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High-sensitivity profiling of SARS-CoV-2 noncoding region–host 
protein interactome reveals the potential regulatory role of 
negative-sense viral RNA
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ABSTRACT A deep understanding of severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2)–host interactions is crucial to developing effective therapeutics and 
addressing the threat of emerging coronaviruses. The role of noncoding regions of 
viral RNA (ncrRNAs) has yet to be systematically scrutinized. We developed a method 
using MS2 affinity purification coupled with liquid chromatography-mass spectrometry 
and designed a diverse set of bait ncrRNAs to systematically map the interactome of 
SARS-CoV-2 ncrRNA in Calu-3, Huh7, and HEK293T cells. Integration of the results defined 
the core ncrRNA–host protein interactomes among cell lines. The 5′ UTR interactome is 
enriched with proteins in the small nuclear ribonucleoproteins family and is a target for 
the regulation of viral replication and transcription. The 3′ UTR interactome is enriched 
with proteins involved in the stress granules and heterogeneous nuclear ribonucleopro
teins family. Intriguingly, compared with the positive-sense ncrRNAs, the negative-sense 
ncrRNAs, especially the negative-sense of 3′ UTR, interacted with a large array of host 
proteins across all cell lines. These proteins are involved in the regulation of the viral 
production process, host cell apoptosis, and immune response. Taken together, our study 
depicts the comprehensive landscape of the SARS-CoV-2 ncrRNA–host protein interac
tome and unveils the potential regulatory role of the negative-sense ncrRNAs, providing 
a new perspective on virus–host interactions and the design of future therapeutics. 
Given the highly conserved nature of UTRs in positive-strand viruses, the regulatory role 
of negative-sense ncrRNAs should not be exclusive to SARS-CoV-2.

IMPORTANCE Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes 
COVID-19, a pandemic affecting millions of lives. During replication and transcription, 
noncoding regions of the viral RNA (ncrRNAs) may play an important role in the 
virus–host interactions. Understanding which and how these ncrRNAs interact with 
host proteins is crucial for understanding the mechanism of SARS-CoV-2 pathogenesis. 
We developed the MS2 affinity purification coupled with liquid chromatography-mass 
spectrometry method and designed a diverse set of ncrRNAs to identify the SARS-CoV-2 
ncrRNA interactome comprehensively in different cell lines and found that the 5′ UTR 
binds to proteins involved in U1 small nuclear ribonucleoprotein, while the 3′ UTR 
interacts with proteins involved in stress granules and the heterogeneous nuclear 
ribonucleoprotein family. Interestingly, negative-sense ncrRNAs showed interactions 
with a large number of diverse host proteins, indicating a crucial role in infection. The 
results demonstrate that ncrRNAs could serve diverse regulatory functions.
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C OVID-19 is an unprecedented global health threat caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) (1, 2). As of 31 January 2023, more 

than 670 million people have been infected, with more than 6.8 million deaths globally 
(3). As new SARS-CoV-2 variants continue to emerge worldwide, there is an urgent 
need for a detailed understanding of the molecular determinants of viral pathogenesis. 
This study will provide new insights into the biology and pathogenic mechanism of 
SARS-CoV-2 and related coronaviruses and further help to identify potential therapeutic 
targets.

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA virus with a large 
genome of approximately 30 kb. The genomic structure of SARS-CoV-2 includes 14 
open reading frames (ORFs). The largest ORF (ORF1a/b) encodes 16 nonstructural 
proteins required for the viral RNA productions (4). The remaining ORFs encode nine 
accessory proteins and four structural proteins: spike (S), envelope (E), membrane (M), 
and nucleocapsid (N) (5, 6).

Consistent with known RNA viruses, SARS-CoV-2 relies on host proteins for assem
bling the replication and translation machinery (7). The genomic RNA (gRNA) serves 
as a dual-purpose template: (i) for the synthesis of the full-length negative-sense RNAs 
for genome replication and (ii) for the synthesis of diverse subgenomic negative-sense 
RNAs (−sgRNAs) to make respective subgenomic mRNAs. During transcription, a set of 3′ 
and 5′ co-terminal −sgRNAs is generated by discontinuous transcription (Fig. 1A) (8, 9). 
The discontinuous transcription involves a template switch from the body transcription 
regulatory sequence (TRS-B) to the leader TRS (TRS-L), located at about 70 nucleotides 
from the 5′ end of the genome (Fig. 1A) (9, 10). To accomplish this, SARS-CoV-2 must 
employ unique strategies to utilize the host cell proteins while evading the host immune 
system and defense. Thus, a thorough understanding of the interactions between viral 
RNAs and host proteins is essential. Several studies have comprehensively character
ized SARS-CoV-2 RNA–protein interactome (11–15). Schmidt et al. identified physical 
associations between the viral RNAs and host proteins in infected human cells, revealing 
key pathways relevant to infection using RNA antisense purification and mass spectrom
etry (11). By integrating the comprehensive identification of RNA-binding proteins by 
mass spectrometry (ChIRP-MS) data with genome-wide CRISPR screen data, Flynn et al. 
demonstrated a physical and functional connection between SARS-CoV-2 RNA and the 
host mitochondria (12). However, these studies did not systematically investigate the 
virus–host interactions of the noncoding regions of viral RNA (ncrRNAs).

In this study, we designed a series of MS2-linked viral ncrRNAs and utilized in vitro 
MS2 phage coat protein (MCP) affinity purification to reveal the interacting host proteins 
via liquid chromatography-mass spectrometry (LC-MS). To identify the core and cell-
specific interactome, we performed MAMS in three cell lines: human nonsmall-cell lung 
cancer cell Calu-3, hepatocellular carcinoma cell Huh7, and transduced human embry
onic kidney-derived cell HEK293T. We identified a core SARS-CoV-2 ncrRNA interactome 
of 58 proteins. We discovered that viral ncrRNAs had complex interactions with host 
proteins, including pro- and antiviral factors. In particular, the 5′ UTR of viral gRNA was 
found to interact with host proteins involved in U1 small nuclear ribonucleoprotein 
(snRNP), while the 3′ UTR had interactions with proteins involved in stress granule (SG) 
and heterogeneous nuclear ribonucleoprotein (hnRNP) family. Intriguingly, the negative-
sense ncrRNAs interacted with an unusually large number and diverse host proteins, 
which are involved in the regulation of viral production processes, apoptotic signaling, 
and immune response, indicating an important role of negative-sense RNAs during 
infection.
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FIG 1 Mapping the SARS-CoV-2 ncrRNA interactome. (A) Schematic presentation of SARS-CoV-2 genome (NC_045512) organization, the virion structure, and 

discontinuous transcription. (B) The design of ncrRNA constructs (NRCs). Numbers in parentheses indicate genomic coordinates. (C) The workflow of MAMS 

protocol and verifications. (D) Principal component analyses of ncrRNA interactomes in Calu-3. Dots represent different samples. Colors indicate different NRCs. 

The adonis test was used to determine the statistical significance. (E) Venn diagram of SARS-CoV-2 ncrRNA interactomes in Calu-3, Huh7, and HEK239T cells.
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MATERIALS AND METHODS

RNA purification and preparation

The DNA sequence of each NRC (NRC1-12) was cloned into pUT7 vector bearing the 
T7 RNA polymerase promoter (16) and was amplified by PCR with pfu DNA polymerase, 
which was used as the templates for transcription. The in vitro transcription of all the 
RNA samples of 12 NRCs was carried out at 37℃ by T7 RNA polymerase, followed 
by purification with denatured urea-PAGE (polyacrylamide gel electrophoresis) and 
precipitation with ethanol. The purified RNA samples were annealed at 65℃ for 5 min in 
the buffer containing 50 mM HEPES (pH 6.8), 50 mM NaCl, and 5 mM MgCl2, followed by 
incubation on ice before pulldown assays.

