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SUMMARY

How the covalent modification of mRNA ribonucleo-
tides, termed epitranscriptomic modifications,
alters mRNA function remains unclear. One issue
has been the difficulty of quantifying these modifi-
cations. Using purified HIV-1 genomic RNA, we
show that this RNA bears more epitranscriptomic
modifications than the average cellular mRNA, with
5-methylcytosine (m5C) and 20O-methyl modifica-
tions being particularly prevalent. The methyltrans-
ferase NSUN2 serves as the primary writer for m5C
on HIV-1 RNAs. NSUN2 inactivation inhibits not
only m5C addition to HIV-1 transcripts but also viral
replication. This inhibition results from reduced
HIV-1 protein, but not mRNA, expression, which in
turn correlates with reduced ribosome binding to
viral mRNAs. In addition, loss of m5C dysregulates
the alternative splicing of viral RNAs. These data
identify m5C as a post-transcriptional regulator of
both splicing and function of HIV-1 mRNA, thereby
affecting directly viral gene expression.

INTRODUCTION

RNAs are subject to a range of covalent modifications at the sin-

gle nucleotide level and over 100 distinct RNA modifications

have been described (Gilbert et al., 2016; Li and Mason, 2014;

Roundtree et al., 2017). While primarily found on non-coding

RNAs (ncRNAs), especially tRNAs, several of these ‘‘epitran-

scriptomic’’ modifications are also found on eukaryotic mRNAs,

and there has been considerable recent interest in defining their

function.

The proteins involved in epitranscriptomic regulation of

mRNAs can be divided into ‘‘writers,’’ which add the modifica-

tion; ‘‘readers,’’ which detect the modification and execute its

phenotypic effect(s); and ‘‘erasers,’’ which remove the modifica-

tion. The addition of a methyl group to the N6 position of adeno-
sine (m6A) is the most common mRNA modification in eukary-

otes (Meyer and Jaffrey, 2014; Roundtree et al., 2017), and

m6A has therefore attracted considerable attention. The m6A

modification is added co-transcriptionally by a complex consist-

ing of the methyltransferase METTL3 and two co-factors,

METTL14 and WTAP (Meyer and Jaffrey, 2014). Once added,

m6A can be read by nuclear YTHDC1 (Hsu et al., 2017; Xu

et al., 2014), which may regulate alternative mRNA splicing

(Xiao et al., 2016). After nuclear export, m6A sites are bound by

three cytoplasmic reader proteins, YTHDF1, YTHDF2, and

YTHDF3, which are thought to regulate mRNA stability and

translation (Shi et al., 2017; Wang et al., 2014, 2015).

Less is known about the function of other epitranscriptomic

mRNA modifications, of which one of the most common is the

addition of a methyl group to the C5 position of cytosine (m5C)

(Li et al., 2017; Squires et al., 2012). The primary writer for m5C

on mRNAs has been proposed to be NSUN2, although human

cells express seven other cytosine methyltransferases of

which one, DNMT2, may also act on mRNA (Gilbert et al., 2016;

Khoddami and Cairns, 2013; Squires et al., 2012). The function

of m5C remains largely undefined, although it has been proposed

that m5C residues, which are often located close to translation

initiation codons (Yang et al., 2017), can promote mRNA

translation and enhance nuclear RNA export (Li et al., 2017;

Xing et al., 2015; Yang et al., 2017). Here, we initially focus on

the quantification of the epitranscriptomic modifications found

on a single, highly purified RNA species synthesized in human

cells, the genomic RNA (gRNA) of HIV-1. Using ultra high-perfor-

mance liquid chromatography linked to tandem mass spectrom-

etry (UPLC-MS/MS), we demonstrate that HIV-1 gRNAs are

extensively epitranscriptomically modified, with an m5C level

�143 higher than seen on cellular mRNAs. We identify NSUN2

as the primary m5C writer on HIV-1 gRNA and show that loss of

NSUN2 reduces HIV-1 protein expression yet does not affect viral

RNA levels, consistent with a role for m5C in promoting mRNA

translation (Li et al., 2017; Xing et al., 2015). Finally, we report

that loss of NSUN2 perturbs the alternative splicing of HIV-1

transcripts. Together, these data reveal that HIV-1 has evolved

to acquire a high level of epitranscriptomic m5C modifications

and that these, in turn, promote viral gene expression by regu-

lating RNA splicing and promoting the translation of viral mRNAs.
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Figure 1. Quantification and Mapping of RNA Modifications Present on HIV-1 Transcripts

(A) Schematic of the purification of the gRNA present in HIV-1 virions released from infected CEM T cells.

(B) Purified HIV-1 gRNA derived from infected CEM T cells or transfected 293T cells was analyzed by RNA-seq to determine the level of contaminating human

RNA. CDS; human mRNAs. n = 1.

(C) UPLC-MS/MS was used to determine the percentage of each RNA modification listed, normalized to the level of the parental nucleoside, in the two HIV-1

gRNA samples and in CEM or 293T poly(A)+ RNA. n = 1.

(D) Schematic of the antibody capture technique used to map m6A or m5C modifications on HIV-1 RNA.

(E) The top two images show PA-m6A-seq mapping, while the lower three images show PA-m5C-seq mapping, of HIV-1 RNA derived from either virions or cell

lysates of the matched virus producer CEM cells or purified virions from infected primary CD4+ T cells.
RESULTS

HIV-1 gRNAs Bear Extensive Epitranscriptomic 
Modifications
While several techniques can be used to map epitranscriptomic 
modifications on RNAs (Helm and Motorin, 2017; Kennedy et al., 
2016; Khoddami et al., 2015; Li et al., 2017), the resultant data do 
not provide information about the level of modification at the 
mapped sites, which could range anywhere from 100% to 
<10%. To quantify the epitranscriptomic modifications present 
on a single human RNA species, we focused on the RNA genome 
of HIV-1, which is packaged into virions released by infected 
cells and is therefore easier to purify to homogeneity than cellular 
mRNAs. We harvested supernatant media from HIV-1-infected 
cultures of the human CD4+ T cell line CEM and isolated virions 
away from cellular debris and exosomes by pelleting through a 
sucrose cushion and then banding on an iodixanol gradient (Eck-
wahl et al., 2016) (Figure 1A). While this resulted in a pure HIV-1 
virion preparation, virions are known to package several cellular
RNAs, including tRNAs (Eckwahl et al., 2016), thus mandating an

additional RNA purification step. This was achieved by denatur-

ation of the RNA sample prior to agarose gel electrophoresis

followed by excision and recovery of the�9 kb HIV-1 gRNA (Fig-

ure 1A). The resultant gRNA preparation, with a yield of �30 ng,

was then analyzed for purity by RNA sequencing (RNA-seq). This

showed that theCEM-derived RNA sample consisted of�96.0%

HIV-1 RNA (Figure 1B), derived from the entire HIV-1 genome,

�3.8% human mRNAs and �0.2% human ncRNA, of which

<0.01% was of tRNA origin. Because human tRNAs and rRNAs

are highly modified, the almost complete elimination of ncRNAs

was critical. In contrast, human mRNAs bear few epitranscrip-

tomic modifications (Li et al., 2016) and, at this low level, would

not affect the overall pattern of modified nucleosides detected

on the HIV-1 gRNA. To assess whether the level of epitranscrip-

tomic modification of HIV-1 gRNAs varied across different pro-

ducer cell lines, we also purified HIV-1 virions released from

the human embryonic kidney cell line 293T after transfection

with an expression plasmid, pNL4-3, that encodes a wild-type



Table 1. Relative Level of the Indicated RNA Modifications Detected on Purified HIV-1 Virion RNA and Total poly(A)+ Cellular RNA

samples

Residue

Absolute Number

per CEM HIV-1 gRNA

% Parent Nucleotide

in CEM HIV-1 gRNA

% Parent Nucleotide

CEM Poly(A)+

% Parent Nucleotide

in 293T HIV-1 gRNA

% Parent Nucleotide

293T Poly(A)+

Am 30.1 0.915 0.073 0.613 0.040

Gm 21.3 0.961 0.112 0.727 0.086

Cm 16.6 1.020 0.102 0.993 0.085

m6A 12.7 0.387 0.274 0.376 0.275

m5C 10.5 0.645 0.046 1.422 0.048

m1G 3.3 0.149 0.015 0.157 0.014

m7G 3.3 0.149 0.030 0.195 0.033

m6,6A 3.1 0.073 0.005 0.129 0.003

m1A 2.4 0.060 0.019 0.118 0.016
(WT) NL4-3 provirus. Virion-derived gRNA was purified as

described above and the resultant gRNA preparation consisted

of�90.5% HIV-1 gRNA,�9.2% human mRNAs,�0.3% ncRNA,

and <0.01% tRNA.

To quantify the level of modified RNA nucleosides, we di-

gested the RNA sample to ribonucleosides and then performed

UPLC-MS/MS (Basanta-Sanchez et al., 2016). Because identifi-

cation requires the use of appropriate molecular standards,

some modified nucleosides, such as the recently identified

N4-acetylcytidine modification (Arango et al., 2018) could not

be identified in our analysis. Moreover, due to the inefficient

ionization of uridine compared to other nucleobases, the

UPLC-MS/MS method does not effectively measure modified

U-residues, such as 20O-methyluridine (Um), at the low level of

viral RNA input (�30 ng) used here.

