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ABSTRACT

SARS-CoV-2, responsible for the ongoing global pandemic, must overcome a conundrum faced by all viruses. To achieve its
own replication and spread, it simultaneously depends on and subverts cellular mechanisms. At the early stage of infection,
SARS-CoV-2 expresses the viral nonstructural protein 1 (NSP1), which inhibits host translation by blocking the mRNA entry
tunnel on the ribosome; this interferes with the binding of cellular mRNAs to the ribosome. ViralmRNAs, on the other hand,
overcome this blockade. We show that NSP1 enhances expression of mRNAs containing the SARS-CoV-2 leader. The first
stem-loop (SL1) in the viral leader is both necessary and sufficient for this enhancement mechanism. Our analysis pinpoints
specific residues within SL1 (three cytosine residues at the positions 15, 19, and 20) and another within NSP1 (R124), which
are required for viral evasion, and thus might present promising drug targets. We target SL1 with the antisense oligo (ASO)
to efficiently and specifically down-regulate SARS-CoV-2 mRNA. Additionally, we carried out analysis of a functional inter-
actome of NSP1 using BiolD and identified components of antiviral defense pathways. Our analysis therefore suggests a
mechanism by which NSP1 inhibits the expression of host genes while enhancing that of viral RNA. This analysis helps rec-
oncile conflicting reports in the literature regarding the mechanisms by which the virus avoids NSP1 silencing.
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INTRODUCTION 2012 (for reviews, see Chen et al. 2020; Yang et al. 2020).
The genome of SARS-CoV-2 is a ~30 kb positive-stranded
RNA with 5'-cap structure, 5UTR, 3'UTR, and poly(A) tail. It
contains 10 protein-coding open reading frames (ORFs).
Upon cell entry, the genomic RNA (gRNA) is translated
into polyprotein, which is processed into 16 nonstructural
proteins (NSPs). Subsequently, its gRNA serves as a tem-
plate to generate a set of subgenomic mMRNAs (sgRNAs)
that encode other viral proteins. Curiously, all sgRNAs pos-
sess a common “leader” sequence, corresponding to a
specific region of 70 nt found at the 5" end of the gRNA.
This leader is added to sgRNAs because viral transcription
involves template switching at specific regions, called tran-
scriptional regulatory sequences (TRS, Fig. 1A).

The first protein produced by coronaviruses upon infection
is NSP1, encoded by ORF1a at the 5’ end of gRNA. NSP1 is
an important virulence factor that plays a crucial role in its

SARS-CoV-2, responsible for the current global pandemic,
manages to evade mechanisms of host immunity during
infections to promote its own replication and spread. To
achieve this, it simultaneously suppresses the translation
of cellular proteins and promotes that of its own, although
the two processes require the same basic machinery.
Exposing the mechanisms by which it manages this would
likely provide insights into crucial stages in the viral life-
cycle that might be exploited in therapies.

SARS-CoV-2 belongs to the genus beta-coronavirus
(Zhou et al. 2020), which also includes a bat coronavirus
(96% identity at the genome level with SARS-CoV-2),
SARS-CoV-1 (or SARS-CoV), which caused a SARS epidem-
ic in 2003, and Middle East respiratory syndrome (MERS)
CoV, responsible for an outbreak of respiratory disease in
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FIGURE 1. SARS-COV-2 leader enables the virus to escape repression by the NSP1 protein, but not its R124A and RK124AA mutants. (A)
Schematic representation of genomic SARS-CoV-2 RNA (gRNA) and subgenomic RNAs (sgRNAs). Red line: viral leader; gray oval: transcriptional
regulatory sequences (TRS); gray rectangles: open reading frames (ORFs). Please note that not all TRSs and ORFs are shown. (B) Schematic rep-
resentation of NSP1 protein, including analyzed mutants R124A, RK124AA, KH164AA with partial alignment of mutated regions. The numbers
correspond to the amino acid positions. (C) Repression of RL mRNA by SARS-CoV-2 NSP1 and its point mutants. HEK293T cells were cotrans-
fected with Renilla luciferase (RL) plasmid and increasing amounts of plasmids, encoding flag-tagged SARS-CoV-2 NSP1, or indicated NSP1 point
mutants. As negative control, the vector encoding flag alone instead of flag-NSP1 plasmid was used. Open bars: vector, green: WT NSP1, purple:
RK124AA NSP1, blue: R124A NSP1, gray: KH164AA NSP1. Values are presented as a percentage of luciferase produced in the presence of the
vector. Values represent means +SD from at least three experiments. P-values ([*] <0.1, [**] <0.01, [***] <0.001), calculated with a two-sample t-
test comparing vector and NSP1 samples, are shown above the relevant bars. Expression of flag-NSP1 fusion protein and its point mutants was
estimated by western blotting with anti-flag antibodies and shown below the reporter assay. Note that KH164AA mutant migrates slower than WT.
ActB was used as a loading control. (D) Repression of RLmRNA by SARS-CoV NSP1 and its point mutants. The experiment was performed as in C,
but SARS-CoV NSP1 instead of SARS-CoV-2 NSP1 was used. (E,F) Reporter bearing SARS-CoV-2 leader (CoV-2-RL) escapes repression by WT
NSP1, but is repressed by NSP1 R124A and NSP1 RK124AA mutants. Panel E shows the effects of NSP1 from SARS-CoV-2 and panel F—
NSP1 from SARS-CoV. CoV-2-RL reporter bears the viral leader, TRS and the beginning of viral ORF? (encoding nucleocapsid protein) fused
with the RL coding sequence. See Materials and Methods for more details.

pathogenicity by helping the virus evade the hostinnate im-  (Kamitani et al. 2006, 2009; Narayanan et al. 2008; Huang
mune response (for review, see Chen etal. 2020). In the relat- et al. 2011; Lokugamage et al. 2012; Tanaka et al. 2012)
ed virus SARS-CoV-1, NSP1 inhibits immunity via two and by preventing full induction of interferon (IFN) and de-
mechanisms: by repressing expression of host transcripts  creasing STAT1 phosphorylation (Wathelet et al. 2007).
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A number of studies have been devoted to determining
how SARS-CoV-1 NSP1 represses host gene expression,
but some of their conclusions seem contradictory (Kamitani
etal. 2006, 2009; Narayanan et al. 2008; Huang et al. 2011;
Lokugamage etal. 2012; Tanaka etal. 2012). Two repression
mechanisms have been reported: translational repression
and mRNA degradation (Kamitani et al. 2009; Huang et al.
2011; Lokugamage etal. 2012). Specificamino acid residues
important for NSP1-mediated repression have been identi-
fied. NSP1 carrying [K164A; H165A] mutations is fully
nonfunctional (Lokugamage et al. 2012; Tanaka et al.
2012), and another [R124A; K125A] mutant lacks the
mRNA destabilization function (Lokugamage et al. 2012).
The mechanism by which SARS-CoV-1 NSP1 achieves trans-
lational repression is not fully understood. lts effects are
thought to relate to the general translation machinery, due
to its cosedimentation with the small ribosomal subunit
(40S) and coimmunoprecipitation with the ribosomal protein
S6 (Kamitani et al. 2009). Yet experiments with the separa-
tion of translation complexes on sucrose density gradients
and toeprinting analyses produced conflicting data. While
the former suggested that NSP1 inhibits recruitment of the
large ribosomal subunit and formation of the 80S initiation
complex, the latter indicated that it rather affected the re-
cruitment of the small (40S) ribosomal subunit and assembly
ofthe 48S initiation complex (Kamitani etal. 2009). Addition-
ally, some reports suggested that SARS-CoV-1 NSP1 affects
only host mRNA, while SARS-CoV-1 mRNAs are protected
from translational down-regulation through interactions be-
tween virus-specific leader sequences with NSP1 (Tanaka
et al. 2012). Other studies suggested that viral mRNAs are
also translationally inhibited by NSP1 in SARS-CoV-1-infect-
ed cells, providing an overall picture that is confusing (Loku-
gamage et al. 2012; Narayanan et al. 2015).

The COVID-19 pandemic has triggered intensive re-
search into the mechanisms of NSP1 functions in SARS-
CoV-2 (Banerjee et al. 2020; Schubert et al. 2020; Shi
et al. 2020; Thoms et al. 2020; Tidu et al. 2020; Lapointe
et al. 2021, Mendez et al. 2021). Three cryo-EM studies
showed that SARS-CoV-2 NSP1 binds to the ribosomal
40S subunit and blocks the mRNA entry tunnel (Schubert
et al. 2020; Thoms et al. 2020; Yuan et al. 2020). However,
in order for the virus to propagate, viral translation has to
proceedin the presence of NSP1. Here, too, attemptsto re-
solve the underlying mechanisms have produced conflict-
ing results. As with studies on SARS-CoV-1 NSP1, some
work has reported that SARS-CoV-2 NSP1 represses both
host mRNAs and mRNAs with the viral leader (Schubert
etal. 2020); other studies found that viral reporters escape
repression by NSP1 (Banerjee et al. 2020; Tidu et al. 2020;
Mendez et al. 2021). When the evasion of viral reporters
from NSP1-mediated repression has been reported, au-
thors have disagreed about the viral elements that are re-
quired. Shi et al. (2020) reported that multiple elements
in the viral leader make contributions, while Tidu et al.
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(2020) and Banerjee et al. (2020) argue that a specific
stem—loop structure in the viral leader suffices.