In vitro RNA capping

NRC3 has the same sequence as NRC2 but with 5′-end 7-methylguanylate cap (cap 0 
format). The capping reaction of NRC2 was performed in vitro with vaccinia capping 
enzyme (Yeasen) at 37℃, which catalyzes the addition of 7-methylguanylate struc
tures (cap 0) to the 5′-end of RNA. Phenol-chloroform-isoamyl alcohol extraction was 
performed to remove the enzyme from the reaction products. After ethanol precipitation 
and annealing, the capped RNA sample (NRC3) was used for pulldown assays.

Preparation of 3×FLAG-MCP

The protein sequence was shown as follows, DYKDHDGDYKDHDIDYKDDDDKGGSMASNF
TQFVLVDNGGTGDVTVAPSNFANGIAEWISSNSRSQAYKVTCSVRQSSAQNRKYTIKVEVPKGAW
RSYLNMELTIPIFATNS DCELIVKAMQGLLKDGNPIPSAIAANSGIY, in which the 3×FLAG-tag 
was underlined.

For purification, one 6-his-SUMO-tag followed by one ubiquitin-like protease (ULP1) 
cleavage site was fused to the N-terminal of the 3×FLAG-MCP phage coat protein. 
The fused protein was expressed in Escherichia coli BL21(DE3) Codon plus strain. The 
lysis of the cultured cells was carried out with a French press in buffer A containing 
25 mM Tris-HCl (pH 8.0), 1.0 M NaCl, 5 mM 2-mercaptoethanol, supplemented with 
0.1 mM phenylmethylsulfonyl fluoride. After centrifugation, the supernatant sample was 
loaded onto the first HisTrap column (GE Healthcare) and eluted by buffer B containing 
25 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5 mM 2-mercaptoethanol, and 500 mM imida
zole. Then the eluted fused protein was incubated with ULP1 protease overnight for 
cleavage of the fused tag. The cleaved fused 6×His-SUMO-tag was removed from the 
FLAG-MCP by reloading the sample onto the second HisTrap column (GE Healthcare). The 
FLAG-MCP was further purified by chromatography using a HiTrap Heparin SP column 
(GE Healthcare) and a HiLoad Superdex 75 16/60 column (GE Healthcare). The purified 
FLAG-MCP was concentrated before storage at −80℃ in the buffer containing 40 mM 
HEPES (pH 7.0), 50 mM KCl, 100 mM NaCl, 5 mM MgCl2, and 2 mM dithiothreitol (DTT).

Cell lysis and digestion

Each sample was separated by SDS-PAGE gel and stained by Coomassie brilliant blue, 
respectively. Protein gel bands were cut into 1 × 1 × 1 mm3 pieces and collected into 
a 1.5-mL centrifuge tube. Gel pieces were destained with 25% acetonitrile (ACN) in 
50 mM ammonium bicarbonate for 20 min at room temperature with shaking. The gel 
was dehydrated using 1 mL 100% ACN twice with shaking. Proteins were reduced with 
10 mM DTT for 60 min at 56℃ and alkylated with 55 mM iodoacetamide for 45 min. Gel 
pieces were washed with digestion buffer (50 mM NH4HCO3 [pH 8.0]) twice, dehydrated 
with acetonitrile, and then dried the sample with speed-vac. Gel pieces were rehydrated 
with trypsin solution (10 ng/µL sequencing grade modified trypsin, 50 mM NH4HCO3 
[pH 8.0]) and incubated overnight at 37℃. Digested peptides were extracted from gel 
pieces with elution buffer 1 (50% acetonitrile and 5% formic acid), and elution buffer 2 
(75% acetonitrile and 0.1% formic acid) sequentially. Gel pieces were dehydrated with 
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acetonitrile twice, and all supernatants were combined. The peptides solution was dried 
with speed vac, and digested peptides were resuspended with 5% formic acid and 
desalted with StageTip.

RNA pulldown assays

The detailed workflow for RNA pulldown assays in this paper is shown in Fig. 1C. About 
50 µL anti-FLAG beads were incubated with excess 3×FLAG-MCP proteins in buffer A 
(50 mM Tris-HCl [pH7.5], 150 mM NaCl, 0.1% NP-40, and 2 mM MgCl2) at 4℃ for 2 h, 
followed by washing with buffer A twice to remove the unbound proteins. Then the 
annealed RNA sample was added to the FLAG-MCP bound beads and incubated at 4℃ 

for 4 h. The unbound RNA was removed by washing with buffer A for three times. In 
the following step, the cell lysate was added to the RNA-MCP bound beads, and the 
incubation time was extended to 16 h at 4℃. For each NRC, we used Huh7, Calu-3, 
and HEK293T cell lines for experiments. After incubation, the cell lysate was removed by 
washing it five times with buffer A. Then, RNase A was added to digest RNA molecules 
and release the protein components bound with each RNA sample from the RNA-MCP 
bound beads. The products were analyzed with SDS-PAGE and followed with liquid 
chromatography-mass spectrometry or Western blot assay.

LC-MS data acquisition

Digested peptides were analyzed on a Q Exactive HF-X mass spectrometry system 
(Thermo Fisher Scientific) equipped with an Easy-nLC 1200 liquid chromatography 
system (Thermo Fisher Scientific). Samples were injected on a C18 reverse phase column 
(75 µm × 15 cm, 1.9 µm C18, 5 µm tip). Mobile phase A consisted of 0.1% FA, and mobile 
phase B consisted of 0.1% FA/80% ACN. Peptides were analyzed with a 60-min linear 
gradient at a flow rate of 200 nL min−1 as the following: 0%–5% B for 2 min, 5%–35% 
B for 46 min, and 35%–100% B in 12 min. Data-dependent analysis was performed by 
acquiring a full scan over an m/z range of 350–1,500 in the Orbitrap at R=60,000 (m/
z=200), NCE=27, with a normalized AGC target of 3 × 106, an isolation width of 0.8 m/z. 
The AGC targets and maximum ion injection time for the MS2 scans were 3 × 105 and 
60 ms, respectively. Precursors of the +1, +8, or above, or unassigned charge states were 
rejected; exclusion of isotopes was disabled; dynamic exclusion was set to 45 s. Mass 
spectrometry data were searched by MaxQuant (version 1.6.10.43).

Quality control and assessment of LC-MS data

Raw mass spectrometric data files were analyzed by MaxQuant software. All data 
were searched against the SwissProt Human protein sequences. Peptide and protein 
identification and label-free quantitation were performed; the false-discovery rate (FDR) 
was set to 1%; the fixed modification was carbamidomethyl; and the main search peptide 
tolerance was 10 ppm.

MaxQuant outputs were used for downstream analysis. For each biological replicate, 
proteins that meet any of the following criteria are filtered out: (i) flagged as potential 
contaminants; (ii) flagged as reverse sequences; (iii) only identified by site; (iv) quantified 
by a single razor or unique peptide; (v) only quantified by three or less than three 
unique peptides; and (vi) only detected once in all samples. Missing data imputation was 
performed for proteins with missing values in one technical replicate while present in 
the other two replicates. Imputation was performed using the mean value of the other 
two technical replicates. Finally, 541, 372, and 312 proteins were detected in Calu-3, 
Huh7, and HEK293T cells. For data normalization, NormalyzerDE (version 1.5.4) (17) was 
applied to select the best normalization method. Based on the results of the pooled 
estimate of variance (PEV), coefficient of variation (CV), median absolute deviation 
(MAD), and correlation analyses, we chose the variance stabilizing normalization (VSN) 
as the normalization method (Fig. S2). To remove the batch effects and correct data, we 
performed the ComBat method using the R package “sva” (version 3.38.0) (18). Principal 
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component analysis (PCA) was applied to examine the batch effects and the separation 
of interactomes across samples using the R package “ade4” (version 1.7-16) (19). To 
determine the statistical significances in dissimilarity matrices across samples, the adonis 
test using the adonis function (999 permutations) in the R package “ade4” (version 
1.7-16) (19) was performed. To compare the statistical significances in the dissimilarity 
of PC1 and PC2, the Kruskal–Wallis test was performed. Pairwise Spearman’s correlation 
coefficients were calculated for all samples.

