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ABSTRACT

Coronaviruses represent a large family of enveloped
RNA viruses that infect a large spectrum of ani-
mals. In humans, the severe acute respiratory syn-
drome coronavirus type 2 (SARS-CoV-2) is respon-
sible for the current COVID-19 pandemic and is ge-
netically related to SARS-CoV and Middle East res-
piratory syndrome-related coronavirus (MERS-CoV),
which caused outbreaks in 2002 and 2012, respec-
tively. All viruses described to date entirely rely on
the protein synthesis machinery of the host cells to
produce proteins required for their replication and
spread. As such, virus often need to control the cel-
lular translational apparatus to avoid the first line of
the cellular defense intended to limit the viral propa-
gation. Thus, coronaviruses have developed remark-
able strategies to hijack the host translational ma-
chinery in order to favor viral protein production. In
this review, we will describe some of these strategies
and will highlight the role of viral proteins and RNAs
in this process.

INTRODUCTION
Coronaviruses: an overview

Coronaviruses (CoVs) represent a large family of RNA en-
veloped viruses that contain a positive-sense and single-
stranded RNA genome that is one of the largest of all RNA
viruses. CoVs are usually associated with enteric or respi-
ratory diseases in their hosts, although hepatic, neurologic
and other organ systems may be affected. The current clas-
sification of coronaviruses recognizes 46 species in 26 sub-
genera, 5 genera and 2 subfamilies that belong to the family
Coronaviridae, suborder Cornidovirineae, order Nidovirales
and realm Riboviria (1). The Orthocoronavirinae subfamily

can be divided into four genera: a- and B-CoV that only
infect mammals, 8- and y-CoV that mainly target birds. In
the late 1960s, the first human coronaviruses (HCoV) were
identified (HCoV-229E, HCoV-814 and HCoV-OC43) and
also later in the 2000s (HCoV-NL63 and HCoV-HKU1)
(2-6); these strains generally cause mild symptoms such
as a common cold. In contrast, severe acute respiratory
syndrome coronavirus (SARS-CoV) (7-9) and Middle East
Respiratory Syndrome coronavirus (MERS-CoV) (10-12)
that emerged in 2002 and 2012, respectively, are highly
pathogenic coronaviruses. The SARS-CoV-2 is currently at
the origin of the COVID-19 pandemic that the world is go-
ing through with, as of 10 October 2020, >34 million con-
firmed cases resulting in > 1 million deaths (13). The SARS-
CoV-2 genome share 80% and 50% homology with SARS-
CoV and MERS-CoV genomes respectively (14-16) and all
of them belong to the B-CoV genera. This genus also in-
cludes animal strains such as the Mouse Hepatitis Virus
(MHYV) (17) or the Bovine-CoV (B-CoV) (18,19) but also
two human strains (HCoV-OC43 and HCoV-HKU1).
Coronavirus infections begin with interaction between
virions and their cellular receptors at the surface of the
cells (Figure 1). After release of the nucleocapsid into the
cytoplasm, the viral genome serves as mRNA for transla-
tion to generate the viral replicase. The genomic viral RNA
(gRNA) contains >12 open reading frames (ORFs) and
even 14 in the case of SARS-CoV-2 to give rise to about
27 proteins (14). In order to express as many as 27 differ-
ent proteins, coronaviruses have put in place three differ-
ent mechanisms. First, when the viral genome enters the
cytoplasm, the first ORF (ORF1) is translated into a long
polyprotein which is then proteolytically processed to gen-
erate several nonstructural proteins (nsp). In addition, this
polyprotein is generated in two different forms through the
use of a programmed-1 ribosome frameshifting event. This
mechanism requires a cis-acting RNA element within the
coding region that can redirect elongating ribosomes to
shift back to the first reading frame by 1 base in the 5 direc-
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Figure 1. Scheme of the coronaviral replication cycle. After attachment to the cellular receptor, the viral particle is internalized and the gRNA is uncoated
and directly translated in the cytoplasm to produce up to 16 nonstructural proteins (nsps) involved in viral proteolytic cleavage, the formation of the viral
replication transcription complex (RTC) and in mRNA translational control. Viral genome replication and transcription of the different sgRNAs occur
into double membrane vesicles (DMV) that are derived from the endoplasmic reticulum (ER). Some of the sgRNAs are coding for the structural proteins
that are mainly expressed through the ER. Viral components (2RNA and viral proteins) assemble at the level of the ERGIC and new virions produced are

secreted by exocytosis.

tion. This mechanism was described for the first time in 1985
in the Rous sarcoma virus (20) and 2 years later in the coro-
navirus Avian Infectious Bronchitis Virus (IBV) (21). All
coronaviruses, including SARS-CoV-2, utilize this molecu-
lar mechanism (22-27). Therefore, ORF1 is separated into
two distinct ORFs: ORFla and ORF1b. In general, trans-
lation of ORF1a allows production of the immediate early
proteins involved in the control of the host cellular innate
immune response whereas translation of ORF1b generates
proteins involved in genome replication and RNA synthesis.
The other ORF's, which are expressed later during the viral
replication cycle, are translated from distinct subgenomic
RNAs (sgRNAs) produced by the synthesis of the minus-
strand replicative intermediate, followed by synthesis of new
plus-strand sgRNAs that mostly encode structural and ac-
cessory proteins. This represents the third strategy used for
the translation of the viral ORFs.

Coronavirus RNA synthesis proceeds by a very com-
plex and only partially understood mechanism. The gRNA
not only serves as a matrix for the synthesis of the repli-

case polyproteins but also acts as the template for synthesis
of negative-sense RNA species (Figure 1). These negative
sense subgenomic RNAs (sgRNAs) are used as template for
the generation of the positive-sense sgRNAs that are pro-
duced by a discontinuous, cotranscriptional process. Then,
each positive-sense sgRNA serves as mRNA for transla-
tion of each ORF downstream of ORF1. All the sgRNAs
are 3’ coterminal and contain the same ~70 nucleotides
(nt) long 5'-leader. The sites of leader-to-body fusion in the
sgRNAs occur at loci in the genome called transcription-
regulating sequences (TRSs) that contain a short element
that is identical, or nearly identical, to a sequence located
at the 5’-end of the gRNA. TRSs contain a conserved 67
nt core sequence fairly well conserved within each coron-
avirus group and surrounded by variable sequences. The vi-
ral polymerase, starting from the 3’-end of a genomic RNA,
pauses and switches templates at an internal TRS to pursue
synthesis at the homologous TRS of the leader gRNA. The
resulting negative-strand sgRINA then serves as template for
synthesis of multiple copies of the corresponding positive-
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strand sgRNAs (28). Transcriptomic analysis of cells in-
fected by coronavirus shows that the majority (>60%) of the
reads mapped to viral sequences indicating that viral tran-
scripts become largely predominant over the cellular tran-
scriptome (14). In addition to these viral transcripts, it has
been shown that several viral RNAs are produced by differ-
ent noncanonical recombination events leading to the gen-
eration of transcripts harboring different deletions (14,29—
31). However, it is not known whether these viral RNAs,
which are relatively abundant, can be translated into func-
tional proteins.

One common feature among positive-strand RNA
viruses is the assembly of their replication-transcription
complexes (RTCs) that is intimately associated with the
formation of membranous rearrangements to create virus
replication organelle (Figure 1) (32-34). The RTCs are in-
terconnected double membrane vesicles (DMV) that are de-
rived from the endoplasmic reticulum (ER) (35-39). The
precise role of these vesicles is not known but they seem to
be beneficial to the virus creating a protective microenviron-
ment for the viral genome from attacks by antiviral mech-
anisms or nucleases present in the cytoplasm; in addition,
it provides an environment to concentrate the factors nec-
essary for efficient transcription and replication of the viral
genome. As a consequence, formation of infectious progeny
virions mainly occurs into the endoplasmic reticulum-golgi
intermediate compartment (ERGIC) (Figure 1). After repli-
cation, the viral genome is encapsidated by the N protein
into the membrane of the ERGIC in which the viral struc-
tural proteins are included (40). The viral particles are then
released from the cell by a process very similar to exocytosis
(Figure 1). Further details on the replication cycle of coro-
naviruses can be found on these reviews (41-45).