Figure 1C and Table 1 present the level of a range of modified

nucleosides quantified in the purified HIV-1 gRNA derived

from virions released by infected CEM T cells or transfected

293T cells. The level of modified nucleosides detected in purified

poly(A)+ RNA isolated from uninfected CEM or 293T cells is

also presented, and these are similar to the levels previously

reported by others (Li et al., 2016). Of note, the level of

epitranscriptomic RNA modifications on HIV-1 gRNA isolated

from virions produced in infected CEM T cells or transfected

293T cells was similar, and in both cases, several modifications

were detected at much higher levels on HIV-1 gRNA than

on CEM or 293T poly(A)+ RNA. These include 20O-methyladeno-

sine Am (�133 higher), 20O-methylguanosine (Gm) (�93 higher),

20O-methylcytosine (Cm) (�103 higher), and m5C (�143

higher), all four of which represent �1% of the cognate nucleo-

tide on HIV-1 gRNAs. While other more minor, modified nucleo-

sides were also detected at higher levels on the HIV-1 gRNA than

on poly(A)+ RNA, they are predicted to only contribute 2 to 3 res-

idues per gRNA (Table 1) and are of unclear functional signifi-

cance. Inosine, which is derived by editing of adenosine and

commonly found on tRNAs and mRNAs, was not detected on

HIV-1 gRNAs. This was expected, as inosine is read as guano-

sine by reverse transcriptase (Doria et al., 2009) so that adeno-

sines present on the HIV-1 genome that are edited to inosine

would, in time, become fixed as guanosines. While we, and

others, have reported the mapping of m6A residues on HIV-1

transcripts and proposed that these enhance HIV-1 replication

(Kennedy et al., 2016; Lichinchi et al., 2016), the level of m6A
on the HIV-1 gRNA, at �0.38% of the parental nucleoside, is

only a modest �1.43 higher than seen in total poly(A)+ RNA.

Nevertheless, due to the A-rich character of HIV-1 virion RNA,

this translates into an average of �13 m6A residues per HIV-1

genome (Table 1). In contrast, because the HIV-1 genome in-

cludes relatively few C residues, the higher relative level of

m5C on the HIV-1 gRNA translates into a similar number of pre-

dicted m5C residues, i.e., �11 m5C residues in CEM-derived vi-

rions. Importantly, m6A, m5C, and Nm residues are not predicted

to inhibit the reverse transcription step in the HIV-1 life cycle.

Mapping of Epitranscriptomic Modifications on the
HIV-1 RNA Genome
To map m5C residues on HIV-1 gRNAs, we used a modification

of the previously described photo-crosslinking-assisted m6A

sequencing (PA-m6A-seq) procedure dubbed PA-m5C-seq

(Chen et al., 2015) (Figures 1D and S2). CEM T cells or primary

CD4+ T cells were infected with HIV-1 and then pulsed with 4-thi-

ouridine (4SU), a highly photoactivatable uridine analog. Total

cellular RNA was then isolated from CEMs and subjected to

one round of poly(A)+ RNA isolation. In parallel, released virions

from CEM or primary T cells were recovered and total virion RNA

isolated. 10 mg of poly(A)+ cellular RNA or virion RNA was then

processed using the PA-m6A-seq technique, as previously

described (Kennedy et al., 2016) or substituting an m5C-specific

antibody for the m6A-specific antibody.

Because the PA-m5C-seq technique has not been previously

described, wewished to confirm that it detects knownm5C sites.

As shown in Figures S1A and S1B, known m5C sites on tRNASer

and 5S rRNA (Hussain et al., 2013a) were accurately detected

using PA-m5C-seq (these ncRNAs remained present in this

cellular RNA preparation because one round of poly(A)+ RNA

isolation does not remove all ncRNA). When mapped over the

entire CEM transcriptome, our data confirm the previously

observed concentration of m5C around translation start codons

(Yang et al., 2017) (Figures S1D and S1E), with a slight concen-

tration around the translation termination codon (Figure S1F).

Overall, m5C residues were evenly distributed between the 50

UTR, coding sequences (CDSs), and 30UTR (Figure S1G), even

though 50 UTRs are generally shorter than CDSs or 30 UTRs.
Analysis of all m5C sites on cellular RNAs identified an m5C

consensus sequence (Figure S1C) that was, however, only found

at �20% of mapped m5C residues and was not present at m5C



sites mapped on HIV-1 transcripts. As noted below, there are 
several known cytosine methyltransferases and this may repre-
sent a consensus site for one of these. Analysis of the prevalence 
of m5C residues revealed that most cellular mRNAs bear few or 
no m5C residues, though 5 were detected on the EPPK1 mRNA 
and 4 on three other mRNAs (Figures S1H and S1I). While �11 
m5C residues were detected on HIV-1 gRNAs (Table 1), we 
note that the average cellular mRNA is �2.2 kb in length, while 
the HIV-1 gRNA is �9.2kb. Overall, our data mapped 1641 
m5C residues on 1489 cellular mRNAs, which represents an 
average of only �1.1 m5C residues per m5C-containing mRNA 
(Figure S1J).

Analysis of PA-m5C-seq data generated using intracellular and 
virion gRNA samples revealed �19 distinct m5C peaks from in-
fected CEMs that, while observable on both virion and cellular 
viral RNAs, nevertheless varied in intensity (Figures 1E and 
S2A). Of the 19 peaks observed in multiple CEM PA-m5C-seq 
replicates, 18 were also identified on HIV-1 gRNA produced 
from primary CD4+ T cells (Figures 1E and S2B). m5C peaks 
were observed across the entire HIV-1 genome but were more 
prevalent toward the 30 end. The observation of �19 major 
m5C peaks on HIV-1 gRNA, while UPLC-MS/MS detected �11 
m5C residues in total, implies that many of the m5C peaks visu-
alized in Figure 1E do not result from the complete methylation of 
mapped residues.

We also performed PA-m6A-seq analysis in parallel using 
virion RNA and poly(A)+ cellular RNA (Figure 1E, top). As 
expected, this analysis revealed no overlap between the anti-
body binding sites detected using the m5C-specific versus 
m6A-specific antibody. The PA-m6A-seq data generated using 
poly(A)+ RNA recovered from HIV-infected T cells confirmed 
the previously reported concentration of m6A toward the 30 end 
of the HIV-1 genome and identified the same four major m6A 
clusters located in the env:rev overlap, in nef, in the LTR ‘‘U3’’ re-
gion and in TAR (Figure 1E, second row) (Kennedy et al., 2016). In 
contrast, while analysis of virion RNA fully confirmed the location 
of the same four m6A clusters detected in intracellular HIV-1 
RNA, these data also identified several m6A clusters in other re-
gions of the HIV-1 genome, including in pol, vpr, and env (Fig-
ure 1E, top row). This result can only be partially explained by 
the fact that virion gRNA is unspliced, while intracellular HIV-1 
RNA exists as an almost equal mixture of unspliced, singly 
spliced and multiply spliced RNAs, almost all of which retain 
the 30 UTR region. We note that HIV-1 gRNAs, even though 
they are capped and polyadenylated, are not thought to be 
translated in producer cells but rather packaged directly into 
virions (Kharytonchyk et al., 2016). This raises the interesting 
possibility that translation may facilitate the loss of m6A modifi-

cations located in open reading frames; for example, due to 
the ribosomal removal of bound m6A readers, followed by m6A 
removal by eraser proteins. Conversely, it is also possible that 
m6A may facilitate gRNA packaging into virions.

Identification of NSUN2 as the Primary HIV-1 m5C 
Methyltransferase
Given the large number of mapped m5C sites on the HIV-1 
genome, the lack of a consensus sequence that can identify 
which ‘‘C’’ residue within any given PA-m5C-seq read is actually 
modified, and the location of many reads within functionally
important regions of the HIV-1 genome, including CDSs, the

interrogation of howm5C addition affects HIV-1 gene expression

by mutagenesis of the HIV-1 genome is not feasible. We there-

fore next sought to identify the ‘‘writer’’ protein that adds m5C

to viral mRNAs.

Addition of m5C residues to RNAs is mediated by the seven

members of the NSUN family of methyltransferases, NSUN1

through NSUN7, as well as by the DNAmethyltransferase homo-

log DNMT2 (Bohnsack et al., 2019; Reid et al., 1999). Cytosine

methylation by NSUN proteins uses two conserved cysteine res-

idues, one of which forms a transient covalent bond to the pyrim-

idine base, while the second conserved cysteine (Figure 2B) is

essential for release (King and Redman, 2002). Therefore, while

mutagenesis of the first cysteine to alanine (C321A in NSUN2) re-

sults in an inactive mutant, mutagenesis of the second cysteine

to alanine (C271A in NSUN2) results in a mutant that spontane-

ously crosslinks to target cytosines (Hussain et al., 2013b). We

reasoned that expression of each NSUN protein, with this sec-

ond cysteine mutated (Figure 2B), should result in the crosslink-

ing of only the relevant NSUN protein, that mediates m5C addi-

tion to HIV-1 transcripts, to viral gRNA which should, in turn,

result in the virion incorporation of that NSUN protein (Figure 2A).