RIP experiment

HEK293T cells were transfected with plasmids co-expressing individual RNA binding 
protein (RIP; FLAG-tagged), MS2, 5′ UTR, and 3′ UTR. Cells were harvested and resus
pended in lysis buffer (50 mM Tris-HCl [pH7.5], 150 mM NaCl, 1% NP-40, and 2 mM 
MgCl2). The cell lysate was incubated with anti-FLAG M2 Magnetic Beads (Sigma-Aldrich, 
#M8823) at 4℃ for 4 h. After five times washed by lysis buffer, beads were collected. 
Recovered RNA is isolated by TRIzol. Purified RNAs were detected by quantitative 
real-time PCR. The relative intensity was calculated as Relative Intensity = Intensity of 
5′ UTR (3′ UTR)/Intensity of MS2. Ribbit IgG proteins were used as a negative control.

Western blot experiment

Western blotting was performed according to standard procedures to validate the 
interactions between host proteins and NCRs. The protein sample in the SDS loading 
buffer was denatured at 95°C for 10 min, then separated by SDS-PAGE. After being 
transformed onto the polyvinylidene difluoride (PVDF) membrane, the protein was 
immunostained with indicated antibodies and finally detected by horseradish peroxi
dase-conjugated secondary antibodies and visualized by chemiluminescence (Pierce).

Nucleotide diversity analysis

To evaluate the degree of conservation of the 5′ UTR and 3′ UTR regions and the 
other NCRs (ORF10) among the currently known SARS-CoV-2 strains, including Delta 
and Omicron, we downloaded over 18,000 SARS-CoV-2 genomes that met the length 
criteria (29,850 bp for the Beta variant; 29,890 bp for other variants) between December 
2019 and March 2023 from the NCBI virus database. Due to the limitations of sequenc
ing technology, many genomes have many ambiguous bases, especially in the 5′ UTR 
and 3′ UTR regions. We only kept the genomes with <1% of ambiguous bases (Fig. 
S1A). Although all Omicron genomes that qualified from the NCBI virus database were 
downloaded, only 430 genomes passed quality control. Next, we performed multiple 
sequence alignment against the SARS-CoV-2 reference genome (NC_045512.2) using 
MAFFT software (version v7.515) (20). Finally, we calculated the average nucleotide 
diversity pi (21) of different regions of SARS-CoV-2 to evaluate the conservation.

Enrichment analyses

Sets of proteins bound to viral ncrRNAs were tested for enrichment of pathways using 
the Reactome web interface (https://reactome.org/) (22). Statistical significance was set 
as FDR-adjusted P value <0.05. Gene ontology (GO) enrichment analysis was carried 
out using the R package “clusterProfiler” (version 3.18.0) (23). The GO terms were 
obtained from the c5 category of the Molecular Signature Database using the R package 
“msigdb” (version 7.2) (24). Statistical significance was set as q value <0.05. Protein 
domain enrichment analysis was carried out using the STRING web interface (https://
string-db.org/) (25) . Statistical significance was set as FDR-adjusted P value <0.05.

RBP validation and site prediction

RBP validation was performed based on the RBP database RBP2GO (26). RBP2GO score is 
positively correlated with the frequency of the protein being listed as RBP in all data sets. 
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RBP2GO database collected 43 RBP studies in total. RBP site prediction was performed 
using the RBPsuite (27). The model was set as a specific model. For linear RNAs, RBPsuite 
predicts the RBP binding scores with them using updated iDeepS (28).

Protein–protein interaction network analysis

Protein–protein interactions network was performed using the STRING web interface 
(https://string-db.org/) (25). The minimum required interaction score was set as the 
highest confidence (0.900). Cytoscape software (version 3.8.2) (29) was applied to 
visualize the network.

Weighted gene correlation network analysis

Weighted gene correlation network analysis (WGCNA) analysis was performed in R 
using the package “WGCNA.” The soft powers were set as 6, 7, and 7 for Calu-3, 
Huh7, and HEK293T cells, respectively. The network was derived based on signed 
Spearman correlations. The topological overlap metric was derived from the resulting 
adjacency matrix and was used to cluster the modules using the blockwiseModules 
function (blockwiseConsensusModules, for the consensus modules). The dynamic tree 
cut algorithm was set with a height of 0.25, a deep split level of 2, and a minimum 
module size of 20. The module-trait correlation P values from WGCNA analysis were 
adjusted by the Bonferroni method.

Data visualization

Most of the data visualizations were performed in R using the packages “ggplot2” 
(version 3.3.3) (30), “pheatmap” (version 1.0.12) (31), “ComplexHeatmap” (version 2.6.2) 
(32), and “UpsetR” (version 1.4.0) (33). The Venn website (http://www.ehbio.com/test/
venn/#/) was applied to create a Venn diagram and flower plot.

RESULTS

Developing MAMS to map the interactome between SARS-CoV-2 ncrRNAs 
and host proteins

We developed a method named MS2 affinity purification coupled with liquid chromatog
raphy-mass spectrometry to systematically map the interactome between SARS-CoV-2 
ncrRNAs and host proteins. We synthesized 12 ncrRNA constructs (NRCs) as baits to 
investigate the respective host protein interactomes (Fig. 1B). NRC1 comprised 2×MS2 
and was designed as a global negative control. NRC2–NRC12 covers different types of 
ncrRNAs in SARS-CoV-2 (Fig. 1B; Table S1). 5′ UTR and 3′ UTR are the two major ncrRNAs. 
Previous studies and our nucleotide diversity analysis showed that 5′ UTR and 3′ UTR 
of SARS-CoV-2 are highly conserved, comparable with viral-coding regions (Fig. S1A and 
S1B) (34, 35). NRC2 and NRC3 were designed to investigate the interactome of the 5′ UTR; 
NRC8 and NRC9 were designed to investigate the interactome of the 3′ UTR. SARS-CoV-2 
genome has nine TRS cores (5′-ACGAAC-3′), including one TRS-L and eight TRS-Bs; each 
TRS-B corresponds to an ORF (Fig. 1A; Fig. S1C) (36, 37).

Each subgenomic mRNA joins the TRS-L and the respective TRS-B (Fig. 1A). The 
distances between TRS-Bs and the start codons of respective ORFs ranged from 0 to 155 
bases (Fig. S1C). We selected the TRS-Bs for N, M, and ORF6 as the others are too short. 
The three TRS-Bs were fused with the leader sequence of 5′ UTR (1–70 nt; referred to as 
5′ UTR-L) to construct the complete 5′ UTRs of respective subgenomic mRNAs, namely 
NRC4, NRC5, and NRC6. The nature of ORF10 in the SARS-CoV-2 genome has been 
elusive, and data show that ORF10 is not a real protein-coding gene (37–39). The low 
nucleotide diversity (pi value) showed high conservation of ORF10 (Fig. S1B), indicative 
of its evolutionary importance. We thereby designed the NRC9 and NRC11 to explore 
the function of ORF10. During the replication and transcription, the full-length and 
subgenomic negative-sense RNAs are synthesized and serve as templates for progeny 
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viral RNA synthesis and mRNA synthesis, respectively. To investigate the role of negative-
sense ncrRNAs, we constructed the reverse complementary of NRC9, namely NRC10, and 
the reverse complementary of NRC6, namely NRC7. Finally, NRC12 comprising both 5′ 
UTR and 3′ UTR was synthesized to mimic the full-length viral gRNA excluding the actual 
ORFs.