Translation initiation in eukaryotes

Translation is a key step in gene expression in which the
messenger RNA (mRNA) is decoded by ribosomes to pro-
duce proteins. The eukaryotic mRNA is usually capped
at the 5’end and polyadenylated at the 3’ end (Figure 2).
The ORF codes for the polypeptide and is surrounded
by two untranslated regions (UTRs) that control transla-
tion initiation by promoting ribosome attachment to the
mRNA and the recognition of the initiation codon (AUG
codon). The majority of mRNAs uses the cap-dependent
mechanism to initiate translation in which eukaryotic initi-
ation factors (eIFs) recognize and bind to the 5 cap struc-
ture to bridge the mRNA to the 40S ribosomal subunit
(Figure 2). This process requires elF4F that is a three-
subunits complex composed of eIF4E, the cap-binding pro-
tein; eIF4A, an ATP dependent RNA helicase which be-
longs to the DEA(D/H)-box family; and eIF4G, a scaf-
fold protein. EIF4G has binding sites for elF4A, elF4E,
the poly(A) binding protein (PABP) and elF3. The elF4F
complex recognizes and binds to the 5’ cap structure and
unwinds local RNA structures required for adequate posi-
tioning of the 40S ribosomal subunit on the mRNA. The
40S ribosomal subunit is recruited to the mRNA as part of
the 43S initiation complex that is composed of the 40S ri-
bosome bound to eIF2-GTP/Met-tRNAI (initiator tRNA),
elF1A, cIF1, elF3 and eIF5 (46-49). In this conforma-

tion, eIF4G constitutes a real scaffold between the mRNA
with the cap structure through eIF4E, and the 40S riboso-
mal subunit via elF3. In eukaryotes, the mRNA is pseudo-
circularized by an interaction between elF4G at the 5’ end
and PABP at the 3’ end and this contributes to enhance
translational efficiency (50-52). Upon its recruitment to the
5" end of the mRNA, the 43S ribosomal complex scans
the mRNA in a 5-3' direction in search of the initiation
codon, which is often the first AUG triplet downstream to
the 5'cap. During the ribosomal scanning, the GTP bound
on elF2 is hydrolyzed to GDP and phosphate (Pi) in an
elF5-dependent mechanism (53,54). The recognition of the
initiation codon by the anticodon of the Met-tRNAI stops
the scanning process and provokes Pi and elFs release from
the ribosomal complex that allows the 60S ribosomal to
join and form the 80S ribosome positioned at the initiation
codon (Figure 2) (55-57). The guanine nucleotide exchange
factor elF2B promotes the recycling of elF2-bound GDP
into elF2-bound GTP; as a result, the ternary complex re-
assembles for a new round of translation initiation. eIF2 ac-
tivity is regulated by phosphorylation event that takes place
on the serine 51 of the a-subunit (Figure 2). In mammals,
four kinases have been well characterized and are activated
by stress conditions such as amino acid deprivation (for the
GCN2 kinase), ER stress (for the PERK kinase), the pres-
ence of dsSRNA (for the PKR kinase) or heme deficiency
(for the HRI kinase) (58). During viral infection, PKR and
PERK are usually activated resulting in a global translation
arrest and the formation of stress granules (SGs) (59-61).

Cis-acting elements can also influence initiation codon
recognition rate by the 43S complex. Two of them are the
nucleotide context of the AUG codon and the presence
of short upstream ORFs (uORFs). An optimal consensus
sequence around the initiation codon was defined as 5'-
A/GccAUGG-3' in which positions -3 and +4 according of
the adenosine of the AUG codon are determinant for ini-
tiation codon recognition (62-65). When the context is not
optimal, a fraction of the scanning ribosomes can bypass
the AUG codon to go to the next downstream AUG triplet.
This is called leaky scanning and it results in the production
of two proteins from two different ORFs or two isoforms of
the same protein. However, re-initiation of translation can
occur if the length of the first ORF is shorter than 30 amino
acids (uORF) and if the main ORF is found approximately
100200 bp downstream of the stop codon (66). In this case,
the different eIFs usually stay in the vicinity of the 40S ribo-
somal subunit to promote re-initiation. As a consequence,
uORFs can regulate the flow of ribosomes on the mRNA
(67,68), and this usually results in the reduction of transla-
tional efficiency of the main reading frame (69).

Examples of translational control during viral infections

Most of the time, viral infection activates the first host de-
fense mechanism that triggers the production of interferons
(IFN) and IFN stimulated genes (70). To counteract this
first line of host antiviral innate immunity, viruses have de-
veloped strategies to inhibit or escape to this restriction (71)
and components of the IFN signal transduction pathway
are often inactivated during viral infection (72). As such,
some RNA viruses, including Picornaviruses, Orthomyx-
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Figure 2. The cap-dependent translation initiation mechanism. (1) Capped and polyadenylated mRNA is activated by the eIF4F complex, composed of
elF4E, elF4G and eIF4A, to prepare ribosomal landing. 43S ribosomal complex is formed by the association of eIF1, eIF1A, elF3, eIF5 and the ternary
complex elF2-GTP-Met-tRNAi with the 40S small ribosomal subunit (see blue square). (2) Attachment of the 43S complex to the mRNA is mediated
by multiple protein interactions requiring eIF4E, eIF4G and elF3. (3) Ribosomal complex scans the 5UTR with the hydrolysis of GTP into GDP + Pi
mediated by elF5 until it reaches the initiation codon, where its recognition triggers to (4) Pi and elFs release followed by (5) the association of the 60S
and 40S ribosomal subunits to form an 80S ribosome competent for the elongation step. The most known translational controls occur on elF4E and
elF2. According to the phosphorylation state of 4E-BP, 4E-BP interacts or not with eIF4E and this interaction displaces elF4E from eIF4F resulting
in a decrease of the cap dependent translation efficiency (see violet square). Regeneration of the GDP molecule bound to eIF2 into GTP is catalyzed by
the exchange factor elF2B. Phosphorylation of elF2a at a serine in position 61 inhibits this regeneration that also induces a strong reduction of global

translation (see orange square).

oviruses, Coronaviruses and many others, combine an ad-
ditional mechanism in which a host translational shutoff is
imposed to prevent the infected cells to synthesize new pro-
teins and, amongst those, the IFN-stimulated genes (73).
However, such strategy should not affect the expression of
viral mRNAs to allow efficient viral replication to spread
and continue. Therefore, most of the time, viruses have de-
veloped alternative translation initiation mechanisms to en-
sure continuous viral protein production.

For instance, during picornaviruses infection, epitomized
by the encephalomyocarditis virus (EMCV) and the po-
liovirus (PV), a rapid shutoff of the host gene expression
is established when viral proteases target and cleave elF4G,
PABP and elF5B that are required for cap-dependent trans-
lation initiation (74—77). This results in a specific inhibition
of cap-dependent translation of cellular mRNAs whereas
the SUTR of the picornaviral mRNAs harbors an inter-
nal ribosome entry site (IRES) that enables the recruit-
ment of the ribosomal complex in a cap-independent man-
ner (78). An alternative strategy is used by influenza virus
where the viral polymerase complex binds to cellular mR-
NAs and cleaves few nucleotides downstream to the cap

structure to produce a capped RNA fragment that is sub-
sequently used to prime viral transcription (79,80). The de-
capped host mRNAs are targeted to degradation that leads
to the downregulation of cellular protein production. Fi-
nally, translation of the alphavirus mRNAsS is resistant to
the phosphorylation of elF2«a that results from PKR ac-
tivation (81). This is due to a stable RNA hairpin loop
structure in the viral genome that stalls the ribosome on
the correct AUG and allows translation of the late viral
mRNAs (82).

Global translation of cellular mRNAs is not spared dur-
ing infection with CoVs. Indeed, studies in MH V-infected
cells indicate that a strong shutoff of host gene expression
is established during the first hours after infection while
viral protein expression is not affected (83—-87). This inhi-
bition of cellular mRNA expression has been reported in
cells infected not only with others coronaviral strains such
as in bovines, bats, chickens and pigs (88-92) but also with
human CoVs like the HCoV-229E, HCoV-NL43, SARS-
CoV and MERS-CoV strains (93-96). Recent studies show
that translation repression also occurs in SARS-CoV-2 in-
fected cells (97-99) and analysis of the SARS-CoV-2 tran-

1202 8unp 10 Uo Jasn UoAT ap Joiepia anbaylolqig Aq GSE/109/20G2 L/22/8Y/91oIMe seu/woo"dno-ojwapee/:sdny woly papeojumoq



12506 Nucleic Acids Research, 2020, Vol. 48, No. 22

scriptome indicates that host gene expression is almost sup-
pressed in the first hours of infection (14). Most of the viral
structural proteins are expressed in the ER that contributes
to create an ER stress (100). Furthermore, lipid depletion
from the ER which is due to viral replication organelle for-
mation activates the unfolded protein response (UPR) that
results to the expression of chaperone proteins, phospho-
lipid biogenesis and translation downregulation (101). Nev-
ertheless, the UPR is usually controlled by viral compo-
nents to avoid a drastic reduction of global protein syn-
thesis. The first analyses of the SARS-CoV-2 host interact-
ing proteins revealed that many viral proteins target com-
ponents belonging to the translational machinery but also
key elements involved in SG formation and the ER stress
response (102).

In this review, we will describe how mRNA translation
is controlled in the course of coronaviral infection. Most
of the studies retained for this review concern SARS-CoV,
MERS-CoV and SARS-CoV-2 strains. In the first part, we
will briefly present the different translational pathways that
are activated following infection and how viral components
can interfere. A large part of this review will focus on viral
proteins, especially nspl, which directly interact with com-
ponents of the ribosomal complex to promote translation
inhibition and mRNA decay. The second part is dedicated
to the mechanisms used by viral mRNAs to escape from
host protein synthesis inhibition. Finally, the last part will
deal with the spectrum of translational mechanisms used by
viral mRNAs to be expressed.

TRANSLATIONAL CONTROL BY CORONAVIRUSES

Viral infection generally induces several lines of cellular re-
sponses such as innate immunity, apoptosis, activation of
different mitogen-activated protein kinases (MAPK) path-
way or translational reprogramming. As these different
mechanisms during CoV infection have been recently re-
viewed (103), we will first briefly describe how these differ-
ent translational control pathways are activated during in-
fection and point out some viral proteins involved in these
mechanisms. Next, we will mainly focus on viral proteins
expressed from SARS-CoV, MERS-CoV and SARS-CoV-
2 strains, which directly alter the integrity of components of
the initiation complex. A large part of this section deals with
nspl and its function in host protein synthesis inhibition as
it has been the best studied example.

