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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), a positive single-stranded RNA virus, engages in complex
interactions with host cell proteins throughout its life cycle.
While these interactions enable the host to recognize and
inhibit viral replication, they also facilitate essential viral pro-
cesses such as transcription, translation, and replication.
Many aspects of these virus-host interactions remain poorly
understood. Here, we employed the catRAPID algorithm and
utilized the RNA-protein interaction detection coupled with
mass spectrometry technology to predict and validate the
host proteins that specifically bind to the highly structured 50

and 30 terminal regions of the SARS-CoV-2 RNA. Among the
interactions identified, we prioritized pseudouridine synthase
PUS7, which binds to both ends of the viral RNA. Using nano-
pore direct RNA sequencing, we discovered that the viral RNA
undergoes extensive post-transcriptional modifications. Modi-
fied consensus regions for PUS7 were identified at both termi-
nal regions of the SARS-CoV-2 RNA, including one in the viral
transcription regulatory sequence leader. Collectively, our find-
ings offer insights into host protein interactions with the
SARS-CoV-2 UTRs and highlight the likely significance of
pseudouridine synthases and other post-transcriptional modi-
fications in the viral life cycle. This new knowledge enhances
our understanding of virus-host dynamics and could inform
the development of targeted therapeutic strategies.

INTRODUCTION
The outbreak of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in the human population has dramatically affected
Molecular The
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life expectancy worldwide. SARS-CoV-2 infection causes the corona-
virus disease 2019 (COVID-19), a potentially fatal condition, espe-
cially for the elderly population and for individuals with underlying
health issues. To date, vaccination is the most effective strategy to
significantly decrease the incidence of SARS-CoV-2 infection and
the onset of severe COVID-19. However, new and fast-spreading
SARS-CoV-2 variants might be able to escape the antibody response
of vaccinated people.1

SARS-CoV-2 is a positive-sense single-stranded RNA virus of the
Coronoviridae family.2,3 Its genome is composed of approximately
30,000 nucleotides and contains 14 open reading frames (ORFs) en-
coding 16 non-structural proteins (nsp 1–16), 12 accessory proteins
(ORF3a, ORF3b, ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8,
ORF9b, ORF9c, ORF9d, and ORF10) and 4 structural proteins: spike,
envelope, membrane, and nucleocapsid.4–6 Structural and accessory
proteins are encoded in subgenomic RNAs (sgRNAs) that bear a
common 50 leader sequence fused to different body sequences up-
stream to the encoded ORF.7 During its life cycle, SARS-CoV-2
rapy: Nucleic Acids Vol. 34 December 2023 ª 2023 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2023.102052
mailto:roberto.giambruno@cnr.it
mailto:gian.tartaglia@iit.it
mailto:francesco.nicassio@iit.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2023.102052&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Nucleic Acids
RNAs interact with several host proteins specifically required for the
translation of viral proteins, the transcription of the sgRNAs, the
replication of the genome, and the generation of new viral particles.8

At the same time, host proteins recognize the presence of the SARS-
CoV-2 RNA in the cytoplasm, activating the innate immune response
through the interferon signaling pathways.9–11 Although the interac-
tion between viral RNAs and host proteins has been recognized as a
key molecular process for virulence, a complete and clear understand-
ing of these interactions and their underlying mechanisms has not yet
been achieved. Hence, our understanding on how viral RNA exploits
cellular mechanisms for its own advantage remains limited.

Several laboratories have independently mapped the SARS-CoV-2
RNA-host protein interactome in mammalian cell lines that are
permissive to SARS-CoV-2 infection.12–15 In these studies, the inter-
actome was analyzed using an RNA-centric approach to specifically
purify the viral RNA at 8–24 h after infection, a time frame in which
the virus is actively replicating and produces viral proteins that hijack
the host innate immune response.16,17 Many host RNA-binding pro-
teins (RBPs) have been reported to interact with the SARS-CoV-2
RNA. These RBPs are involved in multiple biological processes
such as RNA splicing, RNA metabolism, nonsense-mediated decay,
translation and viral processing. However, the interactions between
host proteins and viral RNAs at earlier stages of the viral life cycle
and the RNA regions specifically bound by the host proteins remain
largely undetected. With this work, we aim to fill these gaps by ex-
pressing defined SARS-CoV-2 RNA fragments in human living cells
and analyzing those interactions with the host proteins that might
occur in the absence of viral proteins. In particular, we focused on
the highly structured regions containing the 50 and the 30 ends of
SARS-CoV-2, which we previously predicted to be interaction hot
spots for the host proteins, as observed also for other coronaviruses.18

To thoroughly investigate the interactome of these key SARS-CoV-2
RNA regions, we used an approach based on the combination of the
in house algorithm catRAPID and a well-established proximity-liga-
tion approach,19 RNA-protein interaction detection-mass spectrom-
etry (RaPID-MS).20 In addition to the host proteins already re-
ported, we unveiled other RBPs that may have key functions in
the early phases of viral infection by interacting with SARS-CoV-
2 genomic RNA. Interestingly, we found also the enzyme pseudour-
idine synthase 7 (PUS7), an RNA modifier that catalyzes the pseu-
douridylation of RNA transcripts, highlighting a cellular mechanism
in charge of introducing post-transcriptional modification on viral
RNA. Nanopore direct RNA sequencing of SARS-CoV-2 RNA
from infected mammalian cells confirmed the presence of many
RNA modifications, including pseudouridylation sites on the viral
RNAs. In particular, we found PUS7 consensus sequences heavily
modified in the SARS-CoV-2 sgRNAs, with one present in the
stem loop 2 of the SARS-CoV-2 50 UTR, within the transcription
regulatory sequence-leader (TRS-L). Biochemical and biophysical
assays support a role for this unique modification by influencing
both RNA structure and interaction propensity. In conclusion, we
propose that the interaction and the activity of cellular pseudouri-
2 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
dine synthases may represent a new mechanism able to influence
SARS-CoV-2 life cycle.

RESULTS
Prediction of SARS-CoV-2 regions with the greatest propensity

to interact with host proteins

We previously reported that RNA regions with high structural content
tend to tightly interact with a large number of proteins,21,22 which sug-
gests that structured regions of the SARS-CoV-2 RNA genome might
play a crucial role in its regulation.18 In line with this finding, we and
others have observed that the first and last 1.5 kb of the viral genome
recruit specific factors required for viral translation and replication
and that they act as targets for the intracellular host defense
response.18,23 Despite previous attempts, a comprehensive and repro-
duciblemap of RNA-host protein interactions ismissing.24We decided
to accurately map the regions with the greatest propensity to interact
with host proteins and, accordingly, divided the initial as well as termi-
nal 1.5-kb regions of the viral genome into 500-nucleotide-long RNA
fragments. Each fragment overlaps the following one by 250 nucleo-
tides. A total of five fragments for the 50 region (numbered 1–5) and
five for the 30 region (numbered 6–10) was identified (Table S1; Fig-
ure 1A). Through the catRAPID algorithm,25which estimates the bind-
ing affinity of protein-RNA pairs,26,27 we predicted the interactions of
each fragment with human RBPs (>2,000 entries) (Table S2). In this
analysis, we did not consider the cell-specificity pattern of expression
of the RBPs, as the calculations serve to provide an estimate of the pro-
tein-binding ability of RNA fragments.We identified fragments 1 and 2
and fragments 9 and 10 as those harboring the highest scores (Fig-
ure 1B). Considering that the 50 and 30 UTRs (fragments 1 and 10)
have the strongest scores, we reasoned that these regions might also
be the most functionally relevant.28 Altogether, these results provide
important indications on the location of structural hot spots potentially
relevant for the functional interactions between the virus and the host.