All NRCs were prepared by in vitro transcription at 37℃ with T7 RNA polymerase, 
followed by purification with denatured Urea-PAGE and ethanol precipitation (Fig. S1D). 
3×FLAG-MCP was expressed as a recombinant protein in E. coli BL21(DE3) Codon plus 
strain and purified with chromatography. The purified 3×FLAG-MCP was bound on 
anti-FLAG beads for MS2-tagged NRCs RNA binding (see “Materials and methods” 
for details). The host proteins in cell lysates were incubated with respective NRCs to 
assemble NRC–protein complexes for affinity purifications. RNase A was applied to 
release host proteins, which were then identified and quantified by LC-MS (Fig. 1C). 
To examine the interactomes in different cell line backgrounds, we performed the 
experiments in human lung cell Calu-3, human liver cell Huh7, and kidney-derived cell 
HEK293T (40). All experiments were performed with three biological replicates, except 
for HEK293T cells with two biological replicates. Each biological replicate was then 
quantified with three technical replicates to ensure the robustness of the approach (Fig. 
1C). We implemented data cleaning, data normalization (17), and batch effect correction 
to address potential biases (18) (Fig. S2; Table S1; see “Materials and methods” for details). 
These considerations ensured rigorous and statistically meaningful analytical results.

A comprehensive atlas of proteins bound to the SARS-CoV-2 ncrRNAs

PCA and correlation analysis indicated that the results of experimental and technical 
replicates are highly concordant (Fig. 1D; Fig. S3A to S3C), indicating the high robustness 
and sensitivity of the approaches we used. The PCA clustering patterns closely reflected 
the design strategy in all cell lines (Fig. 1D; Fig. S3B and C). Briefly, samples of NRC2 and 
NRC3, both of which included 5′ UTR, were more similar; samples of NRC4, NRC5, and 
NRC6, all of which included 5′ UTR-L, were more similar; and samples of NRC8, NRC9, and 
NRC11, which included 3′ UTR or ORF10, were more similar. Interestingly, we noticed a 
clear difference between samples of NRC10 and the other NRCs in Calu-3 and Huh7 cells 
(Fig. 1D; Fig. S3B).

To delineate the host proteins interacting with ncrRNAs of SARS-CoV-2, we compared 
NRC2–NRC12 interactomes with the NRC1 interactome to identify statistically enriched 
proteins against the background (Wilcoxon test; FDR adjusted P value <0.05 for Calu-3 
and Huh7 cells, FDR adjusted P value <0.1 for HEK293T cells). A total of 367 (Calu-3), 323 
(Huh7), and 277 (HEK293T) host proteins were identified to interact with the ncrRNAs 
(Fig. S3D to F; Table S1). Comparing the ncrRNA interactomes of three cell lines revealed 
that 107 host proteins were conserved (Fig. 1E; Table S1). All 107 host proteins have been 
identified as human RNA-binding proteins previously (26), confirming their RNA-binding 
potential (Table S1). We first analyzed the cellular component of these host proteins. 
GO annotation revealed the strong enrichments of the ribonucleoprotein (RNP) complex 
and membrane component of cells in all cell lines (Fig. S4A to C). Protein domain 
enrichment analysis revealed that the SARS-CoV-2 ncrRNA interactomes of all cell lines 
harbor abundant RNA-binding domains such as RNA recognition motif, DEAD/DEAH 
box helicase, KH domain, and LSM domain (Fig. S4D to F). These data demonstrated 
that the MAMS method provided a valuable resource for host proteins interacting with 
SARS-CoV-2 ncrRNAs. Of note, a previous study showed a depletion of the DEAD/DEAH 
box helicase domain in the SARS-CoV-2 RNA–host proteins interactome, most likely due 
to the lack of the 5′ UTR region in the experimental design (14).

Core SARS-CoV-2 ncrRNA interactomes

To dissect the biological functions of the viral ncrRNA interactome, we divided NRCs 
into 5′ UTR, 5′ UTR-L, and 3′ UTR groups based on the design and PCA results (Fig. 
1B and D; Fig. S3B and C). To find host proteins enriched in each group, we selected 
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FIG 2 Connecting the SARS-CoV-2 ncrRNA core interactome to perturbations in host cells. (A) Venn diagrams of SARS-CoV-2 ncrRNA interactomes of 5′ UTR, 5′ 
UTR-L, and 3′ UTR in three cell lines. (B) Venn diagrams of SARS-CoV-2 ncrRNA core interactomes of 5′ UTR, 5′ UTR-L, and 3′ UTR. (C) Intersection of SARS-CoV-2 

ncrRNA interactome in this study and RNA interactome from related studies (Flynn et al., (12), Schmidt et al., (11), Kamel et al., (13), and Labeau et al., (15)).

(Continued on next page)
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proteins consistently binding to NRCs in the same group in all three cell lines (Fig. 2A; 
Table S1). Finally, 58 host proteins were identified in all three cell lines, which were 
defined as the core SARS-CoV-2 ncrRNA interactome (Fig. 2B Table S1). Notably, we 
observed that all proteins interacting with 5′ UTR-L also interacted with 5′ UTR, as 
expected (Fig. 2B). To further validate these interactions, we performed RNA Binding 
Protein Immunoprecipitation experiments in HEK293T (see “Materials and methods” for 
details). We also performed MS2 affinity purification followed by Western blot analysis to 
validate some of the key interactions in HEK293T. The results of RIP experiments, Western 
blot experiments, and mass-spectrometry were highly consistent (Fig. S5A and B) .

We next compared the core ncrRNA interactome with the recently published 
SARS-CoV-2 RNA interactomes (11–13, 15). We found 72% (42/58) proteins of the 
SARS-CoV-2 core ncrRNA interactome were enriched in at least one of the studies (Fig. 
2C; Table S1). Six proteins were identified in all studies (Fig. 2C) and are involved in mRNA 
stability and transcriptional regulation (HNRNPA0, HNRNPA1, HNRNPA2B1, HNRNPA3, 
and SYNCRIP) and a subunit of the transfer RNA-splicing ligase complex (RTCB). To 
explore the binding specificity of these interactions, we used the RBP binding sites 
prediction suite (RBPsuite) (27). Among 14 proteins with specifically trained models, 5′ 
UTR and 3′ UTR had RBP binding sites of 11 proteins, including three known motifs 
of MATR3, HNRNPA1, and SFPQ (Table S1). These results supported that host proteins 
interacted with ncrRNAs through sequence-specific binding.

To explore the functional importance of the core interactome, we intersected the 
members of the core interactome with the published results of a genome-wide CRISPR 
screen designed to identify host proteins that impact the SARS-CoV-2-induced cell death 
(12). We obtained CRISPR data for 50 of the 58 proteins in the core ncrRNA interactome, 
including 36 proteins that significantly impact cell survival after SARS-CoV-2 infection 
(Fig. 2D). Most proteins may function as antiviral factors. Notably, HNRNPA2B1, SNRPC, 
NCL, U2AF1, SYNCRIP, P4HB, HNRNPD, and CSDE1 significantly impacted cell death (Fig. 
2D). These results highlight the functional importance of the core ncrRNA interactome.

To characterize the dynamics of the core ncrRNA interactome, we intersected our data 
with the multi-time points (8 and 24 hpi) study of SARS-CoV-2 RNA interactome in Calu-3 
cells (13). Intriguingly, most proteins (24/58) in the ncrRNA interactome showed temporal 
dynamics during the infection (Fig. 2E; Fig. S5C). The RNA-binding activity of several 
proteins increased throughout the infection, such as DDX1, DDX3X, DDX5, and HNRNPA1, 
indicating that SARS-CoV-2 requires these proteins in the replication and transcription 
processes. Several proteins were only upregulated until the late stage, such as SNRPG, 
SNRNP70, ZC3HAV1, and RTCB. ZC3HAV1 is an antiviral factor; its upregulation possibly 
hampers SARS-CoV-2 replication. Taken together, these data highlight that the interac
tions between the ncrRNA and host proteins play essential roles during the replication 
and transcription processes.

