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ABSTRACT

Translation of SARS-CoV-2-encoded mRNAs by the
host ribosomes is essential for its propagation.
Following infection, the early expressed viral pro-
tein NSP1 binds the ribosome, represses trans-
lation, and induces mRNA degradation, while the
host elicits an anti-viral response. The mecha-
nisms enabling viral mRNAs to escape this multi-
faceted repression remain obscure. Here we show
that expression of NSP1 leads to destabilization of
multi-exon cellular mRNAs, while intron-less tran-
scripts, such as viral mRNAs and anti-viral inter-
feron genes, remain relatively stable. We identified a
conserved and precisely located cap-proximal RNA
element devoid of guanosines that confers resis-
tance to NSP1-mediated translation inhibition. Im-
portantly, the primary sequence rather than the sec-
ondary structure is critical for protection. We further
show that the genomic 5’UTR of SARS-CoV-2 drives
cap-independent translation and promotes expres-
sion of NSP1 in an elF4E-independent and Torin1-
resistant manner. Upon expression, NSP1 further en-
hances cap-independent translation. However, the
sub-genomic 5’'UTRs are highly sensitive to elF4E
availability, rendering viral propagation partially sen-
sitive to Torin1. We conclude that the combined
NSP1-mediated degradation of spliced mRNAs and
translation inhibition of single-exon genes, along
with the unique features present in the viral 5’UTRs,
ensure robust expression of viral mRNAs. These

features can be exploited as potential therapeutic
targets.

INTRODUCTION

Most viruses do not encode functional translation machin-
ery and rely on the host cell to translate their genetic in-
formation into proteins. This makes viruses obligatory par-
asites that exploit the host translation apparatus for suc-
cessful proliferation. Such an absolute dependence turns
the translational regulation into the Achilles heel of vi-
ral infection and propagation. Infected cells attenuate cap-
dependent translation to prevent the translation of viral
proteins (1). Translation that does not rely on the S'cap
structure, such as via internal ribosome entry sites (IRESs),
is a major strategy employed by multiple positive single-
stranded RNA viruses to support the expression of vi-
ral mRNAs when the cap-dependent translation is inhib-
ited. IRES activity enables elF4E-independent translation
and, therefore, is particularly important upon inhibition of
mTOR complex (2). In parallel, multiple viruses attempt
to enforce mTOR activation to relieve the translational re-
pression (3). Notably, the cap-dependent and independent
translation initiation pathways are not mutually exclusive
and may cooperate to enhance viral-specific translational
yield, as was shown for HCV (4).

SARS-CoV-2 is a betacoronavirus encoding a long 5'-
capped and polyadenylated positive single-stranded RNA
genome that serves as an immediate mRNA template for
the translation of ORF1ab, two precursor polyproteins that
are proteolytically cleaved to form 16 non-structural pro-
teins (5). In addition, the SARS-CoV-2 genome gives rise
to multiple sub-genomic mRNAs that are synthesized via
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discontinuous RNA-templated transcription and, similarly
to the genomic RNA, bear 5'caps and poly(A) tails (6). The
presence of the 5'cap on all viral mRNAs stresses the im-
portance of cap-dependent translation initiation for SARS-
CoV-2 and raises questions regarding the ability of the virus
to oppose the cellular attenuation of cap-dependent trans-
lation.

NSP1, the non-structural protein 1, is a major virulence
factor encoded by SARS-CoV-2. NSPI1 directly interacts
with host ribosomes via its C’-terminal moiety (7,8), re-
pressing translation and inducing mRNA degradation in
infected cells (9-11). Particularly, NSP1 was shown to as-
sociate with 40S ribosomal subunits at the mRNA entry
channel, hindering the access of mRNAs to the ribosome.
Interestingly, translation of innate immune genes is partic-
ularly repressed in the infected cells (10), enabling the virus
to evade the host’s innate defense. Viral SUTRs were shown
to protect mRNAs from NSP1-mediated inhibition (10,12),
and although the stem—loop element 1 (SL1) within viral
S'UTRs was suggested to play a role (13), the exact motif
remains insufficiently characterized.

In this study, we show that NSP1 promotes degradation
of host multi-exon mRNAs, while exerting a milder effect
on the stability of intron-less transcripts. Using single-exon
reporter mRNAs, we demonstrate that these transcripts
are repressed by NSP1 primarily at the translation level.
We identified a specific RNA sequence within the SARS-
CoV-2 genomic and sub-genomic 5’UTRs that enables vi-
ral mRNAs to escape repression. This element depends
on its nucleotide composition rather than the secondary
structure and is characterized by the absence of guanosines
and its precise location relative to the S'end, two features
that are conserved in several coronaviruses. We show that
this element is sufficient for robust heterologous expres-
sion of DNA-encoded genes in NSP1-expressing cells. We
also found that the genomic version of the viral SUTR
that precedes NSP1 can promote cap-independent transla-
tion, supporting elF4E-independent, Torinl-resistant ini-
tiation. These features enable the highly efficient expres-
sion of NSP1 even upon prolonged arrest of cap-dependent
translation. In contrast, the sub-genomic 5 UTR exhibits
high sensitivity to elF4E availability. These findings un-
ravel the molecular strategies employed by SARS-CoV-2
to hijack and adjust the host translation machinery for vi-
ral propagation and to overcome both inhibition of cap-
dependent translation and induction of interferons.

MATERIALS AND METHODS

Reagents

DNA constructs. To create HA-tagged NSP1 lacking vi-
ral YUTR for expression in cell culture (pCRUZ-HA-
NSP1), NSP1 was obtained from the Forchheimer plasmid
bank (WIS, Israel) and cloned into pCRUZ-HA plasmid
(sc-5045, Santa Cruz Biotechnology) using restriction-free
cloning and primers #1, 2 (here and on, see Table S1 for
primers’ sequences). To create His-tagged NSP1 lacking vi-
ral SUTR for bacterial expression, NSP1 was PCR am-
plified using primers #3,4 and inserted into pET28 plas-
mid with 14xHis-bdSumo tag (14). The insertion of NSP1
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removed the bdSumo but maintained the 14xHis tag. To
create HA-tagged NSP1 with the viral SUTR for expres-
sion in cell culture (pcDNA3.1-TSS-5UTR-HA-NSP1),
HA-NSP1 was PCR-amplified from the pPCRUZ-HA-NSP1
plasmid using primers #5,6 and introduced immediately af-
ter the transcription start site of the pcDNA3.1(-) plasmid
using restriction-free cloning. This plasmid (pcDNA3.1-
TSS-5UTR-HA-NSP1) was used in this study to express
HA-NSPI1 in mammalian cultured cells, unless indicated
otherwise. The genomic 5UTR of SARS-CoV-2 was cre-
ated by sequential annealing and amplification of primers
#13-17. The combined 5SUTR was introduced between
Kpnl and BamHI sites of pcDNAS/FRT/TO plasmid
(ThermoFisher Scientific); Renilla (Rluc) reporter gene was
introduced into the same plasmid using BamHI-NotlI sites.
For bi-cistronic plasmids, Firefly (Ffly) reporter gene bear-
ing Hisx6 tag was amplified using primers #18,19 and
cloned between HindIII-Kpnl sites of pcDNAS/FRT/TO
plasmid. This plasmid was used to both express Firefly gene
in cells and synthesize Firefly mRNA in vitro using T7 pro-
moter. Rluc was amplified using primers #20,21 and in-
troduced using Xhol site of the same plasmid to create
a bi-cistronic expression vector where both reporters have
distinct translation start and stop codons. After cloning,
the Xhol site was preserved only before the Rluc gene
and used for insertion of tested DNA sequences in both
orientations. For this purpose, the SARS-CoV-2 genomic
5'UTR was amplified using primers #22,23; EMCV IRES
was amplified from the TRex-IRES-RLUC plasmid (15)
with #24,25 (originally, this IRES was amplified from the
pIRES2-EGFP plasmid (Clontech). Other IRES sequences
were amplified from plasmids kindly provided by M. Lopez-
Lastra (Universidad Catoélica de Chile) (16) and cloned be-
tween the Kpnl and BamHI sites of TRex-Rluc plasmid. To
create a plasmid with sub-genomic SUTR fused to Rluc,
the Rluc gene was first amplified with primers #26,27 and
the resulting product was further re-amplified with primers
#27,28. The resulting product was used to run a PCR us-
ing pcDNAS/FRT/TO plasmid as a template. The resulting
plasmid had 16nt between the transcription start site (T'SS)
and the beginning of the viral 5UTR. To create plasmid
bearing 155nt between the TSS and the viral SUTR, the
cassette including the sub-genomic 5UTR and Rluc gene
was amplified using primers #13,29 and inserted between
KpnI-NotI sites of pcDNAS/FRT/TO. The same strategy
was used to create plasmid bearing the genomic 5SUTR.
To create a plasmid with viral SUTR placed immediately
after the TSS, primers # 13,30 were used to amplify the
5'UTR-Rluc cassette and the product was re-amplified us-
ing primers #31,32. The resulting product was used in a
PCR to amplify pcDNA3.1(-) plasmid as template. All con-
structed plasmids were subjected to Sanger sequencing.