Here we use a combination of reporter assays, mutagen-
esis and mass spectrometry to dissect the mechanisms of
SARS-CoV-2 NSP1 function and provide insights into how
the virus evades NSP1 silencing. We show that SARS-
CoV-2 NSP1 both down-regulates global protein produc-
tion and fosters the expression of viral reporters. We find
that the stem—loop 1 (SL1) in the viral leader is both neces-
sary and sufficient for up-regulation of viral reporters. We
map three specific cytosine residues (3C) within SL1 and
an arginine residue at the position 124 in NSP1 which are
absolutely required for viral evasion. Mutation of any of
these four residues, alone or in combination, is sufficient
to make the viral reporter susceptible to NSP1 repression.
Moreover, we use BiolD (Roux et al. 2012) to determine
the functional interactome of SARS-CoV-2 NSP1, identify-
ing multiple components of the antiviral defense system.

RESULTS

Stem-loop 1 (SL1) is both necessary and sufficient
for NSP1-mediated up-regulation of viral
RNA expression

To recapitulate SARS-CoV-2 NSP1-mediated repression in
HEK293T cells, we set up a luciferase reporter assay. We
coexpressed Renilla luciferase mRNA (RL) with NSP1-en-
coding constructs (Fig. 1B). As negative controls, we used
an empty vector and a NSP1 KH164AA [K164A; H165A]
mutant reported as nonfunctional due to a disruption of in-
teractions with the ribosome (Schubert et al. 2020; Thoms
et al. 2020; Lapointe et al. 2021). As expected, WT NSP1,
but not its KH164AA mutant, efficiently repressed lucifer-
ase expression in a dose-dependent manner (four- to 30-
fold, Fig. 1C; Supplemental Fig. STA). Because RK124AA
[R124A; K125A] and R124A NSP1 mutants have been re-
ported to be partially nonfunctional in previous studies
on SARS-CoV-1 (Lokugamage et al. 2012; Tanaka et al.
2012), we also included RK124AA and R124A mutants in
the analysis. Both mutants were able to repress mRNA ex-
pression, although to a lesser degree than WT (1.5- to sev-
enfold, Fig. 1C). Similar behavior was observed for SARS-
CoV-1 NSP1 and its mutants (Fig. 1D). Consistent with a
role of NSP1 in global translational repression, the expres-
sion levels of WT NSP1 and its mutants anticorrelated with
their strength as translational repressors: WT NSP1 (from
both SARS-CoV-2 and 1) was expressed the lowest,
R124A and RK124AA mutants had intermediate expression
levels, and KH164AA mutant was expressed the highest
(Fig. 1C,D; Supplemental Fig. S1B).

The mRNAs of SARS-CoV-1 (Tanaka et al. 2012) and
SARS-CoV-2 (Banerjee et al. 2020; Shi et al. 2020; Tidu
etal. 2020; Mendez et al. 2021;) have been reported to es-
cape NSP1-mediated repression through interactions with
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NSP1 itself. To recapitulate this process, we added SARS-
CoV-2 leader to our Renilla luciferase reporter (CoV-2-RL).
Under this condition, the expression of CoV-2-RL mRNA
was not repressed (Fig. 1E). Moreover, low doses of WT
NSP1 stimulated the expression of CoV-2-RL at a level of
2.5- to threefold. In SARS-CoV-1, the R124A NSP1 mutant
has been reported to be defective in its binding to the viral
leader (Tanaka et al. 2012). Therefore, we tested whether
SARS-CoV-2 RK124AA and R124A mutants were still able
to repress CoV-2-RL. Strikingly, both RK124AA and
R124A mutants continued to repress CoV-2-RL. We ob-
served similar behavior for SARS-CoV-1 NSP1 and its mu-
tants (Fig. 1F).

We next decided to determine whether a specific region
of the SARS-CoV-2 leader is responsible for alleviation of
NSP1 silencing. To achieve this, we performed a deletion
analysis of SARS-COV-2 leader in reporterassay. Given ear-
lier reports on the role of stem—loop 1 (SL1) in the expres-
sion of SARS-CoV-1 (Tanaka et al. 2012) and SARS-CoV-2
(Banerjee et al. 2020; Shi et al. 2020; Tidu et al. 2020), we
generated reporters in which SL1 is deleted (CoV-2 ASL1-
RL), or which contain only the SL1 region (CoV-2 SL1-RL,
CoV-1SL1-RL). This analysis showed that SL1 is both neces-
sary and sufficient to escape NSP1-mediated repression
(Fig. 2A). Consistently, when we generated NSP1-encod-
ing constructs carrying native SARS-CoV-2 leader, we ob-
served that WT NSP1 was expressed at higher levels than
its point mutants (Fig. 2B). These results suggest that vi-
ral-encoded NSP1 enhances its own expression and that

A CoV-2 leader CoV-2 ASL1
0 CoV-2 SL1
[RO-AA an ARDH-AA

of other viral proteins, while inhibiting the expression of
host mRNAs.

Three cytosine residues in SL1 are necessary
for its derepressor function

Inanextstep, we mapped the residues within SL1 which are
required for its function as a derepressor. To this end, we
carried out extensive mutagenesis of SL1 and tested how
specific mutations affected the expression of the SL1-RL re-
porterin the presence of NSP1. SL1 is highly conserved be-
tween SARS-CoV-2, bat CoV and SARS-CoV-1, while
MERS-CoV SL1 shows less conservation (Fig. 3A). SARS-
CoV-2 SL1 consists of two 10 bp-long double helices
(stem 1a and 1b), with a bulge in between, and a 4 nt-
long loop. Given the conservation of the loop sequence
(U/ACCC), we first mutated the residues within it and tested
how these mutations affected the ability of SL1 to escape
NSP1-mediated repression in the luciferase reporter assay.
The 18U > A(i.e., atthe position 18 of SL1 a U was changed
to an A) and 21C>G mutants were functional. But
mutations of 19C and 20C, individually or in combination
(19C>G, 20C>G, [19C>G; 20C>@G], [19C>G; 20C >
G; 21C>@], [18U>A; 19C>G; 20C>G; 21C>@G]), dis-
rupted the derepressor function of SL1 (Fig. 3B).

We next tested whether features of the stem such as its
length or the presence of the bulge affect the function of
SL1. We found that either extending or shortening the
stem by 5 bp preserved part of the SL1 activity. NSP1
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FIGURE 2. SARS-COV-2 leader alleviates NSP1-mediated silencing via its stem—loop 1 (SL1) structure and enhances NSP1 expression. (A) SL1 in
SARS-COV-2 leader is both necessary and sufficient to escape NSP1-mediated repression. HEK293T cells were cotransfected with the indicated
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(contains a full-length leader, TRS [gray oval] and the beginning of viral ORF9 fused with RL coding sequence), CoV-2-ASL1-RL lacks stem—-loop 1
(SL1), and CoV-2-SL1-RL and CoV-SL1-RL carry SL1 alone, originating from SARS-CoV-2 and SARS-CoV, correspondingly. The experiment was
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with anti-flag antibody. Beta-actin was used as a loading control.
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FIGURE 3. Positions C19 and C20 in the loop of SARS-CoV-2 SL1 are required to escape NSP1-mediated repression. (A) Structures of SARS-CoV-
2, bat CoV, SARS-CoV, and MERS-CoV SL1, predicted by mfold (Zuker 2003). The elements of SL1 are labeled: loop, two sections of stem 1
(stem1a and stem 1b), separated by bulge. (B) Mutagenesis of the loop shows the requirement of C19 and C20 for the derepressor function
of SL1 in reporter assay. HEK293T cells were cotransfected with SL1-RL reporter or indicated SL1 mutants and the constructs encoding SARS-
CoV-2 NSP1, either WT or indicated mutants. The introduced mutations (18U>A, 19C>G, 20C>G, 21C>G, [19C>G; 20C>G], [19C>G;
20C>G; 21C>@G], [18U>A; 19C>G; 20C > G; 21C > GJ) and resulting sequences of the loop are shown above the plots. The mutated residues
are shown in red. The results are presented as in Figure 1C. Values are shown as a percentage of luciferase produced in the presence of the vector
for each reporter. Values represent means + SD from at least three experiments. P-values are calculated and presented as in Figure 1.

was not able to repress these reporters, although the over-
all efficiency of the expression of mutated SL1-RL and the
degree of up-regulation by NSP1 were on average lower
than for WT SL1-RL (Fig. 4A). Similar results were observed
for SL1 without the bulge (Fig. 4A).