The 5′ UTR interacts with U1 snRNP and other host factors to promote viral 
replication and transcription

To characterize the biological functions of the 5′ UTR interactome, we performed 
GO enrichment analysis on the core interactome of 5′ UTR, revealing the pathways 
associated with RNA splicing, RNA binding, and ribonucleoprotein complex (Fig. S6A). In 
eukaryotes, U1, U2, U4, U6, and U5 snRNPs are components of the major spliceosome 
(41). SNRNP70 and SNRPA are subunits of U1 snRNP. The RIP and MS2 affinity purification 

FIG 2 (Continued)

(D) Volcano plot of proteins in the core SARS-CoV-2 ncrRNA interactome overlaying with published CRISPR screen data in SARS-CoV-2-infected Vero E6 cells. 

Proteins with highly significant changes (−log10FDR >100) were not directly plotted. Orange points denote proteins identified in the core SARS-CoV-2 ncrRNA 

interactome with significant changes (FDR <0.05 and |CRISPR z-score| >2). The red name denotes proteins identified in the SARS-CoV-2 ncrRNA core interactome 

with highly significant changes (−log10FDR>25). (E) Fold change of proteins in the core SARS-CoV-2 ncrRNA interactome overlaying with published temporal 

abundance data of RBP upon SARS-CoV-2 infection. Early represents 8 hpi. Late represents 24 hpi. The RNA-binding activity was measured by quantitative 

proteomics.
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showed that SNRNP70 and SNRPA strongly interacted with the 5′ UTR (Fig. S5A and S5B). 
These results supported the 5′ UTR recruited proteins of U1 snRNP.

To explore the specific interactions between the host proteins and viral 5′ UTR, we 
visualized the interaction networks using the Cytoscape (Fig. 3A). ADAR, SRSF3, and 
CSDE1 proteins are potentially pro-viral (Fig. 3A). ADAR is reported to promote RNA 
virus replication, including SARS-CoV-2 (15, 42). A previous study has also shown that 
ADAR is involved in SARS-CoV-2 genome editing, a process that may shape the fate 
of SARS-CoV-2 (43). In HEK293T and A549-ACE2 cells, the knockdown of SRSF3 shows 
significant inhibition of the SARS-CoV-2 replication. CSDE1 (Unr) is required for Internal 
Ribosome Entry Site (IRES)-dependent translation in human rhinovirus and poliovirus, 
which are single-stranded, positive-sense RNA viruses (44, 45). The knockdown of CSDE1 
via siRNA also can inhibit the RNA level of SARS-CoV-2 (14). In addition, we noticed 
the protein P4HA1, an ER-resident prolyl hydroxylase. P4HA1 is reported to be essential 
for the HIF-1α stabilization (46), which is activated when SARS-CoV-2 attacks the lung 
and impairs gas exchange leading to systemic hypoxia (47). The mass-spec and RIP data 
revealed that the protein P4HA1 interacted with 5′ UTR in all cell lines (Fig. S5A and 
S6B). Knockdown of P4HA1 and P4HA2 led to strong inhibition of Zika and Dengue virus 
(48); thereby, the P4HA1 may play a similar role for SARS-CoV-2. Taken together, these 
proteins may promote viral entry, transcription, and replication by interacting with 5′ 
UTR.

From the host side, antiviral factors ZC3HAV1, MOV10, EIF2AK2, and TRIM28 (49–54) 
had interactions with 5′ UTR (Fig. 3A). ZC3HAV1 (also named ZAP) has been shown to act 
as an inhibitor of SARS-CoV-2 programmed ribosomal frameshifting to disturb the 
translation of the viral RNA (49). A previous study reported that MOV10 could enhance 
IFN response using an RIG-I-like receptor (RLR)-independent pathway to provide antiviral 
activity against SARS-CoV-2 in the same way (52). EIF2AK2 (also named PKR), an inter
feron-induced serine-threonine protein kinase, can prevent viral replication by phos
phorylating the initiation factor eIF2α (55). Knockdown of TRIM28 is reported to promote 
SARS-CoV-2 cell entry and replication (15, 56). Thus, these proteins may interact with 5′ 
UTR to restrict SARS-CoV-2, indicating that the host may use the 5′ UTR to control viral 
cell entry, transcription, and replication.

The 3′ UTR interactome is involved in stress response

For SARS-CoV-2 and all coronaviruses, viral mRNAs and gRNAs share the same 3′ UTR. GO 
enrichment analysis showed that the 3′ UTR interactome is enriched with pathways 
associated with RNA splicing, RNA binding, and cytoplasmic SG (Fig. S6C). A strong 
interplay is previously detected between SARS-CoV-2 RNA and stress granules. SGs can 
exert antiviral functions via various mechanisms, sequestrating host and viral mRNAs and 
proteins, recruiting immune signaling intermediates, and inhibiting protein synthesis 
(57–59). G3BP1 is crucial to forming SGs (60); although our mass-spec data did not show 
interactions between G3BP1 and the 3′ UTR, our RIP and MS2 affinity purification 
experiments confirmed that G3BP1 binds to 3′ UTR in HEK293 cells (Fig. S5A and B). On 
the host side, G3BP1 inhibits SARS-CoV-2 by promoting SG formation. From the viral side, 
the SARS-CoV-2 N protein sequesters the G3BP1 to decrease the SG formation (61, 62). 
These observations demonstrate that the 3′ UTR is important to the SG localization of 
SARS-CoV-2.

Next, we explored the interactions between 3′ UTR and host proteins in detail. Several 
proteins of the hnRNP family interacted with 3′ UTR (Fig. 3A). The hnRNPs are the major 
factors responsible for RNA processing, including RNA splicing, maturation, decay, and 
translation (63). Recent articles show that hnRNPs play diverse roles during SARS-CoV-2 
infection. For example, to facilitate viral RNA processing, SARS-CoV-2 hijacks host 
HNRNPA2B1 protein redistribution through direct binding with NSP1 to impair the host 
innate immunity (64). HNRNPK may also be a pro-viral factor. The drug phenethyl 
isothiocyanate targeting HNRNPK shows a significant inhibitory effect on SARS-CoV-2 
(15). HNRNPA1 has been reported to regulate early translation to replication switch in 
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SARS-COV-2 (65). Thus, the interplays between the hnRNPs and SARS-CoV-2 may assist 
the viral replication and response to the host immune regulations. On the other hand, 
the host proteins may target viral 3′ UTR to inhibit viral replication. LARP1 was identified 
in the 3′ UTR interactome (Fig. 3A), consistent with a previous report using the Vero cells 
(11). In HEK293 cells, the knockout of LARP1 promotes the production of SARS-CoV-2 
RNA (11), suggesting that LARP1 can repress viral replication. Taken together, these 
results indicate that the interactions between 3′ UTR and host proteins have facilitated 
the replication and infection of SARS-CoV-2 while localizing the viruses to the SG.

The 5′ UTR and 3′ UTR interact with diverse helicases

Helicases are essential for viral genome replication, transcription, and translation (66). 
We discovered that the 5′ UTR and 3′ UTR interacted with an extensive array of DEAD/
DEAH-box helicases in at least two cell lines (Fig. 3B), including DDX3X, DDX5, DDX17, 
DDX21, DHX9, and DHX30. 5′ UTR-L also interacted with several DEAD/DDX-box helicases 