Interference with the stress activated pathways

CoV replication generates in the cytoplasm a large quantity
of double strand RNAs such as positive and negative gR-
NAs and sgRNAs (Figure 1); this typical signature of RNA
virus replication contributes to the activation of PKR. In
addition, several aspects of the CoV infection are expected
to disrupt ER homeostasis. (i) All CoV structural proteins,
except for the N protein, are synthesized, folded and modi-
fied in the ER (104-106). (ii) In order to produce new viri-
ons, the amount of viral proteins produced largely exceeds
the ER folding capacity (100,107). (iii) Viral replication
takes place in double membrane vesicles complexes hijacked
from the ER and this results in the alteration of its home-

ostasis (Figure 1) (35,108). (iv) The assembly and budding
of mature particles of coronaviruses occur into the ERGIC
(109) that induces a massive budding accompanied by de-
pletion in the ER membrane (Figure 1). All these different
stresses of the ER lead to the activation of the UPR. To re-
store ER homeostasis, three transmembrane sensors are ac-
tivated: PERK, inositol-requiring enzyme 1 and activating
transcription factor 6. The last two are not directly related
to translational control and we invite the reader to consult
these reviews (103,110-112), and we will focus on the rela-
tionship that may exist between CoVs and both PKR and
PERK.

As expected, both PERK and PKR are activated dur-
ing SARS-CoV infection that in turn phosphorylate the
serine 51 of elF2a leading to a global translation inhibi-
tion (Figure 3A) (113). However, inhibition of PKR alone
did not alter the phosphorylation status of elF2a mean-
ing that it is essentially controlled by PERK (113). The ac-
tivation of PKR seems important for other aspects of vi-
ral infection, such as virally induced apoptosis that could
contribute to the translational inhibition (113). The over-
expression of several SARS-CoV proteins alone, including
3a and S, is sufficient to induce an ER stress and the acti-
vation of PERK (Figure 3A) (100,114). Expression of the
spike protein from MHV or HCoV-HKUI strains also in-
duces an ER stress (107,115) suggesting a conserved mech-
anism of PERK activation among CoVs. Interestingly, the
phosphorylation of eIF2« is not such a robust feature for
other coronavirus infections as it depends on the cell line
used and it can only be a transient phenomenon. For ex-
ample, infection with MERS-CoV strain induces a low but
detectable level of phosphorylated elF2« only in Vero cells,
but no response in HeLa/CD26 cells (116). In addition,
the removal of the gene coding for 4a and 4b proteins in
the viral genome of the MERS-CoV (Ap4 mutant strain)
induces the phosphorylation of elF2a, activation of PKR
and reduces viral replication in HeLa cells suggesting that
these proteins are involved in circumventing translational
attenuation during infection (Figure 3A). Surprisingly, no
difference was observed between MERS-CoVAp4 and the
wild-type virus in Vero cells, suggesting a cell line specific
regulation rather than a solid feature of MERS-CoV infec-
tion (116). To the same extend, nsp15 of some CoVs (MHYV,
HCoV-229E) could also suppress PKR activation (Figure
3A) (117-119). Additionally, during HCoV-OC43 infection
of neurons, only an early and transient phosphorylation of
elF2a was detected (120). There is no doubt that CoV in-
fection is related to the activation of both PKR and PERK
that results in the phosphorylation of elF2a. Whether the
novel SARS-CoV2 also acts on elF2a phosphorylation to
induce a global translation regulation remains to be inves-
tigated.

Translational inhibition induced elF2a phosphorylation
leads to the formation of SGs and processing bodies (P-
bodies). SGs are messenger ribonucleoproteins (mRNPs)
composed of mRNAs stalled at the translation initiation
step while P-bodies are mRNPs containing untranslated
mRNAs associated with proteins involved in mRNA decay
and translation repression. These two cytoplasmic granules
are dynamic complexes which compact mRNAs for stor-
age, reinitiation of translation or degradation (121-124).
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The assembly of SGs is a cellular response frequently ob-
served upon viral infections but its real contribution to the
anti-viral response remains to be established (125). In many
cases, viral mRNAs and/or viral genomes are recruited in
SGs (125,126). In the particular case of CoV infection, the
function of SG and P-bodies has not been fully investi-
gated although an increase in the formation of cellular gran-
ules has been observed during the Transmissible GastroEn-
teritis Virus (TGEV) and MHYV infections which correlate
with an increase of elF2a phosphorylation, translational
shutoff and mRNA decay (87,127). During infection with
SARS-CoV, the N protein can translocate into SGs (Fig-
ure 3A) (128) whereas formation of SGs is not observed in
the course of MERS-CoV infection. Nevertheless, mutant
viruses lacking either the gene coding for 4a or 4b protein
(MERS-CoVAp4), become able to induce formation of SGs
suggesting that these proteins might be involved in their re-
pression (116,119). Notably, the formation of SGs in cells
infected with MERS-CoVAp4 is associated with a reduc-
tion of viral replication (Figure 3A). Recently, mass spec-
trometry analysis of the viral-host proteome interaction
networks was obtained with overexpressed viral proteins
from SARS-CoV-2. Interestingly, the N protein interacts
with several components of the SGs (G3BP1 and G3BP2)
and P-bodies (Upfl, MOV10, PABPC1 and PABPC2) ma-
chineries (Figure 3A) (102). However, the role of these cy-

toplasmic granules as pro- or anti-viral mechanism remains
elusive.

Coronavirus infections activates other stress-induced sig-
naling pathways such as the extracellular signal-regulated
kinase (ERK) and the p38 MAPK, both of them are known
to influence the translational activity of the cell (103). Acti-
vation of p38 MAPK is observed during SARS-CoV and
MHYV infections (Figure 3B) and this leads to the phos-
phorylation of eIF4E through the MAP kinase-interacting
serine/threonine-protein kinase (Mnk) (129-131). The ef-
fect of this phosphorylation is quite controversial with some
articles showing that phosphorylation of eIF4E is not re-
quired for translation (132) whereas in some cases, it can
inhibit cap-dependent translation (133). Despite this con-
troversy, most of the data suggest that e[F4E phosphoryla-
tion promotes translation initiation (134-137). In the case
of CoV, activation of the p38 MAPK pathway is associ-
ated with an attenuation of overall cellular protein synthe-
sis. Interestingly, expression of the SARS-CoV accessory
protein 7a alone can inhibit cellular protein synthesis and
induce p38 MAPK phosphorylation (Figure 3B) (138,139).
However, molecules that target the p38 MAPK neither al-
ter SARS-CoV replication nor viral protein synthesis (130).
Similarly, infection with HCoV-229E also induces the phos-
phorylation of eIF4E and the use of a p38 MAPK inhibitor
in human fetal lung cells L132 reduces the replication of the
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virus (140). To date, the implication of eIF4E phosphory-
lation during CoV infection is challenging and remains to
be explored. Finally, inhibitors that control the phospho-
rylation of eIF4E, such as tomivosertib, have recently been
highlighted to be of interest in the case of treatment during
SARS-CoV-2 infection (102) and this confirms the impor-
tance of the stress-induced signaling pathways.

In parallel, the ERK signaling cascade is activated during
CoV infection (Figure 3B) and seems to counterbalance the
action of p38 MAPK in protein synthesis. Indeed, activa-
tion of ERK leads to the phosphorylation of eIF4E-binding
proteins (4E-BP) that are repressor proteins able to interact
directly with the cap-binding protein eI[F4E. Phospho-4E-
BP cannot bind to eIF4E and sequesters it from being in-
corporated into the eIF4F complex (Figure 2) (141). The
activation of the ERK pathway was observed during infec-
tion with SARS-CoV, MERS-CoV and HCoV-229E strains
(129,142) but also after overexpresion of SARS-CoV S pro-
tein (143). In the case of SARS-CoV-2, the investigation
of the global phosphorylation landscape of Vero E6 cells
reveals the activation of p38 MAPK and ERK pathways,
and suggests an impact on cap-dependent translation (144).
Clearly, the phosphorylation status of eIF4E and elF4E-
BPs needs further investigation to decipher the role of sig-
naling pathway activation in SARS-CoV2 infection.

The nspl protein

The capped and polyadenylated viral genome is directly
translated as soon as it is released in the cytoplasm after
entry. As a result, two large precursor polyproteins are pro-
duced and processed by viral proteases to generate 16 nsps.
Nspl is the most N-terminal cleavage product and is only
expressed in the a-CoVs and B-CoVs genera but it strongly
differs in size. Nspl of a-CoVs has a size of about 110 amino
acids (aa) whereas in B-CoVs the size of nsp1 varies between
the four different lineages (A, B, C and D) (145). The lineage
A is epitomized by MHV, HCoV-OC43 and HCoV-HKUI,
and nspl harbors about 245 aa residues. The lineage B in-
cludes SARS-CoV and SARS-CoV-2 in which nspl has a
size of 180 aa. MERS-CoV belongs to the lineage C and
encodes a 195 aa long nspl. Finally, the lineage D regroups
mainly bat-CoVs in which nspl has a size of 175 aa. Amino
acid sequence homology varies between nspl from the dif-
ferent B-CoVs but the SARS-CoV-2 nspl shares 91% simi-
larities with SARS-CoV nsp1 (102) suggesting a strong con-
servation of function and the first study on SARS-CoV-2
nspl confirmed its role in host protein synthesis inhibition
(97-99). In this section, we mainly discuss about the func-
tion and mechanism of SARS-CoV nspl on host cellular
translation during infection and extend these findings to
others strains like MERS-CoV and SARS-CoV-2.