Our next question was whether the stem simply functions
as a secondary structure that is required to present the loop
in the right orientation, or whether the stem’s sequence is
also functionally important. To test this, first we mutated
one of the strands to unfold the stem, and then introduced
compensatory mutations in the second strand to restore
the secondary structure. Unfolding the first part of the
stem, located prior to the bulge (Fig. 4A, unfolding stem
1a) preserved most SL1 activity, consistent with our results
from the shortening experiments. However, unfolding the
entire stem fully abrogated the derepression activity of SL1
(Fig. 4A, unfolding stem 1). Introducing compensatory muta-
tions that restored the stem, did not bring back its activity.

770 RNA (2022) Vol. 28, No. 5

These results suggest that the structure of the stem per se
is not sufficient for the derepressor function of SL1; instead,
the sequence of the stem contributes to its function.

To explore which residues in the stem are important, we
introduced point mutations. Because mutations of stem 1a
were tolerated (Fig. 4A), we mutated individual residues in
stem 1b, adjacent to the loop. While mutations 16C>G
and [14A>T; 16C > Q] preserved much of the function, a
mutation at position 15 fully abrogated SL1 function (15C
> @G, Fig. 4B). Importantly, restoring the complementarity
of the strands by introducing a compensatory mutation in
the second strand of stem 1b did not restore stem activity
([15G > G; 24G > C], Fig. 4B). This suggests that the specific
sequence at this position is required for SL1 function.

To summarize, our analyses (Figs. 3, 4) identified three
cytosines in SL1 which are required to provide for high ex-
pression of viral reporter: 15C, 19C, and 20C (red arrows,
Fig. 4C).
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FIGURE 4. Position C15 in the stem of SARS-CoV-2 SL1 is necessary to escape NSP1-mediated repression. (A) Sequence of stem 1b (see Fig. 2A)
is important for derepressor function of SL1. The role of mutations, disrupting folding or modifying parameters of the stem and bulge in SL1, was
tested in the NSP1-reporter assay, as described in Figure 3B. Values are shown as a percentage of luciferase produced in the presence of the
vector for each reporter. Values represent means + SD from at least three experiments. P-values are calculated as in Figure 1. Mutations and re-
sulting predicted structures (mfold, Zuker 2003) are shown above the plots, with mutated residues in red: 7_11del GGUUUinsCCAAA (i.e., re-
placement of nucleotides 7 to 11 [GGUUU] by CCAAA) unfolding stem 1a, [17_11delGGUUUInsCCAAA; 29_33delAAACCinsUUUGG]
restoring stem 1a, [7_11del GGUUUiInsCCAAA; 14_17delACCUInsUGGA] unfolding the stem 1, [7_11del GGUUUinsCCAAA;
14_17delACCUinsUGGA; 22_25delAGGUinsUCCA; 29_33delAAACCinsUUUGG] restoring stem 1, [12_16insUAUAU; 34_38AUAUA] elongating
stem 1 by 5 bp, [7_11delCCAAA; 29-33del UUUGG] shortening stem 1 by 5 bp, 27_28delACinsU removing bulge. (B) Position 15C in stem 1b is
required for SL1 function. Point mutations unfolding stem 1b, as well as compensatory mutations restoring folding, were introduced into SL1-RL
reporter and tested in NSP1-mediated repression assay, as described in A. Mutations introduced in stem 1b: 15C > G unfolding; [15C > G; 24G >
Cl restoring folding; 16C > G unfolding; [16C > G; 23G > C] restoring folding; [14A > U; 16C > G] unfolding; [14A > U; 16C > G; 23G > C; 25U > A]
restoring folding. (C) Three cytosine residues in SARS-CoV-2 SL1, one in stem 1b and two in the loop, are crucial to escape NSP1-mediate re-
pression. Functional residues are marked with red arrows. The data are based on reporter assays shown in Figures 3B, 4A,B.

Targeting viral SL1 with antisense oligo (ASO) ASO represents a gapmer with the DNA core and flanks

composed of locked nucleic acids (LNA) in phosphoro-
Given the importance of SL1 for viral evasion, we decided  thioate (PS) backbone. Gapmers are designed to support
to target it with an antisense oligo (ASO). We designed a RNase-H1-mediated cleavage of the target RNA duplexed
perfect complement to the 5 part of the stem/bulge re-  with the DNA core of a gapmer (for review, see Crooke
gion and the loop sequences (SL1-ASO, Fig. 5A). SL1- et al. 2021). An ASO with a randomly rearranged SL1-
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ASO nucleotide sequence A _
(Scrambled-ASO) was used as a neg- u<°’ )
ative control. We then tested how a I
range of ASO concentrations (5-50 ,(:3 SL1-ASO: GGGAAGGTATAAACCTTTAAT
nM) would affect expression of a lucif- ol .
erase reporter with or without SL1 :< \ Aso COTERERIEETRIRAASETTIART
(COV-Z SL1-RL and CoV-2 ASL1-RL, ol :17 © Scrambled: ATACTAATGATTCGAGAGGTA
correspondingly). ::;

We observed that SL1-ASO specifi- )

cally down-regulated SL1-RL (red
bars, Fig. 5B), but not ASL1-RL (purple B
bars), with the efficiency of down-regu-
lation from approximately twofold at 5
nM to ~20-fold at 50 nM of SL1-ASO.
A recent study by Vora et al. (2021) re-
ported a similar ASO targeting SL1
(ASO4): unlike SL1-ASO, it represents
a DNA/LNA mixmer, is longer by 3 nt
(Fig. 5A), and was reported to have low-

100

50

luciferase activity, %

CoV-2 ASL1

CoV-2 SL1

B ARG

erefficiency than SL1-ASO, decreasing 0 s s s = s = s s s = s =
expression of viral reporter by approxi- s & g s ° & g 6 @ & g
mately twofold at 25-50 nM. To com- = o ;o .
pare these two ASOs in the same Scr:rggled SL1-ASO ASO4

experimental setup, we included
ASO4 in our reporter assays. ASO4
was inefficient at lower concentrations
(Fig. 5B, 5 and 12.5 nM), and lead to
a three- to eightfold decrease in SL1-
RL expression at higher concentrations
(25 and 50 nM, correspondingly). Thus,
our SL1-ASO design outperforms pre-
viously reported ASO4 by approxi-
mately threefold and is efficient at
lower concentrations.

NSP1 interacts with ribosomal proteins, mRNA
export, and antiviral defense components

To characterize the functional interactome of NSP1, we ap-
plied BiolD (Roux etal. 2012), which outperforms pulldown
assays in catching transient interactors. This assay relies on
fusing the protein of interest with a promiscuous biotin li-
gase (birA*, Fig. 6A). The ligase biotinylates any proteins
in its close proximity (~10 nm). These biotinylated proteins
are subsequently purified on streptavidin beads and ana-
lyzed using mass spectrometry. We used this assay to iden-
tify the interactome of SARS-CoV-2 NSP1. As negative
controls, we expressed biotin ligase alone (mock) or
NSP1 mutants, KH164AA and RK124AA.

NSP1 has been reported to inhibit host translation by in-
serting its carboxy-terminal domain into the mRNA entry
tunnel on the ribosomal 40S subunit (Schubert et al.
2020; Thoms et al. 2020; Lapointe et al. 2021). Consistent
with these data, we detected interaction of WT NSP1
with PRS2/uS5 ribosomal protein situated near the mRNA
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FIGURE 5. ASO targeting SL1 efficiently and specifically down-regulates viral RNA. (A)
Sequences of ASOs used in the experiment. The sequence of ASO4 is from the study by
Vora et al. (2021). (B) SL1-ASO down-regulates CoV-2 SL1-RL in a wide range of concentra-
tions. HEK293T cells were transfected with the indicated SARS-COV-2 reporters and increas-
ing amounts of ASOs targeting SL1. Scrambled ASO was used as negative control. CoV-2-SL1-
RL and CoV-2-ASL1-RL reporters are as described in Figure 2A. Values are shown as a percent-
age of luciferase produced in the presence of the corresponding concentration of scrambled
ASQ for each reporter. Values represent means = SD from at least three experiments. P-values
([*]<0.1, [**]<0.01, [***] <0.001), calculated with a two-sample t-test comparing scrambled and
SL1-targeting ASO samples, are shown above the relevant bars.

entry tunnel (Fig. 6B, NSP1/mock, Supplemental Table
S1). Other ribosomal proteins, located within the radius
of birA* activity (~10 nm) from the mRNA entry tunnel,
were also detected among interactors. Other components
of the 43S preinitiation complex—initiation factors elF1A,
elF2, and elF3—were also detected (Fig. 6B, blue).
Importantly, the KH164AA NSP1 mutant, reported to be
defective in interaction with the ribosome (Schubert et al.
2020; Thoms et al. 2020; Lapointe et al. 2021), failed to in-
teract with ribosomal proteins and initiation factors (Fig. 6B,
WT/KH164AA). The RK124AA NSP1 mutant was able to re-
press mRNA, although not as efficiently as WT NSP1 (Fig.
1A,B). Consistently, the RK124AA mutant interacted with ri-
bosomal proteins and initiation factors weaker than WT
NSP1 (Fig. 6B, WT/RK124AA). GO term enrichment analy-
sis showed that interactors of WT NSP1 are linked with ribo-
somal terms (Supplemental Fig. S2).

