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ABSTRACT

Many cellular noncoding RNAs contain chemically modified nucleotides that are essential for their function. The Epstein–
Barr virus expresses two highly abundant noncoding RNAs called EBV-encoded RNA 1 (EBER1) and EBER2. To examine
whether these viral RNAs contain modified nucleotides, we purified native EBERs from EBV-infected cells and performed
mass spectrometry analysis.While EBER2 contains nomodified nucleotides at stoichiometric amounts, EBER1was found to
carry 5-methylcytosine (m5C) modification. Bisulfite sequencing indicated that a single cytosine of EBER1 is methylated in
∼95% of molecules, and the RNA methyltransferase NSUN2 was identified as the EBER1-specific writer. Intriguingly, ab-
lation of NSUN2 and thus loss of m5Cmodification resulted in an increase in EBER1 levels. We further found that EBER1 is a
substrate for the RNaseAngiogenin and cleavage in vivo is dependent on the presence ofm5C, providing an explanation as
to why loss of m5C increases EBER1 levels. Taken together, our observations indicate that m5C, a modification previously
shown for tRNAs to oppose Angiogenin-mediated degradation, can also adversely affect RNA stability.
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INTRODUCTION

Epstein–Barr virus (EBV), a human lymphotropic gamma-1
herpesvirus, expresses two noncoding RNAs called EBV-
encoded RNA 1 (EBER1) and EBER2, which localize to
the nucleus and are ∼170 nt long (Lerner et al. 1981;
Howe and Steitz 1986). Upon infection, EBV mainly per-
sists in a latent (dormant) stage by expressing a minimal
set of viral genes and only sporadically enters the lytic cy-
cle to produce progeny virions. We have recently shown
that EBER2 acts as a guide RNA to recruit the host tran-
scription factor PAX5 to its target sites on the EBV ge-
nome, and this recruitment is essential for efficient viral
lytic replication (Lee et al. 2015). On the other hand, the
molecular function of EBER1 remains poorly understood.
The study of EBER1, unlike EBER2, is particularly hindered
by the fact that EBER1-RNPs are refractory to antisense ol-
igonucleotide (ASO)-entailing techniques, as no regions
are available for hybridization under native conditions, rul-
ing out conventional knockdown or RNA–protein interac-
tion studies to elucidate its function and necessitating
the use of aptamers (Lee et al. 2012). Nonetheless, both
EBERs must play a fundamental role in the viral life cycle
given the fact that both noncoding RNA genes are pre-

served in all clinical isolates of EBV and exhibit high
sequence conservation with only minor nucleotide poly-
morphisms (Moss and Steitz 2013; Xu et al. 2019).

A remarkable feature of EBERs is their high expression
level with 105–106 copies of each viral RNA being present
in an infected host cell (Moss and Steitz 2013). It is unclear
why this high copy number is necessary for EBV mainte-
nance or how this abundance is achieved. Cellular noncod-
ing RNAs of comparable copy number, such as ribosomal
RNAs (rRNAs), small nuclear RNAs, or transfer RNAs
(tRNAs), harbor a diverse set of RNA modifications that in-
creases their stability (Roundtree et al. 2017; Bohnsack and
Sloan2018). In recent years, the studyof RNAmodifications
has garnered renewed interest owing to the development
of sensitive tools entailing next-generation sequencing,
which allowed the search for RNA modifications in a tran-
scriptome-wide manner. Several modifications, such as
N6-methyladenosine, N1-methyladenosine, 5-methylcyto-
sine (m5C), or pseudouridine, have thus been shown to
not be restricted to abundant noncoding RNAs, but also
to be present in messenger RNAs (mRNAs) and to regulate
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diverse aspects of mRNA processing (Dominissini et al.
2012; Meyer et al. 2012; Squires et al. 2012; Carlile
et al. 2014; Schwartz et al. 2014; Li et al. 2017; Safra et al.
2017). In addition, many of the writer, reader, and eraser
proteins of RNA modifications have been found to be de-
regulated in disease tissue, arguing in favor of an essential
contribution of these marks to tissue development
(Delaunay and Frye 2019).
In addition to tRNAs, rRNAs, and mRNAs, several other

functional noncoding RNAs have been shown to contain
m5C modifications, such as the lncRNAs HOTAIR and
XIST or the RNA polymerase III transcripts H1 and vault
RNAs (Squires et al. 2012; Hussain et al. 2013a). The
RNA methyltransferases responsible for the deposition of
this methyl mark belong to the methyltransferase families
of NOP2/Sun (NSUN) and DNA methyltransferase 2
(DNMT2), of which the NSUN2 enzyme has the broadest
substrate specificity (Trixl and Lusser 2019). Like other
RNA modifications, m5C appears to mediate different
functions based on RNA context. For example, m5C in
tRNA promotes RNA stability by counteracting endonu-
cleolytic cleavage by the RNase Angiogenin (ANG)
(Blanco et al. 2014), while m5C in mRNAs has been shown
to promote nuclear export through binding to the RNA-
binding protein ALYREF (ALY) (Yang et al. 2017), an adapt-
er protein for nuclear export of mRNAs. The only other re-
ported m5C reader to date is YBX1, a highly abundant
general mRNA binding protein (Singh et al. 2015), which
in certain biological contexts can enhance mRNA stability
(Yang et al. 2019).
Based on the pervasiveness of RNA modifications and

the high abundance of EBERs, we asked whether these vi-
ral transcripts also contain any of these post-transcriptional
marks. We purified native EBERs and subjected them to
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis to search for RNA modifications in an un-
biased manner. Interestingly, EBER1 was found to carry
only m5C modification at stoichiometric levels (i.e., ap-
proximately one modification per RNA) at a single cyto-
sine, and abrogation of this mark resulted in an increase
in EBER1 levels. We further show that EBER1 is a substrate
for the RNase ANG and that ANG-mediated cleavage in
vivo is dependent on the presence of m5C. In summary,
our results highlight a novel outcome of this modification
in RNA regulation by promoting degradation and thus
negatively affecting RNA stability.