Restriction-free cloning. For restriction-free cloning, a
PCR product with ends overlapping the destination plasmid
was used for a subsequent PCR using the destination plas-
mid as a template. The resulting product was cleaned, con-
centrated, treated with Dpnl enzyme for 1-2 h, and trans-
formed into bacteria. Grown colonies were screened using
colony PCR using HyTaq mix (HyLabs, Israel).
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Plasmid DNA preparation. Plasmid DNA of interest was
transformed into competent DHS alpha bacteria using
the heat shock method and plated on LB plates supple-
mented with either Ampicillin (200 wg/ml) or Kanamycin
(50 pwg/ml). Grown colonies were isolated, grown overnight
in liquid LB medium supplemented with the relevant antibi-
otic, and plasmid DNA was extracted using either miniprep
or maxiprep kits.

In vitro RNA synthesis. DNA templates bearing T7 pro-
moter were produced by PCR amplification (Kappa HiFi
Hotstart, Roche) of plasmids encoding for Renilla reporter
using primers detailed in Table S1. Typically, primer #33
was used to add poly(A) tail of 30nt, while primers #34—
47 introduced both the T7 promoter and the indicated se-
quence manipulations. PCR products were cleaned using
columns (Qiagen) and used for in-vitro transcription re-
actions using RiboMAX kit (Promega) according to the
manufacturer’s instructions. The reactions were treated with
DNAse (15 min at 37°C) and the remaining RNA was re-
covered using Direct-zol RNA mini prep kit (Zymo re-
search) according to the protocol. For RNA capping we
used the Vaccinia capping kit (NEB) followed by Direct-zol
RNA mini prep kit (Zymo research).

RNA isolation and RT-¢PCR assay. RNA was isolated
from cultured cells using BIO TRI RNA reagent (Bio-
Lab Chemicals) and Direct-zol RNA MiniPrep kit (Zymo
research), as instructed by the manufacturers. When the
cells were transfected with plasmids prior to RNA extrac-
tion, DNAse treatment (Turbo DNAse, Invitrogen) was
performed, and the RNA samples were re-isolated. To test
the efficacy of DNAse treatment, these samples were sub-
jected to qPCR without prior reverse transcription. Fol-
lowing the isolation, RNA was typically reconstituted in
25 wl of sterile nuclease-free water (Bio-Lab Chemicals) and
stored at —20°C. To assess RNA integrity, 5wl of the total
RNA were resolved on agarose gels and visualized. Reverse
transcription (RT) was done using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystem) using either
random hexamers or Renilla-specific primer (Table S1, #79,
0.5 wM), according to the manual. Typically, 5 pl of total
isolated RNA were taken for a single RT reaction and di-
luted 1:5 with water afterwards. Quantitative real time PCR
(qPCR) experiments were performed in total reaction vol-
ume of 10 wl with gPCRBIO SyGreen Blue Mix Hi-ROX
(PCR BIOSYSTEMYS) reagent on 384-wells plates (Axy-
gen) using Viia7 (Thermo Fisher Scientific) instrument in
standard conditions. Typically, two or three technical re-
peats were done for each biological sample and their average
values were taken for subsequent calculations done accord-
ing to the AAC; method formula. In most cases, such as
in the experiments presented in Supplementary Figure S3B,
C), the tested RNA molecules encoding different SUTRs
were mixed, used as a single pooled sample, and later de-
convoluted according to the barcode present in their 3’end.
All used primers (Table S1) targeted exons in their respec-
tive genes.

Nspl protein purification for in vitro assay. The pET28
plasmid encoding for His-tagged NSP1 was transformed

into BL21(DE3) E. coli cells and a single colony was in-
oculated into 5 ml of LB supplemented with Kanamycin
(50 pg/ml) and incubated with shaking at 37°C. After 8 h,
the bacteria were transferred into Erlenmeyer flask with 1
1 of LB supplemented with Kanamycin and grown to O.D
~(0.5 at 37°C. IPTG (0.5 mM) was added to the medium
and incubated orbitally shaking at 16°C overnight. The bac-
teria were pelleted (4000 RPM, 20 min) and resuspended
in 20 ml of resuspension buffer (500 mM NaCl, 30 mM
HEPES, 5 mM MgCl). The resuspended bacteria were son-
icated (probe sonicator, 12 cycles of 30 s on + 30 s off) and
centrifuged to pellet and remove the cellular debris. Super-
natant was then loaded on 500 ul nickel-NTA beads, washed
4 times with 10 ml wash buffer (resuspension buffer with 20
mM imidazole) and eluted with 5 ml resuspension buffer
supplemented with 300 mM imidazole. The eluate was sub-
jected to buffer exchange in a dialysis bag (10 kDa) against
resuspension buffer without imidazole and used for in vitro
assays. This protocol is based on previously reported proce-
dure for recombinant NSP1 isolation (8).

In-vitro translation assay. In vitro translation in nuclease-
treated Rabbit Reticulocyte Lysate System (RRL, Promega)
was carried out as recommended by the manufacturer with
slight modifications. The final volume of the reaction mix-
tures was 12.5 pl. The mixtures were preincubated for 10
min with either NSP1 or BSA protein (5 ng/pl). Indicated
in-vitro transcribed and capped mRNAs were added to the
RRL reactions (6.25 ng/wl) and incubated at 30°C for 1 h.
Samples of 3 l were then subjected to Renilla activity mea-
surements.

mRNA library preparation for MARS-seq. Total RNA was
isolated from HEK293T cells using BIO TRI RNA reagent
(Bio-Lab Chemicals) and mRNA was captured using Oligo
d(T)25 magnetic Beads (NEB) according to manufacturer’s
protocol. Poly(A)-purified RNAs were taken for library
preparation using a derivation of MARS-seq (massively
parallel RNA sequencing) as described (17). Briefly, 10 ng
of poly(A)+ RNA was taken for the first reverse transcrip-
tion reaction using Illumina barcoded RT1 primer. Resul-
tant barcoded cDNA samples were subsequently pooled ac-
cording to Ct values of a house-keeping gene (GAPDH)
(Quality control 1). Pooled cDNA was treated with Exonu-
clease I (NEB) to remove excess primers followed by sec-
ond strand synthesis. After that, in-vitro transcription was
performed using T7 RNA Polymerase (NEB) to generate
RNA, which was later fragmented and ligated to an adaptor
consisting of RD2 using T4 RNA ligase I (NEB) followed
by the second reverse transcription reaction. The library so
formed was amplified using Kapa Hifi ready mix (Roche).
The amplified RNA libraries were sequenced using a high-
throughput 75 bp kit (Illumina FC404-2005) on NEXTseq
500 sequencer.