SARS-CoV nsp 1. In SARS-CoV infected cells, nspl can
be immunodetected as early as 6 h post infection (hpi) and
it has a perinuclear and cytoplasmic localization (94,146).
This coincides with the inhibition of host gene expression
that starts at 6 hpi and becomes almost complete between
9-12 hpi (95). An ectopic and transient expression of nspl
in mammalian cells is sufficient to promote a robust and
global inhibition of host protein synthesis (94,95,147) with

a strong reduction of the polysome profile shifting to 80S
monosomes (148). The deletion of a small region of the
carboxy-terminal part of nspl (A160-173) is sufficient to
reverse the inhibitory effect of the latter and two charged
amino acids, K164 and H165, have been identified to be crit-
ical for nspl function in this translational shutoff (95). Mu-
tation of these two residues into alanine in the SARS-CoV
genome to generate the SARS-CoV-mt did not significantly
alter viral replication in terms of viral titer, viral RNA tran-
scription or nspl expression but it failed to promote robust
host endogenous mRNA translation inhibition (95). Partial
inhibition of host gene expression was also observed in Vero
E6 and 293/ACE?2 cells infected by SARS-CoV-mt (95) in-
dicating that either the nspl-mutant was partially active in
the context of infection or that other viral proteins may be
involved in this process. Interestingly, SARS-CoV nspl tar-
gets endogenous cellular mRNAs but also mRNAs result-
ing from ectopic plasmid expression and transfected mR-
NAs (94,95). The host cell gene expression shutoff mediated
by SARS-CoV nspl was not inhibited by actinomycin D
treatment that blocked de novo RNA synthesis, confirming
that nspl acts on nascent and pre-existing mRNAs (94,95).

The SARS-CoV nspl combines two strategies to inhibit
host gene expression: it acts via (i) a direct inhibition of the
translation initiation step and (ii) the induction of cellular
mRNA degradation (Figure 4). Although translational ar-
rest and cellular degradation are two linked processes, it re-
mains possible to distinguish between them with the use of
specific nspl mutants (see below). Several evidences indicate
that nspl interacts with the small 40S ribosomal subunit
and this contributes to the reduction of the overall amount
of polysomes. This binding is abolished in the case of the
specific mutations of the K164 and H165 residues of nspl
(nspl-mt) as evidenced by western blot analysis of each frac-
tion in both cellular extracts and rabbit reticulocyte lysate
(RRL) (148). In addition, a nspl wt-tagged protein, but not
the mutant version, co-immunoprecipitates with both S6 ri-
bosomal protein and 18S ribosomal RNA (rRNA) that are
key architectural components of the 40S subunit (148). In-
terestingly, SARS-CoV nspl does not appear to be associ-
ated with the 80S ribosome suggesting that nspl binds ex-
clusively at a pre-initiation stage and is released upon sub-
unit joining. Addition of nspl in the RRL affected trans-
lation of reporter mRNAs and polysome profile analysis
revealed that SARS-CoV nspl inhibited 80S ribosome but
not 48S initiation complex formation with a critical role for
the two charged amino acids in this process (148). As a con-
sequence, translation driven by a cap- and IRES-dependent
mechanisms were both inhibited by addition of SARS-CoV
nspl in RRL. So was the cricket paralysis virus (CrPV)
IRES that does not require any of the elFs and can di-
rectly promote the assembly of an 80S ribosome at the AUG
codon (149). Therefore, this demonstrates nspl targets di-
rectly the 40S ribosomal subunit rather than the associated
initiation factors.

As mentioned above, SARS-CoV nspl also promotes
degradation of the host cellular mRNAs in living cells
(94,95). Although the mRNAs are also degraded in the
RRL, it appears that this does not occur by the same path-
way (148). Mutation of two charged and exposed amino
acids R124 and K125 of nspl (named nsp1-CD for ‘cleav-
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Cellular and viral mRNAs translation
in SARS-CoV infected cells
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Figure 4. mRNA translation and mRNA decay regulated by SARS-CoV nspl. A scheme of the 40S ribosomal subunit is showed with the mRNA entry
and exit channel and the three tRNA sites: acceptor (A), peptidyl (P) and exit (E). Nspl is the first viral protein expressed and is able to interact, through
the C-terminal domain, into the mRNA entry channel of the 40S ribosomal subunit. As a result, cellular mRNAs could not be recognized by the ribosome
and cellular proteins expression is strongly reduced. In addition, nspl promotes endonucleotydic RNA cleavage that conducts the transcript to RNA
degradation mediated by Xrnl. In parallel, all SARS-CoV mRNA harbor a common 5" terminal 72 nt leader sequence with three stem-loop (SL) (labeled
in green). SL1 interacts with nspl and confers a translational resistance of the viral mRNA to the translation repression mediated by nspl.

age defective’) strongly reduces this cleavage without affect-
ing translation repression both in cell culture and in the
RRL suggesting that the two mechanisms are distinct (147).
Sucrose gradient density and toeprinting assays are both
complementary to measure the ratio of ribosomal com-
plexes associated with the mRNA and to map the position
of the ribosome on the mRNA at a nucleotide resolution.
Both techniques were used to look at the effect of nsp1-CD
on the formation of 48S and 80S initiation complexes on
mRNAs translated by either a cap- or an IRES-dependent
mechanism: formation of both complexes was inhibited in
the RRL in the presence of nspl-CD (147,148). Interest-
ingly, translation of mRNAs in which initiation was driven
by the CrPV or Hepatitis C Virus (HCV) IRESes was re-
pressed by nspl-wt without any evidence of an RNA cleav-
age (147,148) suggesting that RNA cleavage could also de-
pend on the structure of the targeted RNA. Indeed, these
two IRESes are highly structured (150) and directly bind
to the 40S ribosome in the absence of any elFs (149,151).
Addition of nspl-wt and nsp1-CD to the RRL is sufficient
to abolish the binary complex formed between the 40S sub-
unit and the CrPV IRES (147) suggesting a mutually exclu-
sive interaction between the 40S, nspl and the IRES struc-
ture. In contrast, the interaction of 40S subunit with the
HCV IRES was not impaired by the presence of nspl-wt
or nspl-CD but formation of both 48S and 80S ribosome
complexes at the AUG codon was inhibited (147). Cryo-
genic electron microscopy (cryo-EM) analyses revealed that
the HCV IRES interacts with a region of the head and plat-
form edge of the 40S subunit where it partially overlaps with

the exit-site (E-site) of the ribosome (152). The CrPV IRES
also interacts with the head on the inter-subunit side (153)
but, in this case, the CrPV IRES occupies all three tRNA
binding sites on the ribosome that are the E-, the peptidyl
(P-) and the decoding center (A-) sites (Figure 4, see the 40S
ribosome scheme) (154). These difference of occupancy be-
tween both IRESes may explain why nspl can disrupt the
binary complex formed between the 40S subunit and the
IRES in the case of CrPV but not with HCV. In agreement
with this hypothesis, both Thoms ez al. and Schubert et al.
have just shown by cryo-EM studies that nspl of a SARS-
CoV-2 strain binds to the 40S at the mRNA entry channel
(97,98) which is next to the A site (Figure 4). Recent re-
sults, obtained by Banerjee et al., show that SARS-CoV-2
nspl interacts with the 18S rRNA in a region adjacent to
the mRNA entry channel (99). If the structure/function of
nspl is conserved between the two strains of SARS-CoV,
the presence of nspl may destabilize the interactions of the
CrPV IRES with the ribosome at the A site resulting in the
absence of 40S/IRES binary complex.