RESULTS

LC-MS/MS analysis detects m5C modification
in EBER1

We examined whether EBER1 and EBER2 contain modi-
fied nucleotides by LC-MS/MS. This unbiased detection
method requires ∼100 ng of highly pure input material

devoid of common contaminating cellular RNAs, such as
rRNAs or tRNAs, which contain a plethora of RNA modifi-
cations that would skew the analysis. We utilized a previ-
ously developed protocol to isolate EBERs from total
RNA of EBV-positive lymphocytes (BJAB-B1 cells) by com-
bining ASO selection under denaturing conditions and
elution of bound RNAs with tetraethylammonium chloride
(TEACl)-containing buffer (Nanni and Lee 2018), followed
by PAGE purification (Fig. 1A,B). We verified by northern
blot analysis that the isolated RNAs were indeed EBER1
and EBER2 (Fig. 1C) and subjected the RNAs to LC-MS/
MS analysis as previously described (Thuring et al. 2017).
While no RNAmodification for EBER2 was detected in sto-
ichiometric amounts, we observed approximately one
m5C modification per EBER1 molecule (Fig. 1D,E). Only
a few other modifications, such as m7G andm5U, probably
stemming from contaminating RNA species, were detect-
ed at trace levels for EBER1 (less than 0.03 modifications
per RNA molecule; please see Supplemental Table 1 for
a complete list of analyzed modifications).

NSUN2 methylates C145 of EBER1

We next performed bisulfite sequencing of native EBER1
to localize the m5C modification within this viral transcript
and determine whether a specific site is consistently meth-
ylated or whether the methyl mark is deposited randomly
throughout EBER1. Cytosine residues become deaminat-
ed to uracils in the presence of bisulfite, but m5C-modified
bases are refractory to this conversion. Thus, the non-con-
version of cytosines as determined by sequencing of
cDNA following reverse transcription of bisulfite-treated
RNA indicates m5C modification sites. To examine for
methylation along the entire EBER1 molecule, we ligated
5′ and 3′ RNA adapters to both ends of EBER1 by splint li-
gation upon bisulfite treatment and, after reverse tran-
scription, used primers annealing to the adapters to PCR
amplify full-length EBER1 cDNA. The EBER1 amplicons
were then converted into an Illumina-compatible sequenc-
ing library, and deep sequencing of at least 105 reads re-
vealed that ∼95% of all EBER1 molecules are m5C
modified at C145 located within stem–loop 5 (Fig. 2A,B).
We also included bisulfite sequencing of in vitro tran-
scribed EBER1 to rule out that secondary structure forma-
tion is the cause of non-conversion of C145, as C-to-U
conversion requires single-strandedness of RNA. As shown
in Figure 2A (top panel), no notable peak was observed for
synthetic EBER1, indicating that nucleotide 145 is indeed
methylated in vivo. Moreover, as almost all EBER1 mole-
cules exhibit m5C modification at this particular site, this
modification may play an essential part in EBER1 function.
We next sought to identify the RNA methyltransferase

that deposits this mark on EBER1. Several m5C RNA meth-
yltransferases have been identified, of which DNMT2 and
NSUN2 have the broadest substrate specificity (Motorin
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et al. 2010; Trixl and Lusser 2019) and were our prime can-
didates for methylating EBER1. We first used short-inter-
fering (si)RNAs against NSUN2 and DNMT2 to deplete
their protein levels and verified their knockdown efficien-
cies by western blot analysis. RNAi against NSUN2 re-
duced its abundance to ∼40% of wild-type levels, while
DNMT2 knockdown resulted in a highly efficient depletion
and a barely detectable signal by western blot (Fig. 3A).
Bisulfite sequencing of EBER1 was performed after isolat-
ing total RNA from knockdown cells and amplifying EBER1
by RT-PCR using internal primers (location of primer-an-
nealing regions shown at the bottom of Fig. 3B) instead
of ligating adapters to both ends to scan the entire RNA,

as we were mainly interested in the methylation level of
the key nucleotide C145. As determined by deep se-
quencing of bisulfite-treated EBER1 amplicons, knock-
down with control and DNMT2 siRNAs exhibited a
comparable m5C modification level at C145 of ∼95% of
all EBER1 molecules (Fig. 3B, top and third panel), sug-
gesting that DNMT2 is not the EBER1-specific methyl-
transferase. On the other hand, knockdown of NSUN2
resulted in a reproducible reduction of C145 methylation
to ∼70% (Fig. 3B, second panel), indicating that NSUN2
is responsible for the m5C modification of EBER1. We hy-
pothesized that the modest decrease in m5C methylation
is due to the incomplete knockdown of NSUN2 by RNAi

E
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FIGURE 1. Detectingm5Cmodification on EBER1 by LC-MS/MS analysis. (A) Schematic outline of isolating native EBERs from total RNA followed
bymass spec analysis. EBERs are isolated by ASO selection under denaturing conditions and eluted from the beads with TEACl buffer followedby
denaturing PAGE. Please note that EBER1-RNPs are refractory to ASO-selection, as no regions are available for hybridization, while naked EBER1
RNA can be purified by ASOs. Size-selected EBERs are subjected to LC-MS/MS analysis. (B) SYBR Gold-stained polyacrylamide gel of purified
native EBER1 and EBER2. Arrow indicates the EBERs. (C ) Northern blot analysis of the gel-excised EBER1 and EBER2 to confirm correct purifi-
cation. (D,E) LC-MS/MS trace for m5Cmodification. EBER1 contains approximately onem5Cmodification per RNAmolecule, while EBER2 carries
no chemical modification.