Polysomal isolation. Cultured cells (24 h after transfec-
tion, at ~80% confluency) were treated with 100 pg/ml
cycloheximide for 5 min and washed with cold polysome
buffer (20 mM Tris pH 8, 140 mM KCIl, 5 mM MgCl, and
100 pg/ml cycloheximide). Cells were collected in 500-p.1
polysome buffer supplemented with 0.5% Triton, 0.5% De-



oxycholic acid (Sigma), 1.5 mM DTT, 150 units RNase in-
hibitor and 5 pl protease inhibitor cocktail. After mechan-
ical disruption, the samples were centrifuged at 12 000 rpm
for 5 min at 4°C. The cleared lysates were loaded onto su-
crose density gradient (10-50%) and centrifuged at 38 000
rpm for 105 min at 4°C. Gradients were fractionated with
continuous absorbance 254 nm (A254) measurement using
ISCO absorbance detector UA-6. Fractions were pooled ac-
cording to their absorbance into free, light and heavy ribo-
somal fractions. A whole sum of absorbance (A45s4) for 80S
peak was calculated and marked as a monosomal fraction.
Similarly, the total sum of absorbance (A4s4) for both light
and heavy fractions was calculated as a polysomal fraction.
For protein extraction, polysomal fractions collected from
sucrose gradients were treated with 0.25 volumes of ice-cold
100% Trichloroacetic acid and 0.05% sodium deoxycholate
to precipitate total proteins for 30 min on ice. The samples
were then centrifuged at 4°C 20 000 g for 30 min. The pro-
tein pellets were carefully washed twice with pure acetone,
air dried and reconstituted in a 2x sample loading buffer.
The protein samples were loaded into 12% SDS-PAGE gel
and subjected to Western blot analysis.

Puromycin labelling. Cells were transfected with plas-
mids encoding either HA-NSP1 or eGFP and 24 h later,
puromycin (10 wg/ml) was added for 5 min. The cells were
then collected on ice, lysed using RIPA buffer (Sigma) and
subjected to 10% SDS-PAGE followed by Western blotting.

Western blotting.  Protein extracts were resolved on SDS-
PAGE using standard equipment (Bio-Rad) and trans-
ferred to PVDF membranes in buffer containing 20%
methanol. Quality of transfer was examined by Pon-
ceau staining (0.1% ponceau in 20% acetic acid) and
membranes were blocked in skim milk (5% w/v) solu-
tion. The membranes were probed with the indicated
antibodies overnight at 4°C, washed in washing buffer
and probed with secondary HRP-conjugated antibodies
(Jackson Immunoresearch). Primary antibodies used: anti-
puromycin (Millipore Cat# MABE343), anti-alpha-tubulin
(Sigma Cat# T5168), anti-GFP (Abcam Cat#ab1218), anti-
HA (Abcam Cat#ab9110), anti-RPS3A (Antobody Ver-
ify, Cat#AAS38561C). After treatment with ECL reagent
(Azure Biosystems), images were captured using Licor Fc
imaging system and the signal intensities were calculated us-
ing ImageStudio software.

Luminescence assay. The cells were lysed in reporter lysis
buffer (Promega), according to the volumes recommended
by the manufacturer. For Renilla substrate, Coelenterazine
(CTZ) reagent (Bio Gold, St. Louis, USA) was dissolved in
methanol to stock concentration of 2.5 mg/ml and equi-
librated with 0.1N HCI. It was further diluted 1:1000 in
phosphate buffer containing 80 mM K,;HPO,4 and 20 mM
KH,PO,. Signals were detected in white 96-well plates using
Modulus microplate luminometer reader (Turner Biosys-
tems) combining 5 wl cell lysate and 50 wl of CTZ solu-
tion. For Firefly assay, 5 wl of cell lysates were combined
with 25 pl of luciferin reagent (0.5 mM ATP, 33.3 mM
DTT, 0.2 pg/pl co-enzyme A, 0.5 mM D-luciferin in reagent
buffer [52% (w/v) of (MgCo3); Mg(OH),-5H,0, 20 mM
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tricine, 5.34 mM MgSO,4-7H, O, pH 7.8]). Where applicable,
the relative signal ratio (e.g. Renilla/Firefly) was calculated
and presented; see Table S2 for the raw data.

Biological resources

Cultured cell lines. MCF7 and HEK293 cells were
from ATCC; MRCS5 and Vero E6 cells were generously
provided by Zvi Livneh and Yosef Shaul, respectively
(WIS, Israel). The cells were grown in DMEM media
(Gibco) supplemented with 10% bovine serum and 1%
penicillin/streptomycin (Gibco) in 5% CO,-buffered incu-
bators at 37°C. Cells were split twice per week and kept in
culture for up to 8 weeks.

Cell viability upon SARS-CoV-2 infection. SARS-CoV-2
(GISAID accession EPI_LISL_406862) was kindly provided
by Bundeswehr Institute of Microbiology, Munich, Ger-
many. Virus stocks were propagated (four passages) and
titered on Vero E6 cells (Vero E6, ATCC® CRL-1586™).
Handling and working with SARS-CoV-2 virus were con-
ducted in a BSL3 facility in accordance with the biosafety
guidelines of the Israel Institute for Biological Research
(IIBR). Vero E6 cells were seeded at a density of 3 x 10*
cells per well in 96-well plates. After overnight incubation,
cells were treated in three replicates with Torin-1 (Fisher
Scientific) or Remdesivir (Medchemexpress) as indicated.
Cells were infected 1 h later with SARS-CoV-2 (MOI, 0.01-
0.015). Cell viability was determined 72 h after infection by
using the Cell Proliferation Kit (XTT based, Biological In-
dustries, Israel) according to manufacturer’s protocol. For
positive control, cells were treated with Remdesivir, for neg-
ative control cells were not treated prior to infection.

Cell growth kinetics and proliferation assays. To visualize
cellular growth, cells were seeded in six-well plates, treated
as indicated, and grown for 48-72 h in optimal condi-
tions. The cells were washed once in PBS, treated with
PBS-formaldehyde (4%) for 20 min at room temperature
and stained with crystal violet stain (Merck). After exten-
sive washing, the plates were air-dried and documented. To
monitor growth kinetics, the cells were seeded on 96-well
plates, treated as indicated and subjected to CellTiter-Glo
luminescent cell viability assay (Promega) according to the
manufacturer’s instructions.

