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ABSTRACT

The oncogenic Epstein-Barr virus (EBV) evades the
immune system but has an Achilles heel: its genome
maintenance protein EBNA1. Indeed, EBNA1 is es-
sential for viral genome maintenance but is also
highly antigenic. Hence, EBV seemingly evolved a
system in which the glycine-alanine repeat (GAr)
of EBNA1 limits the translation of its own mRNA
to the minimal level to ensure its essential func-
tion, thereby, at the same time, minimizing immune
recognition. Therefore, defining intervention points
at which to interfere with GAr-based inhibition of
translation is an important step to trigger an immune
response against EBV-carrying cancers. The host
protein nucleolin (NCL) plays a critical role in this
process via a direct interaction with G-quadruplexes
(G4) formed in the GAr-encoding sequence of the vi-
ral EBNA1 mRNA. Here we show that the C-terminal
arginine-glycine-rich (RGG) motif of NCL is crucial
for its role in GAr-based inhibition of translation
by mediating interaction of NCL with G4 of EBNA1
mRNA. We also show that this interaction depends
on the type | arginine methyltransferase family, no-
tably PRMT1 and PRMT3: drugs or small interfering
RNA that target these enzymes prevent efficient bind-

ing of NCL on G4 of EBNA1 mRNA and relieve GAr-
based inhibition of translation and of antigen pre-
sentation. Hence, this work defines type | arginine
methyltransferases as therapeutic targets to interfere
with EBNA1 and EBV immune evasion.

INTRODUCTION

The Epstein-Barr virus (EBV) is the first oncogenic virus
described in human (1-3). EBV is linked to at least 1%
of cancers worldwide (4), which include Burkitt’s and
Hodgkin’s lymphomas, nasopharyngeal carcinoma, 10%
of gastric cancers and potentially gliomas (5-7). Like the
other gamma herpesviruses, EBV is a latent virus that
evades the host immune system. However, EBV presents
an Achilles heel: its virally encoded genome maintenance
protein EBNA1 (Epstein-Barr nuclear antigen 1), which
is both essential for the virus (for the maintenance of its
genome) and highly antigenic. In addition, infected indi-
viduals may contain T cells raised against EBNA1 (8-10).
Hence, EBV evolved a mechanism by which EBNA1 self-
inhibits the translation of its own mRNA, thereby minimiz-
ing the production of EBNAI1-derived antigenic peptides
(11,12). Although not fully elucidated, this mechanism criti-
cally involves the Gly—Ala repeat (GAr) of EBNAT1 which is
encoded by a guanine-repeat-containing mRNA sequence
that was shown to be able to form clusters of up to thirteen
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G-quadruplexes (G4) that have been involved in GAr-based
inhibition of translation (13). G4 are non-canonical sec-
ondary structures that may assemble in guanine-rich DNA
or RNA. G4 are formed by the stacking of at least two
G-quartets which consist of a planar arrangement of four
guanines connected by Hoogsteen hydrogen bonds and sta-
bilized by a central cation, most often K*. G4 structures
within G-rich DNA or RNA have been implicated in gene
regulation where they can affect transcription, splicing or
translation (14-19). Recently, the host cell nucleolin protein
(NCL in human, Nsrl in the budding yeast Saccharomyces
cerevisiae) has been shown to directly mediate EBV im-
mune evasion through binding to G4 of the GAr-encoding
sequence of EBNAT mRNA (20,21). Indeed, the binding
of NCL to G4 of EBNA1 mRNA is required for GAr-
based inhibition of both translation and antigen presenta-
tion. Importantly, this protein—-RNA-G4 interaction is a rel-
evant intervention point to interfere with EBNA1 immune
evasion, as several G4 ligands, which include the bench-
mark compound PhenDC3 as well as the new derivatives
PyDH2 and PhenDH2, are able to interfere with both this
interaction and, consequently, with GAr-based limitation
of translation and antigen presentation (21,22). Hence G4
that form in the GAr-encoding sequence of EBNA1 mRNA
constitute a recognition platform for the binding of the
host cell NCL, a mechanism which is critically involved in
EBNAT1 immune evasion. However, several important ques-
tions remain such as about the precise role of NCL in GAr-
based translation inhibition, or the identification of the do-
main of NCL that is involved in binding of G4 of EBNAI1
mRNA.

NCL is a multifunctional nucleolar DNA /RNA-binding
protein widely conserved among eukaryotes, whose major
role is in RNA metabolism, in particular rRNA maturation
(23-25). NCL also plays additional roles in chromatin re-
modelling, cell cycle control, transcription and apoptosis.
NCL is one of the first G4-interacting proteins identified
(26). One of its best documented mechanisms of action on
G4 is its role as a repressor of transcription through sta-
bilization of DNA-G4 in the c-Myc promoter (27). Later,
NCL was shown to recognize DNA-G4 within the long ter-
minal repeat (LTR) promoter of human immunodeficiency
virus (HIV), thereby silencing the provirus transcription
(28). More recently, in addition to its role in the immune
evasion of EBV through binding to G4 of EBNA1 mRNA
(21), NCL has been involved in suppressing hepatitis C
virus (HCV) replication through binding to the viral core
RNA-G4 structure (29). NCL is ubiquitous and is there-
fore likely to interact at many G4 loci of DNA or RNA.
The structural determinants of G4-NCL interactions are
not precisely known but, recently, a strong preference of
NCL for binding G4-DNA harbouring a long central loop
has been reported by several groups (30-32). NCL is com-
posed of three main domains: (i) the N-terminal domain
that contains four acidic stretches; (ii) the central region that
contains four tandem RNA recognition motifs (RRM1-
RRM4); and (iii) the arginine/glycine/glycine (RGG) motif
at the C-terminus. Importantly, most nucleolin homologues
known to date share the same organization, with some vari-
ations in the number of RRMs; for example, the yeast nucle-

olin Nsrl contains only two RRMs but possesses the acidic
N-terminal domain as well as the C-terminal RGG mo-
tif (Figure 1A). RGG motifs represent low complexity se-
quences which can lead to disordered regions (33) and have
been involved in interaction with nucleic acids or various
proteins (34).

Methyl groups can be attached to the nitrogen atoms
of arginine within polypeptides, a process termed arginine
methylation. This post-translational modification is con-
ducted by protein arginine methyltransferases (PRMTs)
(35). PRMTs catalyse the transfer of a methyl group from
S-adenosylmethionine (SAM) to the guanidino nitrogen
atoms of arginine, resulting in the formation of methylargi-
nine and S-adenosylhomocysteine. Arginine can be methy-
lated in three different ways on its guanidino group: it can
be monomethylated, symmetrically dimethylated or asym-
metrically dimethylated, each of which has potentially dif-
ferent functional consequences (36). There are nine PRMTs
in human that are divided into three groups: type I, type
II and type III (37). PRMTY7 is the single type III PRMT
and only catalyses the formation of monomethylarginine
(MMA), whereas both type I and type II PRMTs catal-
yse the formation of MMA first, and then, from this inter-
mediate, of dimethylarginine (DMA). Starting from MMA,
type I PRMTs (PRMTI1, PRMT2, PRMT3, PRMT4,
PRMT6 and PRMTS) catalyse the formation of asym-
metric dimethylarginine (aDMA), whereas type Il PRMTs
(PRMT5 and PRMTY) catalyse the formation of symmetric
dimethylarginine (sSDMA). Arginine methylation occurs on
a variety of protein sequence motifs, but the RGG motifs
are the most commonly reported (38,39) and, in budding
yeast, it is estimated that the majority of arginine methyla-
tion occurs in RGG motifs (40). This is in line with the fact
that RGG is the canonical motif substrate established for
Hmtlp, a type | PRMT and the main budding yeast PRMT,
which is responsible for 66% of arginine monomethylation
and 89% of asymmetric dimethylation of intracellular pro-
teins in S. cerevisiae (41).

Here, we have first determined that the C-terminal RGG
motif of nucleolin is essential for both its ability to bind G4
of EBNAT mRNA and its role in GAr-based inhibition of
translation. This is true for both Nsrl, the yeast nucleolin,
and for NCL, the human nucleolin. We also show that the
ability of nucleolin to interact with G4 of EBNA1 mRNA,
as well as the GAr-based limitation of both translation and
antigen presentation, depend on type [ PRMTs, in particu-
lar on PRMT1 and PRMT3.

Hence, the RGG motif of the host protein NCL is crit-
ically involved in the binding of G4 of the viral EBNAI
mRNA, and this interaction depends on type I arginine
methyltransferases that thus represent relevant therapeutic
targets to interfere with EBNA1 and EBV immune evasion.

MATERIALS AND METHODS
Yeast strains, genetic manipulation and culture media

All the strains used in this study are derived from the W303a
WT K699 strain (42): MATa, leu2-3, 112 trpl-1, can 1-100,
ura3-1, ade2-1, his3-11, 15.
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Y32: MAT a, leu2-3, 113 trpl-1, can 1-100, ura3-1, ade2-
1:: his5 Spombe his3-11,15, metl5.:: HA-ade2

Y33: MAT a, leu2-3, 113 trpl-1, can 1-100, ura3-1, ade2-
1:: his5 Spombe pis3-11.15, metl5:: HA-43GAr -ade?