We therefore generated cysteine to alanine mutations in the

context of FLAG-tagged cDNA expression vectors encoding

NSUN1, NSUN2, NSUN4, and NSUN5 (NSUN3, 6, and 7 were

not expressed at detectable levels) and transfected these

mutant NSUN expression plasmids into 293T cells along with a

plasmid expressing the NL4-3 HIV-1 provirus. In parallel, we

co-transfected a plasmid expressing FLAG-tagged APOBEC3G

(A3G), which is incorporated into HIV-1 virions, as a positive con-

trol (Harris et al., 2003). As shown in Figure 2C, the four NSUN

mutants, as well as A3G, were readily detected in transfected

cells, while analysis of the released HIV-1 virions only detected

A3G and NSUN2. This result was not unexpected, as NSUN2

has been reported to add m5C to several cellular mRNAs. While

the N2-C271A mutant is efficiently packaged into HIV-1 virions,

WT NSUN2 is not detected (Figure 2D). The subcellular location

of NSUN2, as determined by immunofluorescence (IF), is pre-

dominantly nuclear, thus suggesting that addition of m5C to

mRNAs, like the addition of m6A, may be co-transcriptional (Ke

et al., 2017).

We next used CRISPR-Cas to generate two NSUN2 knockout

(KO) cell lines, N2.4 and N2.16, in the human 293T cell line (San-

jana et al., 2014). Loss of NSUN2 expression, which was

confirmed both by DNA sequencing (Figure S3A) and by western

blot (Figure S3B), reduced the level of m5C in total poly(A)+ RNA

(Figure S3C). Loss of NSUN2 expression had little effect on the

growth of 293T cells (Figure 2F) yet significantly inhibited HIV-1

gene expression and replication (Figures 2G and 2H). In Fig-

ure 2G, WT or NSUN2 KO 293T cells were transfected with a

CD4 expression plasmid and either a control plasmid or a

plasmid expressing WT NSUN2. The cells were then infected

with a replication-competent, NL4-3-based indicator virus

(NL-NLuc), in which the dispensable nef gene had been partially

replaced with the Nano luciferase (NLuc) indicator gene, and

NLuc expression quantified at 24, 48, and 72 hpi. Loss of

NSUN2 expression significantly reduced NLuc expression and

HIV-1 spread, while complementation with an NSUN2 expres-

sion plasmid rescued this inhibition. Similar data are reported



Figure 2. Identification of NSUN2 as the Primary m5C Writer of HIV-1 RNAs

(A) Schematic showing the potential packaging of a covalently bound, mutant NSUNprotein into HIV-1 virions alongwith the HIV-1 gRNA, whileWTNSUN protein

remains in the infected cell.

(B) Sequence alignment of a segment of the NSUN protein family, with the conserved motif involved in the detachment of covalently bound NSUN proteins from

target RNAs boxed in red. A cysteine to alanine mutation in this motif results in NSUN proteins becoming covalently bound to target cytosines.

(C) At left, a western blot showing expression of FLAG-tagged A3G and FLAG-taggedmutants of NSUN1/NOP2 (N1), NSUN2 (N2), NSUN4 (N4), and NSUN5 (N5)

in 293T cells co-transfected with pNL4-3. At right is a western blot showing the presence of A3G and N2-C271A in HIV-1 virions. n = 3.

(D) Western blots analyzing the intracellular expression of FLAG-tagged A3G, WT NSUN2 (N2) or N2-C271A in 293T cells co-transfected with HIV-1 (left) or in

released virions (right). n = 3.

(E) IF localization of endogenous NSUN2 in 293T cells. Cells were stained with an NSUN2-specific antiserum, shown in green, as well as with DAPI, which stains

DNA blue. n = 3.

(F) Growth curves for the two NSUN2 KO, 293T-derived clones, N2.4 and N2.16, showing comparable growth rates to WT 293T cells. n = 3 with SD indicated.

(G) WT 293T cells, NSUN2 KO cells, or NSUN2 KO cells transfected with a WT NSUN2 expression vector, were co-transfected with pCD4 and then infected with

NL-NLuc. Induced NLuc levels were determined at 24, 48, and 72 hpi. Expression of virally encoded NLuc was inhibited by loss of NSUN2 but rescued by the

NSUN2 expression plasmid. n = 3, *p < 0.05, **p < 0.01.

(H)Western blot from an experiment similar to (G) but usingWTNL4-3. This experimentmeasured HIV-1 p24Gag expression at 48 and 72 hpi inWT 293T cells and

in the NSUN2 KO cell lines N2.4 and N2.16. Again, HIV-1 protein expression was reduced in the NSUN2 KO cells. n = 3.
in Figure 2H, which looks at WT or NSUN2 KO 293T cells trans-

fected with a CD4 expression plasmid and then infected withWT

NL4-3. Again, loss of NSUN2 reduced HIV-1 gene expression, as

measured by analysis of HIV-1 Gag expression.

Spontaneous Crosslinking of NSUN2C271A to Viral RNA
IfNSUN2 is responsible for theadditionof allm5Cmodifications to

HIV-1 RNAs, then a loss of NSUN2 expression should result in the

loss of m5C from the HIV-1 genome. Conversely, and as previ-

ously proposed (Hussain et al., 2013b), if the N2-C271A mutant

spontaneously crosslinks to C residues that are normally con-

verted to m5C, then cross-linking and immunoprecipitation fol-

lowedbysequencing (CLIP-seq) analysis usingN2-C271Ashould

identify the same residues identifiedbyPA-m5C-seq. As shown in

Figure 3A, CLIP-seq using HIV-infected, CD4-expressing WT

293T cells overexpressing WT NSUN2 (upper band) or the

N2-C271A mutant (second band) failed to detect a significant

level of spontaneous crosslinking of WT NSUN2 to HIV-1 RNA

but did detect site-specific crosslinking of the N2-C271A mutant

to viral RNA. Importantly, PA-m5C-seqperformed in parallel using

HIV-infected WT 293T cells (Figure 3A, band 3, and Figure S2C)

shows that the m5C sites detected by CLIP-seq using N2-
C271Aor using PA-m5C-seq are indeed congruent (compare Fig-

ure 3A band 2 with band 3). Moreover, PA-m5C-seq performed

using HIV-infected NSUN2 KO cells (Figure 3, band 4) showed

that almost all the m5C sites detected using PA-m5C-seq are

lost in these cells, although, remarkably, three prominent m5C

sites are retained. These three m5C residues are also notable in

that they were not detected by N2-C271A CLIP-seq (compare

Figure 3A row 2 with row 4). Therefore, we conclude that while

NSUN2 accounts for the majority of the m5C residues that are

added to the HIV-1 RNA genome, these three m5C residues are

added by a different enzyme(s) that remains unidentified.

If multiple m5C residues are indeed present on HIV-1 gRNAs,

and given that crosslinking of N2-C271A to m5C residues ap-

pears to be efficient, then N2-C271A expression and virion incor-

poration should inhibit HIV-1 replication early in the viral life cy-

cle. Moreover, the existence of the NSUN2 KO 293T cell line

raised the possibility of more fully analyzing how NSUN2 affects

HIV-1 gene expression. We therefore transfected NSUN2 KO

cells with a control vector, or vectors expressing WT NSUN2,

the N2-C271A mutant or a second mutant, N2-C321A, in which

the cysteine that becomes covalently bound to the target

cytosine was mutated to alanine, which results in a recessive



Figure 3. NSUN2-Specific m5C Sites on HIV-1 Transcripts Upregulate HIV-1 Gene Expression

(A) The upper two images showmapping of NSUN2 binding sites on intracellular HIV-1 RNAs in infected 293T cells using CLIP-seq. FLAG-taggedWTNSUN2was

used as a control, while the covalently bound, FLAG-tagged N2-C271A mutant was used to identify NSUN2-binding sites. Lower two images map m5C sites

present on intracellular HIV-1 RNAs produced in HIV-infected WT 293T cells, or in the N2.4 KO cells, using PA-m5C-seq.

(B) Western blot of NSUN2 or HIV-1 p55 Gag expression in N2.4 cells transfected with an empty vector, pN2 (WT NSUN2), pN2-C321A, or pN2-C271A, as well as

with pNL-NLuc. Actin was used as a loading control. n = 3.

(C) In blue, qRT-PCR was used to quantify the level of HIV-1 RNA in the samples analyzed in (B). The probe used was specific for the LTR U3 region and values

were normalized to cellular GAPDH mRNA. In red, NLuc activity from the cells shown in (B). n = 3 with SD indicated; *p < 0.05.

(D) Western blot of virions isolated from the supernatant media from the HIV-1 producer cells analyzed in (B), demonstrating packaging of N2-C271A. n = 3.

(E) ELISA was used to measure p24 levels in the supernatant of the HIV-1 producer cells analyzed in (B). n = 3 with SD indicated; ***p < 0.001.

(F) Western blot of intracellular p55 and p24 Gag expression levels in CEM cells infected with the NL-NLuc virus generated from the 293T cell cultures analyzed in

(B)–(E). Virus was diluted to equal levels, as measured by p24 ELISA in (E), prior to infection. n = 3.

