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ABSTRACT

Protein aggregates and abnormal proteins are toxic
and associated with neurodegenerative diseases.
There are several mechanisms to help cells get rid of
aggregates but little is known on how cells prevent
aggregate-prone proteins from being synthesised.
The EBNA1 of the Epstein-Barr virus (EBV) evades
the immune system by suppressing its own mRNA
translation initiation in order to minimize the produc-
tion of antigenic peptides for the major histocompat-
ibility (MHC) class | pathway. Here we show that the
emerging peptide of the disordered glycine—alanine
repeat (GAr) within EBNA1 dislodges the nascent
polypeptide-associated complex (NAC) from the ribo-
some. This results in the recruitment of nucleolin to
the GAr-encoding mRNA and suppression of mRNA
translation initiation in cis. Suppressing NAC alpha
(NACA) expression prevents nucleolin from bind-
ing to the GAr mRNA and overcomes GAr-mediated
translation inhibition. Taken together, these observa-
tions suggest that EBNA1 exploits a nascent protein
quality control pathway to regulate its own rate of
synthesis that is based on sensing the nascent GAr
peptide by NAC followed by the recruitment of nucle-
olin to the GAr-encoding RNA sequence.

INTRODUCTION

The formation and persistence of protein aggregates is as-
sociated with numerous neurodegenerative diseases, includ-
ing Alzheimer’s disease with the development of B-amyloid
plaques, or in Huntington’s disease where the synthesis of
polyQ stretches in the huntingtin protein causes the for-
mation of assemblies through weak side-by-side interac-
tions (1). Apart from B-amyloids, aggregates are predom-
inantly composed of misfolded or unfolded proteins (2).
Upon acute stress, cells accumulate unfolded proteins that
are cleared by different cellular pathways, including au-
tophagy, secretion in exophers, or interactions with heat
shock proteins (HSPs). HSPs prevent the formation of ag-
gregates by supporting the proper folding or engaging with
misfolded or aggregate-prone proteins for refolding or to
target them for degradation (2-4). Ribosome stalling leads
to co-translational ubiquitination and degradation of the
nascent polypeptide via the ribosome-associated protein
quality control (RQC) pathway (5-8) but how the cell senses
and prevents the synthesis of aggregate-prone proteins is
still relatively unknown.

The nascent polypeptide-associated complex (NAC) is
present at the ribosome exit tunnel and is composed of
NAC alpha (NACA) and BTF3 (also called NAC beta
or NACB) (9,10). NAC is suggested to be the first chap-
erone the nascent polypeptide encounters and crystal-
lography studies show that the BTF3 N-tail is present
within the exit tunnel and escorts the nascent polypeptide
(11). It interacts with short nascent polypeptide sequences
and protects them from proteolysis and from interacting
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with other nascent polypeptide-associated factors, such as
the SRP (signal recognition particle) and the methionine
aminopeptidase (12,13). The flexible conformation of NAC
allows it to interact with a wide range of substrates and
NAC chaperone activity has been shown to prevent ag-
gregate accumulation outside of its ribosome-bound state
(14-16).

mRNA translation initiation is a tightly regulated dy-
namic process governed by multiple signalling pathways
and factors to allow a selection of mRNAs to be trans-
lated depending on cell type and conditions (17,18). RNA-
binding proteins (RBPs) are adaptable regulators that in-
teract with RNA sequences, or with RNA structures, and
play a key role in guiding translation (19,20). It has also
been suggested that translation drives the formation of
RNA structures (21). The binding of nucleolin (NCL) to
G-quadruplex (G4) structures in the glycine-alanine repeat
(GAr) domain of the Epstein-Barr virus (EBV)-encoded
EBNAI mRNA forms an essential part in the viral im-
mune evasion strategy by suppressing translation initiation
in cis in order to minimize the production of antigenic pep-
tides for the major histocompatibility (MHC) class I path-
way (22-25). The GAr-encoded peptide forms an aggregate-
prone disordered domain consisting of single alanines sep-
arated by one, two, or three glycines and varies in length de-
pending on viral strain but can reach over 200 amino acids
(Supplementary Table S1). The GAr-encoding mRNA sup-
presses mRNA translation initiation of every open reading
frame to which it is fused and introducing serine residues in
every eight amino acids alleviates GAr-mediated inhibition
of translation (24,26).