Y32 nsrlA: MAT a, leu2-3, 113 trpl-1, can 1-100,
ura3-1, ade2-1:: his5 Srombe  his3-11.15, metl5::HA-ade2,
nsrl:: KANMX6

Y33 nsrlA: MAT a, leu2-3, 113 trpl-1, can 1-100, ura3-
1, ade2-1:: his5 Srombe his3-11,15, metl5:: HA-43GAr-ade2,
nsrl:: KANMX6

Y32 nsrl ARGG: MAT a, leu2-3, 113 trpl-1, can 1-100,
ura3-1, ade2-1:: his5 Srombe his3-11.15, metl5::HA-ade2,
nsrl ARGG::KANMX6

Y33 nsrl ARGG: MAT a, leu2-3, 113 trpl-1, can 1-100,
ura3-1, ade2-1:: his5 Srombe his3-11,15, metl5:: HA-43GAr-
ade2, nsrl ARGG:: KANMX6

Y32 hmtlA: MAT a, leu2-3, 113 trpl-1, can 1-100,
ura3-1, ade2-1:: his5 Srombe his3-11,15, metl5::HA-ade2,
hmtl:: KANMX6

Y33 hmtlA: MAT a, leu2-3, 113 trpl-1, can 1-100, ura3-
1, ade2-1:: his5 SPombe pis3-11.15, metl5::HA-43GAr-ade?2,
hmtl:: KANMX6

Yeasts were growth on the following media: YPD (10 g/1
yeast extract, 20 g/1 peptone, 20 g/1 D-glucose) and DO-
TRP (6.7 g/l yeast extract without amino acids, 0.74 g of
CSM-TRP, 20 g/l D-glucose). For solid media, agar was
added at a final concentration of 20 g/1.

Plasmid construction

All the plasmids were generated using standard procedures.
The T4 DNA ligase was obtained from Promega and the
restriction enzymes were purchased from New England
Biolabs. Plasmids maintenance and amplification were
carried out in a chemically competent Escherichia coli
strain. The plasmids pRS414 containing NSR1 and parts
of the coding sequence were constructed as follows: the
DNA fragments were amplified by the forward primers
5-CGCGGATCCATGGCTAAGACTACTAAAGTAAA
AGGTAAC-3 or 5-GCGCGCGGATCCATGTCTTC
CAACAAGAAGCAAAAA-3', and the reverse primers
5-CCGCTCGAGCGGTTAATCAAATGTTTTCTTT
GAACCAG-3, 5-CGGCCGCTCGAGTTACTCTTCG
TCTTCTTCTTCTTC-3, 5-CGGCCGCTCGAGTTAC
TTGGCACGATCGTTGTTAC-3 or 5-CGGCCGCT
CGAGTTAACCATCGTTGTTTGGTCTTGG-3. The
corresponding polymerase chain reaction (PCR) fragments
were cloned into BamHI and Xhol cloning sites of the
pRS414-ADH vector.

All generated constructions were verified by PCR am-
plification on clones, restriction enzyme digestion and se-
quencing.

Yeast protein extraction

A 4 ml aliquot of exponentially growing yeast of 0.7-0.8
ODgoonm Was harvested, washed in 1x TE, pelleted and
then suspended into 300 wl of lysis buffer [25 mM Tris—HCI
pH 6.8, 10% glycerol, 5% B-mercaptoethanol, 5% sodium
dodecylsulphate (SDS), 8 M urea, 0.02% bromophenol
blue)

Nucleic Acids Research, 2022, Vol. 50, No. 20 11801

Cell culture and transfection

H1299 cells are derived from metastatic lymph node from
lung carcinoma. Mutu-1 cells are derived from an EBV-
positive Burkitt lymphoma. Raji cells are from a type III
latency EBV-infected Burkitt’s lymphoma. B3Z T cells are
from a hybridoma expressing a T-cell receptor (TCR) that
specifically recognizes ovalbumin (OVA; 257-264: SIIN-
FEKL) in the context of H-2Kb. H1299, Mutu-1 and Raji
cells were cultured in RPM1-1640 supplemented with 10%
foetal bovine serum and 2 mM L-glutamine. B3Z cells were
cultured in the same medium supplemented with 50 uM
B-mercaptoethanol. Transfections were performed using
GeneJuice® transfection reagent (Merck), or by electro-
poration using the Amaxa Cell Line Nucleofector® kit V
(Lonza) for Raji and Mutu-1 cells, in both cases according
to the manufacturer’s protocol.

Small interfering RNA (siRNA)-mediated knockdown

A total of 50 000 cells per well were seeded in 6-well plates
and transfected the following day with 0.75 wg of EBNAI
or EBNATAGATr expression vectors using Genejuice ac-
cording to the manufacturer’s protocol (Merck). Trans-
fected cells were treated with the indicated concentration
of control siRNA or FlexiTube GeneSolution for PRMT
1, 3 and 5 (Qiagen). siRNAs were implemented according
to the manufacturer’s protocol using HiPerFect transfection
reagent (Qiagen). Cells were collected for western blot anal-
ysis 48 h after expression vector transfection.

Protein extraction from mammalian cells

Whole cells of 75-90% confluence in 6-well plates were har-
vested, washed in 1x phosphate-buffered saline (PBS) and
suspended in lysis buffer [20 mM HEPES pH 7.5, 50 mM
B-glycerolphosphate, ] mM EDTA pH 8, 0.5 mM Na3; VO,
100 mM KCl, 10% glycerol, 19 Triton, anti-protesase cock-
tail (Roche 11697498001)]. These cell suspensiosn were me-
chanically lysed before centrifugation at 16 000 g for 20 min
at 4°C, and the protein concentration was determined using
the Bradford assay.

Western blotting

Equal protein quantities and volumes of all samples were
loaded and run on Bolt or NuPAGE (polyacrylamide
gel electrophoresis) 10% Bis-Tris Protein gels (Invitro-
gen) then transferred onto a 0.45 uM nitrocellulose mem-
brane (GE Healthcare). Membranes were blocked in 1x
PBS, 0.1% Igepal and 3% bovine serum albumin (BSA),
and incubated with the indicated primary antibodies:
mouse anti-Actin (Abcam ab3280, 1/5000), mouse anti-
glyceraldehyde phoshate dehydrogenase (GAPDH; Abcam
ab125247, 1/5000), mouse anti-EBNA1 (Cytobarr OTX1-
EBNAI1, 1/2000), rat anti-haemagglutinin (HA; Roche
11867423001, 1/2000), rabbit anti-NCL (Abcam ab70493,
1/5000), mouse anti-NSR 1 (Abcam ab4642, 1/5000), rabbit
anti-PRMT1 (Merck 07-404, 1/2000), rabbit anti-PRMT5
(Merck 07-405, 1/2000) and rabbit anti-PRMT3 (Abcam
ab191562, 1/10000). The membranes were then washed
with fresh 1x PBS, 0.1% Igepal and incubated with the
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indicated secondary antibodies, conjugated to horseradish
peroxidase: rabbit anti-mouse (Dako P0161, 1/3000), swine
anti-rabbit (Dako P0217, 1/2000) and goat anti-rat (Milli-
pore AP136P, 1/3000). The membranes were washed again
and analysed by enhanced chemiluminescence in buffer
(Tris-base pH 8.5, 12.5 nM coumaric acid, 2.25 nM luminol
and 0.15% H»0,) using a Vilber-Loumart Photodocumen-
tation Chemistart 5000 imager. All the experiments were re-
peated at least three times. Relative proteins levels for each
sample were normaliazed to GAPDH or Actin protein lev-
els as indicated, using Image J software.

T-cell proliferation assay

A total of 50 000 H1299 cells were seeded in 6-well plates
and co-transfected the following day with 0.5 g of Kb ex-
pression vector and 0.25 g of 235GAr-OVA, OVA or con-
trol plasmids using Genejuice according to the manufac-
turer’s protocol (Merck). Forty-eight hours later, the trans-
fected cells were seeded in 24-well plates at a density of 1 x
10° in the presence of 1 x 10° cells of the B3Z T hybridoma
in 2 ml final volume. After 48 h, the supernatant was with-
drawn for an enzyme-linked immunosorbent assay (ELISA)
to evaluate the interleukin-2 (IL2) production in order to
estimate T-cell activation and therefore antigen presenta-
tion. IL2 levels were measured using the IL2 ELISA MAX™
Standard kit (Biolegend, USA) according to the manufac-
turer’s instructions.

RNA pulldown

Yeast protein extracts. A 50 mlaliquot of 0.8-1.0 ODggo nm
exponentially growing cells was collected and cell pellets
were suspended in 2 ml of lysis buffer [25 mM Tris—HCI,
pH 7.4, 100 mM NaCl, 100 mM EDTA 0.1% Triton, an-
tiprotease cocktail (Roche, 11697498001)]. After addition
of 450-600 wm glass beads (Sigma-Aldrich, G8772), cells
were lysed by six cycles of vortexing for 30 s followed by
30 s ice-cooling, shaken for 2 min at 25 Hz in a mixer mill
(Retsch MM400) and centrifuged for 3 min at 800 g at
4°C. Supernatants were recovered and protein concentra-
tions were determined using the Bradford assay.

Mammalian cell protein extracts. Cells were collected 48 h
post-treatment and suspended in 200 .l of lysis buffer [20
mM HEPES, pH 7.5, 50 mM B-glycerophosphate, | mM
EDTA, pH 8, 0.5 mM Na3VOy,, 100 mM KCl, 10% glycerol,
1% Triton, antiprotease cocktail (Roche, 11697498001)].
Cells were lysed as mentioned above. Supernatants were re-
covered and protein concentrations were measured using
the Bradford assay.