(G) Intracellular NLuc activity was determined using extracts from the same NL-NLuc-infected CEM cell cultures analyzed in (F). n = 3, ***p < 0.001.
negative phenotype. As shown in Figure 3B, transfection of 
NSUN2 KO cells with a plasmid encoding the replication-compe-

tent NL-NLuc indicator virus gave rise to a readily detectable 
level of Gag expression that was increased by co-expression 
of WT NSUN2, but not of either NSUN2 mutant. This effect is 
quantified in Figure 3C, which shows that expression of the 
virally encoded NLuc indicator gene was also significantly 
(p < 0.05) enhanced upon expression of WT NSUN2 in trans, 
while expression of either NSUN2 mutant had no effect. Impor-

tantly, analysis of HIV-1 RNA expression by qRT-PCR, using 
primers specific for the HIV-1 U3 region, failed to detect any dif-
ference in the level of viral RNA expressed in the presence or 
absence of NSUN2, even though the level of virally encoded pro-
tein expression, as measured using NLuc (Figure 3C) or HIV-1 
Gag (Figure 3B), was increased in the presence of WT NSUN2. 
The increase in HIV-1 Gag expression seen in the presence of
WT NSUN2 was quantified by the use of an ELISA to measure

the level of secreted p24 Gag protein in the supernatant media

harvested from the transfected cells analyzed in Figures 3B

and 3C. These data (Figure 3E) revealed a significant increase

in the level of p24 Gag release in the presence of WT, but not

mutant, NSUN2 (p < 0.001). As expected, the N2-C271Amutant,

but not WT NSUN2 or the N2-C321A mutant, was packaged into

HIV-1 virions (Figure 3D).

Next, we asked if the presence of m5C on HIV-1 gRNAs, or the

crosslinking of N2-C271A to that RNA, would affect the ability of

HIV-1 to infect the CD4+ T cell line CEM. For this purpose, the

supernatant media harvested from the cultures analyzed in Fig-

ure 3E were normalized to identical levels of p24 Gag and then

used to infect the CD4+ T cell line CEM. Infected cells were

then analyzed by western blot for the de novo production of

HIV-1 Gag (Figure 3F) and for NLuc expression (Figure 3G).



Figure 4. Loss of NSUN2 Affects the Translation of HIV-1 RNAs

(A) Western blot of WT or NSUN2 KO 293T cells separated into nuclear (Nuc)

and cytoplasmic (Cyt) fractions 72 h after transfection with pNL4-3. Blots were

probed for NSUN2, Lamin A/C and GAPDH. n = 2.

(B) qRT-PCRwas used to measure the level of HIV-1 gag mRNA present in the

cytoplasmic and nuclear fractions isolated from the pNL4-3 transfected WT or

NSUN2 KO 293T cells analyzed in (A). GAPDHmRNAwasmeasured in parallel

and used to normalize the HIV-1 RNA data. The relative gag mRNA level in the

cytoplasm was set at 1. n = 4 with SD indicated.

(C) WT or NSUN2 KO cells were transfected with pNL4-3 and used to analyze

both the total and ribosome associated levels of cellular GAPDH, actin,

HPRT1, and MRAS mRNA, as well as HIV-1 gag RNA, at 72 h after infection,

with the average level detected in WT cells set at 1. n = 3 with SD indicated;

**p < 0.01.
Surprisingly, the HIV-1 virus produced in the presence of WT

NSUN2 gave rise to significantly more expression of both

HIV-1 Gag and NLuc than did virus produced in the absence of

NSUN2 or in the presence of the recessive mutant N2-C321A

(Figures 3F and 3G). In contrast, and as predicted, expression

of N2-C271A in trans inhibited infection of CEM T cells, as

measured either by expression of HIV-1 Gag protein or of the

virally encoded NLuc indicator gene (Figures 3F and 3G), and
this effect was significant (p < 0.001). While the presence of

crosslinked N2-C271A on the HIV-1 gRNA would be predicted

to inhibit HIV-1 reverse transcription, it is unclear why higher

levels of m5C should exert a significant positive effect in this

assay. Possibilities include less efficient reverse transcription,

perhaps due to reduced methylation of the tRNA primer, or de-

fects in some aspect of the viral assembly when m5C is absent

from the viral gRNA.

Data presented in Figure 3C demonstrate that the loss of

NSUN2 expression results in reduced expression of HIV-1 Gag

even though expression of gag mRNA is unaffected. We consid-

ered two possible explanations for this effect. One possibility is

that unspliced gag mRNAs are not effectively exported from

the nucleus to the cytoplasm in the absence of m5C residues,

and it has indeed been proposed that m5C residues promote

mRNA export (Yang et al., 2017). We therefore transfected the

WT or NSUN2 KO 293T cells with pNL4-3 and separated the

cells into nuclear and cytoplasmic fractions at 72 h after trans-

fection (Malim et al., 1989). We then performed western blot an-

alyses of these fractions for NSUN2, which should be nuclear in

WT cells, for lamin A/C, which should be nuclear in all cells, and

forGAPDH,which should be cytoplasmic. As shown in Figure 4A,

this is indeed the result obtained, thus confirming the integrity of

the subcellular fractionation procedure. The level of gagmRNA in

these fractions was then determined by qRT-PCR and normal-

ized to GAPDH mRNA quantified in parallel. This analysis

demonstrated that the level of gag mRNA in both the nuclear

and cytoplasmic fractions was unchanged in the presence and

absence of NSUN2 (Figure 4B).

If cytoplasmic viral mRNA levels are constant in the absence

of NSUN2, yet less viral protein is produced, then this implies

reduced translation. This in turn should be reflected in less

efficient loading of ribosomes onto viral mRNAs. To determine

whether this is the case, we used a published procedure (Sub-

telny et al., 2014) to measure the ribosome association of

mRNAs in the presence or absence of NSUN2. WT or

NSUN2 KO cells transfected with pNL4-3 were treated with

cycloheximide to block translation elongation. The cells were

then lysed, polysomes sheared by passage through a syringe

needle and the ribosomes, together with any bound RNA frag-

ments, then separated from free mRNAs by pelleting through a

sucrose cushion. The relative level of ribosome-associated

HIV-1 gag mRNA, as determined by qRT-PCR, decreased

significantly (p < 0.01) in the absence of NSUN2 and, hence,

of most m5C modifications. As controls, we also measured

the ribosome loading of cellular GAPDH, actin, and HPRT

mRNAs, which lack m5C sites and therefore should be unaf-

fected by loss of NSUN2 expression, and of cellular MRAS

mRNA, which contains 4 m5C sites and therefore might be ex-

pected to also undergo reduced translation in the absence of

NSUN2 (Figure 1I). Indeed, and as predicted, loss of NSUN2

had no effect on ribosome loading onto the three mRNAs

that lack m5C sites, while a significant reduction in ribosome

loading onto the normally highly m5C modified MRAS mRNA

was detected (Figure 4C). These results confirm that the

reduced ribosome association observed with HIV-1 Gag

mRNA in the absence of NSUN2 is specific to m5C modified

mRNAs and not due to a global reduction in ribosome loading

onto all mRNAs.



Figure 5. NSUN2 Loss Affects Alternative Splicing of HIV-1 RNAs

(A) Schematic showing the location of the HIV-1 major 50 splice site D1 and the five 30 splice sites A1 through A5. PA-m5C-seq and N2-C271A-binding sites

located adjacent to the A2 splice site are also shown.

(B) Assessment of 30 splice site usage from the D1 50 splice site in completely spliced,�1.8 kb HIV-1 RNAs harvested from NSUN2 or DNMT2 293T KO cell lines,

normalized to WT 293T cells, which was set at 1.0. n = 3, ***p < 0.001.

(C) Assessment of 30 splice site usage from the D1 50 splice site in incompletely spliced,�4.0 kbHIV-1 RNAs harvested fromNSUN2 or DNMT2 KO 293T cell lines,

normalized to WT 293T cells, which was set at 1.0. n = 3, ***p < 0.001.

(D) qRT-PCR analysis showing usage of the D1/A2 splice junction relative to total viral RNA levels, measured with a U3-specific probe, using RNA isolated from

transfected NSUN2 or DNMT2 293T KO cell lines. Data were normalized to WT 293T cells, which was set at 1.0 (dotted line). n = 3 with SD indicated, **p < 0.01.

(E) Nucleotide and protein sequences underlying the m5C peak shown in (D), with mutated C residues indicated.