Endogenous mRNAs, as well as ectopically transfected
mRNAs, are both degraded when SARS-CoV nspl is ex-
pressed in cells (94). However, this is not the case for RNAs
that are produced by RNA polymerase type I and III (155).
This is consistent with the fact that nspl acts through its
binding to the 40S subunit and suggests that only mRNAs
that are being translated are targeted by nspl. The Xrnl
protein is a highly conserved 5'-3’ exoribonuclease involved
in mRNA degradation in the cytoplasm (156-158). Silenc-
ing of Xrnl in the cell abolishes the effect of transfect-
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ing SARS-CoV nspl and preserves the integrity of cellular
mRNAs (155) indicating that mRNA degradation requires
Xrnl (Figure 4). To our knowledge, Xrnl is not expressed
in the RRL and this could explain why mRNAs are not de-
graded by nspl in this system; however, they are cleaved by
others, yet unidentified, endonucleases that are activated by
the addition of SARS-CoV nspl (Figure 4) (147,148,159).
The cleavage sites were then mapped by using a toeprinting
approach on reporter mRNAs with the SUTR of globin
or actin that are both expressed by a cap-dependent mech-
anism. Addition of SARS-CoV nspl to the RRL induced
about ten endonucleolytic cleavage prints on both sides of
the initiation codon with one or two predominant sites but
they failed to highlight a consensus sequence or nucleotide
preference (159). However, modification of the RNA sec-
ondary and tertiary structures by mutagenesis affected the
global pattern of cleavage (159) confirming that the 3-D
structure of the RNA plays a role in this process. Then,
the authors used a comparison between the EMCYV and PV
IRESes as both IRESes exhibit differences in their site of
initiation relative to the binding site of the 40S ribosomal
subunit. Indeed, whereas for EMCYV, the 40S binds directly
at the vicinity of the AUG codon, this is not the case for
the PV IRES in which the initiation codon is located 154
nt downstream to the 3’ border of the IRES (150). Conse-
quently, in PV, the preinitiation complex needs to reach the
initiation codon by linear scanning after its primary attach-
ment to the IRES (160). Addition of the SARS-CoV nspl
induced several endonucleolytic cleavages at the 3’ border of
both IRESes but no cleavage could be detected around the
authentic AUG codon of the PV mRNA (159) suggesting
that the ribosome was stalled after its attachment and could
not scan to the initiation codon in the presence of nsp1. This
nspl mediated RNA cleavage did not occur when both the
HCYV or CrPV IRESes were used in the RRL (147,159). In
the case of CrPV IRES, nspl was able to disrupt the bi-
nary complex formed between the small ribosomal subunit
and the IRES and remained probably bound to the 40S sub-
unit. In such conditions, the mRNA that harbors the CrPV
IRES cannot associate with the ribosome and, therefore,
was not targeted by nspl. The situation is even more com-
plex in the case of HCV IRES because a binary complex
40S/IRES was formed in the presence of nsp1 but the RNA
remained uncleaved. To date no explanation and experi-
ments have been proposed to understand this resistance to
RNA cleavage; however, this IRES is highly structured with
pseudoknot structures that could provide a physical bar-
rier against endonucleases. The fact that SARS-CoV nspl
does not show any intrinsic endonuclease activity means
that nspl does not act directly on its substrate but rather
activates one, or several, unknown cellular endonucleases.
As nspl blocks ribosomes essentially during the initiation
step, these stalled 40S ribosomes on the mRNA may trig-
ger a quality control mechanism that could be reminiscent
to the no-go decay which targets mRNAs on which elonga-
tion is stalled (161,162). Further studies have to be carried
out to understand the molecular mechanism by which nsp1
can induce RNA cleavage.

Nspl from others CoV strains. The four different lineages
of the B-CoV genera share a relatively low amino acid

sequence similarity: for example, SARS-CoV nspl shares
only 20.6%, 17.9% and 26.1% sequence similarity with
MHYV, B-CoV and MERS-CoV nspl proteins, respectively
(89,163). Despite these differences, the amino acid sequence,
LRKxGxKG, is relatively well conserved between the nspl
of SARS-CoV, MHV, B-CoV and MERS-CoV (163,164)
and is localized at positions 123—-130 in the SARS-CoV nspl
as a reference. Importantly, this consensus contains the two
residues R124 and K125 that are critical for the endonucle-
olytic cleavage (96).

As for SARS-CoV, MHYV nspl is localized exclusively in
the cytoplasm of infected cells (165) and has been reported
to inhibit the expression of reporter genes (166). Northern
blot analyses of MHYV infected cellular extracts also indi-
cated a massive degradation of host cell mRNAs (85) with
deletion of its carboxy-terminal domain being sufficient to
abolish nsp1 function (166). Mutation of the consensus se-
quence in nspl results in a decrease of translation of re-
porter genes (167). The conserved domain (LRKxGxKG)
appears to be needed during in vivo viral infection as its mu-
tation leads to a strong attenuation of virulence (167) but
the precise molecular mechanism by which MHYV nspl in-
hibits gene expression awaits determination.

The MERS-CoV nspl exerts a dual function on cellu-
lar mRNAs by inducing both translation inhibition and
mRNA degradation (96,163). The key charged amino acids
identified in SARS-CoV nspl are conserved in the MERS-
CoV and point mutation of the lysine in position 181,
which is the analog of lysine 164 in SARS-CoV nspl (95),
completely abolishes the function of nspl (168). Mutation
of the two conserved amino acids R146/K 147 in MERS-
CoV nspl, which corresponds to residues R124/K125 in
SARS-CoV nspl, recapitulates the cleavage defective effect
and allows to dissociate the two functions of the protein
(96,147). Despite these functional similarities, MERS-CoV
nspl shows many differences with SARS-CoV nspl notably
at the level of cellular localization, the interaction with the
40S ribosomal subunit and the targeted mRNAs (96). In-
deed, only mRNAs transcribed by the RNA polymerase
type I in the nucleus of the host infected cell are targeted by
MERS-CoV nspl. As such, nRNAs that are injected or en-
gineered to be produced in the cytoplasm are not sensitive
to repression or degradation. Interestingly and in contrast
to SARS-CoV, MERS-CoV nspl is localized both in the nu-
cleus and the cytoplasm and weakly interacts with the 40S
ribosomal subunit raising the question of how MERS-CoV
nspl can act on actively translated mRNAs. Curiously, the
expression of mRNAs produced in the cytoplasm was stim-
ulated by the presence of MERS-CoV nspl although the
mechanism by which this occurred was not solved. A pos-
sible explanation could be attributed to a competitive ef-
fect due to the cellular shutoff that increases the availability
of the components of the translational machinery for these
mRNAs.

Nspl is also expressed in strains that belong to the a-CoV
genus, such as Porcine Epidemic Diarrhea Virus (PEDV),
TGEV, HCoV-229E and HCov-NLG63 but the protein is sig-
nificantly smaller (110 aa instead of 180 aa for the SARS-
CoV) and sequence alignments show only ~21% identity
and 23% similarity with the first 128 aa of SARS-CoV nspl
proteins between both HCoV-229E and HCoV-NL63 (93).
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However, bioinformatic analysis revealed that the nspl pro-
teins of HCoV-229E, HCov-NL63 and SARS-CoV share a
very similar 3D shaping structure (93). The crystal struc-
tures of TGEV and PEDV nspl confirmed a high degree
of similarity with SARS-CoV nspl despite this lack of se-
quence homology (92,164,169) indicating a conservation of
protein function. In agreement with this, nspl of TGEYV,
PEDV, HCoV-229E and HCov-NL63 strains are able to in-
hibit global host gene expression at a similar level than the
SARS-CoV nspl (92,93,159,169). It is also noteworthy that
the two K164/H165 residues of SARS-CoV nspl, which
are required for the interaction with the 40S ribosomal sub-
unit (95), are lacking in «a-CoV nspl. However, both HCoV
NL63- and HCoV 229E-nspl can still immunoprecipitate
the S6 ribosomal protein from 293T cell extracts (92,93)
suggesting that an interaction between the 40S ribosomal
subunit and nspl1 still takes place in a-CoV strains. In ad-
dition, TGEV nspl cannot induce RNA degradation (159)
but HCoV NL63- and 229E-nsp1 are able to do so (93) and
several amino acids have been identified in TGEV, PEDYV,
HCoV-229E and HCov-NL63 strains to be required to pro-
mote efficient translation inhibition (92,169). Thus, nspl-
mediated inhibition of protein synthesis during a-CoV in-
fection appears to be a very conserved process despite many
differences in the way it is achieved.

SARS-CoV-2 nspl. Nsp 1 proteins of SARS-CoV and
SARS-CoV-2 share 84.4% sequence identity and 93.9% of
sequence similarity suggesting a strong conservation at the
level of protein function. Infection of human lung epithelial
(Calu3) or monkey kidney (Vero) cells with SARS-CoV-2
strain results in a global translation inhibition (99). Trans-
fection of a plasmid coding for the SARS-CoV-2 nspl into
293T cells is sufficient to reduce cellular proteins expression
level (99) and induces a shift from the polyribosome frac-
tions to 80S monosomes pointing out that a global inhibi-
tion of translation occurs in the presence of SARS-CoV-2
nspl (97). SARS-CoV-2 nspl is associated with both 40S
and 80S but not with the polyribosome fractions (97,98).
In vitro binding assays have confirmed that recombinant
SARS-CoV-2 nspl can interact with purified 40S but not
with the 60S subunit (97,98) and this binding requires both
K164 and H165 residues as it was the case for SARS-CoV
nspl (97,98,148). Furthermore, addition of recombinant
nspl protein into a cell-free in vitro translation system is
also sufficient to inhibit expression of reporter mMRNAs (97—
99). The interaction between nspl and the 40S ribosomal
subunit has recently been imaged by cryo-EM at an aver-
age resolution of 2.6-2.8 A, and this revealed that the C-
terminus of nspl was made of two a-helices and located in-
side the ribosomal mRNA entry channel at the latch struc-
ture formed between rRNA helix h18 of the body and h34
of the head and uS3 of the 40S subunit (97,98,170,171).
The C-terminal domain of nspl interacts specifically with
uS3, uS5 and rRNA helix h18 (97-99). The K164 and H165
residues establish a key interaction with helix h18 and the
binding of nspl to the mRNA entrance channel blocks
mRNA entry (Figure 4) (99). Interestingly, the location of
nspl could inhibit tRNA recruitment to the 80S ribosome
that would block the elongation step (99). This could ex-
plain the observation that the mRNA was always missing
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from all purified and analyzed nspl/ribosomal complexes
(97,98). As a consequence, addition of SARS-CoV-2 nspl
to HeLa translation-competent lysates inhibited translation
of reporter mRNAs (97-99) except when they are bearing
the SARS-CoV-2 genomic 5UTR (99).

Other CoV viral proteins

Infection with SARS-CoV strains that encodes nspl-mt
(K164A & H165A) results in the inhibition of host mRNA
translation (95) suggesting that other viral proteins are in-
volved in the control of cellular mRNA translation.