Transfections. DNA plasmids were transfected using
JetPrime reagent (Polyplus transfection). Typically, the
medium was changed after 4 h, and cells were grown for
24-72 h prior to further analysis. Efficiencies of transfec-
tions were examined 20-24 h post-transfection using the
GFP signal in eGFP-transfected cells. Typically, transfec-
tion efficiencies ranged between 70% and 80% in MCF7
and MRCS5 cells, and 80-90% in 293 cells. siRNA trans-
fections were done using Lipofectamine RNAiMax reagent
(Thermo Fisher Scientific). The media were replaced 24
h after transfections and the cells were collected after ad-
ditional 48 h. When indicated, cells were manipulated (e.g.
transfected with DNA plasmids) within this time. /n-vitro
synthesized mRNAs were transfected using Lipofectamine
2000 reagent (Thermofisher scientific) according to the pro-
tocol provided by the manufacturer. Briefly, mRNA was
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mixed with Opti-MEM solution (Thermofisher scientific)
and Lipofectamine reagent and incubated at room tempera-
ture for 10 min. The growing media were replaced with pre-
warmed Opti-MEM solution and the transfection solution
was added to cells. The transfection solution was replaced
after 2 h to pre-warmed growth media and the cells were
incubated at optimal conditions for 5 h prior to lysis and
subsequent luminescence assay.

Computational resources. Raw data were processed using
UTAP (18) with default parameters. Corrected counts were
normalized by mouse Poly(A)+ enriched RNA, which was
added as a spike to all samples and mapped to mouse
genome using STAR (19) not allowing mismatches. Percent
of uniquely mapped reads per sample was used as a nor-
malization factor. Biological replicates were averaged and
means were used for fitting a nonlinear least-squares model
assuming first-order decay kinetics: C = Cy e %@ while
corrected counts at 1 = 0 were used as Cy and inverse of
standard errors of the corrected count means were used as
weights for fitting. Half lives of all genes were then calcu-
lated using the following equation: #,» = In(2)/kgecay. Genes
with mean corrected read count <5 at # = 0 were removed
from subsequent analysis. Negative half life values and half
lives >24 h were set to 24h.

Statistical analysis.  Statistical significance was calculated
using Student’s 7-tests with one-tailed distribution. Signifi-
cance symbols in all experiments are: *P < 0.05; **P < 0.01;
P < 0.001, #***P < 0.0001.

RESULTS

NSP1 robustly destabilizes multi-exon mRNAs while moder-
ately inhibiting translation initiation

It was recently reported that endogenous mRNAs undergo
destabilization in SARS-CoV-2-infected cells (9,10). In the
case of SARS-CoV-1, this role has been attributed to NSP1,
the first protein encoded by the viral genome (20,21). To
test if NSP1 encoded by SARS-CoV-2 is sufficient to induce
mRNA degradation, we transfected HEK293 cells with a
plasmid encoding for HA-NSP1 and isolated polyadeny-
lated mRNAs after 24 h of expression. Indeed, the expres-
sion of NSP1 significantly reduced the levels of polyadeny-
lated RNAs in cells (Figure 1A). To directly examine the ef-
fect of NSP1 on mRNA stability, we measured the half-lives
of cellular mRNAs via time-course actinomycin D treat-
ment followed by RNA-seq (22). Indeed, we found that
the expression of NSP1 strongly reduced the estimated av-
erage half-life of mRNAs from 12 to 3.5 h (Figure 1B).
Upon detailed mRNA analysis, we noticed that the mag-
nitude of the effect on mRNA degradation differed ac-
cording to the presence of introns: while the stability of
multi-exon mRNAs was highly sensitive to NSP1, intron-
less transcripts were relatively resistant (Figure 1C). Genes
binned according to their mRNA half-lives confirmed that
NSP1 exerted a stronger effect on the multi-exon mRNAs,
54.5% of which exhibited movement over at least two bins
as compared to 37.3% of single-exon mRNAs that exhib-
ited similar behavior in NSP1-expressing cells (Figure S1A,

B). We validated these half-life estimations by prolonged
actinomycin D treatments measuring spliced endogenous
mRNAs and histones, which are representatives of single-
exon mRNAs, by an orthogonal RT-qPCR approach (Fig-
ure S1C, D respectively). We also employed Renilla (Rluc)
reporter gene without or with an intron placed inits SUTR
(Figure 1D, upper panel) that is spliced out during mRNA
maturation (Figure S1E). The intron-encoding gene showed
greater sensitivity to the expression of NSP1, both in pro-
tein and mRNA stability levels (Figure 1D and Figure S1F,
G). Since viral mR NAs are intron-less, this observation pro-
vides a plausible explanation of how the virus ensures the
relative stability of its own mRNAs. However, a major class
of anti-viral genes, such as interferon-alpha and beta, are
all intron-less. It was reported that SARS-CoV-2 represses
these genes mainly at the translation level (8), suggesting
that the translation machinery of infected cells must distin-
guish, among intron-less transcripts, between viral and host
mRNAs. Overall, these results suggest that the expression
of NSP1 leads to the global destabilization of preferentially
the multi-exon host mRNAs and indicate that it may involve
additional levels of repression.

NSP1 was reported to interact with the host ribosome
near the entry channel and inhibit translation due to physi-
cal hindrance to the ribosome-mRNA interaction (7,8,23).
To test the effect of NSP1 on cellular translation, we per-
formed polysome profiling of cells transfected with either
HA-NSP1 or eGFP. Indeed, polysomal profiles of NSP1-
expressing cells exhibited diminished polysomal fractions
with an apparent enhancement of the 80S fractions (Fig-
ure 2A and Figure S2A), indicating reduced translation.
The effect of NSP1 on translation was further examined by
puromycin incorporation assay. Puromycin is a structural
analog of aminoacylated-tRNA (aa-tRNA), which leads
to premature termination of translation and labeling of
nascent polypeptides. HEK293 cells were transfected with
HA-NSP1 or GFP and subjected to a pulse of puromycin
(10 pg/ml) for 5 min and subsequent western blotting us-
ing anti-puromycin antibodies. The results revealed a mod-
erate loss of nascent polypeptide labeling upon NSP1 ex-
pression (Figure 2B and Figure S2B, C), confirming atten-
uated translation. Interestingly, we found that NSP1 pro-
tein was mainly present in the non-translating and ini-
tiating fractions of the polysomal gradient and was de-
void from the fractions of actively translated mRNAs (Fig-
ure 2C). Taken together, these observations suggest that
NSP1 may reduce the efficiency of the translation initiation
step.

As translation is linked to cell proliferation and survival,
we examined cell growth after transfection of either NSP1
or GFP, anticipating that the reduced translation will neg-
atively affect the proliferation ability of the cells. How-
ever, we detected only minor growth defects in the NSP1-
expressing cells (Figure 2D and Figure S2D). To confirm
these findings, we monitored the cellular viability for up to
48 h post-transfection with HA-NSP1 and compared it to
the effect of known translational inhibitors, such as Torinl,
puromycin, or cycloheximide. We found that the expression
of NSP1 did not significantly impact the growth kinetics,
while the application of even low amounts of known trans-
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lation inhibitors has markedly reduced it (Figure 2E and A precisely positioned RNA sequence motif confers resistance
Figure S2E). Cumulatively, these findings uncover the rel- of viral mRNAs to NSP1-mediated inhibition of translation

ative impact of NSP1 on cellular translation and mRNA . . .

. oo . Viral mRNAs produced in SARS-CoV-2-infected cells bear
stability, and suggest that, at least within the tested time either long gerllaomic (265-nt long) or shorter sub-genomic
window, it does not significantly interfere with cellular (~70-75-nt long) 5'UTRs, the latter being produced via
proliferation. discontinuous transcription (6). The genomic SUTR of
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SARS-CoV-2 drives the translation of two first open read-
ing frames (ORFlab) that cumulatively yield 16 non-
structural proteins. The NSP1-encoding construct used in
this study until now encodes for a full genomic 5UTR
placed immediately after the transcription start site (TSS).
Based on the previous reports (13), we anticipated that re-
placing the native viral 5YUTR with a control 5UTR will
expose NSP1 to self-repression. Indeed, this manipulation
significantly reduced the protein levels of NSP1 (Figure 3A),
with a relatively minor effect on the mRNA levels (Figure
3B), indicating that the genomic SUTR of SARS-CoV-2
grants resistance to auto-inhibition, most likely at the level
of translation.