BA

FIGURE 2. Verification and localization of m5C modification on EBER1 by bisulfite sequencing. (A) C145 of EBER1 is m5C modified in ∼95% of
EBER1molecules. 5′ and 3′ adapters were ligated to in vitro transcribed or native EBER1 by splint ligation. Primers annealing to the adapters were
used to RT-PCR-amplify EBER1, and amplicons were converted into an Illumina-compatible library. Over 105 reads were sequenced per sample
and the percentage of unconverted cytosines is shown in the graph (representative of three independent biological replicates). Circles under-
neath the tracks indicate the position of cytosines within EBER1; the five stem–loops (SL) are indicated. (B) Secondary structure of EBER1. The
methylated cytosine is highlighted in red. Arrow indicates the major in vitro ANG cut site.
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and sought to obtain a more pronounced depletion by
generating a CRISPR knockout of NSUN2. Previous studies
have shown that NSUN2 knockout animals are viable and
display phenotypes in epidermis and testis development
(Blanco et al. 2011; Hussain et al. 2013b), implying that a
NSUN2 knockout could be achieved in EBV-positive lym-
phocyte cell lines. We succeeded in generating NSUN2
knockout BJAB-B1 clones, as verified by western blot anal-
ysis (Fig. 3A; Supplemental Fig. 1A–C), and performed
bisulfite deep sequencing of EBER1 with knockout cells.
NSUN2 ablation resulted in a complete loss of m5C meth-
ylation at nucleotide C145 (Fig. 3B, arrow in bottom pan-
el), demonstrating that NSUN2 is the key EBER1-specific
methyltransferase.
To show that the loss of m5C modification on EBER1 fol-

lowing NSUN2 depletion is not due to indirect effects, we
leveraged the NSUN2 C271A mutant to demonstrate that
EBER1 is indeed a substrate for NSUN2. The methyltrans-

ferase activity of NSUN2 requires two cysteine residues
within the active site, of which C271 mediates the release
of the methylated substrate from the enzyme upon com-
pletion of the methylation reaction; the C271A mutation
causes covalent tethering of RNA substrates to NSUN2
mutant protein (Hussain et al. 2013a). We expressed either
FLAG-tagged wild-type or C271A mutant NSUN2 in
CRISPR knockout BJAB-B1 cells and examined whether
EBER1 would coprecipitate with the C271A mutant.
Western blot analysis confirmed that the C271A mutant
covalently bound RNA substrates, as higher molecular
weight bands were observed, which disappeared after
RNase A treatment of cell lysate and were not detected
for the wild-type enzyme (Fig. 3C, top). Importantly,
EBER1 was coimmunoprecipitated only by the C271A mu-
tant and not by wild-type NSUN2 (Fig. 3C, bottom), dem-
onstrating that EBER1 is indeed a substrate of NSUN2.
Taken together, our results demonstrate that NSUN2 is

BA

C

FIGURE 3. NSUN2 is the RNAmethyltransferase for EBER1. (A) Western blot analysis following depletion of NSUN2 and DNMT2 by siRNA-treat-
ment or CRISPR knockout. RNAi against NSUN2 results in a reduction of NSUN2 protein levels to ∼40% of wild-type levels. Arrow indicates the
DNMT2 band; asterisk indicates a major cross-reactive band recognized by the anti-DNMT2 antibody used in this study in lymphocyte lysate.
Anti-Nucleolin antibodywas used as a loading control. (B) Bisulfite sequencing of EBER1 following RNAi against NSUN2 andDNMT2, or knockout
of NSUN2. Depletion of DNMT2 does not affect m5Cmodification of EBER1 C145, while RNAi against NSUN2 decreases the abundance of C145
methylation (second panel). Knockout of NSUN2 completely eliminates C145 methylation (bottom panel, arrow). EBER1 was amplified using in-
ternal primers whose annealing locations are shown at the bottom (half arrowsmarked forward and reverse). (C ) Coimmunoprecipitation of EBER1
by C271A NSUN2 mutant. Western blot using anti-FLAG antibody showing expression of FLAG-tagged wild-type or C271A mutant of NSUN2
(top panel). The C271Amutant shows several highermolecular weight bands, which disappear upon RNase A treatment (second panel). Northern
blot analysis of EBER1 for the input and immunoprecipitated material is shown (bottom two panels).
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responsible for the m5C modification
of nucleotide C145 of EBER1.