A two-hybrid screen in yeast has identified interactions
between the f subunit of the initiation factor elF3 and the
SARS-CoV S protein that was later confirmed by immuno-
precipitation studies in HeLa cells. The N-terminal region
of the S protein (20-404 aa) is sufficient to bind to eIF3f
and this modifies the cellular localization of eIF3f that be-
come mainly cytoplasmic likewise the S protein. Addition
of a S protein truncated in its C-terminal domain (SAC)
into the reticulocyte lysate is able to inhibit the expression
of reporter mRNAs and this can be partially restored by
the addition of recombinant eIF3f (90). This translation in-
hibitory effect of spike protein has also been demonstrated
in other CoV strains like IBV (90). However, it can be ar-
gued that the work was essentially performed with the SAC
mutant in which the peptide signal is deleted that also af-
fects its localization to the cytoplasm compartment; indeed,
within the WT S protein, the N-terminal domain that inter-
acts with elF3f is localized at the extracellular side of the
plasma membrane. Therefore, in such conditions, the S pro-
tein is not supposed to be able to interact with initiation
factors.

The SARS-CoV nucleocapsid N protein is the most abun-
dant amongst all structural proteins and it harbors an
RNA-binding domain in its N-terminal region. A two-
hybrid yeast screen has shown that the C-terminal do-
main can interact with the human elongation factor 1-alpha
(EF1a) (172), which is an essential component for the elon-
gation phase of translation (173,174). The N protein can
immunoprecipitate native EFla proteins from cell extracts
and this property is conserved with the N protein of the
HCoV-229E strain (172). Due to its self-association, the vi-
ral N protein can form aggregates that include EF1a (172).
Interestingly, HSP70, a chaperone protein that preferen-
tially binds to denatured or aggregated proteins (175), is
also found as part of these complexes (172). Thus, it is not
surprising that addition of recombinant N protein was able
to inhibit translation of reporter mRNAs both in the RRL
and in cellular extracts (172). Once again, evidences for in-
hibition during viral infection are lacking to confirm a func-
tion of N protein in the cellular translation shutoff.

Very recently, a global analysis of SARS-CoV-2 host in-
teracting proteins has allowed to identify 332 interactions
between viral and human proteins (102). Some of them
are involved in translation. For instance, the nsp2 interacts
with both GIGYF?2 and elF4E2 (4EHP) (102) that are two
components of a complex that represses mRNA translation
(176). These interactions were already identified with nsp2
from SARS-CoV (177) but were never investigated further
although they suggest a role for nsp2 in regulating mRNA
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translation. Similarly, nsp9 interacts also with eIF4H (102),
a factor that enhances the ATP dependent helicase activity
of elF4A (178-180). Interestingly, the complex formed be-
tween elF4A and elF4H can be inactivated using a specific
inhibitor that is able to lock eIF4A in an inactive conforma-
tion (179). The interaction between nsp9 and elF4H could
modulate eIF4A function and thus, play a role on transla-
tional efficiency. Finally, the N protein of SARS-CoV-2 can
interact with different isoforms of PABP and the ribosomal
protein L36 (102), and this may also participate in the reg-
ulation of protein synthesis.

Structure and function of the viral mRNAs

Translation and integrity of cellular mRNAs are signifi-
cantly altered in cells that are infected by SARS-CoV or
MERS-CoV. Despite these conditions, viral mRNAs are
not degraded and viral protein synthesis is maintained at
high level (95,96,99). In an in vitro system, the SARS-CoV
nspl does not induce the endonucleolytic cleavage on sgR-
NAs that have been purified from SARS-CoV infected cells
(159). These experiments indicate that viral mRNAs could
be protected from this host cell shutoff and this may be at-
tributed to RNA cis-acting elements that confer this resis-
tance.

In order to better understand this mechanism, it is im-
portant to start with a brief description of the architecture
of the 5" and 3’ termini of the CoV genome. The TRSs that
are essential for viral genome transcription (43,181) are lo-
cated downstream to the leader sequence and upstream to
the AUG codon (reviewed in (28)). As such, all coronaviral
transcripts (depending on the subtype) share an identical
coterminal 3’ ends and common 70-90 nt long leader se-
quences at their 5 terminus (182). These noncoding RNA
regions fold into secondary and tertiary structures that are
involved in functional RNA-RNA interactions; they also
bind to a subset of viral and cellular proteins during replica-
tion and translation. In this part, we will not detail the spe-
cific role of these RNA structures that are used for genome
replication and we advise readers to consult these excellent
reviews on the topic (183,184). Rather, we will focus our
attention on RNA structures that are directly involved in
translational control of the coronavirus genomic and subge-
nomic RNAs. Thus, for clarity, we will name ‘SUTR’ the
region spanning from the 5’ terminus of the transcript and
up to the AUG codon. The first 60-95 nt of the 5UTR refer
to the leader sequence, which is common to all coronaviral
mRNAs.

The viral 5 UTR.  Analysis of the RNA structures of the
S'UTR was essentially performed from the MHV strain.
Indeed, by using a combination of phylogenetic analysis
and computer-based prediction software, the 140 first nu-
cleotides of the MHV genome have initially been modelized
to form three conserved stem-loops (SL) that are named
SL1, SL2 and SL4 (185,186). A 3 stem-loop folding is also
observed for MERS-CoV whereas SARS-CoV and B-CoV
contain an additional SL (SL3) that folds the leader TRS
(TRS-L) into a hairpin loop. Interestingly, for all of these
four members of the B-CoV family, the RNA structure-
based models predict that the AUG codon is embedded

within SL4 (183). Thus, this suggests that the accessibil-
ity of the initiator codon may be an issue as it is not po-
sitioned in an unstructured region although this has not yet
been formerly experimentally determined. In 2015, Selec-
tive 2/-Hydroxyl Acylation analyzed by Primer Extension
(SHAPE) analysis of the SUTR of MHYV revealed a con-
formational structure that was in good agreement with pre-
vious predicted models and confirmed the presence of SL1,
SL2 and the correct structure of SL4 at position located be-
tween nt 80 and 130 (187). Interestingly, the overall struc-
tural conformation of these four B-CoV was very similar
despite very poor sequence conservation at the level of pri-
mary nucleotide sequence suggesting a link between RNA
structure and function (143,186,188). Although the func-
tion of the 5 UTR in replication has been extensively stud-
ied, its role in translation remains, yet, to be determined.
The different CoV RNAs are resistant to the endonu-
cleolytic cleavage induced by nspl (Figure 4). This was
confirmed by in vitro studies with purified sgRNA3 and
sgRNA9 (159) indicating that they contain cis-acting ele-
ments that confer resistance. In order to investigate whether
the viral UTRs could be involved in the protection against
the action of nspl, Huang and colleagues engineered dif-
ferent versions of the sgRNA9 coding for the SARS-CoV
N protein. They monitored translational efficiency of these
constructs in the RRL and they found that the viral S UTR
was sufficient to protect the transcripts against RNA cleav-
age (159) but not translation inhibition (147). The SYUTR
of the mRNA encoding the N protein harbors the com-
mon 72 nt-long sequence leader with an additional stretch
of 8 nt. Mutational analysis of the 5’ terminal nucleotides
of the leader sequence affected the resistance to the en-
donucleolytic cleavage indicating that the leader sequence
could specifically protect the viral mRNAs. Experiments
conducted in cells showed that the leader sequence con-
ferred resistance to both RNA degradation and translation
repression induced by nspl (189) suggesting that an uniden-
tified cellular partner was required to promote a total resis-
tance to nspl; this cellular partner would be absent from the
RRL. They also showed that nspl could specifically inter-
act with SL1 of the leader region and this was sufficient to
counteract translational inhibition (Figure 4) (189). Inter-
estingly, the nspl amino acid residues needed for 40S bind-
ing (K164/H165) and for RNA cleavage (R124/K125) are
required to bind SL1 (189). These data confirm that SARS-
CoV nspl exhibits functional domains involved both in
RNA binding and translational regulation, but the molecu-
lar mechanism remains unknown. However, as lysine 164 is
involved in both viral mRNA and ribosome attachment, we
can speculate that these two binding are mutually exclusive
and the presence of SL1 on the viral mRNA could displace
nspl located at the mRNA entry channel (97-99) in order
to allow viral protein synthesis (Figure 4). Very recently,
Schubert and colleagues have reported that the SARS-CoV-
2 nspl could also inhibit translation of transcripts harbor-
ing the SUTR of the gRNA in a HeLa cell free system
(98); this was already observed with SARS-CoV nspl in
a similar experimental setting (159). In contrast, Banerjee
and colleagues showed, in a cellular system, that the leader
sequence and especially the SL1 structure can protect the
mRNA from nspl-mediated translational inhibition (99).
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In addition, the distance between the 5’ cap and the SL1
appears to be critical to counteract the function of nspl on
the viral mRNAs (99). Therefore, the function of nspl on
mRNA expression may vary from the experimental trans-
lational system used (cells, cellular extracts or RRL).