FIG 3 The core SARS-CoV-2 ncrRNA interactome. (A) Core interactome of SARS-CoV-2 ncrRNAs. Each node represents a host protein (closed circle) or viral 

ncrRNA (diamond). Orange circles represent that the interactions between host proteins and viral ncrRNA were verified in the RIP experiments. Green edges 

indicate the interactions between viral ncrRNAs and host proteins. Gray edges denote the interactions in host proteins. (B) Network revealing the interactions 

between DEAD/DEAH-box helicases and 5′ UTR/3′ UTR. Each node represents a host protein (closed circle) or viral ncrRNA (diamond). Colors are denoted in the 

box.
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(Fig. S6D). Among these helicases, DDX3X, DDX1, DDX5, and DDX6 are reportedly 
hijacked by several RNA viruses to facilitate various steps of their replication cycles (67–
70). A study shows that DDX3X colocalizes with SARS-CoV-2 RNA foci, and its inhibition 
significantly reduces the viral replication (71). DDX1, DDX5, and DDX6 RNA helicases are 
required for the SARS-CoV-2 replication (70). Notably, a previous study has shown that 
the specific interaction of DDX6 with an RNA hairpin in the 3′ UTR of the Dengue virus 
genome mediates G1 phase arrest, indicating the SARS-CoV-2 utilizes a similar strategy 
to alter host cell fates (72). In contrast, DDX17, the paralogs of DDX5, may have an 
antiviral function as a cofactor for ZC3HAV1 to promote the viral RNA decay (73). DDX21 
is also an antiviral factor. A previous study reveals that DDX21 interacts with the 5′ UTR 
of the Borna disease virus (BDV) X/P polycistronic mRNA to inhibit its translation. In vitro, 
RNA folding assays suggest that DDX21 binding causes structural alterations in the 5′ 
UTR of the BDV mRNA, thus interfering with the reinitiation of translation by ribosomes 
on this polycistronic message (74). Intriguingly, DDX21 has been reported to have a 
strong inhibition of the SARS-CoV-2 infection (70), indicating DDX21 may modify the 
SARS-CoV-2 5′ UTR structure. These results show that DDX17 and DDX21 may interact 
with 5′ UTR and 3′ UTR to inhibit the SARS-CoV-2 translation. Taken together, DEAD/
DEAH-box helicases might play regulatory roles during viral replication and translation 
via interactions with 5′ UTR and 3′ UTR.

WGCNA revealed NRC-related functional modules

Weighted gene correlation network analysis is a powerful method to uncover de novo 
regulatory modules without making prior assumptions (75). The abundances of 367, 323, 
and 269 proteins were used for WGCNA for the Calu-3, Huh7, and HEK293T, respectively, 
leading to the identification of 10, 6, and 7 modules for each cell line. The significance 
of correlations between modules and NRCs was calculated. We focused on the modules 
that had significant positive correlations with NRC2–NRC12; six, five, and five modules 
for the Calu-3, Huh7, and HEK293T were identified, respectively (Fig. 4; Fig. S7A; Table 
S1). Strikingly, the filtered modules closely reflected the grouping of the NRCs, indicating 
that the grouping of NRCs, although subjective, reflects the true biology of the ncrRNA–
host protein interactions (Fig. 4A; Fig. S7A). Briefly, module 1s (M1s) had strong positive 
correlations with both NRC2 (5′ UTR) and NRC3 (5′ UTR + Cap) in all three cell lines; M3 in 
Calu-3 and M4 in Huh7 showed positive correlations with both NRC8 (3′ UTR) and NRC9 
(ORF10 + 3′ UTR) (Fig. 4A; Fig. S7A). Notably, M2, M4, and M5 for Calu-3; M3 and M5 
for Huh7; M2, M4, and M5 for HEK293T strongly correlated with the two negative-sense 
ncrRNAs, indicating the unique role of negative-sense ncrRNAs. Moreover, except for the 
HEK293T cell line, we found that almost all proteins identified in the modules related to 
the NRC10 showed the highest or relatively higher connectivity in the de novo interacting 
network in the three cell lines (Fig. 4B and C;Fig. S7B), further suggesting the importance 
of the negative-sense ncrRNA interactomes.

To confirm our previous findings of the core interactome, we explored the functions 
of modules related to 5′ UTR and 3′ UTR. Comparing the M1s in different cell lines, 13 
proteins were shared, and most of them (12/13) were also identified in the 5′ UTR core 
interactome (Fig. S7C; Table S1). The proteins enriched in the M1s were involved in RNA 
splicing and U1snRNP (Fig. S7D), consistent with the 5′ UTR core interactome analysis. For 
the modules associated with 3′ UTR, 8 of 11 proteins shared in all cell lines were also 
identified in the 3′ UTR core interactome (Fig. S7E; Table S1). The GO enrichment analysis 
also revealed the enrichment of proteins involved in the mRNA 3′ UTR binding and SG 
(Fig. S7F), consistent with our analysis of the 3′ UTR core interactome. Therefore, 
hypothesis-free WGCNA is highly consistent with the hypothesis-driven core-interac
tome analysis, further supporting the important roles of 5′ UTR and 3′ UTR interactomes 
in virus–host interactions.
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FIG 4 Modules of proteins strongly associated with different ncrRNA were identified by weighted gene coexpression network analysis. (A) Heatmap and table 

showing that modules were strongly correlated with different ncrRNAs in Calu-3 (top) and Huh7 (bottom). Heatmap shows the intensity pattern of host proteins 

in different ncrRNA interactomes, as characterized into different modules. The table shows the correlations between different modules and NRCs. P values were 

adjusted by the Bonferroni method. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (B, C) Plots showing that the proteins identified in the modules correlated 

with the NRC10 had the highest connectivity in the whole network in Calu-3 (D) and Huh7 (E) cells. The top 15 proteins in the modules were highlighted in color 

pink. (D) Venn diagram of NRC7-related modules in Calu-3, Huh7, and HEK293T cells. (E) Venn diagram of NRC10-related modules in Calu-3, Huh7, and HEK293T 

cells.
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The negative-sense ncrRNAs play regulatory roles in virus–host interactions

The negative-sense viral RNAs are known to serve as the templates for replication and 
transcription. However, the regulatory roles of negative-sense RNAs in viral infection 
remain unexplored. We next investigated the modules related to negative-sense ncRNAs. 
The NRC7 is the negative-sense of NRC6 (5′ UTR-L of N or the 5′ UTR of the subgenomic 
mRNA of N gene), which is the negative-sense of 5′ UTR -L sequence plus eight bases. 
Although NRC7 is relatively short, eight proteins (SSB, HNRNPA0, PURA, MSI2, PLOD1, 
PRMT1, GRSF1, and YTHDC2) were identified to interact with the NRC7 in all cell lines (Fig. 
4D; Table S1). Among these proteins, SSB (La protein), GRSF1, and MSI2 may be hijacked 
by SARS-CoV-2 to promote translation and disturb the host immune response. Pioneer
ing studies have shown that the cellular SSB shields nonsegmented negative-strand 
RNA viral leader RNA from RIG-I and enhances virus growth by multiple mechanisms 
(76). GRSF1 has been shown to stimulate the translation of viral mRNAs, such as the 
influenza virus (77). MSI2 is a member of the Musashi protein family, which is reported 
to be downregulated in the SARS-CoV infection (78). A drug targeting MSI2 has shown 
a moderate inhibiting effect of the SARS-CoV-2 (13). PRMT1 is a host protein arginine 
methyltransferase (PRMT). SARS-CoV-2 proteins are known to be methylated by PRMTs 
(79). YTHDF2 is an m6A reader (80), and m6A is widely distributed in both positive-sense 
and negative-sense SARS-CoV-2 RNA (81). Therefore, the methylation of NRC7 may 
regulate the viral transcription and replication through YTHDF2. Taken together, these 
results suggest that NRC7 plays an important role in SARS-CoV-2 transcription and 
replication processes.

We next analyzed the modules associated with the NRC10, the negative-sense of 
NRC9 (ORF10 + 3′ UTR). Consistent with the PCA results, the results of WGCNA revealed 
the unusual role of NRC10, which had specific interactions with many host proteins 
in all three cell lines (Fig. 4A; Fig. S7A). Seven proteins (NPM1, U2AF1, U2AF2, SFPQ, 
NONO, ELAVL1, and HNRNPK) were identified in modules specifically associated with 
the NRC10 in three cell lines (Fig. 4E; Table S1). ELAVL1, NPM1, and SFPQ may act as 
pro-viral factors. ELAVL1 is a known stabilizer of RNA. A recent study shows that the 
ELAVL1-inhibiting drug can suppress the SARS-CoV-2 protein production, indicating the 
pro-viral role of ELAVL1 (13). The nucleophosmin1 (NPM1, also named B23) is involved 
in several cellular processes. Overexpression of NPM1 promoted the porcine epidemic 
diarrhea virus (PEDV), a member of coronavirus, while knockdown of NPM1 suppressed 
PEDV growth (82). SFPQ is a member of the Drosophila behavior/human splicing (DBHS) 
protein family. Studies have shown that SFPQ is a pro-viral host factor essential for virus 
replication and transcription, including encephalomyocarditis virus (EMCV), influenza 
A virus, and Epstein–Barr virus (83–85). Another member of the DBHS protein family, 
NONO, may play the opposite function. NONO has been identified to display antiviral 
activity during SARS-CoV-2 infection via CRISPR screens (12). These results showed 
that the interactions between these proteins and NRC10 could potentially regulate the 
SARS-CoV-2 replication and transcription.