Moreover, we found an enrichment of the nuclear export
factor NXF1 in NSP1 BiolD (Fig. 6B), in line with the recent
data showing that SARS-CoV-2 disrupts mRNA export
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FIGURE 6. NSP1 interacts with ribosomal proteins, ribosome biogenesis factors and viral response factors. (A) Scheme for NSP1 BiolD. NSP1 is
fused with a promiscuous biotin ligase (birA), leading to labeling of proteins within a ~10 nm radius. Labeled proteins are isolated on streptavidin
beads and quantified by LC-MS/MS. Unfunctional mutants of NSP1 and biotin ligase alone (mock) serve as negative controls. (B) Volcano plots
showing proteins enriched in SARS-CoV-2 NSP1-BiolD. —logqg P-values (Y) are plotted against log, fold change of LFQ (label-free quantification)
values between NSP1-BiolD and the indicated NSP1 mutant or BiolD alone (mock) (X). Specific ribosomal protein (green), nuclear export factor 1
(NXF1, black), viral defense factors (referred to in the text and assigned to the GO category “defense response to virus,” red), and nucleases (or-
ange) are shown. (C) Volcano plots showing changes in total proteome of 293T cells upon expression of SARS-CoV-2 NSP1. —logsq P-values (Y) are
plotted against log, fold change of LFQ (label-free quantification) values between NSP1 and the indicated NSP1 mutant or tag alone (mock) (X).
(D) Boxplot showing changes in expression of proteins encoded by TOP genes (cyan) and all other genes (gray) upon expression of WT NSP1,
compared with mock (WT/mock), KH164AA NSP1 mutant (WT/KH164AA), and RK124AA mutant (WT/RK124AA).

from the nucleus (Burke et al. 2021; Zhang et al. 2021).
Additionally, the levels of NXF1 were down-regulated in
cells expressing WT NSP1, when compared with mock or
KH164AA (Fig. 6C). Besides changes in NXF1 levels, we
observed that WT NSP1 up-regulated proteins, encoded
by mRNAs with 5 terminal oligopyrimidine (TOP) tracts
(Fig. 6D, compare cyan and gray boxes). These data are

consistent with the recent report that TOP mRNAs prefer-
entially escape global suppression of translation by NSP1
(Rao et al. 2021).

Having established that our experiments identify known
NSP1 binders and changes in total proteome, we also
searched for possible novel interactors. Curiously, we
found that WT NSP1 interacts with multiple components
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of the cellular antiviral defense system (Fig. 6B, red). The
components we found include eukaryotic initiation factor
2 alpha (elF2A, or elF2S1) and elF2A protein kinase R
(PKR). PKR plays a protective role during viral infection: it
is activated by double-stranded viral RNA, which leads to
the phosphorylation of elF2A and an inhibition of the syn-
thesis of viral proteins (for review, see Gal-Ben-Ari et al.
2018). We identified further interactions with a number of
other antiviral components, including: NKRF (NF-kB-re-
pressing factor), which mediates transcriptional repression
of NK-kappa-B responsive genes (Feng et al. 2002); IFRD1
(interferon-related developmental regulator 1), which sup-
presses NF-kB activation (Tummers et al. 2015); PDE12
(Phosphodiesterase 12), an enzyme that negatively regu-
lates innate immunity (Wood et al. 2015); a number of hel-
icases involved in IFN induction, including DDX21 and
MOV10 (Zhang et al. 2011; Cuevas et al. 2016); ILF3
(Interleukin enhancer-binding factor 3), required for trans-
lation of antiviral cytokine IFNB1 and a subset of INF-stim-
ulated genes (Wathelet et al. 2007). These and additional
interactions uncovered in our assay suggest that NSP1
may modulate antiviral pathways via direct interactions
with their components. Indeed, levels of some interactors,
including DDX21, DDX1, and ILF3, were down-regulated
upon NSP1 expression, compared with the mock and
KH164AA-expressing cells (Fig. 6C). The RK124AA mutant,
that retains part of NSP1 repressive potential, showed few-
er differences with WT NSP1 with respect to changing the
levels of these binders (Fig. 6C, WT/RK124AA). Curiously,
we also observed that WT NSP1 down-regulated other
components of the antiviral defense pathway, including
ADAR, involved in coronavirus genome editing (Di
Giorgio et al. 2020); Bcl-2-associated transcription factor
1 (BCLAF1), that induces proinflammatory cytokines IL-6
and IL-8 (Shao et al. 2016); Annexin A1 (ANXA1), that up-
regulates cytoplasmic RNA sensor RIG-I and thereby stim-
ulates IFNB production (Yap et al. 2020).

NSP1 regulates both translation and stability, and the
RK124AA NSP1 mutant from SARS-CoV-1 (Lokugamage
et al. 2012) and SARS-CoV-2 (Mendez et al. 2021) was re-
ported to be defective in mMRNA destabilization. It has
been speculated, that NSP1 might recruita cellular nuclease
in a manner dependent on intact R124 and K125 residues.
We therefore looked for nucleases enriched among WT
NSP1 interactors, compared with the RK124AA mutant
(Fig. 6B, orange). Five nucleases have been identified:
POP1, a component of ribonuclease P that generates ma-
ture tRNA by cleaving their 5-ends (Lygerou et al. 1996);
NOB1, an endonuclease required for processing of pre-
rRNA precursor (Fatica et al. 2003); ribosomal biogenesis
protein LAS1L (Castle et al. 2010); DIS3, a component of
the RNA exosome complex which possesses both 3’ — 5’
exoribonuclease and endonuclease activity (Lebreton
et al. 2008); and 5 — 3’ exoribonuclease XRN2 (Skourti-
Stathaki et al. 2011).
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DISCUSSION

To date, the most prominent preventive approach to com-
bat the impact of SARS-CoV-2 has revolved around the de-
velopment of vaccines that target the viral spike protein.
However, vaccination does not fully stop the propagation
of disease, and new variants of SARS-CoV-2 may emerge
which prove resistant to existing vaccines. This heightens
the need for the development of drugs that target the
core machinery of SARS-CoV-2 and can be used to treat in-
fected individuals. NSP1 seems to be an ideal candidate as
a target: it is conserved in beta-coronaviruses; it plays a
crucial role in both down-regulating the expression of
host genes and promoting its own propagation; and it sub-
dues the antiviral arsenal of infected cells. Assessing
NSP1’s potential as a target will require the type of de-
tailed mechanistic understanding of its functions that we
present here.

The mechanism we describe offers an explanation for
the way SARS-CoV-2 down-regulates host mRNAs while
concomitantly enhancing its own expression (Fig. 1;
Supplemental Fig. S3). The first step in this process is the
early expression of viral protein NSP1. NSP1 blocks host
translation by inserting its carboxy-terminal domain into
the mRNA entry tunnel on the ribosomal 40S subunit
(Schubert et al. 2020; Thoms et al. 2020; Lapointe et al.
2021). Consistently, we detected interaction of WT NSP1,
but not its nonfunctional mutant KH164AA, with ribosomal
proteins and other components of the 43S preinitiation
complex (Fig. éB). Interestingly, a similar mechanism in-
volving blocking of the mRNA entry tunnel has been previ-
ously reported for other translational repressors, SERBP1
(Brown et al. 2018) and Stm1 (Ben-Shem et al. 2011).

Moreover, NSP1 interacts with the components of anti-
viral machinery in cells (Fig. 6B) in a way that suggests
that it may directly hijack antiviral pathways, beyond re-
pressing the translation of host proteins by binding to
the ribosome. In other cases, viral RNA is typically sensed
by RNA helicases in infected cells, resulting in the activa-
tion of the transcription factors ATF2/c-Jun, IRF3/IRF7,
and NF-kB (Maniatis et al. 1998). These in turn induce
the production of cytokines, including members of the
IFN family, which go on to bind to their cognate receptors
and trigger a second wave of signaling. These two waves
up-regulate genes that inhibit viral replication. By interact-
ing with components of these pathways, NSP1 may pre-
vent the full induction of IFNs as another mechanism that
facilitates viral propagation. Indeed, we observed down-
regulation of some of these factors upon NSP1 expression
(Fig. 6C). Moreover, NSP1 has been speculated to destabi-
lize mRNA (Lokugamage et al. 2012; Mendez et al. 2021)
by recruiting a cellular nuclease in a manner dependent
on R124 and K125 residues. Curiously, we have identified
five nucleases among the NSP1 interactors lost in the
RK124AA mutant (Fig. 6B), providing an important
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resource for future exploratory studies on SARS-CoV-2.
Further experiments in the context of viral infection will
be required to investigate how expression of other viral
proteins may influence NSP1 interactome.

Previous findings that SARS-CoV-2 disrupts the produc-
tion of cellular proteins left unanswered questions. To
propagate, viruses must synthesize their own proteins,
and this depends on the very machinery that appeared
to be suppressed. Our work presents a mechanism by
which SARS-CoV-2 ensures the translation of its own
RNA, which depends on NSP1. We show that the stem
loop SL1 within the viral leader sequence is both necessary
and sufficient to escape NSP1-mediated repression (Fig.
2A); this confirms findings by Banerjee et al. (2020) and
Tidu et al. (2020).