RNA pulldown experiments. Yeast extracts or mam-
malian cell extracts were used for pulldown assays
with the following G4-forming oligonucleotides: GQ
5-GGGGCAGGAGCAGGAGGA-3-Biotin-TEG, GM
5-GAGGCAGUAGCAGUAGAA-3 -Biotin-TEG  and
ARPC2 5-AGCCGGGGGCUGGGCGGGGACCGG
GCUUGU-3'Biotin-TEG. G4 were formed by heating
the RNA oligonucleotides at 95°C during 5 min then
cooling them down to 4°C at a rate of 2°C/min in the

presence of 100 mM KCI to favour G4 formation. To avoid
unspecific binding, high-affinity streptavidin—Sepharose
beads (GE Healthcare, 28985799) were incubated in 1 ml
of blocking buffer [10 mM Tris—-HCI, pH 7.5, 100 mM KClI,
0.1 mM EDTA, 1 mM dithiothreitol (DTT), 0.01% Triton,
0.1% BSA, 0.02% S. cerevisiae tRNAs (Sigma-Aldrich,
10109495001)] for 1 h at 4°C on a rotating wheel. A 10
g aliquot of each folded biotinylated RNA oligonu-
cleotide was incubated with 50 wl of solution containing
the streptavidin—Sepharose beads for 90 min at 4°C on a
rotating wheel. Then 500 g of cell extracts (mammalian or
yeast) or 200 ng of recombinant NCL were treated with 200
U/ml of RNase inhibitor (NEB, M0307S) for 90 min at 4°C
on a rotating wheel. These extracts or recombinant NCL
were incubated with the RNA oligonucleotides bound to
the streptavidin beads for 90 min at room temperature.
Beads were then washed five times with lysis buffer and
lysis buffer with increasing KCI concentrations (200-800
mM). Proteins still bound to beads after the washes were
eluted using 2x loading buffer (2x Laemmli buffer with
5% B-mercaptoethanol) and analysed by western blotting
against NCL or Nsrl.

Proximity ligation assay (PLA)

Cells were fixed in 1x PBS, 4% paraformaldehyde for
20 min and permeabilized for 10 min with 0.4% Triton
X-100, 0.05% CHAPS. The EBNAl-digoxigenin probe
mRNA (5-CTTTCCAAACCACCCTCCTTTTTTGCGC
CTGCCTCCATCAAAAA-3) at 50 ng/well was denat-
urated for 5 min at 80°C. The probe hybridization reac-
tion was carried out in 40 wl of hybridization buffer (10%
formamide, 2x SCC, 0.2 mg/ml E. coli tRNA, 0.2 mg/ml
salmon sperm DNA and 2 mg/ml BSA). The fixed cells were
washed and blocked into the blocking solution (1 x PBS, 3%
BSA, 0.1% saponin) before incubation with the primary an-
tibodies (anti-digoxigenin, Sigma 1/200 and anti-NCL, Ab-
cam 1/1000). The PLA reaction was performed under the
manufacturer’s protocol using the Duolink PLA in situ kit,
PLA probe anti-rabbit plus, PLA probe anti-mouse Minus
and the in situ detection reagent FarRed, all from Sigma.
The results were analysed using a Zeiss Axio Imager M2.
All the PLA experiments were performed at least three times
independently, and the following controls probes were im-
plemented: without mRNA probe or without primary anti-
bodies.

RNA extraction and quantitative reverse transcription-PCR
(RT—qPCR)

Total H1299 or Mutu-1 cellular RNA was extracted us-
ing NucleoSpin® RNA Plus (Macherey Nagel). cDNA
synthesis was carried out using 1 pg of RNA and M-
MuLV Reverse Transcriptase (NEB) together with ran-
dom primer. cDNA samples were analysed by qPCR us-
ing Master Mix PCR Power SYBR™ Green (Applied
Biosystems™). The relative abundance of target mRNA
was normalized using GAPDH as an endogenous con-
trol. Quantification of gene expression was determined
using the 2724CT method. The primers used for PCR
were GAPDH-forward, 5-GAGTCAACGGATTTGGTC
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GT-3'; GAPDH-reverse, 5-CACAAGCTTCCCGTTCTC
AG-3; EBNAl-forward, 5-GGCAGTGGACCTCAAA
GAAGAG-3; and EBNAIl-reverse, 5- CAATGCAACT
TGGACGTTTTTG-3. All the experiments were per-
formed in duplicate and repeated twice.

MTT assay

About 15 000 Mutu-1 cells were plated at 0.1 ml per well
in 96-well, flat-bottom plates and exposed to the indicated
compounds at the indicated concentrations or dimethyl-
sulphoxide (DMSO; vehicle). After 48 h, 10 pnl of MTT
solution [5 mg/ml in PBS (pH 7.4), CT01-5, Merck Mil-
lipore] was added to each well and cells were incubated for
4 h. A mixture of isopropanol/0.1 N HCI/10% Triton X-
100 (0.1 ml) was added to each well to dissolve the for-
mazan crystals, and the absorbance was then measured at
540 nm.

Immunofluorescence

H1299 cells were plated on 13 mm diameter coverslips in
24-well plates and were transfected with HA-NCL-wt, HA-
NCL-R10A or HA-NCL-RI10F plasmids. At 24 h post-
transfection, cells were fixed with 4% paraformaldehyde in
PBS for 20 min and permeabilized with 0.4% PBS, Triton
X-100, 0.05% CHAPS for 10 min at room temperature. Af-
ter incubation in blocking buffer (1x PBS, 3% BSA, 0.1%
saponin) for 30 min at room temperature, samples were
incubated with a mouse polyclonal anti-HA antibody (a
kind gift from Borek Vojtesek, Masaryk Memorial Can-
cer Institute, Brno, Czech Republic) at 1/1000 for 2 h at
room temperature followed by incubation with a 1/500 dilu-
tion of the goat anti-mouse immunoglobulin G (IgG) sec-
ondary antibody conjugated to Alexa Fluor® 594 (Invit-
rogen). Both antibodies were diluted in blocking buffer.
4’,6-Diaminidino-2-phenylindole (DAPI) was used for nu-
clear counterstaining and the images were taken using a
Zeiss Axio Imager M2. The experiments were repeated
twice.

NCL methylation

NCL recombinant protein was prepared and purified as
previously described (32). Methylation of purified NCL re-
combinant protein was performed in a buffer containing 50
mM TrispH 7.5, 1 mM EDTA, 200 mM NaCl. NCL (5 pM)
was incubated with 50 nM SAM (Sigma-Aldrich, Saint-
Quentin-Fallavier) and 240 pg/ml of recombinant human
PRMT1 protein (ab89007, Abcam) at 30°C for 3 h. The con-
ditions of the methylation reaction i.e. time, buffer and sto-
ichiometry of the partners (SAM:NCL:PRMT = 10:1:1),
were previously determined through preliminary qualita-
tive experiments using [*’H]SAM followed by nitrocellulose
membrane filtration (Bio-dot). Methylated NCL was puri-
fied by using a HiLoad Superdex® column and stored in 50
mM Tris pH 8, 200 mM NacCl buffer at —80°C. Mass spec-
trometry analysis was performed to identify the number and
sites of methylation.
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Electrophoretic mobility shift assay

The annealed EBNA1 and EBNAI1-2rep were prepared
by mixing 5'-radiolabelled [y-*’P]oligonucleotide with non-
radiolabelled oligonucleotide (100 nM) in K-100 buffer [10
mM LiCaco2, 100 mM KCI (pH 7.2)], then heating at 95°C
for 5 min followed by slow cooling. For protein or peptide
binding, the annealed RNAs (final concentration of 20 nM)
were incubated with proteins or peptides in the desired con-
centration range (0—1 pM for proteins and 0-56 nM for pep-
tides) in 1x binding buffer [10 mM Tris—HCI (pH 7.5), 1
mM EDTA, 100 mM KCI, 0,1 mM DTT, 5% glycerol and
0.01 mg/mL BSA] at room temperature for 1 h. The sam-
ples were loaded on a 10% or 15% polyacrylamide native
gel (37.5:1 acrylamide:bis ratio) for recombinant proteins
or peptides, respectively. After electrophoresis, the gels were
exposed in a phosphoimager cassette and scanned on a Ty-
phoon Trio Variable mode imager. The quantitative gel was
fitted in GraphPad Prism7 with the Hill slope. Representa-
tion of means and standard deviation (SD) values are from
three independent experiments.

Sequences of peptides and oligonucleotides for EMSAs

RGG, H-EGGFGGRGGGRGGFGGRGGGRGGRGG
FGGRGRGGFGGRGGFRGGRGGGGD-OH

RGG-met; H-EGGFGG(ADMA)GGG(ADMA)GG
FGG(ADMA)GGG(ADMA)GG(ADMA)GGFG
GADMA)G(ADMA)GGFGG(ADMA)GGFADM
A)GG(ADMA)GGGGD-OH (where ADMA is asymmet-
rically dimethylated arginine); EBNA1, GGG-GCA-GGA-
GCA-GGA-GGA; EBNAI-2repeat, GGG-GCA-GGA-
GCA-GGA-GGA-GGG-GCA-GGA-GCA-GGA-GGA

Oligonucleotides were purchased from Eurogentec
(HPLC purification). Peptides were synthesized by Pepscan
(HPLC purification).

Statistics analyses

Data were analysed by analysis of variance (ANOVA) in
conjunction with Tukey’s test using GraphPad Prism 5
Software. Data shown are the mean + SD. *P <0.05;
*#% P <0.0001; ns, not significant.