Identification of the human interactome for the 50 and 30 ends of

the SARS-CoV-2 genome

To analyze the RNA interaction with the host proteins experimen-
tally, we exploited the RaPID-MS approach20 using the 10 above-
described fragments generated by catRAPID (Figures 1A and S1).
The fragments were cloned within BoxB sequences (materials and
methods), used as tags for the RaPID assay, and were expressed
into HEK293T cells as host cell line (Figure 1C). As a negative control,
we generated a scrambled sequence of 500 nt of similar GC content
compared to the other fragments (named “Scramble” henceforth).
The BoxB-tagged EDEN15 RNA was selected as positive control.20

We verified that (i) each plasmid expressing an RNA fragment was
co-expressed with a plasmid coding for the biotin protein ligase
lN-HA-BASU by FACS analysis (Figure S2) and (ii) lN-HA-BASU
was expressed correctly and able to biotinylate protein substrates in
the presence of exogenous biotin by western blot (WB) analysis (Fig-
ure S3A). The resulting biotinylated proteins were purified under
denaturing conditions using streptavidin beads, as confirmed by
WB analysis (Figure S3B), and analyzed by liquid chromatography-
tandemMS (LC-MS/MS). In total, 3 independent biological replicates
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Figure 1. Experimental approach to investigate

SARS-CoV-2 interactome

(A) Schematic representation of the SARS-CoV-2 RNA

fragments selected to be studied with the RaPID-MS

strategy. The scheme shows the fragments names,

positions within the SARS-CoV-2 genome and degree of

overlap between them. (B) catRAPID predictions of the 10

selected RNA fragments with the catalog of human RBPs.

Fragments belonging to the first and last 1.5 Kbp of

SARS-CoV-2 genome are colored in different shades of

pink and green, respectively. Error bars for each fragment

correspond to the average value ± SE. The gray dashed

line indicates the trend of the catRAPID score in the chart.

(C) Description of the technique RaPID-MS, in which the

RNA fragment of interest is expressed in cells flanked by

BoxB stem loops. BoxB is specifically recognized by the

co-transfected lN peptide fused to the biotin ligase

BASU. Upon biotin addition to the growth medium, BASU

biotinylates the host protein interactors attracted by the

RNA of interest.
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of RaPID-MS were performed using the 10 SARS-CoV-2 fragments,
as well as the Scramble and the EDEN15 control RNAs. We identified
a total of 1,296 proteins interacting with our selected fragments, a
resource reported in Table S3. A comparison between our dataset
and the ones generated by previous studies indicates an overlap of
approximately 40% (Table S3), demonstrating good agreement with
the literature.29,30

As we are interested in finding host proteins that specifically bind to
SARS-CoV-2 regions rather than other RNAs, we compared the list
of interactors obtained with each individual fragment with those ob-
tained with our negative control Scramble (Figures S4A and S4B;
Table S3). We removed RBPs that were found as interacting to the
same extent of Scramble (Table S3), including PTBP1, G3BP1 and
SYNCRIP, which were previously reported to specifically interact
with the SARS-CoV-2 RNA.12–15 We were able to verify the specificity
of our approach, as we identified CELF1 as the interactor of our pos-
itive control EDEN15 (Figure S4B), as expected.31 In total, we isolated
73 proteins significantly and specifically interacting with SARS-CoV-2
RNA fragments, hereafter called the “RaPID-MS dataset” (Figure 2).
In the RaPID-MS dataset, we have 10 proteins, previously reported
as interactors of SARS-CoV-2 RNA, namely FAM120A, HAT1,
Molecular Th
LSG1, SHMT1, and SYNE2 and the ribosomal
proteins RPL14, RPL18A, RPL24, RPL35, and
RPS6. The remaining proteins were identified
for the first time (Figures S5A and S5B). The
greatest number of interacting proteins were
in fragments 1, 4, 7 and 10. Conversely, frag-
ment 2 displayed only two specific interactions
(Figure 2A).

To balance the possible bias that could be intro-
duced by the RaPID technique, we considered
protein length and abundance to compute the median enrichment
value of each significant interactor (Figure 2B). As for other studies
of SARS-CoV-2 RNA interactome,24 we retrieved ribosomal proteins
(N = 7) among the most highly enriched interactors (Figure 2B), ex-
plained by the fact that some of the fragments contain ORFs. We ex-
pected the RaPID-MS dataset to be enriched for direct RNA-protein
interactions. Indeed, 73% (53/73) interactors are annotated as RBPs
according to the RBPome database (https://rbpbase.shiny.embl.de/)
(green circles in Figure 2C), while the remaining are members of
the protein complexes biotinylated in proximity of the target. We
noted that, while some proteins (N = 26) were shared among two
or more fragments, most interactions (N = 47) are specific for just
one RNA fragment (Figure 2C). In some cases, the proteins interact
with the overlapping regions included within the fragments, reinforc-
ing our conclusions. Examples are WNK3 and AP4M1, which were
found in association with the neighboring fragments 4 and 5 and frag-
ments 7 and 8, respectively. Interestingly, three proteins (CEP350,
RGPD1, and GPKOW) were exclusively interacting with the two ter-
minal fragments (1 and 10), suggesting they might bind 50 and 30 ends
either independently or by participating in viral RNA circularization,
as recently described.32 Gene set enrichment analysis for Gene
Ontology (GO) processes highlighted that the retrieved interactors
erapy: Nucleic Acids Vol. 34 December 2023 3
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Figure 2. Defining SARS-CoV-2 interaction network with the human proteome

(A) Number of specific interactors identified for each SARS-CoV-2 RNA fragment (labeled with the letter “F” follow by a number). (B) Enrichment distribution of the specific

interactors for all considered fragments compared with the control “Scramble.” Data are normalized for protein length and abundance, as specified in the materials and

methods. (C) The network of proteins identified by RaPID-MS. Only proteins significantly enriched over the control “Scramble” are displayed. Data are derived from the

analysis of three independent biological replicates. In pink are displayed the RNA fragments, while in green the retrieved interactors. Proteins circled in green are RBPs,

according to the RBPome database (https://rbpbase.shiny.embl.de/).
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belonged to cellular pathways involved in viral transcription,
nonsense-mediated mRNA decay, rRNA processing, translational
initiation, mRNA splicing, and mRNA export from the nucleus
(Figure S5C).

Correlation between computationally predicted and

experimentally validated RNA-host protein interactors

To properly compare predicted and experimental interactions, the
median enrichment value of each experimentally identified interactor
was normalized by protein length and abundance (Table S4). We
restricted the computational prediction analysis to human RBPs
reported in the catRAPID library,25 here named RaPID-RBP
(Table S4), and assessed to what extent the predicted binding propen-
sities are in agreement with the experimental results obtained in the
RAPID-MS dataset. In particular, we verified whether the strongest
positive (i.e., interacting) and strongest negative (i.e., non-interacting)
predicted protein-RNA pairs could be identified in the list of experi-
mentally validated interactions. We evaluated the performance of our
prediction using the area under the receiver operating characteristic
curve (AUC). Overall, catRAPID reached an AUC of more than
0.80. The AUC increased from 0.58 to 0.83 when applying the predic-
tions to the experimental scores from the top 20% (i.e., the 20% stron-
gest positives vs. the 20% strongest negatives) with the top 2.5% (i.e.,
the 2.5% strongest positives vs. the 2.5% strongest negatives) (Fig-
ure 3A; Table S4). When considering each fragment separately, the
prediction performances increased even further for the terminal re-
gions of the viral genome (fragments 1 and 10) and for some internal
overlapping fragments (fragments 4–6), reaching an AUC of 0.95 for
the top 1% ranked experimental cases (Figure 3B; Table S4). Overall,
this analysis suggests that predicted and the experimental data are
well correlated.