Interestingly, Schubert et al. (2020) failed to detect viral
evasion in their reporter assays and suggested that virus
may use a different strategy. They proposed that viral tran-
scripts might have a higher translation efficiency to begin
with, which would give them a kinetic advantage in trans-
lation over cellular transcripts. Our data suggest a more
likely explanation for the discrepancy in the two models.
The viral leader used in Schubert's study (2020) carries
five additional nucleotides at the 5" end introduced during
cloning (according to the Materials and Methods section
of the manuscript). Such additional nucleotides abrogated
an evasion mechanism in both our (data not shown) and
other studies (Banerjee et al. 2020).

Interaction studies conducted with SARS-CoV-1 and
SARS-CoV-2 NSP1 suggested that it can be bound by
SL1 (Tanaka et al. 2012; Shi et al. 2020; Tidu et al. 2020).
This likely causes NSP1 to be expelled from the mRNA en-
try tunnel. Curiously, Mendez etal. (2021) detected interac-
tion of NSP1 with both viral and cellular reporter mRNAs,
while the earlier study of Tanaka et al. (2012) on SARS-
CoV-1 reports that a viral leader is required for such an
interaction. Further structural studies will be required to re-
solve this discrepancy and uncover the specific mechanism
behind the structural rearrangements of NSP1 on the ribo-
some that potentially occur upon its binding to SL1.
Importantly, our analysis pinpoints specific residues within
SL1 (three cytosine residues at the positions 15, 19, and 20)
and NSP1 (R124) which are required for viral evasion and
are likely involved in SL1/NSP1 interactions.

Our experiments revealed a dose-dependent response
of viral reporters to NSP1. Specifically, at high doses of
NSP1, viral reporters simply escaped silencing, but at low
amounts, NSP1 actually stimulated their expression. We
speculate that the enhancement of viral translation is
caused by the global repression of host translation by
NSP1. This generates a pool of translation factors and ribo-
somes that can now be co-opted by the virus. This principle
is known; it has been established for other viruses which car-
ry internal ribosome entry sites and make use of a similar hi-
jacking mechanism (for review, see Lee et al. 2017). But this

effect has not been previously reported for SARS-CoV-2
NSP1. The reason probably lies with the structure of prior
studies. In some cases, they have not compared expression
of viral reporters in the presence and in the absence of
NSP1 (Banerjee et al. 2020). Other studies have observed
a similar expression of viral reporters under both conditions
(Shi et al. 2020; Mendez et al. 2021) or detected a weaker
repression of viral reporters, compared with nonviral report-
ers (Tidu et al. 2020). The results of Shi et al. (2020) and
Mendez et al. (2021) are consistent with our reporter assays
in the presence of high levels of NSP1 and are easiest ex-
plained by high amounts of NSP1-encoding plasmid used
in these studies. The most likely explanation for the effects
observed by Tidu et al. (2020) is that this work was per-
formed in rabbit reticulocyte lysates, which are typically
treated with nucleases to eliminate endogenous mRNAs.
This system therefore does not recapitulate a possible com-
petition for a limited number of translation factors, which is
characteristic for translation in vivo.

An intriguing question remains regarding the extent to
which NSP1 up-regulates the expression of viral RNAs in
the context of actual viral infection. Future in vivo experi-
ments with viruses carrying mutant forms of NSP1 and
SL1 will be required to address this question.

NSP1's and SL1’s fundamental roles in viral infections
make them highly interesting potential targets for drugs.
Antisense oligos (ASOs) targeting RNA is a highly promising
technology, with nine approved ASO-based drugs up to
date (for review, see Crooke et al. 2021). While targeting
secondary structures with ASO may be challenging, we
identified SL1-ASO that binds SL1 and specifically down-
regulates viral RNA by ~10-fold at 25 nM concentration.
For comparison, previously reported SARS-CoV-2-targeting
ASOs down-regulated viral RNA by ~1.5-fold at 25 nM
(Vora et al. 2021) and 5 nM concentration (Zhu et al.
2021). Besides ASOs, screening for compounds that inter-
fere with NSP1 and SL1 interactions is a promising strategy
for drug development. The understanding we have gained
of the mechanisms underlying its functions suggest three
potential points of attack. The most obvious place to inter-
fere is the site of the protein that interacts with the ribosome
and blocks the mRNA entry tunnel. This is the defect ob-
served in the KH164AA NSP1 mutant, which fails to interact
with ribosome and is nonfunctional. Targeting K164 and
H165 with small molecules therefore appear to be a prom-
ising strategy that would disrupt the pathogenicity of SARS-
CoV-2. Another weak point that could be exploited is the
mechanism which viral molecules use to evade NSP1 silenc-
ing: the structure that permits NSP1 to interact with the viral
leader. There are two possible targets: the regions in either
NSP1 or SL1 that permit and are required for this interac-
tion. Our finding that the R124A mutant, but not WT
NSP1, effectively represses the viral reporter points to a vul-
nerable spot on NSP1 that could be targeted by therapies.
On the SL1 side, finding compounds that target three
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crucial cytosines (C15, C19, and C20), alone or in combina-
tion, might hold a great potential for the development of
novel SARS-CoV-2 therapies.

MATERIALS AND METHODS

Cell culture, transfections, and luciferase assay

Human HEK293T cells were grown in Dulbecco’s modified
Eagle’s medium with GlutaMAX supplement (DMEM+
GlutaMAX, GIBCO) with 10% FBS. Transfections were done in
96-well plates with polyethylenimine (PEl) using a 1:3 ratio of
DNA:PEL. In reporter experiments, HEK293T cells were transfect-
ed with 1-2 ng RL, 15 ng FL, and indicated amounts of NSP1-en-
coding constructs per well of a 96-well plate. The total amount of
transfected DNA was topped up to 50 ng per well of a 96-well
plate with the vector. Cells were lysed 24 h post transfection.
Luciferase activities were measured with a homemade luciferase
reporter assay system as described earlier (Mauri et al. 2016).

DNA constructs and ASOs

3xflag-SARS-CoV-2 NSP1-encoding plasmid and pEBG-3xflag,
used as a vector, have been described previously (Mendonsa
et al. 2021). Analogous plasmid expressing SARS-CoV-1 NSP1
was generated using a similar strategy: CDS of NSP1 was PCR am-
plified, using SARS-CoV-1 cDNA as a template, and cloned be-
tween the Sbfl and Notl sites of pEBG-3xflag. R124A, [R124A;
K125A], and [K164A; H165A] mutations were introduced in
SARS-CoV-2 and SARS-CoV-1 NSP1 CDS by site-directed muta-
genesis. GST-SARS-CoV-2 NSP1-encoding plasmid was generat-
ed by cloning NSP1 CDS into Sbfl-Notl-cut pEBG (Addgene
#22227). RLreporter is similar to the previously described RL plas-
mid (Pillai et al. 2004) but lacks the last 8 nt in the CMV promoter,
which were removed by site-directed mutagenesis. RL served as a
backbone for cloning of Renilla reporters carrying SARS-CoV-2
leader, as well as its deletion and point mutants. SARS-CoV-2
leader with adjacent sequences (attaaaggtttataccttcccaggtaa
Ccaaaccaaccaactttcgatctcttgtagatctgttctctaaacgaacaaactaaaatgtct
gataatggacccca) was generated by oligo annealing and cloned
between Sacl and Nhel sites of RL, to produce CoV-2-RL. For
CoV-2-ASL1-RL, the leader lacking the first 33 nt (aaccaactttcg
atctcttgtagatctgttctctaaacgaacaaactaaa) was cloned upstream of
RL. SL1-RL (or CoV-2-SL-RL) and CoV-1-SL1-RL contain the first
33 nt of SARS-CoV-2 (attaaaggtttataccttcccaggtaacaaacc) or the
first 31 nt of SARS-CoV-2 leader (atattaggtttttacctacccag-
gaaaagcc), respectively. Mutations of SL1, indicated in the fig-
ures, were introduced into the oligos used for cloning. CoV-2-
FL reporter is analogous to CoV-2-RL, with Renilla CDS substitut-
ed for firefly CDS. To clone gCoV-2-flag-NSP1 plasmids, CDS of
NSP1 and its point mutants were PCR amplified and cloned be-
tween Nhel and Notl sites of RL, to substitute RL CDS. At the
next step, the SARS-CoV-2 genomic leader was PCR amplified us-
ing SARS-CoV-2 cDNA as a template (5 end: attaaaggttta-
taccttcccagg; 3’ end: cttacctttcggtcacacccggac) and cloned it
between Sacl and Nhel of NSP1 plasmids. For BiolD constructs,
BiolD CDS was PCR amplified from pcDNA 3.1-BiolD (Roux
et al. 2012) and cloned between BstX| and Notl of pEBG-sic
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(Chekulaeva et al. 2011), to produce pEBG-BiolD. pEBG-BiolD
was used as a mock control in BiolD experiments and as a back-
bone for cloning NSP1-myc-BiolD constructs. For that, CDS of
NSP1 or its point mutants were PCR amplified and cloned be-
tween Nhel and Smal sites of pEBG-BiolD.