RESULTS

The C-terminal RGG motif of yeast nucleolin Nsr1 is neces-
sary for its role in GAr-based inhibition of translation and for
the ability of yeast and human nucleolin to bind G4 of EBNA1
mRNA

As stated above, Nsrl, the budding yeast (S. cerevisiae) nu-
cleolin, shares the same domain organization as NCL, the
human nucleolin, apart from the fact that Nsrl contains
only two central RRMs, instead of four in NCL, which
probably correspond to RRM3 and 4 of NCL (Figure 1A).
In addition, GAr-based inhibition of translation is fully op-
erational in budding yeast (43) where it also involves nucle-
olin (20). This explains the relevance of the yeast-based ge-
netic screen that led to the identification of nucleolin as the
first host cell factor critically involved in GAr-based inhibi-
tion of translation (21). This study also shows that human
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Figure 1. The C-terminal arginine—glycine rich (RGG) motif of yeast nucleolin Nsrl is necessary for its role in GAr-based inhibition of translation. (A)
Schematic representation of the various domains of the human (NCL) and yeast (Nsrl) nucleolin. Note that the two proteins share the same organization,
in particular central RRMs (four for NCL and only two for Nsrl which are probably orthologues of RRM3 and 4, hence the colour code) and the C-
terminal RGG motif. Both RRM and RGG are known as RNA-binding motifs. (B) Schematic representation of the various constructions used for the
domain analysis of the yeast nucleolin Nsrl. (C) Analysis of the ability of these various constructs to complement the role of Nsrl in GAr-based inhibition
of translation in a Y33 nsrl A strain, as compared with the wild-type Nsrl. Serial dilutions of the various transformed strains were spotted onto agar-based
solid medium. The colour of yeast colonies is used as the readout. Note that all the constructs that lack the C-terminus that contains the RGG motif are
unable to complement the deletion of the NSRI gene, as indicated by the white colour of the yeast colonies. (D) Ability of a form of yeast nucleolin deleted
of its C-terminal RGG motif (nsr] ARGG) to complement the role of Nsrl in GAr-based inhibition of translation in a Y33 nsr/ A strain as compared
with the wild-type Nsrl. Briefly, a yeast strain that expresses HA-43GAr-Ade2 or, as a control, HA-Ade2 as sole source of Ade2, and deleted for the
NSRI gene was transformed with either an empty vector (negative control), or a plasmid allowing expression of full-length Nsrlwt (positive control), or
of nsr ARGG, as indicated. Serial dilutions of the various transformed strains were spotted onto agar-based solid medium and the colour of the resulting
transformed strains was assessed. A full level of expression of HA-Ade2 leads to the formation of white colonies, whereas the reduced level of HA-43GAr-
Ade?2 due to the GAr-based inhibition of translation leads to pink colonies. (E) Western blot analysis of the level of Ade2 or HA-43GAr-Ade2 in the
same strains. HA-Ade2/GAPDH or HA-43-GAr-Ade2/GAPDH ratios are indicated below the gels. (F) Y33 nsr/ ARGG, a yeast strain in which only the
sequence encoding the RGG motif was deleted from the endogenous chromosomal NSR/ gene, displays the same pink phenotype as Y33 nsrl A regarding
GAr-based inhibition of translation but grows like a Y33 NSRIwt strain, indicating that nsr]1 ARGG is functionally expressed. (G) Western blot analysis
of the level of Ade2 or HA-43GAr-Ade2 in the same strains. HA-Ade2/GAPDH or HA-43-GAr-Ade2/GAPDH ratios are indicated below the gels.
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NCL can complement the effect of the loss of yeast Nsrl
on GAr-based inhibition of translation in yeast. Taken to-
gether, these results indicate that yeast is a relevant system
to model NCL- and GAr-based inhibition of translation.
Importantly, and in contrast to NCL in human cells, Nsrl
is not an essential gene, as yeast nsrl/ A strains, although
growing quite poorly, are viable (21,44). For all these rea-
sons, we decided to use yeast nsrl A strains to determine the
involvement of the various domains of nucleolin in GAr-
based inhibition of translation, as this cellular context al-
lows clear-cut situations where the only source of nucleolin
is either full-length Nsrl, or parts of it, that were expressed
back in yeast. We also made use of the yeast model for GAr-
based inhibition of translation which we recently created
(43). This model is based on a fusion between a GAr do-
main of 43 amino acids (43GAr) and the yeast Ade2 re-
porter protein. Because GAr is able to self-inhibit the trans-
lation of its own mRNA in yeast, this leads to a reduc-
tion in Ade2 level (43). This can easily be monitored as
yeast which express Ade2 at a functional level form white
colonies, whereas yeast that do not express Ade2 readily
form red colonies, and any intermediate level of Ade2 leads
to the formation of pink colonies whose intensity of col-
oration is inversely proportional to the level of Ade2 ex-
pressed. Hence, a yeast strain expressing the HA-43GAr-
ADE? construct (Y33 strain) forms pink colonies and ex-
hibits an intermediate level of HA-43GAr-Ade2 protein,
whereas a control strain expressing HA-ADE2 from the
same promoter (Y32 strain) forms white colonies that con-
tain a higher level of HA-Ade2 protein (43). Importantly,
the deletion of the NSRI gene in the Y33 strain (hence
termed Y33 nsrlA) led to the formation of white colonies
that express a high level of HA-43GAr-Ade2 as, in yeast
too, the GAr-based inhibition of translation depends on
nucleolin. In contrast, the deletion of the NSRI gene had
no effect on HA-Ade2 expression in Y32 strains (hence
termed Y32 nsrlA), demonstrating that the effect of nu-
cleolin on protein expression is GAr dependent (21). Start-
ing from the Y33 nsrlA, we first determined the effect of
re-expressing, from a low copy number centromeric plas-
mid, full-length Nsrl, or various parts of it (Figure 1B),
on the GAr-based inhibition of translation, using as read-
outs the colour of the various yeast strains and the level of
expression of 43GAr-Ade2 or Ade2. As shown in Figure
1C and D, as expected, reintroduction of full-length Nsrl
(1-414) led to pink colonies that express a reduced level of
HA-43GAr-Ade2, similar to the original Y33 strain. The
same pink colour was obtained when expressing a form of
Nsrl deleted of its N-terminal acidic domain (154-414), in-
dicating that this domain is not required for the involve-
ment of Nsrl in GAr-based inhibition of translation (Fig-
ure 1C). In contrast, the Y33 nsrl A strain expressing vari-
ous forms of Nsrl that all lack the C-terminal end contain-
ing the RGG motif [1-351, that lacks only the C-terminal
RGG motif (hence termed nsr1 ARGG in the following); 1—
256, that lacks both RRM2 and RGG; and 1-153, that lacks
RRMI1, RRM2 and RGG] remains white, suggesting that
the inhibitory effect of GAr on protein expression was not
restored (Figure 1C). This was checked for the Y32 nsriA
and Y33 nsrl A expressing nstl ARGG (Figure 1D, E), in-
dicating that the RGG motif is necessary for the crucial
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role of Nsrl in GAr-based inhibition of translation. To con-
firm this result, we deleted only the RGG motif-encoding
sequence from the endogenous chromosomal copy of the
NSRI gene in the Y33 strain (to yield Y33 nsrl ARGG), and
in the Y32 strain (to yield Y32 nsrl ARGG) as a control.
As shown in Figure 1F and G, the Y33 nsr/ ARGG strain
displays the same phenotype (white colonies expressing a
higher level of 43GAr-Ade2) than the Y33 nsrl A strain re-
garding GAr-based inhibition of translation. Of note, the
Y33 nsrl ARGG strain grows like the Y33 NSRIwt strain,
whereas the Y33 nsrl A strain exhibits a significant growth
defect as reported by us and others (21,44). This shows that
the RGG motif is necessary for the role of Nsrl in GAr-
based inhibition of translation, but not for its other func-
tions required for an optimal yeast growth, in good agree-
ment with recently published results (45). In contrast, the
results shown in Figure 1C suggest that the two RRMs
(RRM1 and 2) are necessary for optimal yeast growth of the
Y33 nsri A strain as only the forms of Nsrl that lack RRM 1
or both RRMI1 and 2, in addition to the C-terminal RGG
motif, display the same small colony phenotype as the con-
trol strain transformed with an empty vector. Importantly,
this result also indicates that the defect in GAr-based inhibi-
tion of translation of the yeast strains deleted for the NSR/
gene cannot be attributed to their slow growth phenotype.
It also shows that the role of Nsrl in GAr-based inhibition
of translation can be genetically separated from its central
role in cell fitness.

