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Abstract
Background SARS-CoV-2, a highly contagious coronavirus, is responsible for the global pandemic of COVID-19 in 
2019. Currently, it remains uncertain whether SARS-CoV-2 possesses oncogenic or oncolytic potential in influencing 
tumor progression. Therefore, it is important to evaluate the clinical and functional role of SARS-CoV-2 on tumor 
progression.

Methods Here, we integrated bioinformatic analysis of COVID-19 RNA-seq data from the GEO database and 
performed functional studies to explore the regulatory role of SARS-CoV-2 in solid tumor progression, including lung, 
colon, kidney and liver cancer.

Results Our results demonstrate that infection with SARS-CoV-2 is associated with a decreased expression of genes 
associated with cancer proliferation and metastasis in lung tissues from patients diagnosed with COVID-19. Several 
cancer proliferation or metastasis related genes were frequently downregulated in SARS-CoV-2 infected intestinal 
organoids and human colon carcinoma cells. In vivo and in vitro studies revealed that SARS-CoV-2 nucleocapsid (N) 
protein inhibits colon and kidney tumor growth and metastasis through the N-terminal (NTD) and the C-terminal 
domain (CTD). The molecular mechanism indicates that the N protein of SARS-CoV-2 interacts with YBX1, resulting 
in the recruitment of PKM mRNA into stress granules mediated by G3BP1. This process ultimately destabilizes PKM 
expression and suppresses glycolysis.

Conclusion Our study reveals a new function of SARS-CoV-2 nucleocapsid protein on tumor progression.
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Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a highly transmissible coronavirus respon-
sible for the pandemic of 2019 (COVID-19) [1, 2]. 
SARS-CoV-2 is an enveloped, single-stranded, positive-
sense RNA virus with a non-segmented genome ~ 30 kb 
in size [3]. As a member of the genus Betacoronavi-
rus family, SARS-CoV-2 shares 79% genomic similar-
ity with SARS-CoV and 50% with MERS-CoV [4]. The 
viral genome encodes 16 non-structural proteins (Nsps), 
which are essential for virus replication and pathogen-
esis; four structural proteins, including envelope (E), 
membrane (M), spike (S), and nucleocapsid (N); and 
nine other accessory factors [5, 6]. SARS-CoV-2 pre-
dominantly targets human pulmonary alveolar cells and 
gains access to the bloodstream in the lungs [7, 8]. Con-
sequently, SARS-CoV-2 infections spread from the lungs 
to tissues expressing SARS-CoV-2 receptors, such as the 
gastrointestinal tract and kidney [9, 10].

Studies have demonstrated viruses account for approxi-
mately 15–20% of human cancer cases [11]. The exact 
carcinogenic mechanism of oncogenic viruses remains 
incompletely understood, potentially involving dis-
ruptions to host cell genetic stability, irregular cellular 
responses, and the latency/reactivation of the virus [12]. 
Conversely, certain viruses have demonstrated an ability 
to exhibit oncolytic properties, leading to the destruction 
of cancer cells. Specific viruses have shown the ability 
to possess oncolytic properties, resulting in the eradica-
tion of cancer cells [13]. On one hand, acute viral replica-
tion within cells can induce lytic cell death [14]. On the 
other hand, viruses might stimulate antiviral immune 
responses, thereby modulating the tumor immune 
microenvironment. Acute viral replication within cells 
can lead to lytic cell death, while viruses may also trig-
ger antiviral immune responses, influencing the tumor 
immune microenvironment [15]. Additionally, oncolytic 
viruses have been associated with the suppression of 
tumor angiogenesis [16]. Consequently, utilizing onco-
lytic viruses offers a promising new avenue for tumor 
therapy.

Several population-based studies have highlighted that 
SARS-Cov-2 infection increases the risk of mortality and 
causes more severe symptoms in patients with cancer 
compared to the general population [17]. In particular, 
patients with stage IV metastatic cancer have a relatively 
high death rate and severe clinical symptoms, suggesting 
that SARS-Cov-2 may promote tumor progression [13]. 
Research indicates that cancer patients with various types 
of tumors vary in their susceptibility to SARS-CoV-2 
infection and the outcomes of COVID-19 [18]. Patients 