Here, we have used the GAr to show how a nascent dis-
ordered peptide acts together with G4 structures within the
encoding RNA to control mRNA translation initiation in
cis. Our results suggest that in order to minimise the synthe-
sis of antigenic peptides, EBNA1 exploits a nascent protein
quality control pathway that serves to prevent the synthe-
sis of aggregate-prone proteins and is based on the dislodg-
ment of NAC by the nascent peptide.

MATERIALS AND METHODS
Cell culture

Human carcinoma-derived cell line H1299, EBV carrying
Burkitt’s lymphoma cell line Raji, the in vitro transformed
B95.8 and nasopharyngeal carcinoma cell line NPC 666-
1 were all cultivated under standard conditions in RPMI
1640 medium containing 10% fetal calf serum, 2 mM
L-glutamine, and 100 IU/ml penicillin and streptomycin
(Gibco-BRL). NPC 666-1 was a kind gift from Pr. Kwok-
Wai Lo from the Chinese University of Hong Kong.

RNA G4 structures and solubility prediction of the polypep-
tides

RNA G4 structures predictions were realised using the web-
server QGRS mapper (27). Solubilities of the polypeptides
for E.coli expression were predicted using the webserver
SoluProt v1.0 (28).
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Western blotting

Cells were harvested 40h post-transfection and lysed in the
presence of a complete protease inhibitor cocktail (Roche
Diagnostics). Total cell extracts were fractionated by SDS-
PAGE, transferred to BioTrace®NT nitrocellulose blotting
membranes (Pall Corp.). After incubation with the appro-
priate primary antibodies and peroxidase-conjugated sec-
ondary antibodies (Dako), proteins were visualized by using
Pierce ECL, WestDura, or West Femto (ThermoFisher) and
quantified with the MyECL Imager system (Thermo Scien-
tific) and Imagel. The following primary antibodies were
used: mouse monoclonal anti-EBNA1 antibody (OT1X,
Cyto-Barr), mouse monoclonal anti-p53 antibody (DO-1),
mouse polyclonal anti-HA antobody (provided by Dr B.
Vojtesek, Masaryk Memorial Cancer Institute, Brno, Czech
Republic), rabbit polyclonal anti-NACA antibody (Ab-
cam), anti-Ovalbumin whole serum (Sigma), rabbit poly-
clonal anti-NCL antibody (Abcam), rabbit polyclonal anti-
LC3B antibody (Sigma) and mouse monoclonal anti-actin
antibody (Sigma). Relative quantifications of the HRP sig-
nals normalised with the corresponding actin bands are
mentioned above the band.

RNA extraction, RT-qPCR, and RNA in vitro co-IP assay

Cells were washed in cold PBS and total RNA extraction
was performed using RNAeasy Mini Kit (Qiagen), follow-
ing the manufacturer’s instructions. cDNA synthesis was
carried out using the Moloney murine leukaemia virus M-
MLV reverse transcriptase and Oligo(dT);,.1g primer (Life
technologies). qPCR was performed using the StepOne
real-time PCR system (Applied Biosystems) with Perfecta
SYBR Green FastMix (Quanta Biosciences).

In vitro RNA co-IP was carried out as described else-
where (29). Briefly, 1ng of total RNA extracted from cells
was co-incubated under agitation with 100 ng of recombi-
nant NCL (provided by Dr. M.-P. Teulade-Fichou, Institut
Curie, Paris, France) in binding buffer (50 mM Tris pH7.5,
150 mM NacCl, 0.02 mg/ml yeast tRNA, 0.2 mg/ml BSA)
for 15 min at 37°C. After incubation, NCL-RNA complexes
were pulled down at 4°C using G-coated sepharose beads
(Sigma) with anti-NCL rabbit polyclonal antibody (Ab-
cam) according to standard conditions and purified using
the TRIzol (Life Technologies). Precipitated RNAs were
then analysed by RT-qPCR.

MHUC class I restricted antigen presentation

T-cell assays using the B3Z SIINFEK L:Kb-specific T cell
hybridoma were carried out as described previously (30).
Briefly, B3Z SIINFEKL:Kb-specific T cell hybridoma were
co-cultured with H1299 cells transfected with both Kb and
the reporter construct, or with the empty vector (EV), for
20 h. B3Z CD8+ T cell hybridoma expresses LacZ in re-
sponse to activation of T cell receptors specific for the oval-
bumin’s immuno-dominant SIINFEKL peptide in the con-
text of H-2Kb MHC class I molecules.