m5C-modified EBER1 is targeted
by ANG for degradation

While characterizing NSUN2 knock-
out clones of the BJAB-B1 cell line,
we observed that all studied clones
exhibited an elevated EBER1 level
that exceeded wild-type abundance
by approximately two- to threefold
(Fig. 4A). This increase could not be
explained by a higher EBV genome
copy number inside host cells and
consequently higher transcription of
EBER1, as all clones had a compara-
ble EBV genome content, except for
knockout clone 4, which had a 1.8-
fold higher copy number (Supple-
mental Fig. 1D). As m5C modification
of tRNAs has previously been shown
to affect RNA stability through degra-
dation by ANG (Schaefer et al. 2010;
Blanco et al. 2014), we examined
whether this RNase also modulates
the stability of EBER1. To this end,
we knocked down ANG by CRISPR in-
terference (CRISPRi), which uses a cat-
alytically inactive Cas9 endonuclease
(dCas9) that retains the ability to be
targeted by single guide (sg)RNAs
and acts as a road block for RNA poly-
merase II (Gilbert et al. 2013), as our
attempts of using RNAi with siRNAs
were unsuccessful in BJAB-B1 lym-
phocytes. We were able to identify a
sgRNA that targets a promoter-proxi-
mal region of ANG and efficiently
knocks down its expression (Fig. 4B,
top). Notably, EBER1 levels were in-
creased following ANG depletion to
a similar extent as observed upon
NSUN2 knockout (Fig. 4B, bottom),
while ANG depletion had no appar-
ent further effect on EBER1 levels in
NSUN2 knockout cells. To corrobo-
rate the ANG-mediated regulation of
EBER1, we next pharmacologically in-
hibited ANG by treating both wild-
type and NSUN2 knockout cells with
the ANG inhibitor N-65828 (Kao
et al. 2002) and subsequently mea-
sured EBER1 levels by qRT-PCR. Inhi-
bition of ANG did not significantly

B
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FIGURE 4. Presence of m5C modification on EBER1 elicits a reduction in RNA levels in vivo.
(A) Five BJAB-B1 clones generated by CRISPR knockout of NSUN2 (cl.1–cl.5) were probed
by northern blot for EBER1. Please see Supplemental Figure 1 for further characterization of
knockout cell lines. U6 was probed as a loading control. Quantification of a representative
northern blot is shown in the graph below. In the absence of m5C modification, EBER1 levels
are elevated approximately two- to threefold. (B) CRISPRi against ANG in wild-type or NSUN2
knockout BJAB-B1 cells. ANGmRNA and EBER1 levels were measured by qRT-PCR following
ANG knockdown. A representative northern blot probing for EBER1 is also shown. ANGdeple-
tion in wild-type cells results in an increase in EBER1 levels, but not in NSUN2 knockout cells.
Values are the average of three independent biological replicates; error bars indicate standard
deviation. (C ) Wild-type or NSUN2 knockout BJAB-B1 cells were treated with the ANG inhib-
itor N-65828 at 100 µM for the indicated time periods. A representative northern blot analysis
probing for EBER1 and U6 as a loading control is shown. The graph underneath depicts the
EBER1 levels measured by qRT-PCR normalized to GAPDH expression. Values are the average
of three independent biological replicates; error bars indicate standard deviation. In wild-type
cells, inhibition of ANG results in a statistically significant increase in EBER1 levels (P-values
from Student’s t-test are indicated), while in NSUN2 knockout cells EBER1 abundance does
not change significantly. (D) Stress-induced ANG-mediated cleavage of EBER1 is enhanced
by m5C modification. EBV-positive wild-type and NSUN2 knockout cells were treated with
0.5 mM arsenite for the indicated time periods followed by northern blot analysis to quantify
EBER1 and tRNA levels. While tRNAGLY is less stable upon stress in NSUN2 KO cells compared
to wild-type cells, EBER1 levels show the opposite trend by being largely unaffected when un-
modified and prone to degradation in the presence of m5C. Quantification of EBER1 and
tRNAGLY northern blots normalized to 5.8S rRNA levels, which remained unchanged upon ar-
senite treatment, from three independent biological replicates is shown; error bars indicate
standard deviation.
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alter EBER1 levels in NSUN2 knockout
cells, whereas inwild-type cells EBER1
levels were gradually increased to
approximately twofold by 48 h of N-
65828 treatment (Fig. 4C). To further
substantiate the notion that ANG
cleaves EBER1 in an m5C-dependent
manner, wild-type and NSUN2 knock-
out cells were treated with arsenite, as
previous studies have shown that such
oxidative stress activates ANG-medi-
ated degradation of target RNAs,
that is, tRNA, and their decrease is en-
hanced in the absence of m5C modifi-
cation (Blanco et al. 2014). While
tRNA levels were expectedly reduced
upon arsenite treatment and even
more so in NSUN2 knockout cells giv-
en the stabilizing effect of m5C modi-
fication on tRNAs, (Fig. 4D, middle
panel), EBER1 levels were greatly
unaffected when unmodified and ex-
hibited a lower stability only when
m5C-modified (Fig. 4D, top). Taken
together, our results indicate that
m5C modification on EBER1 decreas-
es its stability through ANG-mediated
degradation.

EBER1 is an in vitro substrate
for ANG

To show that EBER1 is a direct sub-
strate of ANG, we performed in vitro
RNase digestion assays with recombi-
nant ANG and synthetic EBER1 as a substrate. We recom-
binantly expressed and purified from E. coli both wild-type
and a catalytically inactive ANG enzyme to near homoge-
neity (Fig. 5A). Mutating a single histidine in the catalytic
core of ANG to alanine (H13A) has been shown to greatly
abolish its RNase activity (Shapiro and Vallee 1989).
Incubation of EBER1 with ANG revealed a predominant
cleavage site (Fig. 5B, arrow), indicating specific process-
ing and EBER1 to be a bona fide substrate for ANG in vitro.
This specific degradation product was not generatedwhen
EBER1was incubatedwith the H13AANGmutant, thus rul-
ing out the possibility that the cleavage wasmediated by a
contaminating nuclease. We next mapped the ANG-spe-
cific cleavage site on EBER1 by attaching a 3′ linker to all
ANG-mediated internal cut sites and subsequently identi-
fying computationally the junction sites with EBER1 after
deep sequencing the degradation products. Consistent
with the homology to RNase A and the fact that RNase A
cuts after cytosines and uracils, themajority of cleavage oc-
curred after C139 of EBER1 (45.4%, 1.66×105 of 3.66×