Because the C-terminal RGG motif of Nsrl is required
for its role in GAr-based inhibition of translation, and as we
previously showed that the direct interaction between hu-
man nucleolin NCL and G4 of EBNA1 mRNA is required
for the GAr-based limitation of both translation and anti-
gen presentation (21), we then compared the ability of the
Nsrl and nsrl Argg proteins to interact with G4 of EBNA1
mRNA. For this purpose, we performed RNA pulldown
assays as previously described (21,46). Briefly, this assay is
based on the use of an RNA oligonucleotide containing a
sequence that can form G4, conjugated to biotin, which can
therefore be precipitated by magnetic Sepharose beads con-
jugated to streptavidin (Figure 2A). In this way, proteins
which present affinity for the selected RNA-G4 can be pre-
cipitated and detected by western blotting. We first deter-
mined if yeast nucleolin Nsrl does bind to G4 of EBNAI
mRNA, as has been shown previously for human nucleolin
NCL (21), and if this binding depends on the presence of
its C-terminal RGG motif. For this purpose, lysate from
Y32 or Y32 rggA cells was applied to the following ma-
trices: streptavidin-coupled beads either together with GQ
(containing the most probable G4 of the GAr-encoding se-
quence of EBNA1 mRNA), GM (negative control: same
sequence except that four guanines critical for G4 forma-
tion were replaced by adenine or uracil) or ARPC2 (posi-
tive control containing a G4 present in A RPC2 mRNA and
that has been shown to bind NCL) RNA oligonucleotides
(Figure 2A). As shown in Figure 2B, an efficient binding of
Nsrl to the prototypical G4 found in EBNA1 mRNA was
observed, which is fully in line with the already described
binding of human nucleolin NCL on the same matrix (21).
As for NCL, this binding mostly depends on G4 since only a
residual binding was observed on GM control that cannot
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Figure 2. The C-terminal RGG motif of yeast nucleolin Nsrl is necessary for its binding to G4 of EBNA1 mRNA which also depends on the main
yeast type I arginine methyltransferases Hmtl1. (A) Scheme depicting the principle of the RNA pulldown experiment. The sequence of the various RNA
oligonucleotides used is shown and the guanines (G) implicated in the formation G4 are highlighted in blue. GQ: RNA oligonucleotide containing the
prototypal repeated sequence which forms the most probable G4 in GAr-encoding sequence of EBNA1 mRNA. GM (negative control): mutated version of
GQ in which four guanines were replaced by adenine or uridine to prevent formation of G4. ARPC?2 (positive control): RNA oligonucleotide containing
the sequence of ARPC2 mRNA that forms a G4 known to bind NCL (46). (B) RNA pulldown of extracts from yeast cells expressing Nsrlwt [1: Y32
(NSRIwt)] or nst1ARGG [2: Y32 rggA (nsrl ARGG)] as the sole source of nucleolin. The protein still bound after an 800 mM KCI wash were eluted
and analysed by SDS-PAGE and western blot. Like the human nucleolin NCL, the yeast nucleolin Nsrl binds to G4 of EBNAI and ARPC2 mRNA,
and this binding is G4 specific as only residual binding was found on GM beads. In contrast, only residual binding is observed for nsr1 ARGG. The blot
represents # >3. (C) The same experiment as in (B), except that RNA pulldowns were performed using extracts from nsr/ A yeast cells expressing human
HA-tagged wild-type nucleolin, HA-NCL (1: Y32 nsrlA + HA-NCL) or a version deleted of its C-terminal RGG motif, NCLARGG (2: Y32 nsriA +
HA-NCLARGQG) as the sole source of nucleolin. In contrast to NCL which binds to G4 of both EBNA1 and ARPC2 in a G4-dependent manner, only
residual binding is observed for NCLARGG. The blot represents n >3. (D) A similar experiment to that shown in Figure 1C was performed and indicates
that the ability of GAr to limit protein expression is lower in an simtl A yeast strain (Y33 hmtl A) as compared with the HMTIwt Y33 strain. (E) The
same yeast strain as in (D) was grown in synthetic liquid medium up to stationary phase and photographed. In addition, western blot analysis of the level
of Ade2 or HA-43GAr-Ade2 was performed. HA-Ade2/GAPDH or HA-43-GAr-Ade2/GAPDH ratios are indicated below the gels. The blot represents
n >3. This experiment confirms that the ability of GAr to limit protein expression is less in an simtl A yeast strain (Y33 hmtl A) as compared with the
HMTIwtY33 strain. (F) The same RNA pulldown experiment as in (B) and (C) was performed except that the following yeast extracts were used: 1: Y32
(HMT1wt) or 2: Y32 hmtl A. The binding of the yeast nucleolin Nsrl on G4 of EBNA1 mRNA is significantly decreased when the HMT1 gene is absent.
The deletion of the HMT1 gene also affects the binding of Nsrl on ARPC2 mRNA G4 (positive control).
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form G4, whereas a significant binding was also observed
on ARPC2 matrix (positive control that forms RNA-G4
that binds NCL). Importantly, only a residual binding on
GQ, comparable with the binding of Nsrl on GM, was ob-
served for nsrl Argg, whereas Nsrl and nsrlArgg (which
were expressed from the NSR/ endogenous promoter in
their normal chromosomal context) were both expressed
at a similar level (input, two first lanes). The same result
was observed with ARPC2 RNA oligonucleotide, confirm-
ing that the binding of yeast nucleolin Nsrl on RNA-G4
depends on its C-terminal RGG motif.

We then performed the same experiments with human
nucleolin NCL. For this purpose, we expressed NCL,
or NCLARGG, from the constitutive ADH promoter in
the Y32 nsrlA strain. We chose to express NCL, or
NCLARGG, in an nsrlA yeast strain to ensure that the
sole source of nucleolin is the one we expressed. Indeed, in
human cells in which NCL is an essential gene whose level
of expression cannot be significantly modified, dealing with
a mixture of NCL and NCLARGG would be inevitable,
thereby complicating the analysis. Hence, here again, we
made use of yeast genetics and of the fact that nucleolin
is not essential in yeast. The ADH promoter was chosen
because it leads to expression of human nucleolin NCL
which is comparable with that of yeast nucleolin Nsrl. As
shown in Figure 2C, we obtained the same result with NCL
and NCLARGG as when using yeast nucleolin Nsrl and
nsrlArgg: NCL bound efficiently to the GQ matrix whereas
only a residual binding was observed for NCLARGG, al-
though it was repeatedly more expressed than NCL in yeast
(input, first two lanes). The same result was observed with
ARPC2 RNA oligonucleotide, confirming that the binding
of human nucleolin NCL on RNA-G4, in particular on G4
of EBNA1 mRNA, also depends on its C-terminal RGG
motif.

Hence, we concluded that the binding of both yeast and
human nucleolin (Nsrl and NCL, respectively) on the G4
of the GAr-encoding sequence of EBNA1 mRNA requires
their C-terminal RGG motif. The residual binding observed
for wild-type Nsrl and NCL on the GM matrix, or for
NCLARGG and nsrl Argg on the GQ or ARPC2 matrix,
is probably due to the RRM domains which possess an
intrinsic RNA binding affinity, whereas the RGG motif
seems to be crucial for the specific affinity of nucleolin for
RNA-G4.

The main yeast type I arginine methyltransferase Hmtlp is
necessary for efficient GAr-based inhibition of translation
and binding of nucleolin to G4 of EBNA1 mRNA

In several instances, methylation of RGG motifs has been
reported to interfere, positively or negatively, with their abil-
ity to interact with other proteins as well as with nucleic
acids (34). RGG is the canonical substrate motif established
for Hmtlp, a type | PRMT which is the main yeast PRMT
and responsible for 66% of arginine monomethylation and
89% of asymmetric dimethylation of intracellular proteins
in this model eukaryote. Since it is estimated that, in bud-
ding yeast, the majority of arginine methylation occurs on
RGG motifs, we tested the impact of inactivating the HM T

Nucleic Acids Research, 2022, Vol. 50, No. 20 11807

gene on the GAr-based inhibition of translation and on the
ability of Nsrl to interact with G4 of EBNA1 mRNA. For
this, we deleted the HMT1 gene in both Y32 and Y33 strains
toyield Y32 hmtl A and Y33 hmtl A strains, respectively. We
then observed the impact of HMT1 gene deletion on GAr-
based inhibition of protein expression using the same as-
say as in Figure 1C, D and F. As shown in Figure 2D and
E, the Y33 hmtl A strain presents a whiter phenotype than
the control Y33 strain, a phenotype that is comparable, al-
though less pronounced, with that of the Y33 nsrl A strain,
suggesting that the ability of 43GAr to inhibit expression
of 43GAr-Ade2 is partially compromised in the Y33 hmtl A
strain. As we observed no difference in colour in the control
strains Y32 and Y32 hmtl A, we concluded that the partial
loss of GAr-based inhibition of protein expression observed
inthe Y33 hmtl A strain, as compared with the Y33 strain, is
GAr dependent. In addition, using western blot analysis, we
determined the level of Ade2 and 43GAr-Ade2 proteins in
hmtl A and nsrl ARGG strains, as compared with wild-type
controls in both Y32 and Y33 backgrounds (Figure 2E).
We found that 43GAr-Ade2 was slightly more expressed in
Y33 hmtl A as compared with Y33 HMTI1wt, in good agree-
ment with the slightly whiter phenotype observed on plates
(Figure 2D) and in liquid culture (Figure 2E, upper panel).
This suggests that modulation of the methylation of the
RGG motif of Nsrl may interfere with its ability to interact
with G4 of the GAr-encoding sequence of EBNAI mRNA.
To test this hypothesis, we performed the same RNA pull-
down experiment as described in Figure 2B, except that we
compared the ability of Nsrl extracted from Y32 or Y32
hmtl A strains to interact with G4 of EBNA1 mRNA, the
G4 of ARPC2 mRNA (positive control) or the GM RNA
oligonucleotide (negative control). As shown in Figure 2F,
the ability of Nsrl to interact with both GQ and ARPC2
RNA oligonucleotides is significantly decreased when Nsrl
is extracted from the Y32 hmtl A strain as compared with
the Y32 strain. Of note, this decrease is not as strong as that
observed in Figure 2B, when comparing the binding of Nsrl
with that of nsr1Argg. This is in line with the partial loss of
GAr-based inhibition of protein expression observed in the
Y33 hmtl A strain and with the fact that Hmt1 is not the
sole PRMT in yeast, which implies that the effect on RGG
methylation might only be partial in imtl A strains.

We concluded that the requirement of the RGG motif of
Nsrl for the role of this protein in GAr-based inhibition of
translation and for its ability to interact with G4 of EBNAI
mRNA in yeast both depend on an optimal type I protein
arginine methyltransferase (PRMT) activity.

Inhibition of human type I protein arginine methyltrans-
ferases impacts GAr-based inhibition of protein expression

We next assessed if inhibition of human PRMTs, in par-
ticular type I PRMTs (since Hmtlp is a type I PRMT),
also affects GAr-based limitation of translation. For this
purpose, we first determined the effect of drug- or siRNA-
based inhibition of PRMTs, in particular type I PRMTs,
on GAr-based limitation of protein expression. Hence,
we tested the effect of 7,7'-carbonylbis(azanediyl)bis(4-
hydroxynaphthalene-2-sulphonic acid) (AMI-1) or 5-

220z +aquiadaQ 90 Uo Josn NOILY.LNINNDOA - VNI Ad 617189/66. | 1/02/0G/2101€/1eU/WOd dno"dlwapede//:sdiy Wolj papeojumoq



11808 Nucleic Acids Research, 2022, Vol. 50, No. 20

deoxy-5(methylthio)adenosine (MTA) molecules on the
level of EBNAT or EBNATAGATr in H1299 cells. AMI-1
was the first identified pharmacological compound target-
ing endogenous methyltransferases and has been isolated
on the basis of its ability to inhibit both yeast and hu-
man type I protein arginine methyltransferases Hmt1p and
PRMT1 (47). 1t is generally considered that AMI-1 selec-
tively inhibits type | PRMTs (PRMT]1, 3, 4 and 6), but it
has been suggested that it could also inhibit PRMTS, the
main type II PRMT (48). In contrast, MTA is a natural
metabolite that is considered to be a general inhibitor of the
three types of PRMTs (49), in particular of PRMTS5 (50,51).
As shown in Figure 3, treatment of H1299 cells transfected
with vectors allowing expression of EBNAT1 (Figure 3A),
or EBNA1AGATr (Figure 3B), by AMI-1 or MTA, led to a
GAr-dependent increase in EBNA1 expression which was
even more pronounced than that induced by PhenDH2 or
PyDH2, two G4 ligands which have been optimized for
binding to G4 of EBNAT mRNA as well as for their abil-
ity to outcompete NCL for binding on these G4 (22). These
results confirmed those obtained in yeast and indicate that
type I PRMTs are important for GAr-based inhibition of
protein expression.