The cells were harvested and washed 2 times with 1X cold
PBS before lysis in 0.2% TritonX-100, 0.5M K>;HPO,4, 0.5M
KH;PO, for 5 min on ice. Supernatants from each condi-
tion were transferred into 96-well optiplate counting plates
(Packard Bioscience, Randburg, SA) and incubated for 1
h at room temperature, protected from light, and tested for
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B-galactosidase activity using the Luminescence assay (BD
Biosciences Clontech) on a FLUOstar OPTIMA (BMG
LABTECH Gmbh, Offenburg, Germany). The results are
expressed in luminescence units.

RNA FiSH

H1299 cell were seeded in 24-well plates (2 x 100 cells/ well)
and trasient transfections were carried out 24 h later us-
ing the Genejuice reagent (Merck Biosciences) according
to the manufacturer’s protocol. 24 h after transfection the
cells were briefly washed with ice-cold PBS, fixed with 4%
PFA during 20 minutes at room temperature, and washed
again with PBS. Cell were then incubated in 70% ethanol
for 4-24 h at 4°C. For rehydration, the cells were incubated
in 50% and 30% ethanol and further washed with PBS. Sub-
sequently, cells were permabilised with PBS 0.4% Triton
0.05% CHAPS for 5 minutes at room temperature. Cov-
erslips were incubated overnight in a wet chamber at 37°C
in FiSH hybridisation buffer supplemented with 10% dex-
tran sulphate and 100nM of FiSH Stellaris probes targeting
Ovalbumin or EBNA1 mRNAs (Biosearch Technologies).
Coverslips were washed twice 20 min in FiSH hybridisation
buffer and 5 min in FiSH Wash buffer and subsequently
stained with DAPI. Images were obtained using Zen soft-
ware (Zeiss) and the Costes colocalisation factor between
nuclei (DAPI channel) and targeted mRNAs (Cy3 channel),
called Correlation_Costes_Cy3_DAPI, were obtained using
the software CellProfiler (31), and later used for statistical
analysis.

Proximity ligation assay (PLA) protein—protein and im-
munostaining

Cells were cultured, fixed, and permeabilised as described
above. Primary antibodies incubation and PLA were car-
ried out using the Naveniflex MR kit (Navinci), follow-
ing the manufacturer’s protocol. The aggregates stain-
ing were realised using the Proteostat Aggresome detec-
tion kit (Enzo) following the manufacturer’s instructions.
PLA antibodies: mouse polyclonal anti-HA antibody, rab-
bit polyclonal anti-NACA antibody (Abcam), rabbit poly-
clonal anti-HA antibody (Sigma), mouse polyclonal anti-
NACA antibody (Abnova) and mouse monoclonal anti-
EBNAI1 antibody (OT1X, Cyto-Barr). Images were ob-
tained using Zen software and analysed using CellProfiler.
Data were processed by taking into account the difference
in targeted protein expression, meaning the number of PLA
dots were normalised with the corresponding cells inte-
grated immunofluorescence signal measured, and then the
mean relative difference between the different conditions
was calculated.

Protein co-immunoprecipitation (co-1P)

After centrifugation, cell pellets from Raji or B95.8 cul-
tures were lysed in buffer containing 20 mM Tris (pH 7.5),
150 mM NacCl, 1% NP-40 in the presence of complete pro-
tease inhibitor cocktail (Roche). Lysates were immunopre-
cipitated with anti-EBNAT1 goat antibody or goat IgG and
protein G-sepharose. The beads were washed with PBS and

lysis buffer x4 and boiled in SDS loading buffer. Immuno-
precipitates were analysed by SDS/PAGE using 4-12% pre-
cast gels (Invitrogen).

Polysome fractionation and PLEA

5-50% (w/vol) linear sucrose gradients were freshly cast on
SW41 ultracentrifuge tubes (Beckmann) using the Gradi-
ent master (BioComp instruments) following the manufac-
turer’s instructions. Polysome fractions were collected and
concentrated to 100 wl using the Millipore concentrating
falcon tubes. Protein concentration was measured by Brad-
ford and an equal amount of protein from each sample was
used for the PLEA experiment to study the interaction of
three molecules. 96-well ELISA plates were incubated with
the capture antibody at a dilution of 1:200, o/n, at 4°C.
Samples were incubated with the PLA secondary antibodies
and the PLA kit (Sigma) was used according to manufactur-
ers’ instructions. The fluorescence at 640 nm was measured
by the FLUOstar plate reader (excitation at 644 nm and
emission at 669 nm). The values were used for the prepa-
ration of a graph and for statistical analysis to calculate the
mean and the standard deviation using the GraphPad Prism
9 software. Each sample was tested in triplicates.