105 reads) (Fig. 5C), which is located in stem–loop 5 and
adjacent to the m5C modification site at C145 (Fig. 2B),
suggesting that ANG cleavage may be potentially linked
to the recognition of m5Cmodification in vivo. To examine
whether m5C modification confers substrate preference
also in vitro, unmodified or m5C-modified EBER1 mole-
cules were generated by splint ligation of an in vitro tran-
scribed 5′ fragment consisting of nucleotides 1–143 and
a chemically synthesized 3′ fragment either containing or
lacking m5C at nucleotide 145 (Fig. 5D). Both EBER1 sub-
strates were subjected to ANG cleavage. However, the
presence of m5C modification had no effect on substrate
specificity or preference (Fig. 5E), suggesting that addi-
tional factors may govern EBER1 turnover in vivo.
We next examined whether the reported m5C readers

ALY and YBX1 also recognize this modification on EBER1.
To this end, we performed HITS-CLIP (high-throughput se-
quencing of RNA isolated by crosslinking immunoprecipi-
tation) for ALY and YBX1 in wild-type BJAB-B1 cells to
map their binding sites within EBER1 with nucleotide

E
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FIGURE 5. EBER1 is an in vitro substrate of Angiogenin. (A) Recombinant wild-type and cat-
alytically inactive (H13A mutant) recombinant ANG was purified from E. coli. Purified fractions
were resolved on a 15% SDS gel and stained with Coomassie. (B) In vitro transcribed EBER1
was incubated with either wild-type or H13A mutant ANG followed by northern blot analysis
to detect degradation products of EBER1. While a smear of bands is visible to a minor extent,
indicative of random degradation, one preferential cut site within EBER1 is detected (arrow).
This degradation product is not observed when incubated with the H13A ANG mutant, dem-
onstrating an ANG-specific RNase activity. (C ) EBER1 degradation products were attached to a
3′ linker, converted into an Illumina-compatible library, and deep-sequenced to identify ANG-
mediated cut sites. ANG primarily digests EBER1 after C139, which is located in stem–loop 5
adjacent to the m5C site. (D,E) In vitro ANG digestion assay with either unmodified or m5C-
modified EBER1 as substrate. Schematic for generating either unmodified or m5C-modified
EBER1 by splint ligation. An RNA fragment consisting of EBER1 nucleotides 1–143 was in vitro
transcribed using T7 polymerase. A 3′ fragment either lacking or containing m5C145 was
chemically synthesized and ligated to the 5′ fragment using a splint oligonucleotide (D).
m5C modification of EBER1 does not confer substrate preference in vitro (E).
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resolution. After immunoprecipitating ALY or YBX1 from
EBV-positive cell lysate, higher molecular weight bands
corresponding to RNA–protein adducts were observed in
theUV-crosslinked sample (Supplemental Fig. 2A, redbox-
es). These bands were excised, converted into an Illumina-
compatible library, and following deep sequencing were
mapped to the EBV reference genome. While YBX1 did
not bind over the m5C modification site of EBER1 and
was ruled out as an EBER1-specific m5C reader, three dis-
tinct peaks were observed for ALY, one of which over-
lapped with nucleotide C145 (Supplemental Fig. 2B). To
examine whether ALY is a bona fide m5C reader for
EBER1, we repeated the HITS-CLIP assay with NSUN2
knockout cells, which do not contain any m5Cmodification
at C145. However, the same binding profile of ALY was ob-
served over EBER1 (Supplemental Fig. 2B, middle track),
demonstrating that ALY binding to EBER1 is independent
of m5C modification. Consistent with the fact that neither
ALY nor YBX1 are EBER1-specificm5C readers, knockdown
of neither protein had an effect on EBER1 levels (Supple-
mental Fig. 2C–F).

m5C modification of EBER1 is not required for viral
lytic replication

The related EBER2 viral noncoding RNA has recently been
shown to be required for efficient viral lytic replication (Lee
et al. 2015). We thus asked whether methylation of EBER1
could play a role in this process as well. For this, we gener-
atedNSUN2 knockout clones of the replication-permissive
cell line HH514–16 (Rabson et al. 1983) and treated both
wild-type and NSUN2 knockout cells with sodium butyrate
to induce lytic reactivation. Replication of the viral genome
inside host cells as well as the viral titer in the culture super-
natant were not affected by the absence of NSUN2 and
thus loss of m5C modification in EBER1 under these reac-
tivation conditions in this cell line (Supplemental Fig. 3).
This observation suggests that the relevance of EBER1
methylation is restricted to the latent stage of the EBV
life cycle.