To understand which particular features within the ge-
nomic 5SUTR enable the observed resistance, we transfected
capped mRNAs encoding the Renilla luciferase (Rluc) un-
der the control of the SARS-CoV-2 genomic, sub-genomic
or a control (90 nt-long) 5"UTRs into cells expressing ei-
ther HA-NSP1 or GFP. While mRNA bearing the con-
trol SUTR was inhibited by NSP1, both the genomic and
sub-genomic 5 UTRs not only conferred full protection but
in fact boosted the reporter expression (Figure 3C, blue
columns). To find the element enabling viral SUTRs to es-
cape NSP1 inhibition, we focused on the first stem-loop
structural element (SL1, Figure 3D, left panel), which was
previously suggested to play a role in the propagation of
SARS-CoV (12,13,24). First, we compromised its struc-
ture in the context of the sub-genomic (72-nt long) S UTR
by introducing five point mutations in the distal part of
the stem (S1_mut, Figure 3D). Surprisingly, disruption of
this element did not eliminate the protection from NSP1-
mediated repression and even slightly enhanced it (S1_mut,
Figure 3C, yellow columns), thus uncoupling the structural
integrity of this element from NSPI-mediated repression.
Notably, further alteration of the sequence comprising SL1
to restore the stem-loop structure significantly disrupted
the protective effect against NSP1 (S1_comp mRNA, Fig-
ure 3C and D). These findings strongly indicate that the
ability to oppose NSP1 inhibition does not rely on the sec-
ondary structure of the SL1 element but rather on its pri-
mary RNA sequence. To further examine if cap-proximal
stem—loop structures may protect mRNAs from NSP1, we
exchanged the CoV-2-derived SL1 by an even longer stem—
loop element derived from the Chikungunya virus (Chikun-
gunya SL1, Figure 3C, D). This structural element was very
inefficient in protecting the reporter transcript, indicating
that cap-proximal secondary structures are unlikely to re-
lieve NSP1-mediated inhibition. Importantly, insertion of
10 nt between the cap and the SL1 element also reduced the
mRNA expression in the NSP1 presence (72 + 10 mRNA,
Figure 3C, D), potentially indicating the importance of the
location of this element relative to the 5'end. Taken together,
these results suggest that the sequence comprising the SL1
element and its location relative to the S'cap are critical
features for resisting NSP1 inhibition, while the secondary
structure of this element appears to be dispensable.

To understand the features necessary for mRNA protec-
tion in detail, we focused on two elements in the sequence
comprising the SL1 element: a stretch of seven consecu-
tive pyrimidines located in the proximal part of the stem
and loop (nt. 15-21, Figure 3D), and a UAUA motif im-

mediately preceding this polypyrimidine stretch (nt. 11-14).
First, we examined the polypyrimidine stretch because its
disruption (in the SL1_comp construct) greatly reduced the
protection from NSP1. By manipulating this element (Fig-
ure 2C, purple columns), we found that: 1) introduction of
two purine residues (AG) in the middle of the stretch sig-
nificantly reduced mRNA protection (see polyY_mut); ii)
shortening the stretch from 7 to 5 pyrimidines mildly im-
paired the protection (see polyY(5)); and, iii) the precise
pyrimidine sequence at the beginning of the stretch had no
effect (see polyY(CC/UU) and polyY(C/U)). These results
indicated that the length of the polypyrimidine stretch is im-
portant for NSP1 protection.

We next mutated the UAUA sequence to yield UAaA,
UuUu, Uggg or Ucce. We found that only the insertion of
guanosines turned the mRNA extremely sensitive to NSP1-
mediated repression (see UAUA/Uggg, Figure 3C, D). In
this mutant, the polypyrimidine stretch was intact, suggest-
ing that it is insufficient to grant NSP1 resistance. These
results suggest that the presence of guanosines, but not
adenosines uridines or cytosines, in the SL1 region may
predispose mRNAs to NSP1-mediated repression. To test
this further, we mapped the precise locations of guanosines
in the different mRNA variants that we tested above (Fig-
ure 3D, right panel). While the original viral 5UTR lacks
guanosines between positions 9-22 (inclusive), all mutant
S'UTR versions that were repressed by NSP1 (e.g. S1_comp,
WT + 10, etc.) involved the insertion of guanosines between
these precise positions (magenta squares). Intriguingly, ma-
nipulations that did not alter the relative positions of the
guanosine residues (green squares) rendered the respective
mRNAs resilient to NSP1. To test if the precise position-
ing of guanosines could play a role in NSP1 resistance, we
duplicated the 10 nt of the 72 + 10 mRNA to create a new,
72 + 20, version. Although no new sequences were intro-
duced into this SUTR version, the repetitive insertion of
the 10-nt sequence pushed the existing guanosines from po-
sitions 17, 18 to 27, 28 relative to the 5'-cap (Figure 3D).
Strikingly, this manipulation fully restored the NSP1 re-
sistance (Figure 3C, 72 + 20). Since these 10 nucleotides,
which are guanosine-free, were already present in the 72 +
10 mRNA, this result indicates that this sequence per se is
insufficient to resist NSP1 but important to create a cap-
proximal guanosine-free stretch. To test if 5'cap-proximal
guanosine-free stretches are conserved in coronaviruses, we
mapped G-free regions in the SYUTRs of several alpha-
and beta-coronaviruses (Figure S3A). Indeed, we found
that multiple CoV-derived 5"UTRs encode for cap-proximal
guanosine-free stretches, indicating the conservation and,
therefore, importance of this feature. Notably, we recapitu-
lated this phenomenon using a cell-free rabbit reticulocyte
lysate (RRL) in vitro translation system (Figure 3E). We
found that this effect does not stem from differences in the
mRNA stability in either RRL or transfected cells (Figure
S3B, C), indicating that this regulation occurs most likely
at the level of translation, as guanosine residues located be-
tween the positions 11-20 relative to the 5'cap structure of
endogenous mRNAs do not alter mRNA stabilities in the
presence of NSP1 (Figure S3D). These results suggest cap-
proximal guanosine-free sequences are crucial to grant re-
sistance to NSP1-mediated repression.
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Figure 3. Identification of RNA sequence that protects from NSP1-mediated repression. (A) MRCS5 cells were transfected with plasmids encoding for
eGFP, control Y UTR-HA-NSP1 or CoV2-5UTR-HA-NSP1 with its native 5UTR immediately following the TSS (which is termed HA-NSP1 in this
study). After 24 h, the cells were collected and 50 pg from the extracted total proteins were resolved on 9% SDS-PAGE and probed to detect the indicated
proteins. (B) MRCS5 cells were transfected with plasmids encoding the control 5UTR-HA-NSP1 or CoV2-5UTR-HA-NSPI1, as detailed in (A), harvested
after 24 h and split into two equal parts. One part was subjected to RNA isolation and subsequent RT-qPCR analysis to determine mRNA levels. The
second part of each harvest was dedicated to the resolution of total proteins (50 pwg) on SDS-PAGE and detection of the indicated proteins. Relative
values of each biological repeat (n = 3) were plotted, the bars represent SE. (C) Impact of NSP1 on the expression of reporter mRNAs. MRCS5 cells were
transfected with plasmids encoding either eGFP or TSS-5UTR-HA-NSPI. After 20 h, the indicated mRNA reporters bearing both 5'cap and poly(A) tail
were transfected, and the luciferase activity was measured 7 h later. The number of independent biological repeats is indicated for each reporter, the bars
indicate SE. P-values indicated for the blue columns refer to the reporter bearing the control 5 UTR (CTRL_90), while for the rest of the columns it refers to
the reporter encoding the sub-genomic SARS-CoV2 5UTR (Subgen_72). (D) Detailed representation of the site-directed mutagenesis. The leftmost panel
represents the SL1 element’s structure, as folded by ViennaRNA software. The middle panel shows detailed schemes representing the manipulations done
on the 5’ cap-proximal region of the viral 5 UTR. Changed moieties are squared; green squares imply no change to expression, pink squares imply reduced
expression, grey shades mark the nucleotides participating in the stem structures. The rightmost panel shows the positions of guanosine moieties within
the corresponding sequences relative to the 5'cap. The green color indicates unperturbed expression, while new locations of the ‘G’ moieties that reduce
expression are indicated in pink. (E) In-vitro transcribed Rluc mRNA reporters described in (C) bearing both 5'caps and poly(A) tails were added to rabbit
reticulocyte lysates (RRL) pre-incubated with either purified HA-NSP1 or BSA. Rluc activity was tested after 60 min of incubation. The graph shows the
relative ability of NSP1 to inhibit the different mRNA reporters; n = 3, bars represent SD. (F) MRCS cells were co-transfected with 1) plasmid encoding the
indicated configurations of 5’UTRs fused to the reporter Rluc gene and ii) plasmid encoding for either HA-NSP1 or eGFP. The cells were harvested after
48 h and subjected to the examination of Rluc activity; the number of biological repeats (n) is indicated separately for each combination; bars represent SE.
(G) DNA template for in vitro transcription encoding the control plasmid-derived 5UTR was subjected to site-directed mutagenesis in order to create a
guanosine-free region, as depicted on the upper panel. mRNAs transcribed from these templates were capped and transfected into MRCS cells expressing
either HA-NSP1 or eGFP. Luciferase activity was measured 7 h later and plotted in a relative manner; n = 6, bars represent SD. (H) MRCS5 cells were
transfected with the indicated siRNAs and after 48 h transfected again with plasmids encoding (i) either HA-NSP1 or eGFP, (ii) TSS-subgen_5 UTR-Rluc
and, (ii1) Firefly (Ffly). After additional 24 h, luminescence was tested and Rluc values were normalized by Ffly signal and compared to cells transfected
with the control non-targeting siRNAs for statistical analysis; n = 3 or 4, bars represent SE.