RNA pulldown assays

For the preparation of whole-cell extracts, confluent H1299
cells were collected after trypsin treatment and washed
twice with 1X PBS (Gibco). Cells were suspended in 500 .l
of lysis buffer 20mM Tris=HCI pH 7.5; 200mM NaCl
and 0.1% Igepal) containing 1 x protease inhibitor cocktail
(Roche). Cell lysis was performed by five series of vortex
followed by 10 min incubation on ice, and 3 series of 3s son-
ication at 20% amplitude. After lysis cells were centrifuged
at 4°C for 15min at 16 000g, and the supernatant was
quantified by Bradford. The whole-cell extracts or recom-
binant GST-NCL (Abnova) and His-tagged NACA (home-
made, Umea University) were used for pulldown assays
with the following G-quadruplex forming oligonucleotides:
GQ-18 5-GGGGCAGGAGCAGGAGGA-3'Biotin TEG.
The negative control for EBNAI G4 was the GM-18
5" GAGGCAGUAGCAGUAGAA-3'Biotin TEG oligonu-
cleotide which, according to the QGRS mapper soft-
ware (Ramapo College New Jersey https://bioinformatics.
ramapo.edu/QGRS/credits.php), is unable to form G4
structures. To avoid unspecific binding, high-affinity strep-
tavidin sepharose beads (GE Healthcare) were incubated in
1 ml blocking buffer containing 10 mM Tris—HCI pH 7.5;
100 mM KCI; 0.1 mM EDTA; 1 mM DTT; 0.01% Triton X-
100; 0.1% BSA; 0.02% S. cerevisiae tRNAs (Sigma), for 1h
at 4°C on a rotating wheel. An amount of 10 pg of each
folded biotinylated RNA oligos was incubated with 50 .l
of the solution containing the streptavidin sepharose beads
for 90 min at 4°C on a rotating wheel. Five hundred micro-
grams of cell extract were incubated with the RNA oligonu-
cleotides bound to the streptavidin beads for 90 min at room
temperature. Beads were washed with increasing KCI con-
centration (200-800 mM). Protein still bound to beads after
the washes were eluted using 2x SDS loading buffer and
analysed by WB against NACA or NCL, as previously de-
scribed. In the input lane of the WBs was loaded a fraction
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of the extract that was incubated with the beads for each
condition.

Statistical analysis

Data were analysed by unpaired Mann—Whitney’s test or
Student’s z-test on GraphPad Prism 9. On graphs, repre-
sented data are the mean and the standard deviation or
SEM of a minimum of three independent experiments. Sta-
tistical significance of the difference is stated as following:
P > 0.05 (ns), P < 0.05 (*), P < 0.01 (**) and P < 0.001