ASOs (Sigma) are composed of DNA and locked nucleic acids
(LNA) nucleotides in phosphorothioate (PS) backbone. LNAs are
denoted with [+].

SL1-ASO: [+G[+G][+GJAAGGTATAAACCTTT[+A][+A][+T];

Scrambled: [+A][+T][+AJCTAATGATTCGAGAG[+G]+T][+A];

ASO4: C[+CIT[+G]G[+GJA[+A]G[+GIT[+AJT[+AJA[+A]C[+C]
T[+TIT[+AJA[+T] (Vora et al. 2021).

Western blotting and BiolD

For western blotting, 20 pL of total cell lysate from reporter assay
was separated on a 10% SDS-PAGE, and proteins were trans-
ferred to the PVDF membrane. The membrane was probed with
the following primary antibodies: mouse anti-flag antibody
1:2000 (F1804 Sigma), mouse anti-beta-actin 1:5000 (A2228
Sigma).

For BiolD experiments, HEK293T cells were transfected with
constructs encoding NSP1-BiolD, NSP1-KH164AA-BiolD, NSP1-
RK124AA- BiolD, or BiolD alone. Transfections were done in
quadruplicates, using 10 pg of plasmid and 30 pg of polyethyle-
nimine (PEI) per 10 cm dish with 3 x 10° cells plated a day before
transfection. Cell culture medium was supplemented with 50 uM
biotin. Cells were lyzed 24 h post-transfection, and BiolD was per-
formed as previously described (Roux et al. 2018). In short, cells
were lyzed in 8 M urea, 50 mM Tris-HCl pH 7.4, 1x protease inhib-
itors Complete EDTA-free, 1 mM DTT. Lysates were supplement-
ed with Triton-X100 to a final concentration of 1%, sonicated,
diluted fivefold with lysis buffer and clarified. Biotinylated pro-
teins were isolated by incubation with 100 pL of Streptavidin
Dynabeads (Thermo 65001) at 4°C with rotation overnight.
Proteins were eluted 2x with 25 pL of elution buffer (5% SDS,
50 mM Tris-HCl pH 7.4) and used for mass spectrometry analysis.

Mass spectrometry: in solution digestion
and LC-MS/MS analysis

The BiolD IP eluates (10 pL each) were diluted in ultra-pure water
whereas cell lysates, each corresponding to 20 pg of protein, were
diluted in 50 mM ammonium bicarbonate (NH,HCO3) buffer, pH
7.8 to a final volume of 100 pL. All samples were reduced with 10
mM DTT at 56°C for 30 min, and subsequently alkylated with 30
mM IAA at room temperature for 30 min in the dark. Next, the
samples were subjected to ethanol (EtOH) precipitation followed
by in-solution protein digestion. Briefly, each sample was diluted
10-fold with ice-cold EtOH in 1:10 (v/v) ratio, vortexed and incu-
bated at —40°C for 60 min followed by centrifugation in a pre-
cooled (4°C) centrifuge at 20,000g for 30 min. The obtained
pellet was washed with 100 pL of ice-cold acetone, briefly vor-
texed and centrifuged as mentioned above for 5 min. The super-
natant was discarded, and the pellet was dried under laminar flow
hood and resolubilized in 60 pL of digestion buffer comprising:
0.2 M GuHCI, 2 mM CaCl,, 50 mM NH4HCO3, pH 7.8. 100 ng
of Trypsin Gold and 1 pg of Trypsin Sequencing Grade (both
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Promega) were added to BiolD eluates and total cell lysates, re-
spectively, and subjected to proteolysis at 37°C for 16 h. Lastly,
all samples were acidified with 10% TFA to pH <3.0, and an aliquot
of each digest, that is, 10% of BiolD and 5% of total cell lysate, was
quality controlled as described previously (Burkhart et al. 2012).

For LC-MS/MS analysis, 30% of BiolD eluates and 10% of total
cell lysates digests were analyzed using an Ultimate 3000 nano
RSLC system coupled to Orbitrap Lumos (both Thermo
Scientific). Peptides were preconcentrated on a 100 um x 2 cm
C18 trapping column for 5 min using 0.1% TFA with a flow rate
of 20 pL/min followed by separation on a 75 pm x50 cm C18
main column (both Acclaim PepMap Nanoviper, Thermo
Scientific) with a 60 min (BiolD samples) or 120 min (cell lysate
samples) LC gradient ranging from 3%-35% of B (84% ACN in
0.1% FA) ata flow rate of 250 nL/min. The Orbitrap Lumos was op-
erated in data-dependent acquisition mode, and MS survey scans
were acquired from m/z 300 to 1500 at a resolution of 120,000 us-
ing the polysiloxane ion at m/z 445.12002 as lock mass (Olsen
et al. 2005). For MS1 scans, the automatic gain control (AGC) tar-
get value was set to 2 x 10° with a maximum injection time (IT) of
50 msec. MS2 spectra were acquired in the linear ion trap (rapid
scan mode) after higher-energy collisional dissociation with a nor-
malized collision energy of 30%, an AGC target value of 2 x 10°,
and a maximum IT of 300 msec, by utilizing a maximal duty cycle
of 3 sec, prioritizing the most intense ions and injecting ions for all
available parallelizable time. Selected precursor ions were isolat-
ed using quadrupole with a 1.2 m/z window taking into account a
dynamic exclusion of 30 sec.

For data analysis, all MS raw data were processed with Proteome
Discoverer software 2.3.0.523 (Thermo Scientific) and searched in a
target/decoy fashion against a concatenated version of the human
Uniprot database (downloaded on November 2019, 20300 target
sequences); NSP1 from SARS-CoV-2 and BiolD SEQUEST-HT algo-
rithm. The search parameters were precursor and fragment ion tol-
erances of 10 ppm and 0.5 KDa for MS and MS/MS, respectively.
Trypsin was set as enzyme with a maximum of two missed cleavag-
es. Carbamidomethylation of Cys as fixed modification and oxida-
tion of Met was selected as dynamic modification. The false
discovery rate was set to 0.01 for both peptide and protein identi-
fications using Percolator. A label-free quantification (LFQ) analysis
was performed with four replicates for each condition for whole
proteome analysis and for the pull-down experiment. Proteins
identified with >2 unique peptides were used for differential ex-
pression analysis. Enrichment (log, fold change) of proteins be-
tween pulldown fractions or lysate samples was calculated using
a generalized linear model (R limma package, Ritchie et al. 2015)
on imputed logy-transformed LFQ values. P-values, obtained
from the empirical Bayes method implemented in limma, were ad-
justed for multiple testing using the FDR method.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.

DATA DEPOSITION

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner reposi-
tory with the data set identifier PXD024480.

ACKNOWLEDGMENTS

We thank Russ Hodge for the comments on the manuscript.
Biorender.com was used in figure generation. L.B. was supported
by the Erasmus fellowship. M.D.C. is supported by the Federal
Ministry of Education and Research (BMBF) and Berlin Senate
Department for Education, Youth and Science. ISAS acknowl-
edge the support by the Ministerium fir Kultur und
Wissenschaft des Landes Nordrhein-Westfalen, the Regierende
Burgermeister von Berlin - inkl. Wissenschaft und Forschung,
and the Bundesministerium fiir Bildung und Forschung.

Author contributions: Experiments were performed by L.B. (re-
porter assays Fig. 1B,C, cloning, western blotting Figs. 1B,C, 2B),
M.C. (reporter assays Figs. 1D,E, 2A, 3-5, Supplemental Fig. S1B,
western blotting Fig. 1D,E, cloning, preparation of BiolD sam-
ples), AK. (reporter assays Supplemental Fig. STA, SARS-CoV-1
NSP1 in 2A), K.L. (cloning of BiolD constructs), N.Z. (cloning of
CoV-2-SL1 reporters), and D.K. (cloning of CoV-2-RL and RL re-
porters). O.S. and A.S. performed MS of BiolD samples. N.v.K.
performed statistical and exploratory data analysis for MS data.
M.C. conceptualized and supervised the work and wrote the pa-
per, with feedback from all authors.

Received December 20, 2021; accepted February 9, 2022.