Prompted by this observation, we exploited the catRAPID score to
produce a rank of the RBP interactome of SARS-CoV-2 RNA identi-
fied by RAPID-MS. The log2 catRAPID score for all the possible viral
RNA-host protein interactions was between 3.22 and 6.70, with a me-
dian value of 4.62 (Figure 3C; Table S4). The catRAPID predicted
RNA-protein interactions of each viral RNA fragment were differ-
ently distributed within these intervals (Figures S6A and S6B). In
particular, proteins above a log2 catRAPID score of 5.22, correspond-
ing with the 85th percentile and the graphical inflection point of the
distribution, are significantly enriched for interactions with fragments
10, 4, and 5 (Figure 3C; Table S4). These three fragments together dis-
played 373 predicted interactions that were not found with the RNA
control Scramble, including 13 interactions involving 9 RBPs signifi-
Figure 3. catRAPID performances on the RaPID-RBP datasets

(A) catRAPID performances on the RaPID-RBP dataset. The predictive power of the me

calculated on LFQ experimental value, normalized by taking into account the abundance

the RaPID-RBP dataset, focusing on the single RNA fragments. For each fragment, t

performances are evaluated as in (A) and the fragments are ordered according to the

according to their relative log2 catRAPID score. The dashed lines indicate the 85th perce

percentiles. (D) Scatter chart of the analyzed RBPs ranked according to their relative l

distribution.
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cantly associated with the SARS-CoV-2 RNA fragments by RaPID-
MS (Figure 3D). Among them were (i) FAM120A, LSG1, and RPS6
that were already reported as host proteins reproducibly interacting
with SARS-CoV-2 RNA24; (ii) the splicing factors GPKOW, SF3A1,
NOP58, and the NDM factor SMG7 that were computationally pre-
dicted to specifically associate to the genomic viral RNA33,34; and
(iii) the RNAmodifier PUS7, which catalyzes the isomerization of uri-
dine into pseudouridine in cellular tRNAs andmRNAs, reported here
for the first time. In the RaPID-MS dataset, PUS7 specifically associ-
ates with fragments 1, 4, 7, and 10, all harboring a PUS7 consensus
sequence. Importantly, pseudouridine has been found as the most
abundant modification in SARS-CoV-2 RNA10 and another member
of the pseudouridine synthase family, PUS1, has been reported to
interact with SARS-CoV-2 RNA.14 These observations strongly sug-
gest that, in human cells, the formation of pseudouridine residues
on the SARS-CoV-2 genome could be catalyzed by the activity of
cellular RNA-independent pseudouridine synthases, such as PUS1
and PUS7.

SARS-CoV-2 sgRNAs bear multiple putative pseudouridylated

sites

To directly investigate occurrence of RNA modifications in SARS-
CoV-2, including pseudouridine sites, we employed nanopore direct
RNA sequencing (DRS) on cell lines infected with SARS-CoV-2 and
analyzed the data with the Nanocompore software package (materials
and methods). Nanocompore searches for RNA post-transcriptional
modifications by comparing the ionic current features generated by
nanopore DRS from two different experimental conditions: a test
sample and a reference devoid of the modification of interest (or
with a lower number of them).35 Because of the physics of nanopore
sequencing, Nanocompore compares the ionic current features of five
nucleotides (named as k-mer) at a time. To identify putative pseu-
douridine sites, we filtered the results by selecting k-mers that con-
tained at least one uridine and identified as significant by Nanocom-
pore (p value % 0.01; absolute value of the log odds ratio [LOR] R
0.5). Initially, we used this technology to search for pseudouridine
sites in the full-length genomic RNA (gRNA). We compared gRNA
reads from CaCo-2, Calu-3, and Vero E6 infected with SARS-CoV-
2 with a baseline reference, which consists of unmodified SARS-
CoV-2 RNA obtained by in vitro transcription (IVT).36 Nanocom-
pore identified 63 significant k-mers (p value % 0.01; absolute
LOR R 0.5), of which 58 having a uridine at the center of the iden-
tified sequence or in the first or second neighbor nucleotide (Figures 4,
S7A, and S7B; Table S5). Among them, six k-mers were located within
RaPID fragments 3–4, 5, 7–8, 8–9, and 9–10 (Table S5; Figure S7B).
thod is calculated for different percentages of the dataset. catRAPID performance is

of the proteins in PAXdb and protein length in Uniprot. (B) catRAPID performance on

he area under the curve at the different percentage of the dataset is shown. The

respective genomic position. (C) (Left) Scatter chart of the analyzed RBPs ranked

ntile. (Right) Boxplot representation of the whole distribution divided in the indicated

og2 catRAPID score, displaying only proteins present in the 85th percentile of the
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However, in the analyzed samples we noticed a coverage of only
140 reads spanning the whole 30-kb-long genome. Therefore, we
extended our analysis to the sgRNAs that were more abundant, as
previously quantified.6 We analyzed all the 14 canonical sgRNAs of
SARS-CoV-2 (Figure 4A; Tables S6, S7, and S8) used by the virus
to translate the structural and accessory proteins required to produce
new virions. In the attempt to characterize sgRNAs, we have previ-
ously employed Nanopore ReCappable sequencing (NRCeq), a new
technique that can identify capped full-length RNAs.6 Thus, we
compared viral sgRNA from infected Vero E6, CaCo-2, and Calu-3
cells to the unmodified SARS-CoV-2 IVT RNA, used as a reference.
Sequenced reads were aligned to the most up-to-date viral reference
transcriptome6 and the ionic current features from the RNA reads
were realigned to each transcriptomic position of the reference using
Nanopolish.37 Then, we used Nanocompore to identify RNA post-
transcriptional modifications as marked by differences in the electri-
cal signal between the viral sgRNA reads and the IVT RNA reads
(p value % 0.01; absolute LOR R 0.5). In total, we identified 1,164
(CaCo-2), 430 (Calu-3), and 627 (Vero E6) significant uridine-con-
taining k-mers, distributed among the 14 canonical SARS-CoV-2
reference sgRNAs (Figures 4A and S8; Tables S6–S8).

To focus on sites consistently modified across samples, we considered
only significant modified uridines that were identified in at least two
out of three SARS-CoV-2-infected cell lines (see materials and
methods). Overall, we obtained 457 candidate modified regions
across the 10 different SARS-CoV-2 sgRNAs encoding for canonical
ORFs (Figure 4B). Two of these regions were recently reported as a
pseudouridylated sites in SARS-CoV-2 RNA38 (Table S9). In addi-
tion, from a supplementary analysis comparing the significant uri-
dine-modified k-mers found in the SARS-CoV-2 sgRNAs and
gRNAs, we retrieved an overlap of 17 sites (Figure S7C; Table S5).