RESULTS
NAC controls the synthesis of GAr-containing polypeptides

The gly-ala repeat (GAr) domain is located in the N-
terminal part of the EBNA1 and deleting this domain
(EBNAAGA) increases mRNA translation and protein
expression (Figure 1A and B) (23-26,32). Previous stud-
ies have shown that the binding of nucleolin (NCL) to the
EBNAI mRNA is important for translation suppression
in cis (22). However, antibodies against the GAr domain
of EBNA1 overcome translation suppression in vitro (23),
showing that the peptide also plays a role in controlling
translation initiation. We wanted to know how the mRNA
and the encoded peptide both play a role in controlling
EBNALI synthesis. In order for both the RNA and the en-
coded peptide to control translation initiation in cis, we
reasoned that the mechanism of action should take place
before the protein leaves the translating ribosome. NAC
is described as a ribosome-associated chaperone target-
ing aggregate-prone proteins and we tested the impact of
NAC on GAr peptide-mediated protein synthesis control.
siRNA-mediated silencing of NAC subunit alpha (NACA)
in H1299 cells leads to a decrease in NACA mRNA and pro-
tein levels and this resulted in an increase of protein aggre-
gates and an increase in LC3 protein and polyQ-fused pro-
tein levels, showing that the reduced expression resulted in a
functional response (Figure 1C and Supplementary Figures
S1A, S1B and S1C) (16,33).This was accompanied by an
approximately 4-fold increase in EBNA1 expression with-
out affecting EBNAI mRNA levels (Figure 1C and Sup-
plementary Figure S1D). A similar increase in expression
following NACA knockdown was also observed when GAr
was fused to the N-terminus of p53 (GAr-p53) while only
a limited, or no, effect was observed on p53 alone (Figure
1D). Fusing the GAr to ovalbumin (Ova) (GAr-Ova) also
resulted in a NACA-dependent expression control (Sup-
plementary Figure S1E). These results show that silenc-
ing NACA interferes with GAr-mediated translation inhi-
bition. In addition, the GAr is known to be more efficient
in suppressing translation when placed in the 5 of the cod-
ing sequence, as compared to the 3’ (23,26), and NACA
silencing had less impact when GAr was fused to the 3’
of the Ova (Ova-GAr), supporting the notion that NACA
acts on GAr-mediated translation control (Supplementary
Figure S1E). To further test that the effect of NACA on
EBNAL1 expression is at the level of mRNA translation,
we took advantage of the fact that fusing the 5’ untrans-
lated region (UTR) of ¢-Myc to the 5 UTR of EBNAI
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(cMyc_EBNA1) overcomes GAr-mediated translation inhi-
bition (Figure 1E) (26,32,34). When we knocked out NACA
we observed no effect on the expression of EBNAI1 carry-
ing the cMyc sequence in the 5 UTR (Figure 1F). Similarly,
when we fused the ¢Myc sequence to the 5 UTR of GAr-
p53 or GAr-Ova constructs, we did not observe any increase
in expression following NACA knockdown, validating that
the effect of NACA is indeed on the synthesis of EBNAI
and not on protein stability (Figure 1G and Supplemen-
tary Figure SI1F). Overexpressing an HA-tagged NACA did
not affect EBNA1 expression, indicating that the endoge-
nous NACA levels are sufficient to control EBNA1 synthe-
sis (Figure 1H). To ensure that endogenous EBNA1 expres-
sion is controlled by NAC, we also treated the EBV-carrying
NPC 666-1 and Raji cells with siRNA against NACA and
we observed a similar increase in EBNA1 expression (Fig-
ure 11 and Supplementary Figure S1G). The physiological
role of the GAr is to minimise the production of EBNA1-
derived peptide substrates for the MHC class I pathway and
we wanted to know if NACA affects the production of anti-
genic peptide substrates. The Ova includes an antigenic pep-
tide (SLS; see Figure 1A) that is presented on the murine Kb
class I molecules. When we expressed Ova, or GAr-Ova,
and exposed the cells to B3Z CD8 + T cells that are spe-
cific for SL8, we observed an increase in antigen presenta-
tion following NACA siRNA treatment in cells expressing
GAr-Ova but not in cells expressing Ova. Silencing SRP
(Signal Recognition Particle), another nascent polypeptide-
associated factor, had no impact on antigen presentation
(Figure 1J). Taken together, these results show that NAC
plays a key role in GAr-mediated suppression of mRNA
translation initiation and in the viral strategy to evade the
immune system.

NAC interacts with the GAr peptide domain

To address how NAC mediates GAr-dependent transla-
tion control, we performed Proximity Ligation Assay (PLA)
to see if endogenous NACA interacts with EBNAI1 or
the EBNAAGATr in situ. We observed fewer interactions
with the EBNAAGAT, as compared to EBNAIL, despite
EBNAAGAr being expressed at four times higher levels.
The interactions were mainly observed in the nuclear com-
partment (Figure 2A). As a control we used the HA-polyQ-
p53 as poly-glutamine repeat (PolyQ) causes aggregates
and is known to interact with NAC (Supplementary Fig-
ure S2A). In line with previous studies, immunofluorescence
assays confirmed a cytoplasmic and nuclear localisation of
NACA (Supplementary Figure S2B) (35). After taking into
account the difference in expression levels between EBNA1
and EBNAAGAr (see Figure 1B), we estimated that delet-
ing the GAr significantly decreased the number of inter-
actions between endogenous NACA and EBNAI1 peptide
(Figure 2B). Overexpressing an HA-NACA construct to-
gether with EBNAL, or EBNAAGAT, showed an approxi-
mately 3-fold increase in the number of interactions between
NACA and EBNAI peptide, as compared to NACA and
EBNAAGATr (Figure 2C). Co-immunoprecipitation assays
from two EBV-carrying B cell lines (B95.8 and Raji) showed
that endogenous EBNAI protein interacts with NACA
(Figure 2D). We also wanted to see if NACA interacts with
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the newly synthesised EBNA1 peptide and we therefore per-
formed a metabolic labelling assay using S35 methionine in
order to visualise newly synthesised polypeptides that co-
immunoprecipitate with NACA. When comparing control
cells (EV) with cells transfected with EBNAT1, we observed
a band corresponding to the size of EBNAI in cell lysates
immunoprecipitated with NACA antibodies. The same size
band was detected in Western Blot (Supplementary Figure
S2C). These results indicate that NAC interacts with the
newly synthesized GAr peptide.