DISCUSSION

As many cellular noncoding RNAs expressed at high copy
number have been shown to contain various RNA modifi-
cations, we probed EBER1 and EBER2 by LC-MS/MS for
the presence of any type of modified nucleotide. We
found that EBER1 contains m5C at a single site in almost
all RNA molecules (Figs. 1, 2), suggesting that this methyl
mark may play an essential role in the as-yet unknown mo-
lecular function of EBER1. The small percentage (∼5%) of
non-methylated EBER1 could represent nascent tran-
scripts that have yet to undergo RNA maturation. In terms
of secondary structure, the methylation site in EBER1 is
somewhat reminiscent of the nucleotides in the T loop of

tRNAs abutting the variable loop, where nucleotides
47/48 are m5C-modified by the RNA methyltransferase
NSUN2 (Motorin et al. 2010). Consistent with the similarity
in secondary structure of both RNAs, we identified thewrit-
er enzyme for EBER1 to be NSUN2 as well (Fig. 3).
However, a major difference between tRNAs and EBER1
is the consequence of m5C modification. Whereas the
deposition of m5C in tRNAs by NSUN2 decreases ANG-
mediated endonucleolytic cleavage (Tuorto et al. 2012;
Blanco et al. 2014), incorporation of m5C in EBER1 has a
stimulatory effect on ANG-mediated degradation in vivo,
as depletion of NSUN2 results in an increase in EBER1 lev-
els (Fig. 4A). Moreover, this increase is observed upon in-
hibition of ANG as well, but only in wild-type cells and not
in NSUN2-depleted cells, which completely lack methyla-
tion at C145 and are non-responsive to ANG depletion or
inhibition in terms of EBER1 stabilization (Fig. 4B,C). Our in
vitro RNase assays with recombinant ANG confirm EBER1
to be a direct substrate based on the generation of a spe-
cific cleavage product, rather than random degradation
along the entire length of the RNA (Fig. 5A–C). We further
observed that ANG-mediated cleavage in vitro is not stim-
ulated by the incorporation of m5C within EBER1, as the
extent of cleavage was comparable between the unmodi-
fied and m5C-modified substrates (Fig. 5E). Additional
studies are required to reconcile this apparent inconsisten-
cy between the in vivo and in vitro observations. One pos-
sibility could be that an as-yet unknown reader protein of
methylated C145 may bind to act in a stimulatory manner
for ANG-mediated cleavage. Overall, this turnover mech-
anism may have been implemented to fine-tune EBER1
levels and prevent the accumulation of EBER1 beyond a
certain intracellular threshold (approximately 106 copies
per cell).

We examined whether the reported m5C reader pro-
teins ALY or YBX1 bind this methyl mark on EBER1.
While both factors interact with distinct regions on
EBER1, consistent with previous reports that these pro-
teins are promiscuous general RNA-binding proteins, the
YBX1 footprint in our CLIP assay did not overlap with the
methylation site. On the other hand, we observed ALY to
bind EBER1 over three regions, one of which overlaps
the methylation site (Supplemental Fig. 2B). However,
the same binding profile was observed in NSUN2 knock-
out cells, which completely lack m5C methylation within
EBER1, suggesting that ALY can also be ruled out as the
EBER1-specific m5C reader, as we would have expected
a complete abrogation of interaction. In line with the fact
that neither ALY nor YBX1 are EBER1-specific m5C readers,
depletion of neither factor resulted in a change in EBER1
levels. Thus, our results suggest that another as-yet un-
known m5C reader protein may exist and bind in the con-
text of EBER1.

The related viral noncoding RNA EBER2 plays a role in
EBV lytic replication (Lee et al. 2015), and given the

Henry et al.

1044 RNA (2020) Vol. 26, No. 8

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075275.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075275.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075275.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075275.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075275.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075275.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075275.120/-/DC1


many parallels between both viral RNAs, we examined
whether the m5C modification on EBER1 is also required
for viral lytic replication. However, our results rule out a
function for EBER1 methylation during the lytic stage of
the EBV life cycle, as lytic reactivation assays indicated
that viral DNA replication in NSUN2 knockout cells is indis-
tinguishable from wild-type cells (Supplemental Fig. 3).
While the molecular function of EBER1 remains unclear,
the relevance of EBER1 m5C modification is thus likely re-
stricted to the latency stage of EBV infection.

MATERIALS AND METHODS

Isolation of EBERs for LC-MS/MS analysis

Total RNA from EBV-infected BJAB-B1 cells was isolated with
TRIzol. An amount of 250 µg of total RNA was resuspended in
100 µLTE buffer, incubated for 3min at 95°C to disrupt secondary
structures, and placed on ice. Biotinylated DNA ASOs
against EBER1 (5′- TCACCACCCGGGACTTGTACCCGGGAC/
3BioTEG-3′, complementary to nucleotides 61–87) and EBER2
(5′-CCTGACTTGCAAATGCTCTAGGCG/3BioTEG-3′, comple-
mentary to nucleotides 101–124) were complexed with MyOne
Streptavidin C1 Dynabeads (ThermoFisher). An amount of 10 µL
of ASO-beads were added together with 100 µL H2O, 100 µL
Denaturant buffer (100 mM HEPES pH 7.5, 8 M urea, 200 mM
NaCl, 2% SDS), and 300 µL 2× Hybridization buffer (1.12 M
urea, 1.5 MNaCl, 10× Denhardt’s solution, 10 mM EDTA), and in-
cubated for 4 h at RT on a rotator. Beads were washed three times
with Wash buffer (10 mM HEPES pH 7.5, 250 mM NaCl, 2 mM
EDTA, 1 mM EGTA, 0.1% N-lauroylsarcosine, 0.2% SDS), and
RNA was eluted from the beads by adding 200 µL TEACl buffer
(10 mM Tris pH 7.4, 2.4 M TEACl, 0.05% Tween-20) and incubat-
ing the beads for 5 min at 40°C. RNA in the supernatant was ex-
tracted with phenol–chloroform and resolved on a 10%
denaturing polyacrylamide gel. RNA running at the expected
size were gel-extracted and verified by northern blot analysis to
be EBER1 or EBER2. The following DNA oligonucleotides were
used as northern blot probes after radioactive labeling with
gamma-32P-ATP and PNK treatment: 5′-CCAGCTGGTACTTG
ACCGAAGAC-3′ (EBER1), 5′-CAGAGGGATTAGAGAATCCTG
ACTTG-3′ (EBER2). Approximately 100 ng of native purified
EBER1 or EBER2 were obtained after PAGE purification and sub-
jected to LC-MS/MS analysis as previously described (Thuring
et al. 2017).

