus to the cytoplasmic SGs
(Figure 1A). During infection, HIV exploits the host mRNA transcription machinery to transcribe and replicate
itself [42]. Reports have also shown HIV-2 genomic RNA to be a part of SGs [35]. Since DNMT2 is part of the
SGs, it was possible that re-localization of DNMT2 was coincidental to the assembling of RNA-processing
machinery in the SGs. It was also possible that DNMT2 was being used by the cell as part of its defence mech-
anism against the virus. Therefore, it was a surprise to find that overexpression of DNMT2 leads to an increase
in the HIV-1 viral titre. It was also interesting to find that, in conjunction with increased HIV-1 load, the sta-
bility of HIV-1 RNA also increased in the presence of DNMT2. This suggested that HIV-1 was, in fact, using
DNMT2 and piggybacking on its role in RNA methylation and processing to multiply and establish its infec-
tion. This is in contrast with the previous finding that, in Drosophila, DNMT2 through its RNA methylation
activity was part of its antiviral defence [43]. It would be interesting not only to find the reason for this con-
trasting function of an evolutionarily conserved protein, DNMT2, in two different species but also to examine
whether any viral protein was involved in actively bringing DNMT2 to SGs, thereby allowing the virus to
hijack the RNA-processing machinery of the host cell to its own advantage.
While cytosine methylation has been shown to stabilize tRNA secondary structures, the effect of cytosine

methylation in mRNA molecules has not been elucidated [44]. Our finding that DNMT2 methylates HIV RNA
and mRNA and provides it post-transcriptional stability would argue that methylation of mRNA species by
DNMT2 stabilizes them possibly by preventing their decay. The decision to either process mRNA for decay or
storage or process it for other fates in the SGs has remained largely enigmatic. Therefore, cytosine methylation
by DNMT2 providing stability to mRNA provides an important clue to the process of decision-making in the
SGs. The next step in uncovering the various steps of this decision-making would be to identify mRNA species
that are methylated in the SGs and find if they have any sequence or structure motifs that make them a target
for stabilization by DNMT2.

Localization of DNMT2 is dependent on its phosphorylation
Re-localization of proteins within different intracellular compartments is known to be regulated by various
post-translational modifications including phosphorylation [31]. DNMT2 lacks any canonical nuclear localiza-
tion and nuclear export signals, and the mechanism of its re-localization to cytoplasmic SGs in response to
environmental stress has remained unknown. Therefore, the finding that the re-localization of DNMT2 to SGs
in response to HIV infection or other environmental stress was dependent on ATM kinase-mediated phosphor-
ylation provides an important clue to the mechanism and pathways by which DNMT2 functions. It was inter-
esting to find that ATM kinase, a protein that has been found to be crucial for HIV DNA integration into the
host DNA and HIV-1 replication, was phosphorylating DNMT2, a protein that provides stability to HIV-1
RNA [45]. This would indicate that HIV probably utilizes the function of multiple proteins to multiply and
perpetuate itself.
SG genesis is essential for the cell to endure environmental stress [1]. We show in the present study that

HIV-1 utilizes the RNA methylation activity of DNMT2, a protein that is part of this essential cellular mechan-
ism, to overcome the host defence mechanism and improve its own survivability. DNMT2 is an evolutionarily
conserved protein that acts against viral infection in one species, but is being utilized by a virus for its own
benefit in another. A comparative study of the relationship of DNMT2 with viruses in Drosophila and
mammals would not only be important to dissect out the mechanism of its action but also open up a novel
frontier in the study of host–pathogen interaction.
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