(F) qRT-PCR quantification of D1/A2 splice site usage in WT, NSUN2, or DNMT2 KO 293T cells transfected with WT pNL4-3 or with the HDm5C1 proviral mutant.

n = 3 with SD indicated, *p < 0.05. For the experiments shown in this figure, both the N2.4 and N2.16 NSUN2 KO cell lines and the D2.1 and D2.2 DNMT2 KO cell

lines were used.
Loss of NSUN2 Affects HIV-1 Alternative Splicing
HIV-1 RNAs are extensively alternatively spliced, and we therefore 
wondered if m5C modifications affect this process. We used a 
previously described method that relies on Primer-ID-tagged 
deep sequencing to precisely quantify the level of splicing from 
the major HIV-1 50 splice site, designated D1 in Figure 5A, to all 
five potential 30 splice sites located near the center of the HIV-1 
RNA genome, designated A1 to A5 (Emery et al., 2017). In these 
experiments, we separately quantified the level of splicing from 
D1 to A1 through A5 in viral mRNAs belonging to the early, �1.8 
kb class of HIV-1 transcripts (Figure 5B) or late, �4 kb class of  
transcripts (Figure 5C). We analyzed HIV-1 RNA splicing in WT 
293T cells, in the NSUN2 KO cell lines N2.4 and N2.16, and in a 
third 293T cell line in which the tRNA-specific cytosine methyl-

transferase DNMT2 had been knocked out by gene editing, as 
an additional control (Figure S3D) (Bohnsack et al., 2019; Khod-
dami and Cairns, 2013). All data presented in Figures 5B and 5C

are normalized to WT 293T cells with the raw data given in

Table S1. As may be observed, we detected a significant

(p < 0.01) reduction in the utilization of the A2 30 splice site in the

absence of NSUN2, while utilization of the other four 30 splice sites
was not significantly affected (although a trend toward higher uti-

lization of A5 was noted). In contrast, loss of the DNMT2 methyl-

transferase had no significant effect (Figures 5B and 5C).

To confirm this result, we used qRT-PCR to quantify both the

total level of HIV-1 RNA and of viral transcripts bearing the A1 to

D2 splice junction, using a junction-specific probe, in WT,

NSUN2 KO, or DNMT2 KO 293T cells transfected with pNL4-3.

These data (Figure 5D), which were again normalized to WT

293T cells, again revealed a significant (p < 0.01) decrease in

the utilization of the D1/A2 splice junction in the NSUN2 KO,

but not DNMT2 KO, cell lines.



We noted an m5C site, detected by both PA-m5C-seq and

N2-C271A CLIP-seq, located�150 nt 50 to the A2 splice site (Fig-

ure 5A), that might be functionally relevant. This site lies in the

overlap region between the carboxy terminus of Pol and the

amino terminus of Vif and silent mutagenesis was not possible

(Figure 5E). However, as neither Pol nor Vif affects gene expres-

sion from a transfected HIV-1 provirus, it was nevertheless

feasible to examine whether this m5C modification(s) affected

splicing in cis. We mutated all six ‘‘C’’ residues under the

observedm5C peak, to generate the HDm5C1mutant (Figure 5E),

and then transfected WT or NSUN2 KO cells with WT or mutant

pNL4-3. At 72 h post-transfection, total RNA was harvested and

utilization of the D1/A2 splice junction quantified by qRT-PCR. If

the A2-proximalm5C site shown in Figure 5A indeed regulates uti-

lization of this splice site, then the HDm5C1mutant should pheno-

copy the loss of NSUN2 expression and a significant (p < 0.05)

reduction in D1/A2 splice site usage was indeed observed in

both WT and DNMT2 KO cells transfected with the HDm5C1 pro-

virus (Figure 5F). In contrast, if the A2-proximal m5C site fully ac-

counts for the observed effect on splicing to A2, then loss of

NSUN2 expression should have no additional effect on the utiliza-

tion of the D1/A2 splice junction by the HDm5C1 mutant. In fact,

we observed a modest reduction in utilization of the D1/A2 splice

junction when the HDm5C1 mutant was transfected into NSUN2

KO cells, when compared to WT cells, though this effect was no

longer statistically significant (p = 0.12). Overall, these data there-

fore confirm that them5C site indicated in Figure 5A is indeed pro-

moting utilization of the D1/A2 splice junction.

DISCUSSION

Viruses, particularly positive-sense RNA viruses, offer several

potential advantages as a model system to study the pheno-

typic effects and mechanisms of action of epitranscriptomic

mRNA modifications. Firstly, these viruses package their RNA

genome, which is also a functional mRNA, into virion particles

that are released from infected cells. As shown here, this facil-

itates the purification of that mRNA and, hence, the quantitative

analysis of the epitranscriptomic modifications present on that

RNA. In contrast, the purification of any single cellular mRNA to

homogeneity is difficult if not impossible. Secondly, viruses

such as HIV-1 are constantly under intense selective pressure

so that, as noted by Coffin, ‘‘the influence of small selective

forces in populations (of HIV-1) is so strong that no mutation

can be assumed to be truly neutral’’ (Coffin, 1995). Therefore,

if a given epitranscriptomic modification confers a selective

advantage, such as enhanced mRNA translation, viral mRNAs

should have evolved to acquire a level of that epitranscriptomic

modification that maximizes this advantage. As a result, one

would predict that epitranscriptomic modifications that facili-

tate some aspect of RNA function would accrue to a higher level

on viral mRNAs than on the average cellular mRNA, which is not

subject to the same selective pressures. Finally, because vi-

ruses should seek to maximize the advantage conferred by a

given epitranscriptomic modification, the phenotypic effect of

that modification should be close to maximal, thus facilitating

the mechanistic dissection of that phenotype.

In this manuscript, we have sought to leverage these predic-

tions as a means to begin to identify the epitranscriptomic modi-
fications that regulate HIV-1 replication. Our first goal was to

isolate highly purified HIV-1 gRNA from virions and to then pre-

cisely define the level of the epitranscriptomic modifications pre-

sent on this RNA. These data, as predicted above, revealed that

several epitranscriptomic modifications are present at a substan-

tially greater level on HIV-1 gRNAs than seen in total cellular

poly(A)+ RNA (Figure 1C; Table 1). Strikingly, this result was un-

changed when we analyzed viral gRNA isolated from virions

released either by infected CEM T cells or transfected 293T cells,

which argues that this high level of epitranscriptomicmodification

is intrinsic to the viral RNA analyzed and only minimally affected

by differences in the viral producer cells used. The biggest differ-

ences were seen with 20O-Me modified bases, which were pre-

sent at�103 higher levels in the HIV-1 gRNA, and the m5Cmodi-

fication, which was �143 more prevalent. Clearly, these large

differences are unlikely to occur by chance and the 20O-Memodi-

fication has indeed been recently reported to facilitate HIV-1 repli-

cation by inhibiting innate antiviral immune responses (Ringeard

et al., 2019). Here, we have focused on m5C, another highly prev-

alent modification detected on HIV-1 gRNAs (Figure 1C).

While the UPLC-MS/MS data (Figure 1C; Table 1) indicate that

HIV-1 gRNAs contain �11 m5C moieties, the mapping of m5C

residues in CEMs, performed using the PA-m5C-seq technique

in duplicate (Figures 1E and S2A) identified >19 m5C editing

sites. In addition, 18 of these m5Cmodified sites were also map-

ped in infected primary CD4+ T cells (Figure S2B). This not only

indicates that many m5C sites on the HIV-1 gRNA are only

partially modified but also implies that it would be difficult to

use mutagenesis to define their functional significance, given

that many of thesem5Cmodifications are in open reading frames

or in other areas of the HIV-1 genome with known functions.

Therefore, we sought to define the factor that adds or ‘‘writes’’

these m5C residues as an alternative means to discover their

functional significance.

Previous work has shown that mutagenesis of a key cysteine

residue in members of the NSUN family of cytosine methyltrans-

ferases results in the crosslinking of the protein to target cyto-

sines (Hussain et al., 2013b), and we were able to show that

when this mutation (C271A) was introduced, then NSUN2 was

not only packaged into HIV-1 virions (Figures 2C and 2D) but

also crosslinked to specific sites on the HIV-1 RNA genome

that coincidewithm5C sitesmappedbyPA-m5C-seq (Figure 3A).

As expected, if NSUN2 is indeed responsible for m5C addition to

HIV-1 transcripts, KO of the NSUN2 gene using CRISPR-Cas re-

sulted in the loss of the vast majority of m5C residues detected

on the HIV-1 gRNA, though interestingly, three m5C sites were

retained and therefore must be added by a distinct, currently un-

known, methyltransferase (Figure 3A).

Analysis of HIV-1 replication and gene expression revealed

that loss of NSUN2 function inhibited HIV-1 Gag protein expres-

sion without reducing gag RNA expression (Figure 3C). Because

m5C has been suggested to enhance nuclear mRNA export

(Yang et al., 2017) and to enhance mRNA translation (Li et al.,

2017; Xing et al., 2015), we analyzed the subcellular distribution

of the HIV-1 gag RNA (Figure 4B), and the level of ribosome as-

sociation of that RNA (Figure 4C), in the presence and absence of

NSUN2. These data indicated that while the HIV-1 gag mRNA is

efficiently exported from the nucleus regardless of NSUN2

expression, and hence ofm5C addition to that RNA, the exported



gag mRNA bound ribosomes less effectively in the absence of

NSUN2. Moreover, our data also show that ribosome recruit-

ment to the cellular mRNA encoding MRAS, which is highly

m5C modified, is also inhibited when NSUN2 is lost, while the

mRNAs encoding three cellular housekeeping proteins, GAPDH,

HPRT, and actin, that lack m5C sites are unaffected. Therefore,

these data clearly demonstrate a role for m5C in promoting the

translation of not only viral but also some cellular mRNAs.