REFERENCES

Banerjee AK, Blanco MR, Bruce EA, Honson DD, Chen LM, Chow A,
Bhat P, Ollikainen N, Quinodoz SA, Loney C, et al. 2020. SARS-
CoV-2 disrupts splicing, translation, and protein trafficking to sup-
press host defenses. Cell 183: 1325-1339.e1321. doi:10.1016/j
.cell.2020.10.004

Ben-Shem A, Garreau de Loubresse N, Melnikov S, Jenner L,
Yusupova G, Yusupov M. 2011. The structure of the eukaryotic ri-
bosome at 3.0 A resolution. Science 334: 1524-1529. doi:10
.1126/science.1212642

Brown A, Baird MR, Yip MC, Murray J, Shao S. 2018. Structures of
translationally inactive mammalian ribosomes. Elife 7: e40486.
doi:10.7554/elife.40486

Burke JM, St Clair LA, Perera R, Parker R. 2021. SARS-CoV-2 infection
triggers widespread host mRNA decay leading to an mRNA export
block. RNA 27: 1318-1329. doi:10.1261/rma.078923.121

Burkhart JM, Schumbrutzki C, Wortelkamp S, Sickmann A, Zahedi RP.
2012. Systematic and quantitative comparison of digest efficiency
and specificity reveals the impact of trypsin quality on MS-based
proteomics. J Proteomics 75: 1454-1462. doi:10.1016/j.jprot
.2011.11.016

Castle CD, Cassimere EK, Lee J, Denicourt C. 2010. Las1L is a nucle-
olar protein required for cell proliferation and ribosome biogene-
sis. Mol Cell Biol 30: 4404-4414. doi:10.1128/MCB.00358-10

Chekulaeva M, Mathys H, Zipprich JT, Attig J, Colic M, Parker R,
Filipowicz W. 2011. miRNA repression involves GW182-mediated
recruitment of CCR4-NOT through conserved W-containing mo-
tifs. Nat Struct Mol Biol 18: 1218-1226. doi:10.1038/nsmb.2166

Chen'Y, Liu Q, Guo D. 2020. Emerging coronaviruses: genome struc-
ture, replication, and pathogenesis. J Med Virol 92: 418-423.
doi:10.1002/jmv.25681

Crooke ST, Baker BF, Crooke RM, Liang XH. 2021. Antisense technol-
ogy: an overview and prospectus. Nat Rev Drug Discov 20: 427-
453. doi:10.1038/541573-021-00162-z

Cuevas RA, Ghosh A, Wallerath C, Hornung V, Coyne CB, Sarkar SN.
2016. MOV10 provides antiviral activity against RNA viruses by

www.rnajournal.org 777


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079086.121/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079086.121/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079086.121/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079086.121/-/DC1
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on April 19, 2022 - Published by Cold Spring Harbor Laboratory Press

Bujanic et al.

enhancing RIG-I-MAVS-independent IFN induction. J Immunol
196: 3877-3886. doi:10.4049/jimmunol.1501359

Di Giorgio S, Martignano F, Torcia MG, Mattiuz G, Conticello SG.
2020. Evidence for host-dependent RNA editing in the transcrip-
tome of SARS-CoV-2. Sci Adv 6: eabb5813. doi:10.1126/sciadv
.abb5813

Fatica A, Oeffinger M, Dlakic M, Tollervey D. 2003. Nob1p is required
for cleavage of the 3’ end of 18S rRNA. Mol Cell Biol 23: 1798-
1807. doi:10.1128/MCB.23.5.1798-1807.2003

Feng X, Guo Z, Nourbakhsh M, Hauser H, Ganster R, Shao L,
Geller DA. 2002. Identification of a negative response element
in the human inducible nitric-oxide synthase (hiNOS) promoter:
the role of NF-kB-repressing factor (NRF) in basal repression of
the hiNOS gene. Proc Natl Acad Sci 99: 14212-14217. doi:10
.1073/pnas.212306199

Gal-Ben-Ari S, Barrera |, Ehrlich M, Rosenblum K. 2018. PKR: a kinase
to remember. Front Mol Neurosci 11: 480. doi:10.3389/fnmol
.2018.00480

Huang C, Lokugamage KG, Rozovics JM, Narayanan K, Semler BL,
Makino S. 2011. SARS coronavirus nsp1 protein induces tem-
plate-dependent endonucleolytic cleavage of mRNAs: viral
mRNAs are resistant to nspl-induced RNA cleavage. PLoS
Pathog 7: €1002433. doi:10.1371/journal.ppat. 1002433

Kamitani W, Narayanan K, Huang C, Lokugamage K, lkegami T, Ito N,
Kubo H, Makino S. 2006. Severe acute respiratory syndrome coro-
navirus nsp1 protein suppresses host gene expression by promot-
ing host mRNA degradation. Proc Natl Acad Sci 103: 12885-
12890. doi:10.1073/pnas.0603144103

Kamitani W, Huang C, Narayanan K, Lokugamage KG, Makino S.
2009. A two-pronged strategy to suppress host protein synthesis
by SARS coronavirus Nsp1 protein. Nat Struct Mol Biol 16:
1134-1140. doi:10.1038/nsmb.1680

Lapointe CP, Grosely R, Johnson AG, Wang J, Fermnandez IS,
Puglisi JD. 2021. Dynamic competition between SARS-CoV-2
NSP1 and mRNA on the human ribosome inhibits translation initi-
ation. Proc Natl Acad Sci 118: €2017715118. doi:10.1073/pnas
.2017715118

Lebreton A, Tomecki R, Dziembowski A, Seraphin B. 2008.
Endonucleolytic RNA cleavage by a eukaryotic exosome. Nature
456: 993-996. doi:10.1038/nature07480

Lee KM, Chen CJ, Shih SR. 2017. Regulation mechanisms of viral IRES-
driven translation. Trends Microbiol 25: 546-561.

Lokugamage KG, Narayanan K, Huang C, Makino S. 2012. Severe
acute respiratory syndrome coronavirus protein nsp1 is a novel eu-
karyotic translation inhibitor that represses multiple steps of trans-
lation initiation. J Virol 86: 13598-13608. doi:10.1128/JVI
.01958-12

Lygerou Z, Pluk H, van Venrooij WJ, Seraphin B. 1996. hPop1: an auto-
antigenic protein subunit shared by the human RNase P and
RNase MRP ribonucleoproteins. EMBO J 15: 5936-5948. doi:10
.1002/j.1460-2075.1996.tb00980.x

Maniatis T, Falvo JV, Kim TH, Kim TK, Lin CH, Parekh BS,
Wathelet MG. 1998. Structure and function of the interferon-f
enhanceosome. Cold Spring Harb Symp Quant Biol 63: 609-
620. doi:10.1101/sgb.1998.63.609

Mauri M, Kirchner M, Aharoni R, Ciolli Mattioli C, van den Bruck D,
Gutkovitch N, Modepalli V, Selbach M, Moran Y, Chekulaeva M.
2016. Conservation of miRNA-mediated silencing mechanisms
across 600 million years of animal evolution. Nucleic Acids Res
45: 938-950. doi:10.1093/nar/gkw792

Mendez AS, Ly M, Gonzalez-Sanchez AM, Hartenian E, Ingolia NT,
Cate JH, Glaunsinger BA. 2021. The N-terminal domain of
SARS-CoV-2 nsp1 plays key roles in suppression of cellular gene
expression and preservation of viral gene expression. Cell Rep
37: 109841. doi:10.1016/j.celrep.2021.109841

778 RNA (2022) Vol. 28, No. 5

Mendonsa S, von Kuegelgen N, Bujanic L, Chekulaeva M. 2021.
Charcot-Marie-Tooth mutation in glycyl-tRNA synthetase stalls ri-
bosomes in a pre-accommodation state and activates integrated
stress response. Nucleic Acids Res 49: 10007-10017. doi:10
.1093/nar/gkab730

Narayanan K, Huang C, Lokugamage K, Kamitani W, lkegami T,
Tseng CT, Makino S. 2008. Severe acute respiratory syndrome co-
ronavirus nsp1 suppresses host gene expression, including that of
type | interferon, in infected cells. J Virol 82: 4471-4479. doi:10
.1128/JV1.02472-07

Narayanan K, Ramirez Sl, Lokugamage KG, Makino S. 2015.
Coronavirus nonstructural protein 1: common and distinct func-
tions in the regulation of host and viral gene expression. Virus
Res 202: 89-100. doi:10.1016/j.virusres.2014.11.019

Olsen JV, de Godoy LM, Li G, Macek B, Mortensen P, Pesch R,
Makarov A, Lange O, Horning S, Mann M. 2005. Parts per million
mass accuracy on an Orbitrap mass spectrometer via lock mass in-
jection into a C-trap. Mol Cell Proteomics 4: 2010-2021. doi:10
.1074/mcp.T500030-MCP200

Pillai RS, Artus CG, Filipowicz W. 2004. Tethering of human Ago pro-
teins to mRNA mimics the miRNA-mediated repression of protein
synthesis. RNA 10: 1518-1525. doi:10.1261/rna.7131604

Rao S, Hoskins I, Tonn T, Garcia PD, Ozadam H, Sarinay Cenik E,
Cenik C. 2021. Genes with 5 terminal oligopyrimidine tracts pref-
erentially escape global suppression of translation by the SARS-
CoV-2 Nsp1 protein. RNA 27: 1025-1045. doi:10.1261/mna
.078661.120

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. 2015.
limma powers differential expression analyses for RNA-sequenc-
ing and microarray studies. Nucleic Acids Res 43: e47. doi:10
.1093/nar/gkv007

Roux KJ, Kim DI, Raida M, Burke B. 2012. A promiscuous biotin ligase
fusion protein identifies proximal and interacting proteins in mam-
malian cells. J Cell Biol 196: 801-810. doi:10.1083/jcb.201112098