To shortlist the sites that have a greater likelihood of being pseudour-
idines (c) modified by PUS7, we selected those harboring the RNA
consensus sequence of PUS7. We found that 53 sites had the more
generic PUS7 consensus sequence UNUAR (red lollipops in Fig-
ure 4B), while eight had the more restrictive UGUAR motif (red lol-
lipops with displayed sequence in Figure 4B). Six sites are located
within RaPID fragments 1, 9, and 10, of which 1 and 10 were bound
by PUS7 in our interactomic data (Table S9; Figure 2C). The modified
sites containing the UGUAR consensus were manually inspected to
confirm that the distributions of ionic current intensities and dwell
times were different between the IVT and SARS-CoV-2 reads in a
window of nine k-mers centered on the central U of the UGUAR
motif (Figure S9). Interestingly, we observed that three of these sites
were present within the TRS-L at the 50 UTR of the sgRNAs encoding
for ORF10, NS6, and VME1 (Figure 4B; Table S9).
Figure 4. Nanocompore analysis identified significant k-mers in the analyzed c

(A) UCSC Genome Browser (http://genome.ucsc.edu) annotation of the modified k-me

cells and distributed over 14 different reference sgRNAs. From the top to the bottom, IV

ORFs are present as a reference. (B) Graphical representation of nucleotide ranges sha

ORFs encoded by each reference sgRNA of the assembly and the sequence of those
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PUS7-dependent pseudouridylation of TRS-L could modulate

the binding of NSP1 to the viral 50 UTR
In total, nanocompore analysis of the sgRNAs identified multiple pu-
tative post-transcriptionally modified sites in the TRS-L of SARS-
CoV-2 (Figure 5A). Conversely, the UTR of the gRNA resulted devoid
of any modification (Table S5). One of the modified sites is within the
m6A consensus motif DRACH, which has recently been reported to
be methylated by METTL3 and to regulate the translation rate of
SARS-CoV-2 proteins.39

Another modified site is, instead, present in the PUS7 consensus
sequence UGUAR, thus pointing toward a putative functional role of
PUS7-dependent pseudouridylation of the SARS-CoV-2 UTR. We
sought to understand the impact that the presence of a pseudouridine
on the TRS-L might have. The modified site is present at the highly
accessible uridine 54 (U54) within stem loop 2 (SL2) (Figure 5A), the
most conserved region of the 50 UTR of coronaviruses.40 We obtained
the chemically synthesized SL2 RNA sequence either unmodified or
carrying a pseudouridylated U54. Structural investigation performed
via circular dichroism revealed that the presence of c slightly increases
the propensity of SL2 to form more stable secondary structures (Fig-
ure S10A), likely affecting the conformation of the SL2 pentaloop
sequence.41 Since RNA secondary structure is one of the drivers of
the interactions with proteins, we reasoned that the presence of a pseu-
douridylated SL2 might favor its interaction with its main binder, the
viral protein NSP1. NSP1 binds to the SARS-CoV-2 leader sequence
to protect and promote the translation of viral RNA transcripts.8,42,43

By means of biolayer interferometry, we estimated the impact of this
pseudouridylation on the dissociation constant (Kd) with a recombi-
nant NSP1. We observed that NSP1 can bind the in vitro-synthesized
SL2 RNA sequence, with or without pseudouridylation, with a Kd in
the high nanomolar range. However, the presence of c increased
2-fold the binding affinity, improving it from 300 to 170 nM (Fig-
ure S10B). The same trend of enhanced binding was assessed in cells
through UV-RIP analysis performed with STREP-HA-tagged NSP1.
We found that NSP1 is able to bind to the BoxB-RNA fragment 1 car-
rying the SARS-CoV-2 50 UTR (Figure 5B). This RNA-protein interac-
tion is enhancedby the ectopic expression of PUS7,while nodifferences
were observed by the expression of a catalytic defective version of PUS7
(D294A)44 (Figure 5B). These results hint at a possible role of PUS7-
mediated pseudouridylation of SL2, a region included in the 50 UTR
that is typically bound byNSP1 to favor the translation of viral sgRNAs.

DISCUSSION
Host-virus interactions encrypt for the multiple processes of the viral
life cycle, including, but not limited to, translation, transcription, and
replication.24,29,30 Unveiling the interactions between host proteins
and both SARS-CoV-2 genomic and sgRNAs holds the potential
ell lines
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Figure 5. PUS7 modifies the SL2 of SARS-CoV-2 TRS-L favoring the binding of NSP1

(A) The secondary structure of SARS-CoV-2 TRS-L with the Nanocompore p value (NS6 sgRNA vs. IVT, GMM-logit test) overlaid as a color scale. The color represents the

lowest p value among those of the five overlapping k-mers. Only k-mers with a p value %0.01 are colored according to the relative scale. (B) (Left) UV-RIP of HA-NSP1 co-

expressed in HEK293 cells together with BoxB-Frag.1 expressing vector and either APEX2-FLAG, APEX2-FLAG-PUS7, or APEX2-FLAG-PUS7 D294A. The RNA bound to

HA-NSP1 was eluted, retrotranscribed into cDNA and analyzed by RT-qPCR analysis using specific primers for RPLP0 and BoxB-Frag.1. The data shown are the average of

four biological replicates (n = 4) and are expressed as relative enrichment over each respective input. Statistical analysis was performed using non-parametric, two-tailed

t-test. *p value < 0.05. (Right) Representative image of the four WB analysis conducted on an aliquot of the UV-RIP input material (10%), showing the expression levels of the

exogenous protein transiently co-expressed in HEK293 cells.
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for the development of therapeutic strategies to inhibit the replication
of this virus in human cells. Here, we propose an integrated approach
that synergizes experimental results with computational predictions
to construct a comprehensive portrait of the human proteins interact-
ing with the SARS-CoV-2 RNA, enabling a better understanding of
the molecular landscape of the virus-host interactome.

We exploited the state-of-the-art proximity ligation technology
RaPID-MS,20 a technique that enables the identification of the inter-
actions between a known RNA sequence of interest and the proteins
of the selected cell line. This method provides two critical advantages
over other methodologies: (i) it circumvents any cross-linking step,
reducing the number of proteins non-directly associated with
SARS-CoV-2 RNA and (ii) it allows the identification of viral
RNA-host protein interactions established during the early phases
of infection. This critical period is marked by a minimal expression
of viral proteins and displays the dependency of the virus on the in-
teractions with the host proteins.
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 9
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Existing studies have sought to determine the network of the SARS-
CoV-2 RNA interactome with human proteins, yielding to a global
view at various time points after infection.12–15 However, a signifi-
cant divergence is observed across these studies as a plausible conse-
quence of different host cells and infection times selected, as well as
of technical variability, such as the type of cross-linking agents em-
ployed to enrich for RNA-protein interactions.24 In addition, these
discrepancies underscore the complexity of the host-viral interface:
inside infected cells, host proteins may engage simultaneously with
the viral genomic RNA, subgenomic viral RNAs, or both, adding
layers of complexity to these dynamics. By using our predictive
model, catRAPID, we determined that the host proteins most
frequently reported across different studies are, indeed, predicted
to have higher interaction propensity towards SARS-CoV-2 RNA,
compared with the non-interacting RBPs.29 This observation not
only supports the strength of our predictions in identifying strong
affinity interactions, but also forms the cornerstone of the strategy
presented in this paper.