Because some epitranscriptomic modifications affect RNA

splicing (Xiao et al., 2016), and HIV-1 RNAs are alternatively

spliced (Emery et al., 2017), we also examined whether loss of

NSUN2 function would affect this process. Surprisingly, RNA-

seq and qRT-PCR data revealed a specific reduction in the utili-

zation of the A2 splice acceptor when NSUN2 expression was

blocked (Figures 4E–4G). Because our mapping data had identi-

fied an m5C site located immediately 50 to the A2 splice site (Fig-

ure 5A), we hypothesized that loss of this m5C site might also

affect the utilization of the D1/A2 splice junction. In fact, muta-

genesis of this m5C site again resulted in a reduction in the utili-

zation of the D1/A2 splice junction, even in the presence of

NSUN2 (Figure 5F). Therefore, these data reveal that addition

of m5C to HIV-1 RNAs can also affect the alternative splicing of

HIV-1 transcripts.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS
B HIV-1 Infections

B HIV-1 Virion Purification

B RNA Modification Identification by UPLC-MS/MS

B Purification of CD4+ T Cells from PBMCs

B Construction of Expression Plasmids

B Virion Packaging of Mutant NSUN Proteins

B Western Blot Analyses

B Immunofluorescence

B Generation of Gene Knock Out 293T Cells by Genome

Editing

B HIV-1 Infection of NSUN2 Knockout 293T Cells

B NSUN2-CLIP-seq

B NSUN2 Mutants and HIV-1 Protein Expression

B Quantification of HIV-1 RNA Levels Using qRT-PCR

B Nuclear and Cytoplasmic Fractionation

B Quantification of Ribosome Loading on to HIV-1 Tran-

scripts

B Characterization of HIV-1 RNA Splicing

B Bioinformatic Analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

d DATA AND SOFTWARE AVAILABILITY
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j. 
chom.2019.07.005.
ACKNOWLEDGMENTS

This research was funded in part by NIH grants R01-DA046111 to B.R.C. and

U54-GM103297 to B.R.C. and R.S. This research received infrastructure sup-

port from the Duke University Center for AIDS Research (CFAR) (P30-

AI064518), the UNC CFAR (P30-AI50410), and the UNC Lineberger Compre-

hensive Cancer Center (P30-CA16068). D.G.C. was funded byMarie Sk1odow-

ska-Curie Global Fellowship MSCA-IF-GF:747810.

AUTHOR CONTRIBUTIONS

Conceptualization, D.G.C., E.M.K., and B.R.C.; Methodology, D.G.C., H.P.B,

K.T., E.M.K., B.A.L., A.E., and B.R.C.; Formal Analysis, D.G.C., K.T., E.M.K.,

and A.E.; Investigation, D.G.C., H.P.B., K.T., E.M.K., B.A.L., and A.E.; Writing –

Original Draft, D.G.C., and B.R.C.; Writing – Review & Editing, D.G.C., K.T.,

H.P.B., E.M.K., R.S., C.L.H., and B.R.C.; Supervision, R.S., C.L.H, and

B.R.C.; Funding Acquisition, D.G.C., R.S., and B.R.C.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: April 26, 2019

Revised: May 30, 2019

Accepted: July 16, 2019

Published: August 14, 2019

REFERENCES

Arango, D., Sturgill, D., Alhusaini, N., Dillman, A.A., Sweet, T.J., Hanson, G.,

Hosogane, M., Sinclair, W.R., Nanan, K.K., Mandler, M.D., et al. (2018).

Acetylation of cytidine in mRNA promotes translation efficiency. Cell 175,

1872–1886.e24.

Basanta-Sanchez, M., Temple, S., Ansari, S.A., D’Amico, A., and Agris, P.F.

(2016). Attomole quantification and global profile of RNA modifications: epi-

transcriptome of human neural stem cells. Nucleic Acids Res. 44, e26.

Bieniasz, P.D., Fridell, R.A., Aramori, I., Ferguson, S.S., Caron, M.G., and

Cullen, B.R. (1997). HIV-1-induced cell fusion is mediated by multiple regions

within both the viral envelope and the CCR-5 co-receptor. EMBO J 16,

2599–2609.

Bohnsack, K.E., Hobartner, C., and Bohnsack, M.T. (2019). Eukaryotic

5-methylcytosine (m(5)C) RNAmethyltransferases: mechanisms, cellular func-

tions, and links to disease. Genes (Basel) 10, E102.

Chen, K., Lu, Z., Wang, X., Fu, Y., Luo, G.Z., Liu, N., Han, D., Dominissini, D.,

Dai, Q., Pan, T., et al. (2015). High-resolution N(6) -methyladenosine (m(6) A)

map using photo-crosslinking-assisted m(6) A sequencing. Angew. Chem.

Int. Ed. Engl. 54, 1587–1590.

Coffin, J.M. (1995). HIV population dynamics in vivo: implications for genetic

variation, pathogenesis, and therapy. Science 267, 483–489.

Courtney, D.G., Kennedy, E.M., Dumm, R.E., Bogerd, H.P., Tsai, K., Heaton,

N.S., and Cullen, B.R. (2017). Epitranscriptomic enhancement of influenza A

virus gene expression and replication. Cell Host Microbe 22, 377–386.e5.

Doehle, B.P., Sch€afer, A., and Cullen, B.R. (2005). Human APOBEC3B is a

potent inhibitor of HIV-1 infectivity and is resistant to HIV-1 Vif. Virology 339,

281–288.

Dominissini, D., Moshitch-Moshkovitz, S., Salmon-Divon, M., Amariglio, N.,

and Rechavi, G. (2013). Transcriptome-wide mapping of N(6)-methyladeno-

sine by m(6)A-seq based on immunocapturing and massively parallel

sequencing. Nat. Protoc 8, 176–189.

Dominissini, D., Nachtergaele, S., Moshitch-Moshkovitz, S., Peer, E., Kol, N.,

Ben-Haim, M.S., Dai, Q., Di Segni, A., Salmon-Divon, M., Clark, W.C., et al.

(2016). The dynamic N(1)-methyladenosine methylome in eukaryotic

messenger RNA. Nature 530, 441–446.

Doria, M., Neri, F., Gallo, A., Farace, M.G., and Michienzi, A. (2009). Editing of

HIV-1 RNA by the double-stranded RNA deaminase ADAR1 stimulates viral

infection. Nucleic Acids Res. 37, 5848–5858.

https://doi.org/10.1016/j.chom.2019.07.005
https://doi.org/10.1016/j.chom.2019.07.005
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref1
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref1
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref1
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref1
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref2
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref2
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref2
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref3
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref3
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref3
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref3
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref4
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref4
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref4
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref5
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref5
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref5
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref5
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref6
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref6
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref7
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref7
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref7
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref8
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref8
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref8
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref8
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref9
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref9
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref9
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref9
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref10
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref10
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref10
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref10
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref11
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref11
http://refhub.elsevier.com/S1931-3128(19)30349-X/sref11


Eckwahl, M.J., Arnion, H., Kharytonchyk, S., Zang, T., Bieniasz, P.D.,

Telesnitsky, A., and Wolin, S.L. (2016). Analysis of the human immunodefi-

ciency virus-1 RNA packageome. RNA 22, 1228–1238.

Emery, A., Zhou, S., Pollom, E., and Swanstrom, R. (2017). Characterizing

HIV-1 splicing by using next-generation sequencing. J. Virol. 91, e02515–

e02516.

Gilbert, W.V., Bell, T.A., and Schaening, C. (2016). Messenger RNA modifica-

tions: form, distribution, and function. Science 352, 1408–1412.

Harris, R.S., Bishop, K.N., Sheehy, A.M., Craig, H.M., Petersen-Mahrt, S.K.,

Watt, I.N., Neuberger, M.S., and Malim, M.H. (2003). DNA deamination medi-

ates innate immunity to retroviral infection. Cell 113, 803–809.

Helm, M., and Motorin, Y. (2017). Detecting RNA modifications in the epitran-

scriptome: predict and validate. Nat. Rev. Genet. 18, 275–291.

Hsu, P.J., Zhu, Y., Ma, H., Guo, Y., Shi, X., Liu, Y., Qi, M., Lu, Z., Shi, H., Wang,

J., et al. (2017). Ythdc2 is an N(6)-methyladenosine binding protein that regu-

lates mammalian spermatogenesis. Cell Res. 27, 1115–1127.

Hussain, S., Aleksic, J., Blanco, S., Dietmann, S., and Frye, M. (2013a).

Characterizing 5-methylcytosine in the mammalian epitranscriptome.

Genome Biol. 14, 215.

Hussain, S., Sajini, A.A., Blanco, S., Dietmann, S., Lombard, P., Sugimoto, Y.,

Paramor, M., Gleeson, J.G., Odom, D.T., Ule, J., et al. (2013b). NSun2-medi-

ated cytosine-5methylation of vault noncoding RNA determines its processing

into regulatory small RNAs. Cell Rep 4, 255–261.

Ke, S., Pandya-Jones, A., Saito, Y., Fak, J.J., Vågbø, C.B., Geula, S., Hanna,
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells lines used in this study include HEK293T (referred to as 293T) cells, a kidney epithelial cell line of human female origin and CEM

cells, a peripheral blood T lymphoblast cell line of human female origin. All cell lines were purchased from the American Type Culture

Collection. All cells were cultured at 37�Cwith 5%CO2. 293T cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) sup-

plementedwith 10% fetal bovine serum (FBS) and Antibiotic-Antimycotic. CEM cells were cultured in Roswell ParkMemorial Institute

(RPMI) medium supplemented with 10% FBS and Antibiotic-Antimycotic. Primary CD4+ T cells of female origin were cultured in

RPMI medium supplemented with 10% FBS, Antibiotic-Antimycotic and supplemented with IL2 72 h before infection.