The nascent GAr peptide dislodges NAC from the ribosome

We next tested if NAC interacts with the nascent EBNA1
on the ribosome, as this would help explain how the in-
teraction between GAr and NAC controls EBNAI trans-
lation in cis. We expressed p53 and GAr-p53 and car-
ried out polysomal fractionation using sucrose gradients
on cycloheximide-treated cell lysates (Figure 3A). The iso-
lated polysomes were tested for the presence of GAr-p53

mRNA and nascent GAr-p53 derived peptides in order to
ensure that they were actively translating the GAr-p53 mes-
sage (Supplementary Figures S3A and S3B). The polysomes
were captured on 96-well plates using goat anti-RPLS5 sera.
We did an adapted PLA ELISA (PLEA) by adding increas-
ing amounts of polysomes followed by in vitro PLA us-
ing anti-p53 (rabbit) and anti-NACA (mouse) antibodies
(Figure 3B). The fusion of the GAr sequence with p53 re-
sulted in an average 3-fold stronger interaction between the
nascent GAr-p53 peptide and NACA, supporting the no-
tion that NAC interacts strongly with the nascent GAr at
the riboosme (Figure 3C). To test if the high affinity be-
tween GAr and NAC could lead to the dissociation of NAC
from the ribosome we designed a construct in which a TEV
protease cleavage site was inserted between the GAr and
the p53 (GAr-TEV-p53). The GAr peptide will, thus, exit
the ribosome and encounter NAC before the TEV and the
p53 sequence. To ensure that TEV cleaved the GAr-TEV-
p53 fusion protein we added TEV enzyme to cell lysates
for 60nbsp;min and we could observe that a major part of
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GAr was indeed cleaved from p53 (Figure 3D). We then ex-
pressed GAr-TEV-p53 and carried out ribosomal fraction-
ations on TEV-treated and non-TEV-treated lysates (Sup-
plementary Figure S3C). p53-carrying polysomes (125 pg)
were isolated and fixed to 96-well plates using chicken anti-
p53 antibodies and PLEA was performed against riboso-
mal proteins and NACA (see Figure 3C). If the GAr did
not affect NACA’s placement at the ribosome, we would
expect that TEV protease treatment would not make any
difference on the PLEA signal between NACA and riboso-
mal proteins (RPLS or RPL11) (Figure 3E; a and b). How-
ever, if the GAr sequence caused NACA to detach from the
ribosome, TEV treatment would result in reduced interac-
tions between NACA and RPLS or RPL11 (Figure 3E; c).
The TEV treatment indeed resulted in less PLA signal be-
tween NACA - RPL5/RPLI11 on GAr-TEV-p53-expressing
polysomes, in line with the notion that NACA’s recruitment
to the GAr sequence causes NACA to dissociate from the
ribosome (Figure 3F). These results show that the nascent
GAr peptide interacts strongly with NACA on the ribosome
and leads to NACA being dislodged from the ribosome, of-
fering a first insight into how NAC affects mRNA transla-
tion of GAr-carrying mRNAs in cis.