Our focus was primarily directed toward the most structured regions
of SARS-CoV-2 RNAs, which are predicted to be highly contacted by
human proteins.18

We identified several proteins (e.g., FAM120A, HAT1, LSG1, RPL14,
RPL18A, RPL24, RPL35, RPS6 SHMT1, and SYNE2) that were previ-
ously uncovered by studies conducted on SARS-CoV-2-infected
cells.12–15 However, we noticed that some RBPs, reported to interact
with SARS-CoV-2 RNA, were promiscuously interacting with our de-
signed RNA fragments. Thus, these interactions likely contribute to
response mechanisms triggered by the accumulation of viral RNA
in the cell. The accumulation of viral RNA-host RBP interactions
may necessitate the increase in local protein concentration offered
by phase separation for the host proteins to sequester the viral
RNA within liquid condensates.18,29,45 In fact, different RBPs we
identified as promiscuous binders, such as G3BP1, G3BP2,
CAPRIN1, PUM1, and PUM2, are implicated in the formation and
composition of stress granules.45–47

We also identified previously undisclosed SARS-CoV-2 RNA interac-
tors, such as CEP350, GPKOW, and RGPD1, which, in our system,
interact specifically with viral fragments containing the 50 and 30

UTR regions. These proteins seem to be key players in the genome
cyclization process that potentially modulates SARS-CoV-2 RNA
discontinuous transcription, as corroborated by recent reports.5,32

We were also able to link the interaction network of SARS-CoV-2
RNA with post-transcriptional modifications of the viral genomic
and sgRNAs. Indeed, SARS-CoV-2 RNA is heavily post-transcrip-
tionally modified,48 although the role of each RNA modification
has not been fully described. Modifications such as N6-methyladeno-
sine, catalyzed by METTL3, have been associated with the modula-
tion of the viral RNA sensor RIG-I, which effectively circumvents
the host innate immune response.10,49 Similarly, pseudouridine,
which is documented to be the most abundant modification identified
10 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
in SARS-CoV-2 RNA,10 has been hypothesized to aid viruses to hijack
the host immune sensors and evade the innate immune response.50

The writer enzyme responsible for this modification is still unknown,
although PUS1, a member of the pseudouridine synthase family, was
found to be associated with SARS-CoV-2 RNA.14

Through our RaPID-MS analysis, we found PUS7, another member
of the pseudouridine synthase family, binding to the RNA fragments
present at both the 50 and 30 end regions of the viral genome. The
retrieval of the PUS7 consensus sequence, UGUAR, within these frag-
ments, paired with their differential electrical signal distribution
compared to the unmodified in vitro transcribed RNA in nanopore
DRS analysis, suggests PUS7 as the putative pseudouridylation agent
for SARS-CoV-2 RNA.

Interestingly, we found three sgRNAs with a modified UGUAR site,
as identified by Nanocompore, within the stem-loop 2 (SL2) of the
SARS-CoV-2 TRS-L. This phenomenon is likely to occur in all
SARS-CoV-2 sgRNAs, but it requires further improvements of the
coverage at the 50 end to be confidently scored by the nanopore
DRS approach.

An important consequence of pseudouridylation is the potential ef-
fect on the RNA secondary structure and on its propensity to interact
with both host and viral proteins. Specifically, we found evidence sug-
gesting that PUS7-dependent pseudouridylation of the SARS-CoV-2
SL2 enhances the binding of the viral protein NSP1 to the viral 50

UTR. An observation that fits the current model of NSP1-mediated
regulation of the host translational machinery.8,51,52 Indeed, the
non-structural protein NSP1 is a well-known factor in manipulating
the host translational machinery.51,53 By binding to the 40S ribosomal
subunit, NSP1 obstructs the mRNA entry site, effectively hindering
translation of host mRNAs.51,53 However, SARS-CoV-2 sgRNAs
can elude NSP1-mediated translation inhibition thanks to the inter-
action of their 50 UTRs with the N-terminal domain of NSP1, effec-
tively dislodging the C-terminus from the ribosome entry channel.43

It is plausible that PUS7 acts as a pro-viral factor, aiding the pseu-
douridylation of the 50 UTR of sgRNAs to boost their translation
rate. This hypothesis aligns with the recent proposal of NSP1 as a cen-
tral element regulating RNA translation according to the affinity of
each RNA toward NSP1.52

Both the sequence of SL2 and the NSP1-mediated regulation of trans-
lation are conserved in the sarbecovirus subgenus of betacoronavi-
ruses, including SARS-CoV-1 and SARS-CoV-2.54,55 This suggests
that these viruses employ a shared strategy to prioritize the translation
of their RNA transcripts over host mRNAs. Thus, a comprehensive
understanding of the molecular mechanisms regulating the pseu-
douridylation of SARS-CoV-2 RNA could prove pivotal in devising
innovative and targeted strategies to specifically impair the replication
of sarbecoviruses in infected mammalian cells. In the future, the
impairment of PUS7 activity could be exploited to interfere with
SARS-CoV-2 replication. A PUS7 inhibitor, C17, has been recently
described.56 Alternatively, RNA molecules specifically targeting the
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SL2 sequence can be designed to eventually inhibit its pseudouridyla-
tion with a more specific and effective approach.

Overall, our study has unveiled that even a single occurrence of pseu-
douridylation can potentially alter the critical interplay between the
virus and host machinery, instrumental for the biology of the virus.
It is conceivable that these effects are exponentially amplified when
considering the potential cumulative impact of additional pseudour-
idylation sites spread across the viral RNA. Moreover, other types of
post-transcriptional modifications to the viral RNA, such as methyl-
ation or acetylation, could yield similar or evenmore drastic effects on
the virus-host dynamics. As such, the interplay between the virus and
its host can be viewed as a complex and refined landscape, with each
post-transcriptional modification representing a potential point of
intervention.

This captivating field of study has the potential for ground-breaking
discoveries that could profoundly reshape our understanding of viral
biology. The advent of innovative technologies, such as nanopore
DRS and related methods, is opening new frontiers for exploring
this terrain. These technologies offer the potential to sequence RNA
molecules in real time, providing unprecedented insights into the dy-
namics of RNA modifications. The capacity to probe the RNA mole-
cules at the single-nucleotide level will enable us to map comprehen-
sively these modifications across entire genomes. This could unlock
new strategies to impede viral replication, either by disrupting the
modification process itself or by altering its downstream effects. We
foresee that this extensive understanding of RNA modification in
SARS-CoV-2 and other viruses could modernize and improve our
approach to antiviral therapies, transforming the ways to fight viral
diseases.

MATERIALS AND METHODS
Preliminary predictions of protein-RNA interactions

The catRAPID algorithm25,57 was used to identify the binding pro-
pensity of the 10 SARS-CoV-2 500-bp fragments against a library
of 2,064 human RBPs. For each fragment, only interactions with asso-
ciated propensity score >85th percentile of the fragment score distri-
bution were retained and subsequently, the average score was
calculated.