Roux KJ, Kim DI, Burke B, May DG. 2018. BiolD: a screen for protein-
protein interactions. Curr Protoc Protein Sci 91: 19.23.11-
19.23.15. doi:10.1002/0471140864.ps1923s74

Schubert K, Karousis ED, Jomaa A, Scaiola A, Echeverria B,
Gurzeler LA, Leibundgut M, Thiel V, Muhlemann O, Ban N.
2020. Author correction: SARS-CoV-2 Nsp1 binds the ribosomal
mRNA channel to inhibit translation. Nat Struct Mol Biol 27:
1094. doi:10.1038/s41594-020-00533-x

Shao AW, Sun H, Geng Y, Peng Q, Wang P, Chen J, Xiong T, Cao R,
Tang J. 2016. Bclaf1 is an important NF-xB signaling transducer
and C/EBPB regulator in DNA damage-induced senescence. Cell
Death Differ 23: 865-875. doi:10.1038/cdd.2015.150

Shi M, Wang L, Fontana P, Vora S, Zhang Y, Fu TM, Lieberman J,
Wu H. 2020. SARS-CoV-2 Nsp1 suppresses host but not viral trans-
lation through a bipartite mechanism. bioRxiv doi:10.1101/2020
.09.18.302901

Skourti-Stathaki K, Proudfoot NJ, Gromak N. 2011. Human senataxin
resolves RNA/DNA hybrids formed at transcriptional pause sites to
promote Xrn2-dependent termination. Mol Cell 42: 794-805.
doi:10.1016/j.molcel.2011.04.026

Tanaka T, Kamitani W, DeDiego ML, Enjuanes L, Matsuura Y. 2012.
Severe acute respiratory syndrome coronavirus nsp1 facilitates ef-
ficient propagation in cells through a specific translational shutoff
of host mRNA. J Virol 86: 11128-11137. doi:10.1128/JVI.01700-
12

Thoms M, Buschauer R, Ameismeier M, Koepke L, Denk T,
Hirschenberger M, Kratzat H, Hayn M, Mackens-Kiani T,
Cheng J, et al. 2020. Structural basis for translational shutdown
and immune evasion by the Nspl protein of SARS-CoV-2.
Science 369: 1249-1255. doi:10.1126/science.abc8665


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on April 19, 2022 - Published by Cold Spring Harbor Laboratory Press

SARS-CoV-2 escape of NSP1-mediated repression

Tidu A, Janvier A, Schaeffer L, Sosnowski P, Kuhn L, Hammann P,
Westhof E, Eriani G, Martin F. 2020. The viral protein NSP1 acts
as a ribosome gatekeeper for shutting down host translation and
fostering SARS-CoV-2 translation. RNA 27: 253-264. doi:10
.1261/ma.078121.120

Tummers B, Goedemans R, Pelascini LP, Jordanova ES, van Esch EM,
Meyers C, Melief CJ, Boer JM, van der Burg SH. 2015. The inter-
feron-related developmental regulator 1 is used by human papillo-
mavirus to suppress NFkB activation. Nat Commun é: 6537. doi:10
.1038/ncomms7537

Vora SM, Fontana P, LegerV, Zhang VY, Fu T-M, Lieberman J, Gehrke L,
Shi M, Wang L, Wu H. 2021. Targeting stem-loop 1 of the SARS-
CoV-2 5'UTR to suppress viral translation and Nsp1 evasion.
bioRxiv doi:10.1101/2021.09.09.459641

Wathelet MG, Orr M, Frieman MB, Baric RS. 2007. Severe acute respi-
ratory syndrome coronavirus evades antiviral signaling: role of
nspl and rational design of an attenuated strain. J Virol 81:
11620-11633. doi:10.1128/JVI.00702-07

Wood ER, Bledsoe R, Chai J, Daka P, Deng H, Ding Y, Harris-Gurley S,
Kryn LH, Nartey E, Nichols J, et al. 2015. The role of phosphodies-
terase 12 (PDE12) as a negative regulator of the innate immune re-
sponse and the discovery of antiviral inhibitors. J Biol Chem 290:
19681-19696. doi:10.1074/jbc.M115.653113

Yang Y, Xiao Z, Ye K, He X, Sun B, Qin Z, Yu J, Yao J, Wu Q, Bao Z,
et al. 2020. SARS-CoV-2: characteristics and current advances in
research. Virol J17: 117. doi:10.1186/512985-020-01369-z

Yap GLR, Sachaphibulkij K, Foo SL, Cui J, Fairhurst AM, Lim LHK.
2020. Annexin-A1 promotes RIG-I-dependent signaling and apo-

ptosis via regulation of the IRF3-IFNAR-STAT1-IFIT1 pathway in
A549 lung epithelial cells. Cell Death Dis 11: 463. doi:10.1038/
s41419-020-2625-7

Yuan S, Peng L, Park JJ, Hu 'Y, Devarkar SC, Dong MB, Shen Q, Wu S,
Chen'S, Lomakin IB, et al. 2020. Nonstructural protein 1 of SARS-
CoV-2is a potent pathogenicity factor redirecting host protein syn-
thesis machinery toward viral RNA. Mol Cell 80: 1055-1066.
e1056. doi:10.1016/j.molcel.2020.10.034

Zhang Z, Kim T, Bao M, Facchinetti V, Jung SY, Ghaffari AA, Qin J,
Cheng G, Liu YJ. 2011. DDX1, DDX21, and DHX36 helicases
form a complex with the adaptor molecule TRIF to sense dsRNA
in dendritic cells. Immunity 34: 866-878. doi:10.1016/j.immuni
.2011.03.027

Zhang K, Miorin L, Makio T, Dehghan |, Gao S, Xie Y, Zhong H,
Esparza M, Kehrer T, Kumar A, et al. 2021. Nsp1 protein of SARS-
CoV-2 disrupts the mRNA export machinery to inhibit host gene ex-
pression. Sci Adv 7: eabe7386. doi:10.1126/sciadv.abe7386

Zhu C, Lee JY, Woo JZ, Xu L, Nguyenla X, Yamashiro LH, Ji F,
Biering SB, Van Dis E, Gonzalez F, et al. 2021. An intranasal ASO
therapeutic targeting SARS-CoV-2. bioRxiv doi:10.1101/2021.05
17.444397

Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si HR, Zhu Y,
Li B, Huang CL, et al. 2020. A pneumonia outbreak associated
with a new coronavirus of probable bat origin. Nature 579: 270
273. doi:10.1038/s41586-020-2012-7

Zuker M. 2003. Mfold web server for nucleic acid folding and hybrid-
ization prediction. Nucleic Acids Res 31: 3406-3415. doi:10.1093/
nar/gkg595

www.rnajournal.org 779


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on April 19, 2022 - Published by Cold Spring Harbor Laboratory Press

@ RNA

A PUBLICATION OF THE RNA SOCIETY

The key features of SARS-CoV-2 leader and NSP1 required for viral
escape of NSP1-mediated repression

Lucija Bujanic, Olga Shevchuk, Nicolai von Kugelgen, et al.

RNA 2022 28: 766-779 originally published online March 1, 2022
Access the most recent version at doi:10.1261/rna.079086.121

Supplemental  http://rnajournal.cshlp.org/content/suppl/2022/03/01/rna.079086.121.DC1
Material

References This article cites 53 articles, 25 of which can be accessed free at:
http://rnajournal.cshlp.org/content/28/5/766.full.html#ref-list-1

Open Access Freely available online through the RNA Open Access option.

Creative This article, published in RNA, is available under a Creative Commons License
Commons (Attribution 4.0 International), as described at
License http://creativecommons.org/licenses/by/4.0/.

Email Alerting Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

Use CRISPRmod for targeted

modulation of endogenous gene
expression to validate siRNA data

To subscribe to RNA go to:
http://rnajournal.cshlp.org/subscriptions

© 2022 Bujanic et al.; Published by Cold Spring Harbor Laboratory Press for the RNA Society


http://rnajournal.cshlp.org/lookup/doi/10.1261/rna.079086.121
http://rnajournal.cshlp.org/content/suppl/2022/03/01/rna.079086.121.DC1
http://rnajournal.cshlp.org/content/28/5/766.full.html#ref-list-1
http://creativecommons.org/licenses/by/4.0/
http://rnajournal.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by& saveAlert=no&cited_by_criteria_resid=rna;28/5/766&return_type=article&return_url=http://rnajournal.cshlp.org/content/28/5/766.full.pdf
http://rnajournal.cshlp.org/cgi/adclick/?ad=56351&adclick=true&url=https%3A%2F%2Fhorizondiscovery.com%2Fen%2Fapplications%2Fcrisprmod%2Fcrispri%3Futm_source%3DRNAJournal%26utm_medium%3Dbanner%26utm_campaign%3DCRISPRMod%26utm_id%3DCRISPRMod%26utm_content%
http://rnajournal.cshlp.org/subscriptions
http://rnajournal.cshlp.org/
http://www.cshlpress.com