When infected, different cell lines exhibited drastically different phenotypes; we 
performed the GO enrichment of NRC10 interactomes for each cell line to identify 
the cell-line-specific features (Fig. 5A; Fig. S7G and H). In the Calu-3 cell line, NRC10 
had a significant number of interactions with the subunits of the eukaryotic translation 
initiation factors 3 (eIF3) complex and proteins involved in response to the incorrect 
protein and oxidative stress (Fig. 5A and B). SARS-CoV-2 nsp1 has been reported to 
be adjacent to subunits of the eIF3 complex to inhibit host translation in the human 
nonsmall cell lung carcinoma cell line H1299 (86). In the Huh7 cells, we discovered 
that the NRC10 had strong interactions with ribosomal proteins in the cytoplasm and 
mitochondria (Fig. S7G; Fig. S8A). Liver cells are enriched with mitochondria, which 
are needed for hepatic metabolism. In the event of an infection, mitochondria con
tribute to immunity by multiple mechanisms (87, 88) and are the targets of diverse 
positive-sense single-stranded RNA viruses, including SARS-CoV-2 (89, 90). Therefore, 
NRC10 may recruit these proteins to disturb immunity via mitochondria to facilitate its 
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replication. Moreover, the NRC10 interactomes of Huh7 and HEK293T were enriched in 
the proteins involved in the innate immune response (Fig. S7G and H; Fig. S8), which 
provided a potential explanation for the different cell death ratios after the infection of 
the SARS-CoV-2 (40). Taken together, these data demonstrated that the negative-sense 
ncrRNAs, in addition to serving as direct templates for transcription and replication, may 
also have diverse regulatory roles in viral protein folding, translation, transcription, host 
immune response, and mitochondria dynamics.

DISCUSSION

Decoding how the ncrRNAs of SARS-CoV-2 interact with host proteins is crucial to 
understanding virus biology and COVID-19. We developed the MAMS method to 
systematically map the viral ncrRNA–host protein interactome across three cell lines with 
high sensitivity. Compared with previous studies, the MAMS approach removed the 
potential masking effects exerted by the high abundance of viral proteins during in vivo 
infection and revealed significantly more host proteins binding with the viral ncrRNAs. 
Integration of the MAMS data from the three cell lines with RIP data revealed the 
important role of core SARS-CoV-2 ncrRNA interactome and the unique role of negative-
sense ncrRNAs (Fig. 6).

In particular, the viral 5′ UTR interacted with P4HA1 and proteins of U1 snRNP to assist 
its viral replication and transcription. These proteins are potential drug targets. A 
previous study reveals that the viral NSP16 protein can bind to the recognition domain of 
U1/U2 snRNAs to disrupt the host mRNA splicing (91). Thus, our findings provide a new 
mechanism through which snRNPs assist the transcription and replication of SARS-CoV-2. 
On the contrary, antiviral factors ZC3HAV1, MOV10, and EIF2AK2 may interact with 5′ UTR 
to inhibit viral replication and transcription.

On the other hand, viral 3′ UTR had strong associations with proteins related to SGs 
and the hnRNP family. SARS-CoV-2 modulates the host proteins to inhibit the antiviral 
SGs formation and maximize the viral replication efficiency (91, 92). For example, N 
protein-mediated SG disassembly can promote the production of SARS-CoV-2 (91). 
Interactions between 3′ UTR and SGs may play an important role in the transcription and 
replication of SARS-CoV-2. Conversely, the hnRNP family could play a pro-viral function 
via nucleic acid metabolism to promote viral replication and transcription.

The function of ORF10 remains to be determined. Originally, SARS-CoV-2 genome 
annotation positioned ORF10 upstream of 3′ UTR. However, evidence suggests that the 
ORF10 is not at a protein-coding region. Katarzyna et al. found that the replication of a 
SARS-CoV-2 variant in which the ORF10 gene was prematurely terminated was not 
impacted in vitro or in vivo (39). The presence of the subgenomic mRNAs corresponding 
to the ORF10 is also questionable. Jungreis et al. analyzed the SARS-CoV-2 genome by 
comparing 44 Sarbecovirus genomes and showed that while the sequences are highly 
conserved, premature stop-codons can be observed in all but the SARS-CoV-2-related 
genomes (93). The PCA analysis showed no significant separation among the NRC8 (3′ 
UTR), NRC9 (ORF10 + 3′ UTR), and NRC11 (ORF10) (Fig. 1D; Fig. S3B and C). However, 
NRC10, the negative-sense of NRC9, which also includes ORF10, was demonstrated to be 
distinct from the group (Fig. 1D; Fig. S3B). The analysis of the NRC10-related modules 
revealed that some proteins involved in regulating the viral process, mitochondrial 
translation, ERAD pathway, and immune response show cell-line specificity. Intriguingly, 
recent studies reveal the relationship between disrupted cardiac mitochondria postinfec
tion and cardiovascular dysfunction in COVID-19 patients (94). These results indicate that 
the negative-sense, instead of the positive-sense or the protein product of ORF10, may 
have important functional roles.

Besides NRC10, NRC7, the negative-sense of NRC6 (5′ UTR-L of N), was also of interest. 
NRC7 is almost equivalent to the negative-sense of 5′ UTR-L (Fig. 1B). NRC7 interacted 
with a series of host proteins. Eight proteins were identified to interact with NRC7 in all 
cell lines, including SSB. A previous study has shown that the SSB interacts with nonseg
mented negative-strand RNA viral leader RNA to promote virus replication. Thus, the SSB 
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may have a similar function in SARS-CoV-2 (76). We consider the SSB as a new potential 
target to inhibit the infection of SARS-CoV-2.

For most positive-strand RNA viruses, the negative-sense RNAs serve as the templates 
for synthesizing positive-sense gRNA and subgenomic RNAs. Interestingly, a study found 
that negative-sense RNAs are heavily modified by m6A in the 5′ UTR and many coding 
regions, while the positive-sense RNAs are heavily modified by m6A only in the 3′ UTR, 
indicating that negative-sense RNAs are methylated differently in vivo (81). In a separate 

FIG 5 Negative-sense ncrRNAs interact with host proteins involved in the regulation of viral processes. (A) GO enrichment results revealing the major functions 

of NRC10-related modules in Calu-3. (B) Network showing the interactome of NRC10 in different cell lines. Each node represents a host protein (closed circle) 

or viral ncrRNA (diamond). Purple edges indicate the interactions between viral ncrRNAs and host proteins. Gray edges denote the interactions between host 

proteins. Colors are denoted in the box.
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study, the negative-sense coronaviral RNA was found to be functionally relevant to the 
activation of host innate immune responses through the cleavage of their 5′-end 
polyuridine (polyU) sequences, a process mediated by the highly conserved viral 
endoribonuclease nsp15 (95). Our study demonstrates the strong potential of diverse 
regulatory roles of the negative-sense viral ncrRNAs in the entire process of viral 
infection. Given the highly conserved nature of UTRs in coronaviruses and more distantly 
related positive-strand RNA viruses, it is tempting to infer that the negative-sense RNAs 
in diverse positive-strand RNA viruses, such as Zika and Dengue viruses, likely have 
similar regulatory roles in virus–host interactions.