METHOD DETAILS

HIV-1 Infections
In most HIV-1 infection experiments the WT HIV-1 NL4-3 isolate was used, except where Nano luciferase (NLuc) activity was

measured, which required the use of the replication competent NL-NLuc indicator virus, in which the viral nef gene has been
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substituted with the NLuc indicator gene (Mefferd et al., 2018). A plasmid expressing the NL4-3 (pNL4-3) or NL-NLuc (pNL-NLuc)

provirus was transfected into 293T using PEI. After 24 h, the spent media were replaced with fresh media. At 72 h post-transfection,

the supernatant media were filtered through a 0.45mm filter before being overlaid onto target cells.

HIV-1 Virion Purification
HIV-1 virions were purified by a two-step method, as previously described (Eckwahl et al., 2016). Briefly, supernatant media were

harvested from HIV-infected CEM T-cells or pNL4-3 transfected 293T cells at 72 h post-infection or transfection, passed through

0.45 mm filter and the virions collected by pelleting through a 20% sucrose cushion. The virion pellet was then resuspended and

layered onto a 7.2% to 20% iodixanol (OptiPrep, Axis-Shield) gradient prior to ultracentrifugation, which separates virions from

cellular debris and exosomes. The virion band was then harvested and total RNA extracted using TRIzol. The isolated RNA was

heat denatured in an RNA loading buffer containing urea, and then run on a preparative TBE-agarose gel. A single RNA band of

�9kb in size, corresponding to the size of HIV-1 gRNA, was visualized and excised and RNA isolated using acid phenol followed

by phenol-chloroform extraction. The bulk of the purified HIV-1 RNA was then used for UPLC-MS/MS analysis of RNA modifications

while a small aliquot was retained for RNA-seq analysis to determine the purity of the HIV-1 RNA. The gRNA fromHIV-1 infected CEM

was processed using the SMARTer� Stranded Total RNA-Seq Kit v2 following the manufacturer’s protocol. The gRNA from pNL4-3

transfected 293T cells was processed by TGIRT-seq, using a previously described protocol (Qin et al., 2016). Human poly(A)+ RNA

samples were isolated from CEM or 293T cells using TRIzol, before undergoing two rounds of purification using oligo-dT cellulose

beads followed by ribodepletion using a RiboZero Gold kit (Illumina).

RNA Modification Identification by UPLC-MS/MS
Nucleosides were generated from purified HIV-1 RNA by nuclease P1 digestion (Sigma, 2U) in buffer containing 25mM NaCl and 
2.5mM ZnCl2 for 2h at 37�C, followed by incubation with Antarctic Phosphatase (NEB, 5U) for an additional 2h at 37�C (Dominissini 
et al., 2016). Nucleosides were separated and quantified using UPLC-MS/MS as previously described (Basanta-Sanchez et al., 
2016), except acetic acid was used in place of formic acid.

Purification of CD4+ T Cells from PBMCs
Peripheral blood mononuclear cells (PBMCs) were isolated from total blood by density gradient centrifugation (lymphocyte separa-
tion medium; Cellgro number 25-072-CV). CD4+ T cells were then isolated using the Dynabead CD4 positive isolation kit (Invitrogen; 
1131D) following the manufacturer’s instructions. Cells were activated by incubation in phytohemagglutinin (PHA) and mouse mono-

clonal antibodies specific for human CD28 and CD49d (BD Biosciences number 347690) for three days (Whisnant et al., 2013). 
PA-m5C-seq and PA-m6A-seq

For PA-m5C-seq, a protocol closely similar to that previously published (Courtney et al., 2017) was used. 293T cells transfected with a 
CD4 expressing plasmid, CEM T-cells or primary CD4+ T cells were infected with a stock of NL4-3 generated by transfection of 293T 
cells with the pNL4-3 vector. At 48 hours post-infection (hpi), the cells were pulsed with 100 mM 4 thiouridine (4SU) in fresh media for 
a further 24 h. At the end of the 4SU pulse, total cellular RNA was extracted using TRIzol, while HIV-1 genomic RNA (gRNA) was 
collected from virions that were isolated from the supernatant media by ultracentrifugation through a 20% sucrose cushion. Total 
cellular RNA was poly(A)+ purified using oligo-dT cellulose beads and 10 mg of poly(A)+ RNA or virion gRNA was then used following 
the previously reported PA-m6A-seq protocol (Chen et al., 2015) using either an m6A-specific or m5C-specific polyclonal antibody.

Construction of Expression Plasmids
All NSUN expression plasmids were made using the pcDNA3 vector. NSUN1 (NM_006170), NSUN2 (NM_017755), NSUN4 
(NM_199044) and NSUN5 (NM_148956) were cloned out of an in-house HeLa cDNA library and the sequence verified by Sanger 
DNA sequencing. Each NSUN construct was designed with a FLAG epitope tag at the N-terminus of the protein. A single missense 
mutation of Cysteine to Alanine in the conserved PCS region (Figure 2B) was introduced into each NSUN expression vector to 
generate NSUN mutants unable to release from target cytosine residues on RNAs, as previously reported (Hussain et al., 2013b). 
The NSUN2-based form of this mutant is named N2-C271A. A second NSUN2 mutant, generated by introduction of the C321A 
mutation (N2-C321A), is predicted to lack the ability to covalently bind target RNAs and thus would be unable to methylate target 
cytosines. The previously described CD4 expression vector pCD4 was used to render 293T cells permissive for HIV-1 infection (Bi-
eniasz et al., 1997). A polyclonal 293T cell derivative stably expressing CD4 was generated by transduction of 293T cells using the 
MLV-based retroviral vector pBabe (Morgenstern and Land, 1990) modified to encode human CD4, followed by selection for puro-
mycin resistance.

A mutant HIV-1 NL4-3 clone, pHIV-1Dm5C, was generated in pNL4-3 that removes all C residues found in a peak bound by the m5C 
antibody and by NSUN2-C271A that is located 5’ of the A2 splice acceptor site, as shown in Figure 5A, to remove m5C modifications 
from this region (Figure 5E). U residues were substituted in place of C residues.

Virion Packaging of Mutant NSUN Proteins
Plasmids expressing FLAG tagged, mutant forms of NSUN1, NSUN2, NSUN4 and NSUN5, or FLAG-tagged A3G, were co-trans-
fected at equal concentrations with the HIV-1 expression plasmid pNL4-3 into 293T cells using polyethyleneimine (PEI). At 72 h



post-transfection, the supernatant media were passed through a 0.45mmfilter, and virions harvested by ultracentrifugation through a

20% sucrose cushion. Protein from isolated virions was harvested in Laemmli buffer before being analyzed by Western blot. Protein

from producer cells was also harvested in Laemmli buffer to demonstrate the expression of transfected constructs.

Western Blot Analyses
Protein samples were extracted using Laemmli buffer, sonicated and denatured at 95�C for 15 min. Proteins were separated on Tris-

Glycine-SDS polyacrylamide gels. After electrophoresis, proteins were transferred to a nitrocellulosemembrane, and then blocked in

5% milk in PBS + 0.1% Tween. Membranes were incubated in primary and secondary antibodies diluted in 5% milk in PBS + 0.1%

Tween for 1 h each and then washed in PBS + 0.1% Tween. Each antibody was used at a 1:5000 dilution. Western blot signals were

visualized by chemiluminescence.

Immunofluorescence
Cells were seeded on coverslips in a 12 well plate. After 48 h, the media were removed, cells were washed with PBS and then fixed in

4%paraformaldehyde in PBS for 15min. Cell membraneswere then permeabilized by incubation in 0.1%Triton-X in PBS for 15mins.

The cells were then incubated at 4�C overnight with a rabbit polyclonal anti-NSUN2 antibody at a 1:200 dilution in 7.5%bovine serum

albumin in PBS. Next day, cells were washedwith PBS before being incubated for 1 h at room temperature with anti-rabbit alexa fluor

488 in 7.5%bovine serumalbumin in PBS. Cells were thenwashedwith PBS before being placed on slideswith Vectashieldmounting

media, containing the blue fluorescent DNA stain 40,6-diamidino-2-phenylindole (DAPI), and visualized using an Axio Imager upright

immunofluorescence microscope.

Generation of Gene Knock Out 293T Cells by Genome Editing
TheclonalNSUN2KO293Tcell linesN2.4andN2.16 (FigureS3B)andDNMT2KO293Tcell linesD2.1andD2.2 (FigureS3D)weregener-

ated by genome editing using CRISPR/Cas9, as previously described (Sanjana et al., 2014). Briefly, an sgRNA guide sequence specific

for the human NSUN2 or DNMT2 gene was cloned into LentiCRISPRv2 (a gift from Dr. Feng Zhang) and lentiviral vector produced by

transfection into 293T cells, along with the packaging plasmidsDCR8.74 and pMD2.G. Naive 293T cells were transducedwith this len-

tiviral vector and selected for puromycin resistance. Resistant cells were then single cell cloned by limiting dilution, expanded and as-

sessed for knockout of NSUN2expression byWestern blot. NSUN2 negative cells were then verified byDNA sequencing of the relevant

regionof theNSUN2gene. Thepredicted reduction inm5Cmodification of cellularmRNAswasconfirmedbyUPLC-MS/MS (Figure 3C).