NAC is necessary for the interaction between the GAr-
encoding mRNA and NCL

The results show that the nascent GAr peptide plays an im-
portant role in GAr-mediated mRNA translation control.
However, previous works have demonstrated the impor-
tance of the GAr-encoding mRNA sequence in suppressing
mRNA translation (22,29). The effect of the GAr mRNA 1is
attributed to NCL binding G-quadruplex (G4) structures in
the GAr-encoding mRNA and we wanted to know if there is
alink between NAC and the recruitment of NCL to the GAr
mRNA. To test this, we carried out in vitro RNA-protein
co-immunoprecipitation (RNA-colP) assays using recom-
binant NCL together with RNA isolated from cellular ex-
tracts, followed by RT-qPCR for the indicated mRNAs. Si-
lencing NACA resulted in a dramatic decrease in the bind-
ing of NCL to the EBNAI and GAr-Ova mRNAs while no
significant change was observed for the already weak inter-
action between NCL and the EBNAAGAr or Ova mRNAs
(Figure 4A and B). NAC has been described to bind nucleic
acids and we next tested if this capacity can be the link be-
tween the GAr-encoding RNA sequence and the GAr pep-
tide (10). RNA-coIP using recombinant NACA and mR-
NAs isolated from cell lysates showed that NACA binds to
the EBNAI mRNA, but not to the EBNAIAGAr mRNA
(Figure 4C). To test if the NACA — EBNAI mRNA interac-
tion is direct, we carried out in vitro RNA pulldown assays
using recombinant NACA protein together with synthetic
oligos forming the RNA G4 structure of the GAr (GQ-
18) or a mutated version of GQ-18 that does not form a
G4 (GM-18) (22). This showed that NACA binds RNA oli-
gos in a G4-dependent manner (Figure 4D). Interestingly,
adding recombinant NCL did not prevent NACA interac-
tion, suggesting that they have different interaction sites
(Figure 4D). NACA binding to the G4 forming sequence of
the GAr (GQ-18) was further confirmed using endogenous
NACA protein pulled down from H1299 cell lysates (Fig-
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ure 4E). Addition of an increasing amount of the G4 lig-
and PhenDH2 (32) prevented the interaction of endogenous
NACA to the GQ-18, further confirming that NACA binds
to the G4 RNA structure of GAr-encoding mRNA (Figure
4F). Having observed that both NACA and NCL interact
with the GAr G4 RNA, we next tested if NACA and NCL
proteins interact with each other. In situ PLA showed that
endogenous NACA and NCL interactions were detected
in the nuclear compartment and that this is not limited to
EBNA1 expressing cells, as it is also detected in cells trans-
fected with the EBNAAGATr construct or with the empty
vector (EV) (Figure 4G and Supplementary Figure S4A and
S4B). These results show that NACA in addition to binding
the GAr peptide also interacts with GAr mRNA sequence
and promotes the NCL-EBNAI mRNA interaction.

Translation is required for the interaction between GAr-
encoding mRNAs and NCL.

In line with the scenario that nascent GAr peptide dis-
lodges NAC from the ribosome and this results in the re-
cruitment of NCL to the GAr RNA G4 structure, the in-
teraction between NCL and the GAr RNA would require
GAr-encoding mRNAs to be translated. We tested this by
treating cells with cycloheximide (CHX) or harringtonine
(Harr), two drugs that prevent mRNA translation. As ex-
pected, both drugs suppress the expression of GAr-Ova,
Ova, and endogenous p21, while NCL and actin with longer
half-life were less affected (Figure 5A). Importantly, in vitro
RNA-coIP showed that the interaction between the GAr-
Ova mRNA and NCL was reduced by ~4-fold following
CHX or Harr treatment. However, the NCL-Ova mRNA
interaction was not affected by translation inhibitor treat-
ments (Figure 5B). To further test if translation is needed to
allow NCL to bind the GAr-encoding mRNA, we designed
Ova and GAr-Ova constructs lacking AUG start codons
(OvaAATG and GAr-OvaAATG) abrogating the expres-
sion of respective proteins (Figure 5C) and we observed that
NCL had a reduced affinity for the GAr-OvaAATG mRNA,
as compared to the GAr-Ova mRNA (Figure 5D). The dele-
tion of the AUGs had no significant effect on mRNA levels
(Supplementary Figure SSA) or on their respective subcel-
lular localisation (Supplementary Figure S5B and C). Thus,
the GAr-encoding mRNAs need to be translated for binding
NCL, in line with the notion that the interaction between
NAC and the nascent GAr peptide is required for the re-
cruitment of NCL to the G4 structure of the GAr-encoding
mRNA on the EBNA1 polysome.

DISCUSSION

Our data support a cis-acting protein-quality control path-
way in which the disordered and aggregate-prone nascent
gly-ala repeat (GAr) peptide of the EBNAT1 dislodges NAC
alpha (NACA) from the ribosome. NACA then interacts
with the encoding GAr RNA sequence and helps recruit
nucleolin (NCL) to the G-quadruplex (G4) structure of
the GAr RNA, which leads to the suppression of mRNA
translation initiation in cis. This illustrates how the EBV-
encoded EBNAL exploits a cis-acting cellular pathway for
post-transcriptional gene regulation. The effect of the GAr
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on translation suppression is via initiation (26) and together
with the fact that neither the RNA, nor the peptide, are
degraded suggests that GAr-mediated translation control
is a regulated process. For example, EBNA1 binds its own
mRNA via a RGG-rich region and this could allow control
of its own synthesis (36). EBNAL is essential for viral sur-
vival but at the same time EBNA1 is immunogenic and this
self-regulation of translation serves to minimize the produc-
tion of antigenic peptides for the MHC class I pathway and
at the same time guarantee a functional level of EBNA1 ex-