To test these conclusions further, we decided to apply
them on plasmid-encoded genes, which are efficiently re-
pressed by NSP1 (e.g. Figure 1D). We constructed a DNA-
encoded reporter gene preceded by the sub-genomic version
of the viral S UTR immediately downstream the TSS in or-
der to preserve the guanosine-free state at the beginning of
the transcript. Indeed, we found that the precise location
of the viral SUTR sequence not only fully protected the
respective mRNA from NSPI repression but, in fact, en-
hanced its expression by ~13-fold in NSP1-expressing cells
(Figure 3F, TSS_subgen 5UTR). Moving the viral SUTRs
away from the TSS by either 16 or 155 bases strongly re-
duced the protein activity of the respective genes and pro-
moted vulnerability to NSP1 inhibition, both in the con-
text of genomic and sub-genomic 5'UTRs (Figure 3F, blue
columns). These results strongly support the notion that
the precise location of the viral 5UTR relative to the cap
structure is crucial to escape NSP1-mediated repression. To
examine whether the first 30-nt of the viral UTR encod-
ing the guanosine-free stretch of nucleotides are sufficient

for this effect, we inserted them after the TSS of the con-
trol YUTR, which is otherwise NSPI-sensitive. This ma-
nipulation not only abolished its inhibition by NSP1 but
also boosted its expression by ~5-fold (Figure 3F, green
columns). Furthermore, the substitution of guanosines be-
tween positions 4 and 36 in the non-viral control SUTR re-
sulted in a complete escape from the NSP1-mediated repres-
sion (Figure 3G), similar to the 5UTRs encoded by CoV-
2 (see Figure 3C, blue columns). Altogether, these findings
support the notion that guanosine-free sequences precisely
located relative to the 5’end are sufficient to confer NSP1
resistance.

Lastly, we assumed that successful translation in NSP1-
expressing cells might require the unwinding of the sec-
ondary structure of SL1 in order to expose its primary
RNA sequence. We, therefore, knocked-down the differ-
ent subunits of the elF4F complex and tested the im-
pact of NSP1 on the DNA construct encoding the sub-
genomic 5YUTR. Knockdown efficiencies were validated
at the mRNA and protein levels (Figure S3E-G). Inter-
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estingly, although knocking-down certain components of
this complex impacted other, non-targeted subunits (Figure
S3F), we found that downregulation of the elF4A1 RNA
helicase component had the strongest negative effect on the
ability of NSP1 to promote the expression of this gene (Fig-
ure 3H), supporting the notion of the necessity to unwind
the viral SL1 structure to enable efficient protection from
NSPI inhibition.

The genomic viral 5’UTR enables 5’ cap-independent transla-
tion, which is refractory to NSP1 inhibition.

Next, we investigated the translational properties of the ge-
nomic (265-nt) and sub-genomic (72-nt) 5 UTRs of SARS-
CoV-2. We reasoned that since the cap-proximal sequence
that grants protection from NSPI-mediated repression is
present in both versions, the longer 5UTR may encode ad-
ditional translational features. Particularly, we tested its ca-
pacity to promote cap-independent translation initiation, a
feature common to multiple positive single-stranded RNA
viruses. To this end, we subcloned the genomic SUTR into
a bi-cistronic system (Figure 4A, upper panel) and tested its
cap-independent translational activity in MCF7 cells. In-
terestingly, the presence of the genomic 5UTR markedly
enhanced the expression of the downstream Rluc gene, in
a manner comparable to the well-characterized EMCV-
derived IRES element (Figure 4A, left, blue columns). We
observed a similar effect in MRCS5 cells (Figure 4A, right
panel, blue columns), suggesting that this feature is not cell-
type specific. Notably, neither element showed enhanced ac-
tivity when cloned in the opposite (flipped) configuration,
indicating the importance of the primary RNA sequences.
Translation of both transcripts was resistant to Torinl, a
pharmacological agent that limits the availability of eIF4E
via 4E-BP phosphorylation (Figure S4D) and inhibits cap-
dependent translation (Figure 4A, orange columns in both
graphs), indicating their potential ability to sustain protein
synthesis even upon inhibition of cap-dependent initiation.
We confirmed that the presence of the viral SYUTR did not
lead to higher mRNA expression of the second Rluc ORF
(Figure S4A), ruling out the possibility that it has a cryptic
promoter activity. Next, we transfected in vitro transcribed
uncapped reporter mRNAs bearing different viral S UTRs
into cells and assayed the protein expression encoded by the
corresponding transcripts. Indeed, we observed a relatively
enhanced (~3.5-fold) expression of the reporter mRNA
bearing the genomic 5"UTR version (Figure 4B), which dis-
appeared when the sequence was cloned in an anti-sense
configuration (Figure S4B), indicating sequence specificity.