HIV-1 Infection of NSUN2 Knockout 293T Cells
The pCD4 expression plasmid was transfected into WT 293T cells, the NSUN2 knockout line N2.4, or co-transfected into N2.4

together with the NSUN2 expression plasmid pcDNA3-N2. After 48 h, the cells were infected with the NL-NLuc indicator virus. Cells

were harvested at 24, 48 and 72 hpi and washed 3 times in PBS before being lysed in Passive Lysis Buffer (PLB; Promega). The NLuc

activity from these cell lysates was then quantified using the Nano Luciferase Assay Kit (Promega). ForWestern blots, CD4was trans-

fected into 293T cells or N2.4 and cells infected with NL4-3. At 48 and 72 hpi, proteins were harvested from infected cells and visu-

alized by Western blot.

NSUN2-CLIP-seq
293T cells were transfected using PEI with pCD4 and plasmids expressing FLAG-tagged WT NSUN2 or the N2-C271A mutant. Cells

were infected with NL4-3 48 h after transfection and harvested for NSUN2-CLIP-seq at 48 hpi. The NSUN2-CLIP-seq experiments

were performed using a modified version of a previously described method termed miCLIP (Hussain et al., 2013b). The original pro-

tocol was modified to replace the RNase I digestion with an RNase T1 digestion to generate smaller RNA fragments to better ascer-

tain the NSUN2 RNA footprint. After elution of RNA fragments from NSUN2 by proteinase K digestion, Illumina small RNA-seq

libraries were generated, following the manufacturer’s instructions.

NSUN2 Mutants and HIV-1 Protein Expression
TheN2.4NSUN2 knockout cell line was transfectedwith pcDNA3, pcDNA3-N2, pcDNA3-N2.C321A or pcDNA-N2.C271A, alongwith

pNL-NLuc, using PEI. Media were changed 24 h later. At 72 h post-transfection, cells were harvested for Western blot, lysed in PLB

for a NLuc assay, or RNA was extracted by TRIzol with HIV-1 RNA levels assessed by qRT-PCR with a probe set targeting U3. In

addition, media from these cells was filtered through a 0.45mm filter and a small volume was concentrated by ultracentrifugation,

as described above, with p24 levels from the rest measured by ELISA following the manufacturer’s instructions. After normalization

by ELISA, fresh CEM cells were infected with equal p24 levels of NL-NLuc and incubated for a further 72 h. Infected CEM cells were

then harvested in either PLB for NLuc assay or in Laemmli buffer for Western blot.

Quantification of HIV-1 RNA Levels Using qRT-PCR
Relative HIV-1 RNA expression levels were determined by qRT-PCR. The level of GAPDHmRNAwas used to normalize all qRT-PCR

experiments. All primer sequences are listed in the Resource Table. For multicycle infections, RNA was collected at 0, 48 and 72 hpi.



 

RNA was extracted using the TRIzol method. cDNA was generated using the Ambion cDNA synthesis kit with random primers, 
following the manufacturer’s protocol. All qRT-PCR experiments were performed using PrimeTime� Gene Expression Master Mix 
following the manufacturer’s instructions. All qRT-PCR data were quantified using the DDCT method.

Nuclear and Cytoplasmic Fractionation
Nuclear and cytoplasmic fractionation (Malim et al., 1989) was used to determine the level of HIV-1 RNA in the nucleus and cyto-
plasm of transfected cells. Briefly, WT or NSUN2 KO 293T cells were transfected with pNL4-3 and incubated for 72 h. Cells were 
then washed with PBS, scraped off the plate and pelleted at 4�C. The cell pellet was resuspended in NP40 lysis buffer (10mM 
Tris-HCl pH 7.4, 10mM NaCl, 3mM MgCl2 and 0.5% NP-40), briefly vortexed and then incubated on ice for 5 minutes. Lysates 
were spun in a microfuge at full speed for 15 seconds to pellet the nuclei. The supernatant was removed and cytoplasmic RNA 
was extracted using TRIzol LS. The nuclear pellet was washed twice with NP40 lysis buffer and pelleted as before. RNA was 
then extracted from nuclei using TRIzol. RNA samples underwent reverse transcription followed by qPCR to quantify HIV-1 
and GAPDH mRNA levels.

Quantification of Ribosome Loading on to HIV-1 Transcripts
Ribosome-loaded RNA was isolated essentially as previously described (Subtelny et al., 2014). Briefly, WT and NSUN2 KO 293T cells 
were transfected with pNL4-3 and incubated for 72 h. Cells were then treated with 100mg/ml of cycloheximide for 10 minutes at 37�C, 
washed in PBS and lysed in ribosome lysis buffer (10mM Tris-HCl pH 7.4, 5mM MgCl2, 100mM KCl, 1% Triton X, Protease inhibitor, 
2mM DTT, 100mg/ml cycloheximide and RNase inhibitor). One tenth of the lysate was then used for RNA isolation for the ‘‘input’’ sam-

ple. The rest of the lysates were sheared by passage through a 26-gauge needle before clarification by centrifugation at 1300g for 
10 minutes. The supernatants were brought up to 10ml in lysis buffer and overlaid on a 30% sucrose cushion, also made up in lysis 
buffer, and centrifuged at 164,000g for 2 hr at 4�C. RNAs were then extracted from the ribosomal pellet using TRIzol. RNA isolated 
from the input and ribosome loaded fractions then underwent reverse transcription followed by qPCR to quantify HIV-1, GAPDH, 
Actin, HPRT1 and MRAS mRNA levels.

Characterization of HIV-1 RNA Splicing
HIV-1 RNA splicing analysis was performed as previously described (Emery et al., 2017). Each sample was numbered and the 
researcher blinded prior to processing and analysis of these samples. Briefly, a method of Primer-ID tagged deep sequencing 
was used to quantify the usage of each of the 4 splice donor and 10 splice acceptor sites in HIV NL4-3. Total cellular RNA was isolated 
from WT, NSUN2 KO or DNMT2 KO 293T cells transfected with a WT NL4-3 proviral expression plasmid and two different cDNA re-
actions performed. Two distinct RT primers were used, one for capturing incompletely spliced transcripts (�4kb primer) or one for 
completely spiced transcripts (�1.8kb primer). Each of the cDNA primers includes a common sequence at its 50 end that serves as 
the sequence of the reverse primer in PCR. The forward primer is common for both size classes and is used in the PCR amplification 
incompletely and completely spliced transcripts. After deep sequencing of these cDNA libraries an in-house script reads the forward 
sequence to identify the donor and acceptor sites in the spliced RNA template before doing the same for the reverse read and com-

bines the information to give a pattern of splice junctions. These patterns are sorted according to Primer ID with each individually 
identified read counting as only a single observation. Usage of each donor and acceptor site can then be quantified in relation to 
the total number of unique reads obtained.

An additional method used to determine the usage of the D1/A2 splice junction was based on qRT-PCR analysis. A primer probe 
set was designed to target the D1/A2 region of HIV-1 (sequences listed in the Resource Table) and results were normalized to two 
additional HIV-1 specific probe sets specific for the Gag or LTR U3 region, as described above. This protocol was used for both WT 
NL4-3 and the pHIV-1Dm5C mutant provirus

Bioinformatic Analysis
Read alignments were performed using Bowtie (Langmead et al., 2009). Reads were first aligned to the human genome build 
hg19 allowing up to 1 mismatch, then unaligned reads were aligned to the HIV NL4-3 transcriptome, again allowing up to 1 
mismatch. Characteristic T>C mutations, resulting from 4SU incorporation and crosslinking, were present among both human 
and viral aligned reads. All data was processed using in-house Perl scripts and Samtools (Li et al., 2009), and visualized with 
IGV, as previously described (Courtney et al., 2017). The CEM poly(A)+ PA-m5C-seq dataset was further assessed for human 
mRNA alignments using the protocol previously published for PA-m6A-seq data analysis (Dominissini et al., 2013). This pipeline 
was used to determine m5C peaks in the human transcriptome and generate an m5C motif. Metagene analysis of m5C site

average relative location within the body of cellular mRNAs were done using a previously published script package (Olarerin-

George and Jaffrey, 2017). RNA-seq data anaylsis was performed by first aligning reads to the HIV-1 genome, then the human 
genome build hg19, followed by the ensembl ncRNA database and the tRNAscan-SE database. The raw sequencing data ob-
tained by RNA-seq have been submitted to the NCBI expression omnibus and are available under GenBank accession number 
(GEO: GSE130972).



QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical details of experiments can be found in the figure legends. All error bars displayed indicate standard deviation.

Significance was calculated by T-test, comparing test samples to the control, with the significance of a result being determined

as p<0.05 = *, p<0.01 = ** and p<0.001 = ***. Blinding of samples was only performed for the characterization of HIV-1 splicing.

DATA AND SOFTWARE AVAILABILITY

All deep sequencing data have been submitted to NCBI GEO. The accession number for the deep sequencing data reported in this

paper is GSE130972.
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