Reagents and plasmids

The following plasmids were purchased from Addgene and used for
the RaPID-MS assay: BoxB-plasmid (Addgene #107253); BoxB-
EDEN15 plasmid (#107252); BASU RaPID plasmid (#107250). The
following plasmids were a gift from Paul Khavari (Addgene plasmid
#107253; #107252; #107250. http://n2t.net/addgene: 50917; 107252;
107250. RRID: Addgene_50917; Addgene 107252; Addgene
107250) (Ramanathan et al., 201820). SARS-CoV-2 RNA fragments,
derived from the SARS-CoV-2 RNA sequence MN908947.3, were
synthesized by GeneArt (Thermo Fisher Scientific) according to the
sequence reported in Table S1, flanked by Esp3I restriction sites.
The same strategy was adopted for the Scramble control sequence:
30-CGTCTCCGCTTTCGACGACAATTTATAAAGACAGCGGTC
GAGGGAAGATTTACGAGTTGAATCGAGATGCGCTGATTCG
ACGCAGTGTCGCGTTGTGGTGAGGTAAATTGATAGGTGTAT
TTTGCGAGATACAGTGATGAACACTTCATTAACAACATGAT
TTATACGACGATTACTAGAATTATGAAAAATGAGTCATCTA
CAAGCGCGTTTTTACATTGCCGTGGTTAATCGTAAGGATAG
CACAGTTAACAGCGGACCCCGGCGGACTCGGCCCTATCTGA
ACGAATTGAGCTCCGTTCGAAATATCTAGTGAATGACCCTC
CCCACGTGCCTTGATAAGCCGTGGTATTTCGTATCATACAA
GTTCCAGAAGGATGGTTCAACATAGTAGGGTACCGACTGGA
TAGAACAAACTACTCATGTTTTCGCCGGGGGACGAACGGTA
AGCTCCGCTGGGTTGACTTCTTGACCAAAGTATTTGGGTAT
CCAAACAGTGCCGTTAACAGCCAAGCTAGAGACG-50.

The RNA fragments were then cloned into the pLEX BoxB-plasmid
using the Esp3I sites, as described in literature.20

pDONR207 SARS-CoV-2 NSP1 was a gift from Fritz Roth (Addgene
plasmid # 141255; http://n2t.net/addgene:141255; RRID: Addg-
ene_141255). NSP1 coding sequence was cloned into the mammalian
expression pCDNA5-FRT/TO-2xSTREP-3xHA vector, gently pro-
vided by G. Superti Furga, through the Gateway cloning system
(Invitrogen).

The human coding sequence of PUS7 (variant 1, C-ter tag) cloned
into the pDONOR221 vector was purchased from DNASU
(HsCD00867933). The sequence was mutagenized to obtain the
N-ter tag canonical variant 2 through the QuikChange II XL Site-
Directed Mutagenesis Kit (Agilent, 200521) using the following
DNA primers: 50- GGGAAAAAGGCTTTGGCAAATCCAAGAA
AACATTCTTGGCC- 30 and 50- GGCCAAGAATGTTTTCTTGGA
TTTGCCAAAGCCTTTTTCCC- 30. The same strategy was used
to generate the catalytic inactive mutant PUS7 D294A, using the
following primers: 50-ATTCTCCTACATGGGAACCAAAGCTAAA
AGGGCTATAACAGTTC-30 and 50-GAACTGTTATAGCCCTTT
TAGCTTTGGTTCCCATGTAGGAGAAT-30.

The resultant cDNA was sequence verified and through the Gateway
cloning system cloned into the pDEST-cDNA5-FRT/TO-3*Flag-
APEX2 N-term, which was a gift from Benjamin Blencowe (Addgene
plasmid # 182925; http://n2t.net/addgene:182925; RRID: Addgene_
182925).

The following antibodies were used in this study: streptavidin-horse-
radish peroxidase (Cat. #3999) from Cell Signaling Technology.
Anti-vinculin (Clone H Vin 1 0.2 ML; Cat. #V9131) from Merck.
Anti-HA-11 epitope tag, clone 16B12 from BioLegend (Cat
#901501), and Anti-Flag-M2 (Merck, F3165).

Cell lines

HEK293T cells were grown in DMEM with glucose and L-glutamine
(Lonza, BE-12-604Q) supplemented with 10% fetal bovine serum
(FBS), tetracycline free (Euroclone, ECS01822), and 100 U/mL
penicillin and streptomycin. CaCo-2 cell lines were cultivated in Min-
imumEssentialMediumEagle (MEM) (Merck,M4655) complemented
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with 20% FBS tetracycline free, 2 mM L-glutamine (Lonza, BE17605E),
1 mM sodium pyruvate (Lonza, BE13115E), 0.1 mM not essential
amino acids (Lonza, BE13114E), and 100 U/mL penicillin and strepto-
mycin (Euroclone, ECB3001D).

Virus isolation and cell infection

SARS-CoV-2 virus was isolated from a mildly symptomatic SARS-
CoV-2 infected patient, as described by Ugolini et al.6 CaCo-2 cells
were infected at 80% confluency into a 25-cm2 tissue culture flask
with SARS-CoV-2 at an 0.1 multiplicity of infection. After 1 h adsorp-
tion at 37�C, cells were washed with PBS, and further cultured at 37�C
for 48 h with 4% FBS. After a PBS wash, enzymatic dissociation was
performed for 4–6min at 37�C in 1mL TrypLE (Invitrogen), then cell
pellets were washed with ice-cold PBS and lysed with 1 mL of TRIzol
(Invitrogen). The samples were stored at�80�C for subsequent RNA
extraction.

RNA extraction and nanopore DRS

RNA was extracted from CaCo-2 cells infected with SARS-CoV-2
using the RNeasy Mini kit (Qiagen) including an in-column DnaseI
treatment step, following the manufacturer protocol. The isolated
RNA was then processed by direct RNA sequencing protocol as
described by Ugolini et al.6

RaPID assay

The RaPID protocol was performed as reported20 and slightly adapt-
ed as described below. HEK293T cells were transfected with plasmid
vectors expressing lN-HA-BASU and one of the BoxB-RNA frag-
ments using Lipofectamine 3000 transfection reagent (L3000001;
Thermo Fisher Scientific), according to vendor’s instructions. After
48 h from transfection, medium was changed and replaced with stan-
dard growth medium complemented with 200 mM biotin (Merck,
B4639-1G) for 1 h. Cells were harvested, washed once with PBS
1� and lysed with RIPA buffer (10 mM Tris-HCl pH 8.0, 1%Triton
X-100, 150 mM NaCl, 0.1% SDS, 0.1% NaDeoxycholate, 1 mM
EDTA) supplemented with 1mM 1,4-dithiothreitol (DTT), cOmplete
Protease Inhibitor Cocktail (11697498001; Merck), and PhosSTOP
(4906845001; Merck). Cell lysates were incubated for 15 min on ice
and then centrifuged at 15,000�g for 15 min. The supernatants con-
taining the protein extracts were transferred into fresh 1.5-mL tubes
and protein concentration was measured by Bio-Rad Protein Assay
Kit using BSA as protein standard (5000002; Bio-Rad). From each
sample, 3 mg protein extract was taken and brought to the same vol-
ume (600 mL) with RIPA buffer. Five percent of input material was
taken for further analysis and 150 mL pre-washed Streptavidin Mag
Sepharose (GE28-9857-99; Merck) were added to the remaining ma-
terial. Then, samples were rocked over night at 4�C. The following
day, beads were separated from the unbound fractions and 5% of
each fraction was collected in fresh tubes. Beads containing the bio-
tinylated proteins were washed 3 times with 1 mL of Wash Buffer 1
(1% SDS supplemented with 1 mM DTT, protease, and phosphatase
cocktail inhibitors); 1 time with Wash Buffer 2 (0.1% Na-DOC, 1%
Triton X-100, 0.5 M NaCl, 50 mM HEPES pH 7.5, 1 mM EDTA sup-
plemented with 1 mM DTT, protease, and phosphatase cocktail in-
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hibitors) and 1 time with Wash Buffer 3 (0.5% Na-DOC, 150 mM
NaCl, 0.5% NP-40, 10 mM Tris-HCl, 1 mM EDTA supplemented
with 1 mM DTT, protease, and phosphatase cocktail inhibitors).
All the washes were performed by rocking samples for 5 min at
4�C. Finally, proteins were eluted with Laemmli buffer containing
100 mMDTT, boiled for 5 min at 95�C and processed by in-gel diges-
tion. The resultant peptide mixtures were analyzed by nano-LC-MS/
MS analysis.