To investigate the effect of NSP1 on cap-independent
translation, we initially used the bi-cistronic tests and found
that NSP1 enhanced the cap-independent translation di-
rected by the viral genomic SUTR (Figure 4C). However,
the bi-cistronic assays are not an ideal tool to study the ef-
fect of NSP1 on cap-independent translation. First, the long
bi-cistronic transcript is transcribed by RNA polymerase
IT and is, therefore, capped. Second, being synthesized in
the nucleus, it is exposed to possible additional effects of
NSP1, such as interference with the nuclear export (25). To
directly test the impact of NSP1 on cap-independent expres-
sion, we transfected uncapped mRNAs into cells expressing

NSP1 and found that it significantly boosted protein pro-
duction from all tested transcripts, even those not encod-
ing for viral 5 UTRs (Figure 4D). Notably, these uncapped
mRNAs were not more stable in the context of NSP1
(Figure S4C). These results indicate that NSP1 may non-
specifically enhance cap-independent expression. To test
this assumption further, we employed a reporter gene fused
to different IRES elements that were transfected into NSP1-
expressing cells either as capped mRNAs or as plasmids.
We found that when introduced as capped mRNAs, all
tested IRES elements moderately enhanced the expression
of their corresponding transcripts in the presence of NSP1
(Figure 4E, orange columns), while not displaying pref-
erential mRNA stability in NSP1-expressing cells (Figure
S4C). However, when the corresponding mRNAs were tran-
scribed in cells, the impact of NSP1 varied (grey columns)
and certain IRES elements were inhibited, implying pos-
sible differential effects of NSP1 on IRES-encoding tran-
scripts, as was reported previously (13,26).

Our findings suggest that the expression of NSP1 itself,
which is preceded by the genomic SUTR, has two impor-
tant protective features. First, the cap-proximal guanosine-
deficient element protects it from self-repression. Second,
the cap-independent activity of the genomic SUTR may
enable expression upon inhibition of cap-dependent trans-
lation. To examine the extent by which these features af-
fect NSP1 expression, as a proxy of viral genes encoded
by ORF1lab, we employed two versions of NSP1: one bear-
ing the native genomic 5"UTR correctly positioned relative
to the 5'cap and the second under a control SUTR. Upon
transfection into cells and application of Torinl, we found
that in contrast to the control 5UTR, the native SUTR
not only enhanced NSP1 expression but also retained its
high levels despite prolonged treatments with Torinl (Fig-
ure 4F).

The sub-genomic 5UTR of SARS-CoV-2 exhibits a high de-
pendency on elF4E.

Next, we tested the sensitivity of the viral SUTRs to
the knock-down of elF4F components (Figure S3E, F).
Knock-down of either eI[F4A1 or elF4G1 reduced the
translatability of all reporters, whereas knock-down of the
cap-binding eIF4E subunit had a differential effect on the
viral S UTRs (Figure 4G). While the genomic 5SUTR ex-
hibited relative insensitivity to eIF4E deficiency, consistent
with its ability to resist attenuation of cap-dependent trans-
lation, the expression directed by the sub-genomic SUTR
was significantly reduced. To examine further the sensitiv-
ity of the sub-genomic version of the viral 5 UTR to inhi-
bition of cap-dependent translation, we applied two mTOR
inhibitors, Torinl and Rapamycin that affect 4E-BP phos-
phorylation (Figure S4D, E), and elucidated their effects on
the translation of the reporter mRNA driven by the sub-
genomic 5UTR. Indeed, transcripts bearing this SUTR
were remarkably vulnerable to both inhibitors (Figure 4H),
suggesting that translation mediated by this sub-genomic
5'UTR heavily relies on cap-dependent initiation. In light
of this dependency, we examined the impact of NSP1 on the
expression directed by this UTR upon Torinl treatment.
Interestingly, while NSP1 efficiently boosted the expression
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Figure 4. The translational features of SARS-CoV-2 5’UTRs. (A) Upper panel: schematic representation of the bi-cistronic assay. MCF7 (left panel) or
MRCS (right panel) cells were transfected with bi-cistronic plasmids encoding for the SARS-CoV-2 genomic 5UTR or EMCV-derived IRES element as
a positive control. Both elements were introduced in their correct or flipped (i.e. anti-sense) configuration as a control for non-specific activity. Cells were
grown for 24 h in standard medium (NT) or supplied with Torinl (25 nM), after which Rluc and Ffly activities were assayed; n = 4, bars represent SE.
(B) MRCS cells were transfected with the indicated uncapped (PPP) in-vitro transcribed mRNAs bearing poly(A) tails. Rluc activity was tested 7 h later
and is presented relative to the control plasmid-derived S'UTR; n = 4, the bars represent SE. (C) MCF7 and MRCS cells were transfected with i) the
indicated bi-cistronic plasmids and ii) plasmid encoding either HA-NSP1 or eGFP. Luminescence was assayed 24 h later, n = 4, the bars represent SD.
(D) MRCS5 cells were transfected with plasmids encoding either HA-NSP1 or eGFP. After 24 h, uncapped RNAs with poly(A) tails encoding for indicated
5'UTRs and a downstream Rluc gene were transfected and Rluc activity was assayed 7 h later; n = 4, bars represent SE. (E) Grey columns: MRCS5 cells
were co-transfected with plasmids encoding i) either HA-NSP1 or eGFP and ii) indicated IRES sequences cloned before the Rluc reporter gene. Orange
columns: MRCS5 cells were transfected with plasmids encoding either HA-NSP1 or eGFP and, after 24 h, with capped mRNAs in vitro transcribed from the
indicated IRES-containing plasmids; n = 2, bars represent SD. (F) HEK293 cells were transfected with plasmids encoding HA-NSP1 preceded by either
control or viral UTR and grown for 40 h post-transfection, out of which Torinl was added during the last 12 or 24 h at the indicated concentrations. After
harvest, total protein lysates were separated on 9% SDS-PAGE and probed with anti-HA and anti-GAPDH antibodies. (G) MRCS5 cells were transfected
with the indicated siRNAs, and re-transfected after 65 h with in-vitro transcribed mRNA reporters bearing both 5'caps and poly(A) tails. Rluc activity
was tested 7 h after the second transfection and presented relatively to the cells expressing the control siRNA; n = 4, bars represent SE. (H) MRCS cells
were transfected with the indicated in-vitro transcribed mRNA reporters bearing both 5'caps and poly(A) tails. After 2 h, Torin1 (left panel) or Rapamycin
(right panel) were added to yield the indicated concentrations and Rluc activity was tested after additional 5 h; n = 3, the bars represent SE. (I) MRC5
cells were transfected with the mix of plasmids encoding (i) either HA-NSPI or eGFP, (ii) TSS-subgen_5'UTR-Rluc and, (iii) Firefly (Ffly). After 4 h
of transfection, the medium was replaced and either DMSO or Torinl (25 nM) were added. The cells were collected after 24 h, lysed and subjected to
luminescence analysis. Rluc values were normalized against Ffly signal, n = 3, the bars represent SE. (J) Vero E6 cells were treated with the indicated final
concentrations of Torinl for 1 h, infected with SARS-CoV-2 at MOI = 0.01-0.015 and incubated for 3 days in the presence of Torinl. Following this time,
the relative cytopathic effect of the virus was tested. As a positive control, cells were treated with Remdesivir (0.3 mM), for negative relative control cells
were not treated prior to infection; n = 2 or 3, bars indicate SE.

of DNA-encoded genes bearing viral sub-genomic SUTR,
this ability was reduced upon Torinl treatment (Figure 41),
confirming the important role of cap-dependent translation
in the expression of transcripts encoding for sub-genomic
5'UTRs, even in the context of NSP1.

Considering the overall negative impact of inhibition
of cap-dependent translation on the expression of sub-
genomic 5UTRs, we tested the effect of Torinl treatment
on virus propagation in cells. For this purpose, we treated
Vero E6 cells with different concentrations of Torinl, in-
fected them with SARS-CoV-2 and monitored the cytotoxic
effect of the virus after 72 h. We found that mTOR inhibi-
tion enhanced the survival of the infected cells at relatively

low doses (0.8-12.5 nM), while at higher concentrations it
was toxic for cells (Figure 4J). These findings suggest that
moderate inhibition of cap-dependent translation may in-
terfere with viral propagation in cells.