Bisulfite treatment of RNA and preparation of deep
sequencing libraries

For localizing m5C modification within EBER1, total RNA or puri-
fied native and in vitro transcribed EBER1 were bisulfite-treated
using theMethylamp RNABisulfite Conversion Kit (Epigentek) ac-
cording to manufacturer’s instructions. After C-to-U conversion,
RNA was phosphatase-treated, followed by PNK-treatment to
convert the triphosphate 5′ end of EBER1 into a monophosphate
group for subsequent ligation. 5′ and 3′ adapters (5′-OH-AGGGA
GGACGAUGCGG-OH-3′ and 5′-P-GUGUCAGUCACUUCCAG
CGG-Puromycin-3′, respectively) were ligated specifically to

EBER1 using the following splint oligonucleotides and T4 RNA
Ligase 2: 5′-tcctCCGCATCGTCC-3′, 5′-TGACTGACACaaaacat-
3′ (nucleotides complementary to EBER1 are in lower
case). RNA was reverse-transcribed using SuperScript IV RT
(ThermoFisher), and EBER1 was PCR-amplified using primers an-
nealing to the adapter sequences (5′-AGGGAGGACGATGCGG-
3′ and 5′-CCGCTGGAAGTGACTGACAC-3′). For measuring
localized methylation level only, internal primers annealing to the
very 5′ and 3′ ends of EBER1 were used in PCR: 5′-AGGATTT
ATGTTGTTTTAGAGGTTTTG-3′; 5′-AAAACATACAAACCACCA
ACT-3′).
EBER1 amplicons were converted into an Illumina-compatible

deep sequencing library using the NEBNext Ultra II DNA
Library Prep Kit (NEB). Following deep sequencing, raw reads
from paired-end runs were paired using the program PEAR with
default parameters (Zhang et al. 2014). Assembled reads were
trimmed of 5′ and 3′ adapters using the program cutadapt with
parameters ‘–m 15 –no-indels –g Adp1…Adp2’. Reads contain-
ing both adapters were mapped to the EBV genome (GenBank
AJ507799.2), and alignment was performed using the program
Bismark with parameters ‘–non-directional –bowtie2 -N 1 -L 10’
(Krueger and Andrews 2011). Bismark’s methylation extractor
(v0.19.1_dev) was run with parameters ‘–s –comprehensive –bed-
graph –CX_context’ to identify methylated cytosines. The output
was used to generate histograms of methylation at each nucleo-
tide position with Matplotlib.

RNAi, CRISPRi, and CRISPR knockout in EBV-infected
BJAB-B1 cells

RNAi against NSUN2, DNMT2, and ANG were carried out by
nucleofecting BJAB-B1 cells with siGENOME siRNAs from
Dharmacon (NSUN2 cat no. M-018217-01-0005; DNMT2 cat
no. M-006671-01-0005; ANG cat. no. M-011206-01-0005) at a
concentration of 100 nM, unless stated otherwise, using the 4D-
Nuclefector System (Lonza) in combination with SF solution and
program EN-150. As control siRNA, the siGENOME Non-
Targeting siRNA Pool #2 (Dharmacon cat. no. D-001206-14-05)
was used. Two days after the initial nucleofection, BJAB-B1 cells
were nucleofected again with siRNAs, and cells were harvested
after 4 d of siRNA treatment. To monitor knockdown efficiencies,
the following antibodies were used for western blot analysis: rab-
bit anti-NSUN2 (Proteintech cat. no. 20854-1-AP) at 1:2000 dilu-
tion; mouse anti-DNMT2 (Santa Cruz cat. no. sc365001) at
1:100 dilution, which performs suboptimally for lymphocyte ly-
sates due to the recognition of a strong cross-reactive band.
Three distinct anti-ANG antibodies were used in western blot
analysis (Abcam cat. no. ab202829; Proteintech cat. no. 20854-
1-AP; ThermoFisher cat. no. PA5-34422), but in our hands none
detected a specific band in whole lymphocyte lysate. Instead,
qRT-PCR was used to verify knockdown of ANG mRNA using
primers 5′-GTTGGAAGAGATGGTGATGG-3′ and 5′-CATAGT
GCTGGGTCAGGAAG-3′ as described (Sheng et al. 2014).
Gene knockout of NSUN2 and DNMT2 was carried out using

theCRISPRCas9 systemas described (Ran et al. 2013) and obtain-
ing the required Cas9 plasmid from Addgene. For large deletions
of genomic regions, two sgRNAs were designed for each gene,
one at the relative 5′ and the other at the 3′ end (see
Supplemental Fig. 1 for genome location). The sgRNA sequences
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for NSUN2 were 5′-GAGCTCAAGATCGTGCCCGA-3′ and 5′-GC
CAGACAATGACGTGACTG-3′, and for DNMT2 5′-AAGCTGTA
TACCTGCACAAG-3′ and 5′-GTATCCCACATACCGAACTC-3′.