To further test this hypothesis, we next examined the ef-
fect of MS023, a recently isolated PRMT inhibitor that
has been shown to specifically inhibit type I PRMTs (52).
MSO023 gave similar results to AMI-1 (Figure 3C), whereas
it had no noticeable effect on EBNA1AGATr (Figure 3D).
We have also tested the effect of MS023 on GAr-OVA or
OVA proteins as it has been shown that GAr is able to limit
expression of OVA. As shown in Figure 3E and F, MS023
strongly increased the expression of GAr-OVA whereas it
had no noticeable effect on OVA. As a control, we deter-
mined the effect of MTA and MS023 on NCL expression, as
a decrease in NCL level upon treatment with these PRMTs
inhibitors might readily explain their effect on EBNAI1 ex-
pression. Importantly, neither MTA nor MS023 had an
effect on the NCL protein level (Figure 3G). Finally, we
also determined that MS023 had no effect on EBNA1 and
EBNA1TAGAr mRNA levels (Figure 3H; Supplementary
Figure S1). Altogether, these experiments confirm that in-
hibition of type I PRMTs specifically interferes with GAr-
based inhibition of protein expression.

We then tested the effect of down-regulating various
PRMTs using siRNA. We first determined the effect of
down-regulating, independently or together, PRMT1 and
PRMT3, the two main type I PRMTs. As shown in Fig-
ure 4A and C, down-regulation of PRMT]1 alone, or of
PRMT3 alone, led to a significant and comparable increase
in EBNAI1 expression, whereas down-regulation of both
PRMTI and 3 led to a slightly stronger effect. All these ef-
fects were GAr specific since no significant effect was ob-
served for EBNA1AGATr (Figure 4B, D). We also tested the
effect of down-regulating PRMTS, the main type Il PRMT,
and found that it had no significant effect on EBNA1 ex-
pression (not shown). In line with this, we found no ad-
ditive effect when down-regulating PRMTS together with
PRMTI.

Taken together, all these results confirm that inhibition
of type | PRMTs (by drugs or siRNA) interferes with GAr-
based inhibition of translation.

Inhibition of human type I protein arginine methyltrans-
ferases impacts the ability of NCL to interact with G4 of
EBNA1 mRNA

As inhibition of type I PRMTs impacts the GAr-based inhi-
bition of protein expression in both yeast and human cells,
we next determined, using RNA pulldown experiments and
proximity ligation assay (PLA), if inhibition of PRMTs also
interferes with the binding of human nucleolin NCL on
G4 of EBNA1 mRNA to confirm the results obtained for
yeast nucleolin Nsrl in Figure 2F. We first performed the
same pulldown experiments as in Figure 2 except that, in-
stead of yeast cell lysates, we used cell lysates from human
H1299 cells treated with MTA or MS023, or with vehicle
(DMSO) as a negative control. As shown in Figure 5A,
the treatment with MTA or MS023 decreases in a dose-
dependent manner the binding of NCL to G4 of EBNAI1
mRNA, whereas it had no significant effect on the steady-
state level of NCL (Figure 3G). This result indicates that
type I PRMT activity is required for efficient binding of
NCL on G4 of EBNA1 mRNA. Next, we wanted to ver-
ify if the inhibition of PRMTs affects the NCL-GAr G4
interaction in cellulo. Hence, we performed a PLA adapted
to protein—RNA interaction (53) to assess if MS023 (Figure
5B) interferes with the binding of endogenous NCL on en-
dogenous EBNA1 mRNA in EBV-infected Mutu-1 cells. As
previously reported (21,53), we observed PLA dots mostly
in the nucleus, or close to it, in Mutu-1 cells treated with ve-
hicle (DMSO), confirming that the NCL-EBNA1 mRNA
interaction essentially takes place in the nucleus or in the
cytoplasm in the vicinity of the nucleus. In contrast, treat-
ment with 1 wM MSO023 led to a significant decrease in the
number of PLA dots per cell, reaching a value comparable
with that obtained for the negative control without probe
(Figure 5B). Similar results were obtained with treatment
with 5 uM MTA (Supplementary Figure S2).

Taken together, these results indicate that type | PRMTs
are required, both in yeast and in human cells, for the in-
teraction between nucleolin and G4 of EBNA1 mRNA. As
this interaction is crucial for GAr-based inhibition of trans-
lation, this readily explains why inactivating type I PRMTs
interferes with GAr-based inhibition of translation.

Changing arginines of the RGG motif of both Nsr1 and NCL
to alanines suppresses GAr-based inhibition of protein ex-
pression and interaction of NCL with G4 of EBNA1 mRNA,
whereas replacement by the bulky hydrophobic phenylala-
nines mimicking methylated arginines maintains both these
phenomenon

Our results indicate that the binding of nucleolin to G4 of
EBNAI1 mRNA depends both on its C-terminal RGG mo-
tif and on an optimal type I protein arginine methyltrans-
ferase (PRMT) activity. The binding of nucleolin to the G4
of EBNA1 mRNA is direct (21). In addition, arginines of
RGG motifs are known to be the main substrate of type
I PRMT. Therefore, the most likely hypothesis is that type
I PRMTs methylate arginines of the C-terminal RGG mo-
tif of nucleolin, thereby favouring its interaction with G4
of EBNA1 mRNA. To test this possibility, we again made
use of the fact that the yeast nucleolin Nsrl is not essen-
tial and generated a yeast strain that expresses a mutant
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Figure 3. Inhibition of human type I arginine methyltransferases using specific inhibitors impacts GAr-based inhibition translation and has no effect on
NCL level. SDS-PAGE and western blot analysis of the level of EBNA1 or EBNA1AGAT in response to treatments with various inhibitors of arginine
methyltransferases. H1299 cells were transfected with EBNAI- (A and C) or EBNA1AGATr-expressing vectors (B and D) and treated, or not, with the
various drugs, as indicated. GAPDH was used as a loading control. EBNA1/GAPDH or EBNA1AGAr/GAPDH ratios are indicated below the gels. The
G4 ligands PyDH2 and PhenDH?2 were used as positive controls in (A) and (B). SDS-PAGE and western blot analysis of the level of GAr-OVA or OVA in
response to treatments with MS023. H1299 cells were transfected with GAr-OVA- (E) or OVA-expressing vectors (F) and treated, or not, with MS023, as
indicated. GAPDH was used as a loading control. GAr-OVA/GAPDH or OVA/GAPDH ratios are indicated below the gels. The NCL steady-state level
was determined in H1299 cells treated with various concentrations of MTA or MS023, as indicated (G). None of the drugs impacts NCL level. (H) Levels

of EBNA1 or EBNATAGATr as determined using RT-qPCR.
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Figure 4. Inhibition of human type I arginine methyltransferases using siRNA impacts GAr-based inhibition of protein expression. SDS-PAGE and
western blot analysis of the level of EBNA1 or EBNA1AGAT in response to knockdown of various PRMTs. H1299 cells were transfected with EBNA1-
(A and C) or EBNA1AGATr-expressing vectors (B and D) and with control siRNA or siRNA targeting various PRMTs, as indicated. Actin was used as a
loading control. EBNA1/Actin or EBNA1AGAr/Actin ratios are indicated below the gels. Blots represent n >3.

form of Nsrl in which all eight arginines of its RGG mo-
tif were replaced by alanines (nsr1-R8A) as the sole source
of nucleolin. As shown in Figure 6A, this strain (Y33 nsri A
+ nsri-R8A) behaves like a strain that expresses no nucle-
olin or only nsrlARGG (Y33 nsriA + nsrl ARGG) as it
forms white colonies, in contrast to the control strain that
expresses Nsrl (Y33 nsriA + NSRIwt) which forms pink
colonies due to the inhibitory effect of 43GAr on transla-
tion of its own mRNA. This is consistent with the possibil-
ity that the role of type I PRMT in GAr-based inhibition

of translation involves methylation of the arginines of the
C-terminal RGG motif of nucleolin, which may in turn reg-
ulate the ability of this motif to directly interact with the G4
of EBNAT mRNA.