In contrast, MERS-CoV nspl only targets cellular mR-
NAs that are transcribed into the nucleus of the host with
no effect on viral mRNAs synthesized from the cytoplasm.
However, if the CoV mRNAs are engineered to be artifi-
cially synthesized in the nucleus, these viral mRNAs be-
come targets for nspl. Interestingly, in this case, they can
escape translation repression if they possess the leader se-
quence harboring the SL1 motif (163). However, this re-
sistance appears to be CoV strain specific as SARS-CoV
nspl represses MERS-CoV mRNAs despite the presence of
the MERS-CoV leader sequence (96); the reciprocal has not
been studied. In contrast to SARS-CoV nspl, MERS-CoV
nspl requires the N-terminal region and more precisely the
arginine at position 13 to interact with the SL1 RNA struc-
ture (163). Once again and unlike SARS-CoV-nspl, MERS-
CoV-nspl can stimulate expression of viral messengers as
well as those produced or injected into the cytoplasm. The
cleavage defective mutant nspl loses this stimulating activ-
ity on viral RNAs indicating that residues R146/K 147 are
required for the efficient expression of viral RNAs (96).

The different functions of nsp1 from SARS-CoV, SARS-
CoV-2 and MERS-CoV strains in the cellular mRNAs
translation and decay, and in the viral mRNAs protection
are recapitulated in Table 1.

Due to the process of viral replication and transcription
(190,191), the SUTRs of all viral mRNAs start with a cap
moiety followed by a strictly conserved ~72 nt sequence
leader. The size of the entire 5UTRs ranges from 72 to 264
nt in the case of SARS-CoV mRNAs (192) and from 75 to
275 nt for SARS-CoV-2 mRNAs (Table 2) (14).

As mentioned above, the impact and the role of the 5
RNA structures on viral protein synthesis remain to be
determined. However, it is known that gRNAs and sgR-
NAs are translated by a canonical cap-dependent transla-
tion initiation mechanism and, thus, they require the eIF4F
complex: elF4E, elF4G and elF4A. Several studies on dif-
ferent CoVs have studied viral translation in the presence
of inhibitors against components of elF4F. This showed
that addition of cap analogue in the RRL strongly reduced
translation of reporter mRNAs driven by the SUTR de-
rived from the B-CoV strain (193,194), which indicates that
elF4E was required for translation initiation. This result
was confirmed by the use of the 4E2RCat compound that
inhibited interaction between elF4E and eIF4G (195) as
it almost suppressed HCoV-229E replication with a strong
reduction of the expression of the Spike protein (196). Fi-
nally, hippuristanol and silvestrol that are two molecules
known to specifically inhibit the eI[F4A RNA helicase,
did also affect HCoV-229E and MERS-CoV replication
(196,197). Further analyses showed that this defect of vi-
ral replication was due to impairment of viral protein ex-
pression (197). Moreover, a comparison of the effects of
silvestrol between picornavirus (which are dependent on
elF4A for translation) and HCoV-229E and MERS-CoV
showed a stronger sensitivity to silvestrol for coronaviral
mRNAs (197).
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Interestingly, the initiator AUG codons of most SARS-
CoV sgRNAs are surrounded by a poor Kozak context
(192) suggesting that a leaky scanning mechanism may
occur during viral mRNAs translation initiation. Yang
and colleagues have analyzed the ability of these differ-
ent sgRNA 5SUTR to initiate translation of reporter gene
in noninfected cells and they showed that, in such sys-
tem, leaky scanning was indeed taking place (192). Leaky
scanning has been studied in details on the sgRNA7 of
both SARS-CoV (198) and B-CoV (193,199) and results in
the production of two different proteins from two distinct
ORFs. Mutations of the respective AUG codons and/or
their nucleotide context impacted their level of expression
(193,198,199). In the case of SARS-CoV sgRNA7, the pro-
tein ORF7b initiated by leaky scanning was detected in
infected cells and incorporated in the viral particle (198).
Leaky scanning was also reported from the SUTR of the
SARS-CoV sgRNA2-1 with recombinant plasmids (192).
Analysis of the initiation codons from the different sgRNAs
of the SARS-CoV-2 strain shows that several of them are lo-
cated in a weak Kozak context (namely those initiating for
N, S, ORF3a, E and ORF6 proteins) (Table 2). These dif-
ferences may have an impact on the translation rate and it
could also promote expression of unexpected proteins that
may be relevant for the virus.

Another layer of complexity in the regulation of transla-
tion is provided by the presence of a short uORF located
immediately downstream of the genomic leader sequence
(Table 2). This uORF is only found on the gRNA, but not
on the sgRNAs (200) although this bears some exceptions
(201), suggesting that translation of genomic and subge-
nomic RNAs can be regulated by distinct mechanisms. This
uORF potentially encodes a short peptide (3—13 aa) and is
found in the vast majority of CoV genomes as established
on a sampling of 38 reference strains (200). Based on in
vitro translation studies, the authors showed that the MHV
uORF downregulated translational efficiency from the ma-
jor ORF1 start codon (200). Ribosomal profiling studies
confirmed that this uORF was read by incoming ribosomes
during MHYV infection despite its weak initiation context
(202). Interestingly, MHV mutant viruses lacking this struc-
ture showed similar growth properties than the WT but, af-
ter 10 passages, all mutants in which the uORF was altered,
reverted to the WT sequence or generated a new uORF se-
quence. This suggests that this uORF plays a beneficial, al-
though nonessential, role in replication. In addition, this ef-
fect was exerted at the level of translation as reversion to
another uORF resulted in the synthesis of a different short
peptide that the one encoded from the WT virus. Muta-
tion of the AUG codon of the utORF in MHV and B-CoV
S'UTR resulted in the enhancement of translation of the
main ORF (201,203,204) indicating that it could be a way
to control the flux of ribosomes on the mRNA to regulate
the level of expression of the nonstructural proteins.

In the case of SARS-CoV, all viral mRNAs start with the
same 72 nt leader sequence suggesting a common mech-
anism for initial ribosome binding. However, the gRNA
and the sgRNAs exhibit differences in the length and struc-
ture of the untranslated region downstream to nucleotide
72 and up to nucleotide 264 (205). These differences may
affect ribosomal scanning and, consequently, translational
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Table 1. Comparison of the nsp 1 functional characteristics between SARS-CoV, SARS-CoV-2 and MERS-CoV strains; ND, not determined

Nspl functions SARS-CoV SARS-CoV-2 MERS-CoV
General characteristics Sequence identity with 84.4% 100% ~25%

SARS-CoV-2

Cellular localization Cytoplasmic Nuclear and cytoplasmic
Translation shutoff Shutoft Yes Yes

40S binding Yes: The C-terminal domain of nspl binds at the No

mRNA entry channel of the 40S ribosome

Critical amino acids K164/H165 K181
Cellular mRNA mRNAs targeted All mRNAs ND Only mRNAs transcribed
degradation in the nucleus

Critical amino acids R124/K125 ND R164/K165

Viral mRNA escape Cis-acting element
required

Critical amino acids

SL1 (leader sequence)

SL1 (leader sequence) SL1 (leader sequence)

R124 ND R13

Table 2. Translational characteristics of the SARS-CoV-2 transcripts

Transcript ORF 5'UTR length (nt) AUG initiation codon context uORF
gRNA ORFla and ORFlab: nsps 265 aag AUGG ugec AUG C
sgRNA S-RNA Spike (S) 76 aca AUGU no
3a-RNA ORF3a 77 cuu AUGG no
E-RNA Envelope (E) 77 cuu AUG U no
M-RNA Membrane (M) 119 gcc AUGG no
6-RNA ORF6 230 cag AUG U no
7a-RNA ORF7a 75 aac AUG A no
7b-RNA ORF7b 151 aga AUG A no
8-RNA ORF8 75 aac AUG A no
N-RNA Nucleocapsid (N) 83 aaa AUG U no

efficiency. Although most transcripts have only a few nu-
cleotides extension downstream to the leader sequence, this
is not the case for the gRNA and sgRNAs 5, 6 and 8
that have a longer extension of 264, 116, 227 and 155
nt, respectively (192,205). Yang and colleagues have con-
structed reporter RNAs bearing these SUTRs and they
compared their translational efficiency. Some 5UTRs pro-
mote a weaker expression of the reporter gene confirming
that this region, together with the nucleotide context sur-
rounding the AUG, can impact the translation rate of viral
mRNAs (192). Such a difference in expression has also been
pointed out in B-CoV in which the length of the SUTR of
the gRNA and sgRNA 7 are 210 and 77 nt long, respec-
tively. The presence of these additional 133 nt in the SUTR
of the gRNA is sufficient to significantly decrease the ex-
pression of a reporter gene (194). Transcriptomic studies
in SARS-CoV-2 infected cells have shown that 10 sgRNA
are produced in addition to the gRNA (14). The leader se-
quence is 72 nt long and the size of the SYUTR of most
sgRNA is similar to the sequence leader (between 75 and
83 nt) but, for three of them (the gRNA, sgRNAS and
sgRNAG6), they are 265, 119 and 230 nt long, respectively
(Table 2).