CRISPRi against ANG was carried out with a deactivated Cas9
fused to the KRAB protein (dCas9-KRAB) as previously described
(Lee et al. 2015) using a sgRNA (5′-AGCAGCAGCGAATAAG
TACG-3′) targeting a promoter-proximal sequence of the ANG
locus. RNAi with siGENOME siRNAs against ANG did not result
in a successful knockdown.

Overexpression of NSUN2 and
coimmunoprecipitation of RNA substrates

Constructs consisting of either wild-type or C271A mutant
NSUN2 cDNA with an amino-terminal FLAG-tag cloned into the
pcDNA3 vector were obtained from Dr. Bryan Cullen (Duke
University) (Courtney et al. 2019). These plasmids were nucleo-
fected into NSUN2-depleted BJAB-B1 cells using the protocol
outlined above. Cells were subsequently lysed in Lysis buffer
(10 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA, 1% Triton
X-100) in the presence of protease inhibitor, and immunoprecip-
itation was carried out by adding anti-FLAG M2 magnetic beads
(SIGMA) and rotating at 4°C for 3 h. The beads werewashed three
times in Lysis buffer by rotating for 5 min at 4°C. Prior to western
blot analysis, input material was treated with 10 µg RNase A for
15min at 37°C where indicated. Prior to northern blot analysis, in-
put and immunoprecipitated materials were resuspended in PBS
containing 0.5% SDS and 1 mM EDTA and treated with 100 µg
Proteinase K at 37°C for 1 h before RNA was extracted using
TRIzol.

Induction of oxidative stress using arsenite

EBV-positive wild-type BJAB-B1 or NSUN2 KO cells were treated
with 0.5 mM sodium arsenite (SIGMA S7400) at a cell density of
5×105 cells/mL for the indicated time periods. RNA was extract-
ed using TRIzol followed by northern blot analysis. The following
probe was used to detect tRNAGLY as previously described
(Yamasaki et al. 2009): 5′-GGCAGGCGAGAATTCTACCACTGA
ACCACCAA-3′;

Generating m5C-modified EBER1 substrate for
RNase digestion assay with ANG

ANG inhibitor N-65828 (Kao et al. 2002) was obtained from the
NCI, resuspended in DMSO, and added to the culture medium
at a final concentration of 100 µM for the indicated time periods.
For in vitro RNase assays, recombinant wild-type and catalytically
inactive H13Amutant ANGwas expressed as aGST fusion protein
in E. coli BL21 cells after cloning the cDNA encompassing amino
acids 25–147 (lacking the putative leader sequence) into the
pGEX-2K vector. After induction with IPTG at 0.5 mM overnight
at 16°C, GST-ANG was purified from bacterial lysate with
Glutathione Sepharose 4B resin (GE Healthcare) by incubating
for 3 h at 4°C, followed by cleavage with thrombin for 2 h at RT.
The supernatant was then loaded onto aMonoS column to isolate
recombinant ANG.

To generate unmodified or m5C-modified EBER1 as a substrate
for in vitro digestion assays, nucleotides 1–143 of EBER1 were in
vitro transcribed with T7 polymerase and subsequently PAGE-pu-
rified. A 3′ fragment encompassing nucleotides 144–167 includ-
ing or lacking m5C at nucleotide C145 was obtained from
Dharmacon. These synthetic 3′ fragments also contain a biotin
moiety at their 3′ ends. Both parts were ligated to each other us-
ing a splint oligonucleotide (5′-GGACCACCAGCTGGTACT
TGACCGAAGACG-3′) and T4 RNA Ligase 2 (NEB). The full-
length EBER1 molecules were PAGE-purified prior to RNase
digestion. Indicated amounts of recombinant ANG were added
to 50 ng of unmodified or m5C-modified EBER1 in PBS and incu-
bated at 37°C for 10 min. Digestion reactions were terminated by
the addition of phenol followed by extraction of RNA and north-
ern blot analysis for EBER1.

Mapping ANG-mediated in vitro cleavage site
in EBER1

EBER1 digestion products from an ANG cleavage reaction
(starting material 50 ng) were purified by phenol–chloroform ex-
traction. RNA was dephosphorylated by T4 polynucleotide ki-
nase-treatment to remove 2′–3′ cyclic phosphate groups at the
3′ ends, followed by phenol–chloroform extraction. A 3′-linker
(5′-P-GUGUCAGUCACUUCCAGCGG-Puromycin-3′) was ligated
to the EBER1 cleavage products using T4 RNA ligase. The puro-
mycin modification prevents linker self-ligation. Please note that
in vitro transcribed EBER1 contains a biotin moiety at its 3′ end,
thus preventing linker ligation to full-length EBER1 and only to in-
ternal degradation products. Unligated linkers were removed by
purifying the reaction using RNAClean XP beads (Beckman
Coulter). A 5′-linker was then added by template-switching re-
verse transcription by adding to the RNA 2 µL of 10 µM RT-primer
(5′-CCGCTGGAAGTGACTGACAC-3′), 1 µL of 100 µM template-
switch oligo (5′-AAGCAGTGGTATCAACGCAGAGTGAATrGr
GrG-3′), 10 µL of 5x RT-buffer, 2.5 µL of 10 mM dNTPs, 1 µL of
RNase inhibitor, and 2 µL of Maxima RT (ThermoFisher) in a
50 µL reaction. The RT-reaction was subsequently amplified by
PCR using following primer pair: 5′-CCGCTGGAAGTGACT
GACAC-3′ and 5′-AAGCAGTGGTATCAACGCAGAGT-3′, and
the amplicon was converted into an Illumina-compatible deep se-
quencing library usingNEBNext Ultra DNA Library Prep Kit (NEB).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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