We then performed the same type of experiment with
the human nucleolin NCL. Using site-directed mutagenesis,
we replaced the 10 arginines of the C-terminal RGG mo-
tif of HA-tagged NCL (HA-NCL) by either alanine (HA-
NCL-R10A), lysine (HA-NCL-R10K) to prevent methyla-
tion while maintaining the positive charge, or phenylalanine
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Figure 5. Inhibition of human type I arginine methyltransferases impacts the ability of NCL to interact with G4 of EBNAT mRNA. (A) The same RNA
pulldown experiments as in Figure 2 were performed except that extracts from human H1299 cells treated, or not (DMSO control vehicle), with various
concentrations of the two PRMT inhibitors MTA or MS023 as indicated were used. Either MTA or MS023 interferes with binding of NCL to G4 of
EBNA1 mRNA. (B) Adaptation of the PLA to monitor protein—-RNA interaction performed in Mutu-1 cells natively expressing EBNA1. Left and middle
panels: microscopy images of cells treated with DMSO (compound vehicle, control) or MS023 (1 wM) or negative control cells without probe, as indicated.
Nuclei were revealed by DAPI staining and appear in blue; white dots (PLA signals) indicate interaction between NCL and G4 of EBNA1 mRNA. Right
panel: number of nuclear PLA signals (dots) per cell in Mutu-1 cells treated with DMSO (control) or with MS023 (1 wM) or in cells of the negative control
(without probe). Data from two biological replicates, 200 cells per sample were analysed by ANOVA in conjunction with Tukey’s test using GraphPad
Prism 5 for Windows (GraphPad Software) (***P <0.0001).
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Figure 6. Changing arginines of the RGG motif of both Nsrl and NCL to alanines suppresses GAr-based inhibition of protein expression and interaction
of NCL with G4 of EBNA1 mRNA, whereas changing arginines of NCL to the bulky hydrophobic phenylalanine mimicking methylated arginine maintains
both of these phenomena. (A) The same experiments as that shown in Figures 1C and 2D were performed and indicate that the eight arginines of the RGG
motif of yeast nucleolin Nsrl are necessary for its function in GAr-based inhibition of protein expression. (B) SDS-PAGE and western blot analysis of
the level of endogenous EBNALI in the EBV-infected Raji cell line overexpressing wild-type or mutated versions of HA-tagged nucleolin (HA-NCL-wt,
HA-NCL-R10A, HA-NCL-R10F or HA-NCL-R10K as indicated), or not (empty vector). GAPDH was used as a loading control. EBNA1/GAPDH
ratios are indicated below the gels. (C) The same experiment as in Figure 2, except that RNA pulldowns were performed using extracts from H1299 cells
expressing HA-tagged wild-type nucleolin (HA-NCL-wt) or HA-NCL-R10A as indicated. In contrast to HA-NCL-wt which binds to G4 of both EBNA1
and ARPC2 in a G4-dependent manner, only residual binding is observed for HA-NCL-R10A. The blot represents z >3. (D) The same experiment as in (C),
except that RNA pulldowns were performed using extracts from H1299 cells expressing HA-tagged wild-type nucleolin (HA-NCL-wt) or HA-NCL-R10F
as indicated. Similarly to HA-NCL-wt, HA-NCL-R10F binds to G4 of both EBNA1 and ARPC2 in a G4-dependent manner, albeit less efficiently.
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(HA-NCL-R10F) as a mimic of methylated arginine. In-
deed, it is known that methylation of arginine alters charge
distribution and increases the volume and m-surface area
of the guanidinium moiety, making this residue more hy-
drophobic and more prone to m-stacking (54,55). Hence
it has been shown that phenylalanine may mimic methy-
lated arginine as phenylalanine carries a bulky hydropho-
bic aromatic moiety (56,57). We overexpressed these vari-
ous forms of NCL in Raji cells, which are type III latency
EBV-infected Burkitt’s lymphoma cells, to assess their ef-
fect on the endogenous EBNAL level. Indeed, overexpres-
sion of HA-NCL-wt has been shown to lead to a significant
decrease in the EBNA1 endogenous level in this cell line,
consistent with its role in GAr-based inhibition of transla-
tion (21). As shown in Figure 6B, whereas overexpression of
wild-type NCL (HA-NCL-wt, second lane) led to a signif-
icant decrease in EBNAT level as compared with GAPDH
and with the control with empty plasmid (first lane) as pre-
viously observed (21), both HA-NCL-R10A (third lane)
and HA-NCL-R10K (fifth lane) had no effect despite be-
ing expressed at a similar level as NCL-wt. In contrast,
HA-NCL-R10F (fourth lane) led to a decrease in EBNA1
level which is similar to that induced by overexpression of
wild-type NCL, suggesting that it is also able to decrease
EBNAI expression. Next we tested the ability of HA-NCL-
R10F and HA-NCL-R10A to interact with G4 of EBNAI
mRNA, as compared with HA-NCL-wt. For this, we per-
formed RNA pulldown experiments similar to those de-
scribed in Figure 2C. In line with the effect of the muta-
tions on EBNAI expression, we observed that HA-NCL-
R10A does not bind to G4 of EBNA1 mRNA (Figure 6C),
whereas HA-NCL-R10F does, albeit less efficiently than
HA-NCL-wt (Figure 6D). We have also tested the function-
ality of all the mutants of NCL and Nsrl in Y33 nsriA
and found that NCL-R10F and, to a lesser extent, nsrl-
RSF are able to partially complement the GAr-based inhi-
bition of protein expression in yeast (Supplementary Figure
S3). In addition, we determined the cellular localization of
HA-NCL-wt, HA-NCL-R10A, HA-NCL-R10F and, as a
control, HA-NCLARGG, and found that all these forms
of NCL are mainly localized in the nucleus (Supplementary
Figure S4). All these results are consistent with the possi-
bility that the role of type | PRMT in GAr-based inhibition
of translation involves methylation of the arginines of the
C-terminal RGG motif of nucleolin.

Inhibition of human type I protein arginine methyltrans-
ferases impacts GAr-based inhibition of antigen presentation

Our results indicate that type I PRMTs are critically in-
volved in the interaction between NCL and G4 of the
GAr-encoding sequence of EBNA1 mRNA. As the GAr-
based limitation of both translation and antigen presen-
tation critically depends on this interaction (21), this sug-
gests that human type I PRMTs are therapeutic targets
to unveil the oncogenic EBV to the immune system. To
test this hypothesis, we determined if inhibition of type I
PRMTs by MS023 has an effect on GAr-restricted ma-
jor histocompatibility complex (MHC) class I antigen pre-
sentation. Indeed, as MS023 led to a GAr-dependent in-
crease in protein expression, it was also expected to stimu-
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late GAr-restricted antigen presentation. For this purpose,
we determined the effect of MS023 treatment on the GAr-
restricted presentation of the ovalbumin-derived antigenic
peptide SIINFEKL (OVAjs7_264) complexed to the murine
Kb MHC class I receptor using a previously described T-
cell assay (21,58). Once complexed to the murine Kb class
I receptor, SIINFEKL is specifically recognized by T cells
from the B3Z hybridoma, leading to their activation and
therefore to production of IL2. Hence, we measured, by
ELISA, IL2 produced by B3Z T-hybridoma cells cultured
with H1299 cells co-transfected with both Kb expression
vector and 235GAr-OVA or, as a control, OVA-expressing
plasmids. As previously reported (22), when mixed with
B3Z T cells, 235GAr-OVA-expressing H1299 cells led to a
much weaker IL2 production (~22 pg/ml), as compared
with OVA-expressing H1299 cells (~75 pg/ml) (Figure 7A).
This is due to the GAr-based limitation of translation and
antigen presentation. Strikingly, treatment of cells tran-
siently transfected with 235GAr-OVA with increasing con-
centrations of MS023 significantly increased the production
of IL2 in a dose-dependent manner, whereas no significant
effect was observed for OVA-expressing control cells (Fig-
ure 7A). These observations are in line with MS023’s ef-
fect on GAr-restricted protein expression as MS023 led to
a significant increase of GAr-OVA expression, whereas it
had no significant effect on OVA expression (Figure 7B).
This shows that inhibition of type I PRMTs increases GAr-
restricted antigen presentation by MHC-I, suggesting that
human type I PRMTs are potential therapeutic targets to
unveil the oncogenic EBV to the immune system.

DISCUSSION

In this paper we first show that the C-terminal RGG motif
of NCL is crucial for its interaction with G4 of the GAr-
encoding sequence of EBNA1 mRNA. This is fully consis-
tent with recent biophysical studies that assess a role for the
RGG motif of NCL in the binding to DNA G4 (32,59). This
is also in line with the recently described dependence on
the C-terminal RGG of Nsrl for its role in G4-associated
genome instability as well as its ability to bind DNA-G4
(45). In line with this, the N-terminal RGG motif of AVEN
has been shown to bind RNA-G4 within the coding re-
gion of MLLI and MLL4 mRNA, thereby increasing their
polysomal association and translation (60). Interestingly,
the role of AVEN was also described to be dependent on
arginine methylation (60). Of note, this does not mean that
one and/or the other of the various RRM domains of NCL
are not important for (or do not participate in) the binding
of NCL on RNA-G4.

Next, given that RGG motifs are among the main sub-
strates of type | PRMTs, particularly in yeast, this prompted
us to determine if these enzymes may modulate the ability
of NCL to interact with G4 of EBNA1 mRNA. Hence we
observed that the inhibition of type I PRMTs (by specific
inhibitors or by siRNA) in human cells does affect: (i) the
ability of NCL to interact with G4 of EBNA mRNA and (ii)
the GAr-based inhibition of protein expression. This is also
true in yeast, as we observed that the deletion of the HMT1
gene, which encodes the main yeast type | PRMT]1 that ac-
counts for the vast majority of arginine methylation (41)
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Figure 7. Inhibition of human type I arginine methyltransferases impacts GAr-restricted antigen presentation. (A) IL2 concentration (pg/mL) in the
supernatant of H1299 cells expressing GAr-OVA (left) or OVA (right) and co-cultured with naive OVA»s7_264 (SIINFEKL peptide)-specific CD8™ cells,
were determined following their treatment with DMSO (control), or MS023 at various concentrations as indicated. Data are from three biological replicates
(***P <0.0001; ns, not significant). (B) SDS-PAGE and western blot analysis of cells used in (A).

and whose main substrates are RGG motifs (40), interferes
with the ability of the yeast nucleolin Nsrl to interact with
G4 of EBNA1 mRNA and also with the GAr-based inhibi-
tion of protein expression. This led us to examine if inhibi-
tion of type | PRMTT1 could interfere with GAr-based lim-
itation of antigen presentation, a mechanism at the root of
immune evasion of EBNAT, and thus of EBV. Importantly,
we found that inhibition of type I PRMTs by MS023, which
was recently described as a specific inhibitor of this family of
PRMTs (52), suppresses the GAr-based limitation of anti-

gen presentation in a dose-dependent manner. Hence we
have identified type I PRMTs as new druggable therapeu-
tic targets to unveil EBNA1 to the immune system. Of note,
type I PRMTs may appear as relatively non-specific thera-
peutic targets as their inhibition could in principle disturb
methylation of many proteins, as has been initially consid-
ered for drugs inhibiting protein kinases or phosphatases.
However, since RGG motifs are the main substrates of these
enzymes, and as, in our various assays, type I PRMT in-
hibitors did not exhibit significant toxicity at concentration
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ranges in which they significantly affect both GAr-based
translation inhibition and the NCL/G4 of EBNA1 mRNA
interaction (Supplementary Figure S5), the lack of speci-
ficity may not be an issue.