In-gel digestion

Eluted biotinylated proteins were processed as previously described.58

Briefly, proteins were initially separated on a precast 4%–12%
gradient gel (NP0322BOX, ThermoFisher Scientific). Each lane was
divided in six slices that were cut from gels and destained in 50%
v/v acetonitrile (ACN)/50 mMNH4HCO3. A reduction step was per-
formed with 10 mM DTT, followed by alkylation with 55 mM iodoa-
cetamide in the dark. After each step, samples were dehydrated
with 100% ethanol and quickly dried in a centrifugal evaporator
(SpeedVac). Subsequently, gel pieces were washed with 50 mM
NH4HCO3 and overnight digested with 12.5 ng/mL trypsin (Prom-
ega, V5113) at 37�C. The following day, tryptic digested peptides
were extracted with Extraction Buffer (3% TFA, 30% ACN) and
100% ACN. Prior to MS, peptides were desalted and concentrated
in a single step through reversed phase chromatography on micro-
column C18 Stage Tips59 and eluted in 0.1% formic acid (FA).

Nano-LC-MS/MS analysis

Peptide mixtures were analyzed by online nano-flow LC-MS/MS us-
ing an EASY-nLC 1000 (Thermo Fisher Scientific) connected to a
Q-Exactive Plus instrument (Thermo Fisher Scientific) through a
nano-electrospray ion source. The nano-LC system was operated in
one column set-up with a 50-cm analytical column (75 mm inner
diameter, 350 mm outer diameter) packed with C18 resin
(EasySpray PEPMAP RSLC C18 2 mm 50 cm � 75 mm, Thermo
Fisher Scientific) configuration. Solvent A was 0.1% FA in water
and solvent B was 0.1% FA in 80% ACN. Samples were injected in
an aqueous 0.1% TFA solution at a flow rate of 500 nL/min and sepa-
rated with a gradient of 5%–40% solvent B over 50 min followed by a
gradient of 40%–60% for 10 min and 60%–80% over 5 min at a flow
rate of 250 nL/min in the EASY-nLC 1000 system. The Q-Exactive
was operated in the data-dependent mode to automatically switch be-
tween full scan MS and MSMS acquisition. Survey full scan MS
spectra (from m/z 300–1150) were analyzed in the Orbitrap detector
with resolution R = 35,000 at m/z 400. The 10 most intense peptide
ions with charge states R 2 were sequentially isolated to a target value
of 3e6 and fragmented by higher energy collision dissociation with a
normalized collision energy setting of 25%. The maximum allowed
ion accumulation times were 20 ms for full scans and 50 ms for
MSMS and the target value for MSMS was set to 1e6. The dynamic
exclusion time was set to 20 s.

Data analysis of MS data

Proteins were identified and quantified using MaxQuant software
v.1.6.0.16. using the Andromeda search engine.60,61 In MaxQuant,
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the false discovery rate of all peptide identifications was set to a
maximum of 1%. The main search was performed with a mass toler-
ance of 6 ppm. Enzyme specificity was set to Trypsin/P. A maximum
of three missed cleavages was permitted and the minimum peptide
length was fixed at seven amino acids. Carbamidomethylation of cys-
teines was set as a fixed modification. The 2021_01 version of the hu-
man UniProt reference proteome (UP000005640) was used for pep-
tide identification. Proteins were profiled by quantitative label-free
analysis,62 activating the label-free software MaxLFQ60 and analyzed
using Perseus software,63 plotting the LFQ values in a volcano plot
graph, where the proteins enriched with each SARS-CoV-2 RNA
fragments were compared with the Scramble RNA control. The p
value was calculated by Perseus using a two-tailed t-test. Missing
values were replaced by the minimum detection value of the matrix.
Proteins found as significantly enriched also with the EDEN15 RNA
were removed from the final network. The interaction network gener-
ated with the statistically significant proteins was visualized using Cy-
toscape 3.8.1.64

Computational evaluation of experimental interactions

The catRAPID algorithm was used to assess the predictive accuracy
on the experimental RAPID dataset. Here, for each SARS-CoV-2
fragment-human protein pair, a fragmentation procedure was per-
formed to identify the binding regions. The propensity score is calcu-
lated taking into consideration themaximum and theminimum score
of all the sub-fragments computed by the algorithm25 and computing
their difference.65 The median LFQ value for each protein-fragment
pair was then normalized taking into account protein abundance in
HEK293 cell lines from PAXdb66 and protein length from UniProt
database,67 using the following equation:

Normalized LFQ value = LFQ--0:6 � log2ðabundanceÞ--0:0001

�log2ðlengthÞ:
This approach was introduced to reduce the experimental bias in LFQ
scores with high protein abundance and length.

GO analysis

The GO analysis was performed on the 73 proteins specifically asso-
ciated with the 10 SARS-CoV-2 RNA fragments and identified by
RaPID-MS using the GOTERM biological process and molecular
function present in the DAVID 6.8 Bioinformatics Resources
(https://david-d.ncifcrf.gov/home.jsp).68

RNA secondary structure investigation

Circular dichroism analyses were performed on the RNA oligonucle-
otide “SL2” of sequence 50-AACCAACUUUCGAUCUCUUGUA
GAUCUGUUCU-30 synthesized by Eurofins, and on the pseudouri-
dylated SL2 sequence 50-AACCAACUUUCGAUCUCUUG(psi)UA
GAUCUGUUCU-30, synthesized by Tebu-bio. The two versions of
SL2 were prepared in a water stock at 100 mM and diluted to a con-
centration of 20 mM in a buffer containing 20 mM potassium phos-
phate at pH 7.2 and 150 mM kF. The RNA was then incubated for
1 h at 30�C to allow correct folding. Data acquisition of near-UV
CD spectra was performed in 1-mm path-length quartz cuvettes on
a JASCO-1100 spectropolarimeter supplied with a constant N2 flush
at 3.0 L/min. The experiment was performed in triplicate.
Nanopore DRS and nanocompore analysis

The nine DRS datasets were compared with the IVT dataset, using the
NRCeq assembly and the methods in.6 The dataset of Vero E6 cells,
Calu-3 and CaCo-2 samples 1 and 2 are derived from6 (European
Nucleotide Archive [ENA] ID: PRJEB48830); CaCo-2 sample 3 and
4 are deposited with this manuscript (ENA ID: PRJEB53497). Reads
were grouped by cell type and their fastq files concatenated. Reads
were resquiggled using F5C (v0.6).69 IVT reads were separately map-
ped to each reference sgRNA using minimap2 (v2.17-r974-dirty)70

with the following parameters: -ax map-ont -p 0 -N 10.