FIG 6 Summary of the functions of SARS-CoV-2 ncrRNA interactomes. Host proteins in the black boxes interacted with positive-sense ncrRNAs (5′ UTR and 3′ 
UTR). Host proteins in the blue boxes interacted with negative-sense ncrRNAs. Brown color denotes proteins that interacted with 5′ UTR specifically. Purple color 

denotes proteins that interacted with 3′ UTR specifically.
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In summary, our work reveals the comprehensive and highly sensitive landscape of 
the functional SARS-CoV-2 ncrRNA interactome in diverse cell lines. More importantly, 
integrated analyses show that the negative-sense viral RNAs could play previously 
underappreciated regulatory roles in various virus–host interactions. These findings 
introduced a new mechanistic perspective on how SARS-Cov-2, and possibly other 
positive-strand RNA viruses, utilizes the negative-sense viral RNAs to manipulate and 
interact with host cells, providing a new avenue of antiviral drug discovery.

Limitations of the study

Although this study provides a rich resource of SARS-CoV-2 noncoding region–host 
protein interactome, several limitations exist due to the restricted access to a P3 lab 
to perform the infection experiments. First, the interactions between ncrRNAs and host 
proteins were identified based on the whole cell lysate from uninfected cells. Therefore, 
our findings may not fully represent the complexity of a real infection, and some 
interactions identified may be false positives. Although our in vitro assays demonstrated 
potential interactions between these proteins and the NCRs, the subcellular distribution 
of these proteins could prevent the interactions in vivo. Second, this study needed more 
functional validations to reveal the potential biological significance of the identified 
interactions in an infection context.
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Supplemental Material

Fig. S1 (mSystems00135-23-S0001.pdf). Design and validation of NRCs. (A) SARS-CoV-2 
sequence information, as downloaded from the NCBI Virus database. (B) Average 
nucleotide diversity (pi value) of different regions of SARS-CoV-2. (C) Position information 
of TRS-L/TRS-Bs in the SARS-CoV-2 genome. (D) Gel graphs of 12 NRCs after purification.
Fig. S2 (mSystems00135-23-S0002.pdf). Systematic evaluation of different normaliza
tion methods. (A) Bar plots demonstrating the PCV (left), PMAD (middle), and PEV (right) 
statistics of different normalization methods when compared with the log2 transforma
tion in Calu-3 cells (the lower the better). (B) Box plots showing the Pearson correlation 
(left) and Spearman correlation (right) between raw data and normalized data in Calu-3 
cells. (C) Bar plots demonstrating the PCV (left), PMAD (middle), and PEV (right) statistics 
of different normalization methods compared with the standard log2 transformation in 
Huh7 cells. (D) Box plots showing the Pearson correlation (left) and Spearman correlation 
(right) between raw data and normalized data in Huh7 cells. (E) Bar plots demonstrat
ing the PCV (left), PMAD (middle), and PEV (right) statistics of different normalization 
methods when compared with the log2 transformation in HEK293T cells (The lower the 
better). (F) Box plots showing the Pearson correlation (left) and Spearman correlation 
(right) between raw data and normalized data in HEK293T cells.
Fig. S3 (mSystems00135-23-S0003.pdf). Overview of the ncrRNA interactomes in cell 
lines. (A) Heatmaps of the interactomes revealing that the biological and technical 
replicates of NRCs are highly correlated in Calu-3 (left), Huh7 (middle), and HEK293T 
(right) cells. (B, C) PCA analyses show ncrRNA interactomes’ patterns in Huh7 (B) and 
HEK293T (C). Dots represent different samples. Colors indicate different NRCs. The adonis 
test was used to determine statistical significance. (D–F) Overview of the numbers of 
host proteins bound to different NRCs in Calu-3 (D), Huh7 (E), and HEK293T (F) cells. See 
also Table S1.
Fig. S4 (mSystems00135-23-S0004.tif). Cell components and domain analysis of 
SARS-CoV-2 ncrRNA interactome. (A–C) Gene ontology cellular component analysis of 
host proteins enriched in SARS-CoV-2 ncrRNA interactomes in Calu-3 (A), Huh7 (B), and 
HEK293T (C) cells. (D–F) Protein domain enrichment analyses of host proteins enriched in 
SARS-CoV-2 ncrRNA interactomes in Calu-3 (D), Huh7 (E), and HEK293T (F) cells.
Fig. S5 (mSystems00135-23-S0005.pdf). Functional characterizations of the core 
SARS-CoV-2 ncrRNA interactome. (A) RIP experiments validating the interactions 
between host proteins and SARS-CoV-2 5' UTR or 3' UTR. P values were calculated by 
the Wilcoxon test. *P< 0.05, **P < 0.01, ***P < 0.001. Ribbit IgG proteins (rIgG) were used 
as a negative control. (B) Western blot experiments validating the interactions between 
host proteins and SARS-CoV-2 5' UTR or 3' UTR. (C) Fold change of proteins in the core 
SARS-CoV-2 ncrRNA interactome overlaying with published temporal abundance data of 
RBP during SARS-CoV-2 infection. Early represents 8 hpi.
Fig. S6 (mSystems00135-23-S0006.pdf). The interactome of SARS-CoV-2 5' UTR, 3' UTR, 
and 5' UTR-L. (A) GO enrichment results revealing the major functions of the 5' UTR 
interactome. (B) The boxplot showing the intensity of P4HA1 in Calu-3 and Huh7 cells. P 
values were calculated by the Wilcoxon test. *P < 0.05, **P < 0.01, ***P < 0.001. (C) GO 
enrichment results revealing the major functions of the 3' UTR interactome. (D) Network 
revealing the interactions between DEAD/DEAH-box helicases and 5' UTR-L. Each node 
represents a host protein (closed circle) or viral ncrRNA (diamond). Colors are denoted in 
the box.
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Fig. S7 (mSystems00135-23-S0007.pdf). ncrRNA-related modules identified by WGCNA. 
(A) Heatmap and table showing that modules were strongly related to different NRCs 
based on the interactions between host proteins and NRCs in the HEK293T cell line. 
Heatmap shows the intensity patterns of host proteins in different ncrRNA interactomes. 
The table shows the correlations between different modules and NRCs. P values were 
adjusted by the Bonferroni method. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
See also Table S1. (B) Plots showing that the whole network connectivity of proteins 
identified in the modules correlated with the NRC10 in HEK293T cells. The top 15 
proteins were highlighted in color pink. (C) Venn diagram of 5' UTR-related modules 
in Calu-3, Huh7, and HEK293T cells. (D) GO enrichment results reveal the major functions 
of the 5' UTR-related modules. (E) Venn diagram of 3' UTR-related modules in Calu-3, 
Huh7, and HEK293T cells. (F) GO enrichment results reveal the major functions of the 3' 
UTR-related modules. (G) GO enrichment analysis of NRC10 interactomes in Huh7 cells. 
(H) GO enrichment analysis of NRC10 interactomes in HEK293T cells.
Fig. S8 (mSystems00135-23-S0008.pdf). Networks of NRC10 interactomes in Huh7 (A) 
and HEK293T (B) cells. Each node represents a host protein (closed circle) or viral ncrRNA 
(diamond). Blue or green edges indicate the interactions between viral ncrRNAs and host 
proteins. Gray edges denote the interactions in host proteins. Colors are denoted in the 
box.
TABLE S1 (mSystems00135-23-S0009.xlsx). Profiling of SARS-CoV-2 noncoding region–
host protein interactome in Calu-3, Huh7, and HEK293T cells: 12 NRCs for RNA pulldown 
assays (sheet 1); full data for all proteins in all datasets including proteomes of Calu-3, 
Huh7, and HEK293T, related to Fig. 1D (sheets 2–4); the enrichment of NRC2-12 over 
NRC1, and the overlaps of SARS-CoV-2 ncrRNA interactome in three cell lines, related to 
Fig. 1E and Fig. S3 (sheets 5–9); the core SARS-CoV-2 ncrRNA interactome, related to Fig. 2 
and Fig. 3 (sheets 10–12); The modules identified by WGCNA, related to Fig. 4 and Fig. S7 
(sheets 13–14)
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