pression. The scenario in which the nascent GAr peptide
serves as a trigger to suppress its own synthesis helps explain
the observation that the GAr is more potent in suppressing
synthesis when fused in the 5’ coding sequence rather than
in the 3’ (Supplementary Figure S1E) (32). It is more likely
that the presence of a disordered domain in the N-terminus,
rather than the C-terminus, activates this pathway, in line
with the fact that fusing a leader sequence to the N-terminus
of an insoluble protein facilitates expression and solubility.
There are few other examples of nascent peptides affecting
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protein expression but a more recent study on tubulin il-
lustrates how the nascent peptide affects protein expression
via the stability of the encoding mRNA, suggesting that the
nascent peptide can activate different pathways.

We show that NACA binds the GAr peptide sequence
as well as the encoding mRNA and, thus, providing the
link between the GAr peptide and the encoding mRNA
in controlling EBNAT1 synthesis. GAr mRNA forms RNA
G4 structures that interact with NCL and this is required for
GAr-mediated translation initiation inhibition in cis. The
observation that NACA binds the GAr G4 RNA structure
and recruits NCL to the GAr-encoding RNA suggests that
NACA makes the RNA structure NCL ‘friendly’. Previous
studies have shown that the G4 RNA structures are highly
dynamic in vivo with multi-functional properties and it is
plausible that NACA affects the G4 structure to suit NCL
binding (32). A similar ‘bind-unfold-lock’ mechanism was
proposed for USP1 translational regulation by hanRNP H/F
and DHX36 in glioblastoma or for the CNBP-targeted mR-
NAs (37,38).

An interesting aspect of NAC-mediated recruitment of
NCL to the mRNA is where in the cell this event takes
place. While NCL has a predominantly nucleolar localisa-
tion, NAC is present in the cytoplasm and the nuclear com-
partment. The PLA data show that the NACA — EBNA1
interaction takes place in the nucleus and it is an interesting
possibility that this nascent peptide control pathway takes
place during the ribosome-mediated RNA quality control
that precedes nonsense-mediated decay.

The mechanism whereby the RNA and the encoded pep-
tide act together via NAC to regulate mRNA translation in
cis 1s specific in terms of both the RNA and the peptide se-
quence. Introducing a single serine in every eight residues of
the GAr completely abolishes its translation inhibitory ca-
pacity (26) and introducing synonymous mutations also af-
fects the efficacy of translation suppression (23). The GAr-
mediated pathway of translation control is conserved in
yeast (39). It is, however, plausible that this pathway re-
flects a specific example of a broader concept of regulating
the synthesis of aggregate-prone proteins that includes the
nascent peptide and the encoding RNA sequence but not
necessarily via the same molecular mechanism.

Itis not clear why both the RNA sequence and the encod-
ing peptide should be required to suppress the synthesis of
aggregate-prone proteins. One could argue that the sensing
of a nascent disordered peptide should be sufficient to trig-
ger suppression of synthesis in order to protect the cell from
toxic aggregates. However, GC rich RNA sequences form-
ing G4 structures, or disordered peptide domains in the N-
terminus, are not uncommon and the fact that both peptide
and RNA need to act together to trigger this pathway en-
sures that neither RNA sequence alone, nor peptide, will
prevent synthesis. This could imply that aggregate-prone
proteins that do not fulfil this double criterion would be
more likely to be expressed at higher levels and accumu-
late aggregates. In the case of the aggregate-prone PolyQ
of Huntingtin protein (HTT), the encoding RNA does not
form G4 structures and it does not suppress translation
when fused to the N-terminus of p53 (Supplementary Ta-
ble S1) (26). It is also noteworthy that GC-rich sequences
forming G4 structures encode peptides that can form ag-

gregates, as is illustrated by patients suffering from Frag-
ile X Syndrome. These patients have a (CGG) expansion
that promotes alternative translation upstream of the clas-
sical FMRI ORF via repeat-associated non-AUG (RAN)
(40,41). RAN is an alternative initiation mechanism mostly
described for non-coding regions and introns and the en-
coded peptides cause toxic aggregates (42). Another exam-
ple is from amyotrophic lateral sclerosis (ALS) which is as-
sociated with a GC-rich sequences from the (GGGGCC)
repeats expansion in the C9ORF72 gene (43). Both (CGQG)
and (GGGGCCO) repeat expansions form G4 structures
(43-45) and the encoded polypeptides are prone to form ag-
gregates (46,47).
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