Nanocompore (v1.0.4)35 was used to detect RNA modifications by
comparing the IVT reads to a set of reads from each cell line for every
reference sgRNA (Tables S5; S6; S7) with the subsequent parameters:

–fasta <NRCeq_assembly_fasta_file> –overwrite –downsample_
high_coverage 5000 –allow_warnings –pvalue_thr 0.01 –min_co-
verage 30 –logit –nthreads 3 –bed <NRCeq_assembly_bed_file>.
Merging analysis

Individual significant k-mers from the different cell lines may be offset
by one or two positions, therefore the significant k-mers were trans-
formed into larger nucleotide ranges of nine nucleotides, that include
the five nucleotides of the significant k-mer, plus the two neighboring
nucleotides present at both its extremities.Any of these nine nucleotides
may be a post-transcriptional modified nucleotide detected by Nano-
compore. In addition, we minimized ambiguous mapping by counting
significant k-mers foundon any isoformofVME1 andNCAPas a single
isoform according to their genomic coordinates. Sites were compared
with the “high-confidence sites” defined by Fleming et al.38 using the
single-nucleotide genomic position. Sites were manually inspected by
plotting the distribution of signal intensity and dwell time for each po-
sition using functions implemented in Nanocompore.35
Comparison with RaPID fragments

Both significant k-mers and sites were compared with the RaPID frag-
ments. Genomic coordinates were used for all comparisons with
RaPID fragments (Table S1). In the case of k-mers, we defined a
RaPID fragment match when the first nucleotide of the k-mer
overlapped with any RaPID fragment, while for sites, we searched
for every nucleotide of the site that could overlap any fragment.
Genomic regions overlapping two fragments were identified with
both fragment names. K-mers were assigned to each fragment based
on the genomic position of their first nucleotide.
Genomic RNAs analysis

All infected datasets were mapped to the viral genome reference with
minimap2 with the subsequent parameters.
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-k 8 -w 1 -ax splice -g 30000 -G 30000 -A1 -B2 -O2,24 -E1,0 -C0 -z
400,200 –no-end-flt -F 40000 -N 32 –splice-flank = no –max-
chain-skip = 40 -un -p 0.7.

All the positive strand primary alignments, with no deletions, ranging
from at least 45 and 29,850 in genomic coordinates were extracted
from all the datasets. These reads were compared with the IVT reads,
pre-aligned to the viral reference genome, through Nanocompore
with the subsequent parameters.

–downsample_high_coverage 2100 –allow_warnings –min_co-
verage 10 –logit.

The downsampling parameter was set to 2,100 as it was obtained from
the multiplication of the number of gRNA reads (140) for the number
of IVT fragments (15), as downsampling is performed over all the da-
taset. K-mers were evaluated nucleotide per nucleotide, to assess their
overlap with IVT junctions, RaPID fragments, Fleming et al. sites,
sgRNAs sites from the previous analysis and SNPs. The list of SNPs
collects data from the literature (see Table S5). Only k-mers not over-
lapping any SNP or IVT junction were considered. K-mers were
considered significant if having an absolute LOR R0.5 and a
Gaussian Mixture Model (GMM) p value %0.01. We then investi-
gated whether, despite the low coverage noticed for gRNAs, a com-
parison between the sgRNAs-specific sites and the gRNAs-specific
ones could be performed. Therefore, to make the comparison between
the gRNAs and the sgRNAs datasets fair, we pulled together all the
data from each cell line analyzed and selected sgRNAs uridine-con-
taining significant k-mers present in at least one canonical transcript
model (see Table S10). To determine if the common sites were
randomly selected or if such a number was to be statistically expected,
we performed a hypergeometric test on common sites located after
the TRS-B spike junction sequence, both for gRNAs and sgRNAs.
The significance of the test (p = 1.44e-15; see github directory) sug-
gests that, if we increased the coverage of the gRNAs dataset, wemight
retrieve the same sites found for the sgRNAs in the region starting
from the TRS-B spike junction sequence to the end of the viral
genome. The test could not be performed on the region starting at
the genomic zero coordinate to the TRS-B spike junction sequence,
as, of course, sgRNAs do not cover this portion of the genome.
UV-RIP assay

UV-RIP protocol was modified from.71 Briefly, HEK293T were
seeded in 10-cm dishes and transfected with the indicated mamma-
lian expression plasmids were harvested, washed once with PBS
and UV-cross-linked on ice with two cycles of irradiations at
100,000 mJ/cm2. Cells were lysed with Lysis Buffer (0.5% NP-40,
0.5% NaDeoxycholate, 1� Roche protease inhibitors mixture
(04693116001 Merck), 25 U/mL RNAse inhibitor (M03070L,
NEB)) in PBS and rocked on a wheel for 30 min at 4�C. Afterward,
lysates were treated with 30 U of Turbo DNAseI (AM2239,
ThermoFisher Scientific) for 30 min at 37�C in a Thermomixer
rotating at 1,100 rpm and subsequently centrifuged for 5 min at
14 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
1,350�g to remove cellular debris. The supernatants were used for
the immuno-purification experiment, with an aliquot (10%) kept as
input material. One-half of the supernatant volume (45%) was incu-
bated with 4 mgHA antibody (901502, BioLegend) in a final volume of
500 mL with additional Lysis Buffer and rocked overnight at 4�C. The
day after, 50 mL protein G dynabeads (10007D, ThermoFisher Scien-
tific) were first washed three times in Lysis Buffer and then added to
each sample. Samples were rocked for additional 3 h at 4�C. After-
ward, dynabeads were washed four times with Washing Buffer I
(PBS supplemented with 1% NP-40, 0.5% NaDeoxycholate,
300 mMNaCl, 1� Roche protease inhibitor mix and 25 U/mL RNAse
inhibitor). The dynabeads were then resuspended in 100 mL RNAse-
free water and treated again with the Turbo DNAseI for 30 min at
37�C, in a Thermomixer at 1,100 rpm. Input material was also treated
with DNAseI for a second time. The dynabeads were then washed
four times with Washing Buffer II (PBS supplemented with 1% NP-
40, 0.5% NaDeoxycholate, 300 mM NaCl, 10 mM EDTA, 1� Roche
protease inhibitor and 25 U/mL RNAse inhibitor). Finally, the RNA
was eluted from the beads using the RNA-Lysis Buffer (Zymo
Research) and extracted through the RNA-extraction kit (Zymo
Research). The RNA was retro-transcribed into cDNA using the
ImProm-IITM (A3800, Promega), according to the vendor’s instruc-
tion. The cDNAwas then diluted 1:5 with water and 5% of the diluted
material was analyzed by RT-qPCR analysis using the Fast SYBR
green master mix (4385614, ThermoFisher Scientific). The values ob-
tained for each immunoprecipitated RNAs were normalized over the
respective input material and plotted in a histogram, as relative fold
enrichment.

DATA AND CODE AVAILABILITY
� The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE72 partner reposi-
tory. ProteomeXchange: PXD034941.

� The RNA sequencing datasets generated in this study have been
deposited at the European Nucleotide Archive (ENA) ENA
browser: PRJEB53497.

� Custom tracks with data generated in this study are available at fig-
share: https://doi.org/10.6084/m9.figshare.24183363.v1, https://doi.
org/10.6084/m9.figshare.24183324.v1, https://doi.org/10.6084/m9.
figshare.24183501.v1. All the ONT analyses are available at the
Github directory: https://github.com/nicassiolab/SARS-pseudoU.
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