The viral 3’UTR. The 3'UTR of coronaviruses has a size
that ranges between 300 and 500 nt in length from the
stop codon to the beginning of the poly(A) tail. Most of
this 3’UTR (436 nt in MHYV, 492 nt for TGEV, 338 nt for
IBV) is essential for viral replication as it plays a critical
role in negative strand RNA synthesis (31,206-208). There
has been a lot of studies using biochemical and computer-
based algorithms combined with functional studies to mod-
elize the structure and explore the function of the various

motifs that are present in the 3’ UTR. This has led to a
model initially described for MHV (209) that postulates
that the 68 nt just downstream to the stop codon of the
N gene folds into a bulged stem loop (BSL), which is fol-
lowed by a 54 nt hairpin-type pseudoknot (210). These two
structures, BSL and pseudoknot, are phylogenetically con-
served in length and shape (but, likewise for the RNA struc-
tures in the SUTR, not at the level of nucleotide sequence)
among all coronaviruses studied so far and were proposed
to function as a molecular switch during viral RNA synthe-
sis (211). Other secondary and tertiary structures are also
found downstream to the pseudoknot but these motifs are
less well conserved among strains and appear, for most part,
not to be essential for viral replication (for a review see
(183)).

The poly(A) tail at the 3’ terminus of the transcript
also plays a critical role in mRNA stability and transla-
tion through its interaction with PABP (212-214). Cyto-
plasmic PABP interacts both with the deadenylation ma-
chinery and most of the translation initiation factors. Thus,
the length of the poly(A) tail can modulate expression of
mRNAs, and cytoplasmic polyadenylation can occur to reg-
ulate translation (215,216). As it is also a target for dead-
enylases leading to RNA decay and loss of viral genome in-
tegrity, the length of the poly(A) tail of viral RNA has to be
thoroughly controlled. Nevertheless, the mechanisms impli-
cated in coronaviral RNA polyadenylation remain unclear.
It is assumed that the poly(A) tail is probably generated
from a short poly(U) stretch template found in the negative-
strand genome by using a slippage mechanism involving the
viral RNA-dependent RNA polymerase; alternatively, the
virus could also use the cytoplasmic poly(A)-polymerase in
an AAUAAA-independent manner. Indeed, the canonical
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polyadenylation signal (AAUAAA) is not present in CoV
mRNAs but it is not required if the mRNA already pos-
sesses a short poly(A) stretch. Here, the poly(U) stretch can
be used as a template for a short poly(A) synthesis by the
viral replicase or the cellular transcriptase (217). It is note-
worthy that Peng et al. have described the presence of an
AGUAAA noncanonical polyadenylation signal that is not
required for efficient coronavirus mRNA polyadenylation
but may be critical when the length of the tail becomes too
short (218).

A dynamic regulation of the control of poly(A) tail length
has also been reported in the course of viral infection when
the length of the poly(A) tail in the B-CoV strain extends
from a 45 (A) at the beginning of infection to a 65 (A) stretch
later on during the cycle (219). Interestingly, this length vari-
ation was similarly found with IBV infection that suggests
a common mechanism among coronaviruses that can occur
both in cell culture and in the host organism (220). It is well
known that changes in poly(A) tail length are often asso-
ciated with changes in translational regulation. In the case
of coronavirus mRNAs translation, transcripts with longer
poly(A) tail are more efficiently translated (219). Moreover,
it has been shown that nsp8 from HCoV-229E exhibits an
adenyltransferase activity that indicates for a possible role
for the protein in the extension of the viral poly(A) tail
(221).

Interactions between viral and host factors with the
poly(A) tail have been studied and reports show that cel-
lular PABP can bind to the coronaviral poly(A) tail (222).
More recently, data support evidence that the B-CoV N pro-
tein can also bind to the poly(A) tail with a high affinity
to compete with PABP. As a result, the N protein inhibits
mRNA translation in a poly(A)-dependent manner in both
the RRL and cultured cells (223). Interestingly, the N pro-
tein can interact with both PABP and elF4G and pulldown
assays suggest that the presence of N protein may alter the
interaction between eI[F4G and eI F4E (223). To summarize,
multiple interactions between the ploy(A) tail, PABP and N
protein occur during CoV infection and contribute to regu-
late translation of cellular mRNAs. In addition, the N pro-
tein interacts with nsp9 (223), which is a replicase protein as-
sociated with the viral polymerase (224); Thus, the poly(A)
tail may act as a regulator to coordinate the use of the viral
genome for translation (binding to PABP) or for replication
(binding to N).

Finally, a recent study using transcriptomic analysis has
confirmed that SARS-CoV-2 RNAs are polyadenylated
with a median length of 47 (A) residues (14). This poly(A)
tail is longer for gRNAs than for sgRNAs and among the
sgRNAs, two populations are observed: a minor one that
harbors a ~30 A residues and a major one that contains
a poly(A) tail of about 45 residues. Transcripts with the
short poly(A) tail may represent a population of RNAs that
have already engaged in the first processes of deadenylation
and RNA decay. Interestingly, an epitranscriptomic analy-
sis of the RNA modifications, mainly N6-methyladenosine
(m6A) but also 5-methylcytosine methylation (5mC), 2'-0-
methylation (Nm), deamination and terminal uridylation
shows that all these modified RNAs exhibit shorter poly(A)
tail compared to unmodified RNAs. This observation con-
firms that viral RNA modifications are involved in viral
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RNA stability and translational control through the length
of the poly(A) tail (14).

To conclude this chapter, the interactions between the
two termini were shown to play some role both in viral repli-
cation and translation. Indeed, the model of discontinuous
transcription of subgenomic RNAs implies that 5" and 3
interactions are needed for efficient replication (225-227).
In TGEYV, these interactions occur via RNA-RNA, RNA-
protein and protein—protein contacts and induce circular-
ization of the coronavirus genome to promote elongation of
the minus strand (228). However, more related to the topic
of this review, other RNA-protein interactions have been
evidenced (222) and suggested that the PABP bound to the
3’ poly(A) tail also contributes to genome circularization
with its ability to interact with eIF4G (222). Thus, it sug-
gests that molecular interactions mediated by the 5" and 3’
UTRs are important for CoV translation and it would be
essential, in the future, to define better the nature and func-
tion of these interactions between RNAs and potential viral
and cellular proteins involved in the process.

CONCLUDING REMARKS

Like in many RNA viruses, protein synthesis is controlled at
different levels during CoVs infection. As we have seen, one
of the most comprehensive mechanisms is probably trans-
lation repression mediated by nspl. Recent cryo-EM stud-
ies have revealed novel insights in how SARS-CoV-2 nspl
interferes with ribosome function (97,98). However, RNA
cleavage and/or degradation induced by nspl remains a
mystery. In addition, the mechanism by which translational
repression is mediated in MERS-CoV nspl and «-CoV
nspl remains to be determined. For clarity and as a sum-
mary, we have recapitulated in Table 1 the different func-
tions fulfilled by nspl from SARS-CoV, SARS-CoV-2 and
MERS-CoV strains.

Based on the NMR structure of SARS-CoV nspl (164),
Jauregui and colleagues have engineered 38 mutants that
target 62 exposed amino acids and analyzed their ability to
promote inhibition of host gene expression. From this work,
they identified versions of the nspl protein that abolished,
attenuated or increased the inhibition of host gene expres-
sion (229). These data confirm that coronaviruses are able
to evolve through mutation of these residues.

Interestingly, SARS-CoV nspl can also disrupt lo-
calization of the nuclear pore complex protein Nup93
(230), which is consistent with its perinuclear localiza-
tion (94,231). As a consequence, nspl alters the nuclear-
cytoplasmic distribution of nucleolin (230). As nucleolin is
an RNA binding protein implicated in RNA stability (232),
its delocalization in the presence of nsp1 could contribute to
the control of host gene expression mediated by nspl. Inter-
action between SARS-CoV-2 nspl and Nup93 has not been
detected from the analysis of SARS-CoV-2 human protein—
protein interactome but the authors showed that both nsp9
and ORF6 protein are able to interact with nuclear pore
components (102).

Recent data providing from ribosome profiling assays,
performed in SARS-CoV-2 infected cells, added an addi-
tional layer of complexity in the regulation of translation
from the gRNA and sgRNAs. Indeed, the authors have
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identified 23 novel ORFs including internal in-frame and
out-frame ORFs, and several uORFs that make the trans-
lation of these mRNAs more complex and require further
functional investigations (27).

To conclude, it is also important to mention recent data
on epitranscriptomic of CoV RNAs. To date, 172 RNA
modifications can be listed (233) in which the m6A that re-
mains predominant and which is known to play critical roles
in mRNA metabolism such as mRNA stability, decay and
translation (234). As a result, m6A RNA modification of
both viral and cellular mRNAs is a new mean to control
post-transcriptional gene expression during viral infection
(235). However, the effects of m6A modifications can either
promote viral replication as it is the case for enterovirus 71,
influenza A virus and the human immunodeficiency virus,
but it can also negatively impact viral production as demon-
strated during both HCV and ZIKYV infection (235). M6A
modifications have been studied in cells infected with the
a-CoV PEDV strain and the authors showed a decrease
in demethylation activity that correlates with an increase
of m6A addition in the host cellular RNAs resulting in a
decrease of PEDV replication (236). The RNA genome of
SARS-CoV-2 contains >50 potential m6A sites based on
the presence of specific sequence motifs for m6A modifica-
tion by the RNA methylase complex METTL3/14 (237).
Gain or loss of m6A results in significant functional changes
during viral replication (235) and it will be important to de-
termine precisely whether it has a pro- or antiviral effect.

So, the recent data provided by ribosome profiling assay
in SARS-CoV-2 infected cells (27), the SARS-CoV-2 pro-
tein interactome (102) and the potential mRNA epitran-
scriptomic regulation confirm the importance of the rela-
tionship that exists between the viral proteins and the com-
ponents of the translational machinery.
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