The precise mechanism by which type I PRMTs control
EBNAI immune evasion remains unclear. However, given
that RGG motifs represent a major substrate for type I
PRMTs, and since we show here that the RGG motif of
NCL is crucial for its interaction with G4 of the GAr-
encoding sequence of the EBNA1 mRNA [an interaction
which is direct (21)], it is tempting to speculate that methy-
lation of arginines in the C-terminal RGG motif of NCL
by type I PRMTs favours this interaction. Fully consis-
tent with this possibility is our observation that replacing
the eight arginines of the RGG motif of yeast nucleolin
Nsrl by alanines abolishes its ability to participate in GAr-
based inhibition of translation. We obtained the same re-
sult when replacing the 10 arginines of the C-terminal RGG
motif of NCL by alanines or by lysines. Conversely, the re-
placement of the 10 arginines of the C-terminal RGG mo-
tif of NCL by the bulky hydrophobic constitutive methy-
lated arginine-mimetic phenylalanine restored GAr-based
inhibition of protein expression, suggesting that -stacking
interactions of the arginines of the RGG motif are likely
to be involved in the ability of NCL to interact with G4
of EBNA1 mRNA and that these interactions might be
reinforced by arginine methylation. Indeed, arginines are
known to establish preferential interactions with guanine
rings through complex interactions involving w-cation, m-
w stacking and H-bonding (61). Hence it makes sense that
arginine—guanine pairs are determinant for binding to the
external guanine quartets of G4 structures which are recog-
nition elements for G4-binding proteins (32,59). In line with
this, we observed that inhibition of type I PRMTs (by small
molecular weight inhibitors or by siRNA) interferes with
the ability of both yeast and human nucleolin to bind to
G4 of EBNA1 mRNA, as shown by RNA pulldown ex-
periments and PLAs. Postulating that methylation of the
arginines of the RGG motif of nucleolin is crucial for the
role of nucleolin in GAr-based inhibition of translation, the
question is now to determine if the role of RGG methyla-
tion is direct or indirect. In other words and as shown in
Figure 8, is the methylation of various arginines directly in-
volved by physically promoting the interaction between the
C-terminal RGG motif of NCL and G4 of EBNA1 mRNA,
or does it plays its role by preventing the interaction of NCL
with other partner(s), thereby releasing NCL which is then
free to interact with G4 of EBNA1 mRNA? In favour of the
first possibility (‘direct’ role of RGG methylation) data are
available that show that RGG methylation may interfere
with its ability to interact with some of its partners (that
can be proteins, DNA or RNA) (34). In favour of the sec-
ond possibility (‘indirect’ role of RGG methylation) are the
recent observations that Scd6, a yeast protein involved in
translation inhibition, is able to self-associate via its RGG
motif and that this self-association prevents its translation
repression activity and is negatively regulated by Hmtl-
dependent methylation (33). To test these two possibilities
(‘direct’ or ‘indirect’ role of RGG methylation), we have per-
formed two types of in vitro experiments. We first performed
in vitro arginine methylation of bacterially produced re-
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combinant NCL (hence being initially non-methylated) and
then assessed its ability to bind G4 of EBNA1 mRNA, as
compared with non-methylated recombinant NCL. The re-
sult of this new experiment is shown in Supplementary Fig-
ure S6. We found no significant difference between methy-
lated and non-methylated NCL for binding to the EBNA1
mRNA sequence forming one G4 (18-mer) and a slightly
stronger binding of methylated NCL when a two-repeat
EBNAI mRNA sequence forming two G4 (36-mer) was
used as a binding partner. This suggests that the effect of
arginine methylation on the ability of the C-terminal RGG
motif of NCL to bind G4 of EBNA1 mRNA could be in-
direct, by interfering with the interaction of the RGG motif
with unknown partner(s) whose binding may prevent the
RGG motif from interacting with G4 of EBNA1 mRNA.
The factor interacting with the RGG motif of NCL could
be a ribosomal protein as NCL has been reported to inter-
act with several ribosomal proteins through its RGG motif
(62). Alternatively, the binding partner could be NCL itself
as it has been reported to self-associate (63). However, in
this case, this self-interaction rather involves NCL’s central
RRM domains, and is therefore less likely to prevent its C-
terminal RGG motif from interacting with G4 of EBNAI
mRNA. In line with this, using two-hybrid, we were not able
to observe self-interaction for either yeast (Nsrl) or human
(NCL) nucleolin, even in a hmtl A strain (G.A. and M.B,,
unpublished observations).

Of note, one caveat with in vitro arginine methylation of
NCL is that the extent of methylation is difficult to control.
Hence, we obtained a heterogeneous mixture of NCLs har-
bouring various degrees of methylation (on average eight
arginines per protein featuring mono-methylation, or sym-
metrical or asymmetrical di-methylations, Supplementary
Figure S7) which may not reflect the biological situation. To
overcome this limitation, we have also performed another in
vitro experiment based on two NCL RGG peptides—one
being asymmetrically di-methylated on the 10 arginines,
while the other was non-methylated. We used these two pep-
tides to determine if arginine methylation may have a direct
effect on G4 binding. We found that both peptides display a
similarly high capacity to bind G4 of EBNA1 mRNA (kp in
the nM range with a slight difference in favour of the methy-
lated peptide, Supplementary Figure S8), which is fully in
line with the results of the experiment using the recombi-
nant protein. Taken together, these in vitro data suggest that
the effect of arginine methylation on G4 binding is most
probably indirect as methylation only displays a marginal
effect on the in vitro direct interaction between G4 and the
RGG motif of NCL. Importantly, the identification of the
putative binding partner of the NCL RGG motif that se-
questers it, thereby preventing its interaction with G4 of
EBNA1 mRNA, is an important aspect that has not been
solved in the present study. Given the central role of NCL
in RNA biology, the identification of this factor should be
the subject of future studies. This will be an important step
as, beyond its involvement in EBNA1 immune evasion, this
mechanism may represent an original and general way to
regulate the ability of NCL to interact with RNA.

Apart from NCL, which is the first host factor crucially
involved in GAr-based inhibition of translation and of anti-
genic peptide production, an important question is to deter-
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Figure 8. Model. The interaction between NCL and G4 of EBNA1 mRNA is direct and the C-terminal RGG motif of NCL is required for both the ability
of NCL to interact with G4 that form in the GAr-encoding sequence of EBNA1 mRNA and for NCL’s crucial role in GAr-based inhibition of translation,
the molecular mechanism at the root of EBNA 1 immune evasion. RGG motifs are the main substrates of type I PRMTs. The interaction between NCL and
G4 of EBNA1 mRNA, as well as the GAr-based inhibition of translation and EBNA1 immune evasion, depend on type I PRMTs, in particular PRMT].
Results of the site-directed mutagenesis of the arginines of the RGG motif of NCL experiments suggest that the role of type I PRMTs in EBNAI immune
evasion involves methylation of the arginines of the RGG motif of NCL. Hence, two possible models for the role RGG methylation by type I PRMTs
in EBNALI evasion can be envisaged: direct (A) or indirect (B). In the direct model (A), the methylation of arginines of the RGG motif of NCL would
directly favour the interaction of the latter with G4 of EBNA1 mRNA and therefore the inhibition of its translation, which in turn allows EBNA1 and
EBYV to evade the immune system. In the indirect model (B), the non-methylated RGG motif of NCL would be sequestered by a protein partner [protein
X, which may be nucleolin itself or another protein such as the various ribosomal proteins which have been shown to interact with the RGG motif of NCL
(62)], thereby preventing its interaction with G4 of EBNA1 mRNA. In this model, methylation of the arginines of the RGG motif would interfere with its
interaction with protein X, thus releasing NCL and allowing its RGG motif to interact with G4 of EBNA1 mRNA. Our in vitro assays did not show any
significant difference between methylated and unmethylated RGG for the binding of EBNA1 mRNA G4, suggesting the indirect role is the most likely.
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mine if other proteins are involved in this process, through
binding to G4 of EBNA1 mRNA like NCL. Interestingly,
EBNAL itself contains two RGG motifs: one upstream of
GAr and one directly downstream, and these two RGG mo-
tifs have been shown to bind RNA-G4 (64), leaving the pos-
sibility that EBNA1 may contribute to the limitation of its
own expression by binding to G4 of its own mRNA. Impor-
tantly, this putative role of EBNA1 could also be controlled
by type | PRMTs.

Finally, the deimination of arginine into citrulline, a pro-
cess called citrullination and which is catalysed by peptidy-
larginine deiminases, prevents their methylation. Interest-
ingly, it has been reported that the infection by EBV ac-
tivates several PRMTs, including PRMT]1, and inactivates
PADI4, the main peptidylarginine deiminase (65). This is
fully in line with the results reported here and it is tempt-
ing to speculate that the infection by EBV, by activat-
ing PRMT1 and inactivating PADI4, favours the methy-
lation of the RGG motif of NCL (and possibly of other
RGG motif-containing proteins such as EBNAT1), thereby
increasing their ability to bind to G4 of EBNAI mRNA,
which in turn leads to inhibition of EBNA1 mRNA trans-
lation, thus limiting the production of EBNA 1-derived anti-
genic peptides, ultimately leading to immune evasion of
EBV.

The precise and comprehensive role of type I PRMTs in
GAr-based inhibition of translation, a molecular mecha-
nism at the root of EBNAI immune evasion and poten-
tially another role for NCL in RNA biology, clearly de-
serves deeper investigations and will be the subject of fu-
ture studies. Importantly, whatever the precise mechanism
(see Figure 8), our present work unambiguously defines
type I PRMTs as therapeutic targets to unveil EBV-infected
cells to the immune system, thereby providing new potential
therapeutic avenues to unveil EBV-related cancers to the im-
mune system.
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