DISCUSSION

NSPI1 protein encoded by alpha- and beta-coronaviruses
plays a central role in the virus infectivity in general and
the ability to control the host translation machinery in par-
ticular (27). By binding the mRNA entry channel of the
small ribosomal subunit, NSP1 of SARS-CoV-1/2 both
hinders the translation of cellular mRNAs and induces their
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degradation by a still unclear mechanism. In this study,
we elucidated the molecular features that enable SARS-
CoV-2 to hijack host translation to prevent efficient expres-
sion of host genes and, at the same time, to enable its own
mRNAs to avoid these inhibitory mechanisms. We found
that the mere expression of NSP1 in cells, out of the vi-
ral context, is sufficient to target the vast majority of the
host mRNAs for degradation, consistent with recent stud-
ies (9—11). We further reveal that while NSP1 induces robust
degradation of spliced mRNAs, single-exon mRNAs re-
main relatively less sensitive. Interestingly, interferon-alpha
and beta genes that comprise the first line of the host anti-
viral response, are intron-less and, therefore, likely to be
resilient to NSPI1-induced mRNA degradation. A poten-
tial explanation of this phenomenon may be linked to the
presence of the exon junction complex (EJC) in spliced
mRNAs, which is known to facilitate the recruitment of
ribosomes (28), where NSP1 resides. This dependency of
mRNA degradation on recruitment to ribosomes is sup-
ported by the relatively reduced vulnerability of long non-
coding RNAs to NSP1-induced degradation (Figure STH).
Although this hypothesis has to be further examined, the
presented findings expand the understanding of the differ-
ential impact of NSPI encoded by beta-coronaviruses on
the decay of host mRNAs, as was reported for MERS-CoV
(29) and SARS-CoV-1 (30,31).

To further limit the expression of the host genes, SARS-
CoV-2 has evolved an effective suppression strategy at the
translation level, which hampers the entrance of mRNAs
into the ribosome (7,8,23). We demonstrate that the expres-
sion of NSP1 does not entirely shut down the host transla-
tion, as evident from the polysomal profiles and puromycin
labeling experiments (Figure 2A, B), but rather attenuates
the translation initiation step, consistent with previous re-
ports (23,26). In support of that, we found that NSP1 is
enriched in the initiating polysomal fractions (Figure 2C),
leading to enhanced RNA content in the fractions repre-
senting 80S (Figure 2A and Figure S2A). These findings
agree with recent reports of relatively unperturbed trans-
lation elongation dynamics in both infected cells (10) and
upon NSP1 expression (11). Surprisingly, despite the promi-
nent effects of NSP1 on host gene expression, we found only
mild cytotoxic effects of NSP1 expression in multiple tested
cell types (Figure 2D, E and Figure S2D, E). While the pre-
cise roots of this phenomenon remain to be understood, it is
likely to be related to its relatively moderate effect on trans-
lation, which is important to ensure successful viral propa-
gation. Noteworthy, these effects of NSP1 on host gene ex-
pression and survival might be modulated in the context of
viral infection.

Overall, we show that SARS-CoV-2 employs at least
three strategies to promote efficient translation of its own
mRNAs. First, by inducing degradation of most cellular
mRNAs (Figure 1B, C), NSP1 reduces the competition of
the viral intron-less transcripts with cellular mRNAs for ac-
cessing the ribosomes. Second, the guanosine-free region
within the SARS-CoV-2 5UTRs is critical to confer protec-
tion from NSP1-mediated inhibition of translation. A de-
tailed characterization of this element revealed that it over-
laps the SL1 element, as reported (13,32-34), but our results
suggest that the primary sequence mediates the protective

effect rather than the secondary structure it creates. This
finding is in agreement with a recently published study that
reported the importance of the primary sequence for NSP1
resistance (35). Furthermore, our results are supported by
the strong dependency of viral transcripts on elF4A (Fig-
ure 3H and (36,37)) that might be needed to unwind the
SLI structure and expose its sequence. We show that both
depletion of guanosines and the proximity to the 5'cap are
the most critical features of this element (Figure 3C, D),
which are conserved among several coronaviruses (Figure
S3A). Fulfilling these requirements rendered heterologous
genes fully protected from NSP1-mediated repression (Fig-
ure 3F, G). While the mechanism underlying the protective
ability of this element is still an open question, it is tempt-
ing to speculate that its precise location relative to the 5'-
cap structure is linked to the cap-binding by eIF4F. Con-
sidering a previous report of SARS-CoV-1 NSP1 binding
to SL1 (12), another possibility is a preferential binding of
NSP1 itself to the G-less motif. However, we failed to de-
tect any RNA binding activity of NSP1 both in vitro and
in transfected cells (data not shown), as recently reported
(13). Third, we identified cap-independent translation ac-
tivity of the genomic version of the viral SUTR, which by-
passed reduced elF4E availability in a manner comparable
to known IRES elements (Figure 4A). This feature may en-
able cap-independent expression of the first two viral ORFs
encoding 16 non-structural viral proteins as demonstrated
for NSP1 (Figure 4F). Importantly, the sub-genomic ver-
sions of the viral YUTR are highly elF4E-dependent (Fig-
ure 4G-H), which also reflects on the ability of NSPI to
support the expression of mRNAs encoding these S UTRs
(Figure 4I). This phenomenon may contribute to the sen-
sitivity of SARS-CoV-2 to inhibitors of eIF4E, at least in
culture (Figure 4J). Notably, the efficacy of mTOR target-
ing as a potential anti-COVIDI19 treatment is currently un-
der debate (38-41), and our findings support the possible
efficacy of such therapy. However, additional experiments
with carefully quantified viral titers are required to validate
the potential anti-viral activity.

The ability of the genomic SUTR of SARS-CoV-2 to
mediate cap-independent translation initiation is rather in-
triguing, mainly because all viral transcripts bear 5cap
structures. This feature might be necessary at the initial
stages of infection, which provoke interferon response, lead-
ing to the inhibition of cap-dependent translation (1,42).
Under these conditions, the genomic 5UTR may be of
particular importance, promoting cap-independent trans-
lation of ORF1ab and synthesis of multiple non-structural
proteins necessary to counteract the host defense (32) and
support the exploitation of the cellular machineries. Inter-
estingly, we found that a mere expression of NSPI pro-
motes cap-independent translation, enabling particularly
high translational yields from uncapped mRNAs (Figure
4D). These findings corroborate the notion that SARS-
CoV-2 may be well prepared for hijacking the host trans-
lational machinery under conditions of inhibited cap-
dependent translation. However, at the later stages of in-
fection, when discontinuous transcription leads to the syn-
thesis of multiple viral mRNAs bearing short sub-genomic
5S'UTRs that strongly depend on eIF4E availability, cap-
dependent initiation might become necessary for viral pro-



liferation. This might be an Achilles heel of the viral repli-
cation and the reason for the observed sensitivity of SARS-
CoV-2 to pharmacological mTOR inhibitors (41). In this
context, it would be interesting to test in future studies the
ability of SARS-CoV-2 to manipulate the availability of the
elF4F complex along the infection cycle. Taken together,
this study highlights the roles of NSP1 and the viral Y UTRs
in the translation regulation exerted by the virus. These fea-
tures could be further exploited as major vulnerabilities of
SARS-CoV-2 and are, therefore, excellent targets for gen-
eral therapeutic applications.
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