with hematological malignancies, and lung cancer have 
the highest death rate of COVID-19-related death [17–
20] whereas solid organ tumors showed no significant 
excess mortality risk after receiving chemotherapy [18]. 
Several case reports revealed an oncolytic role of SARS-
CoV-2 in cancer patients. Some patients with hemato-
logical malignancies who recovered from SARS-CoV-2 
infection have achieved remission without the need for 
any form of chemotherapy, radiotherapy, or surgical 
interventions [21–23]. SARS-CoV-2 infection may pro-
tect against blood cancer, such as acute myeloid leuke-
mia, NK/T cell lymphoma, and Hodgkin lymphoma, by 
inducing an anti-tumor immune response [22–26]. In 
addition, three patients with metastatic colon cancer 
(CRC), displayed radiologic reduction of disease burden 
after recovery from COVID-19 [27]. The tumor derived 
from a clear cell renal cell carcinoma (ccRCC) patient 
showed 80% necrotic after recovery from COVID-19 
[28]. Despite these observations, current studies remain 
insufficient to clarify the impact of SARS-CoV-2 on 
tumor progression.

In this study, we investigated the regulatory role of 
SARS-CoV-2 infection in solid tumor progression, 
including lung, colon, kidney and liver cancers. Our 
research revealed an association between SARS-CoV-2 
infection and reduced cell proliferation, as well as 
decreased expression of genes related to cancer metas-
tasis, in SARS-CoV-2 infected lung tissues, intestinal 
organoids and human colon carcinoma cells.  Further-
more, we provide experimental evidence that the N-ter-
minal (NTD) and the C-terminal domain (CTD) of 
SARS-CoV-2  N protein inhibit colon and kidney tumor 
cell growth and metastasis. Mechanistically, our research 
unveiled that through its interaction with YBX1, a mul-
tifunctional RNA-binding protein involved in mRNA 
co-transcriptional and translational regulation, the N 
protein recruits PKM mRNA into G3BP1-mediated 
stress granules (SG), resulting in the destabilization of 
PKM expression and the suppression of glycolysis result-
ing in cell apoptosis.

Methods
Ethic statement
The study follows the guidelines of the Care and Use of 
Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication No. 85 − 23, revised in 
1996). All animal experiments were approved by the 
Institutional Animal Care and Use Committee (IACUC) 
of Jinan University and Sun Yat-sen University Cancer 
Center. Balb/c nude mice used in this study were ordered 
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from the Charles River Company (Beijing, China) and 
housed under specific-pathogen-free conditions.

Cell culture
HCT116, 786O, HEPG2, A549 and FHC cells were pur-
chased from ATCC. All cell lines were maintained in an 
incubator at 37℃ with 5% CO2. HEPG2, 786O, A549, 
FHC, and HCOEPIC cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) (GIBCO, USA) sup-
plemented with 10% Fetal Bovine Serum (FBS), 100 U/ml 
penicillin, and 100 mg/ml streptomycin sulfate. HCT116 
cells were maintained in RPMI 1640 medium (GIBCO, 
USA) supplemented with 10% FBS, 100 U/ml penicillin, 
and 100  mg/ml streptomycin sulfate. All cultured cells 
were regularly tested and found to be mycoplasma free.

Gene set enrichment analysis (GSEA)
GSEA was applied to evaluate enriched cellular pathways 
and relevant molecular mechanisms. The GSEA software 
(version 3.0) was downloaded from GSEA website. A 
subset of c2.cp.kegg.v7.4.symbols.gmt was downloaded 
from the Molecular Signatures Database.

Colony-formation assay
Five hundred cells were seeded into each well of 6-well 
plates. Following a cultivation period of 10–14 days, the 
colonies were immobilized, subjected to staining, and 
subsequently enumerated.

Transwell assays
For the transwell experiments, 500  µl of cell culture 
medium with fetal bovine serum (FBS) was introduced 
into the lower compartment of the chamber (BD Biosci-
ences, USA). 5 × 104 − 2 × 105 cells suspended in 500  µl 
serum-free medium were subsequently plated into the 
upper insert of a 24-well plate. Following an incubation 
period of 24–36 h, the cells that had invaded were immo-
bilized, subjected to staining, and subsequently enumer-
ated under a microscope. All images were processed 
using ImageJ software.

Animal experiment
In various experimental models, animals were chosen at 
random, ensuring a minimum of five animals within each 
condition. All BALB/c nude mice (female, 18–20 g, four 
weeks old), utilized in the lung metastasis model, the 
bone metastasis model, and the subcutaneous xenograft 
model, were procured from Charles river Laboratory 
(Beijing, China).

In the subcutaneous xenograft model, a total of 5 × 106 
HCT116 cells, HEPG2 cells or 786O cells were intro-
duced into the right flank of each four-week-old BALB/c 
nude mouse. Tumor formation was assessed after 4–6 
weeks.

For the lung metastasis model, 1 × 106 luciferase-trans-
duced HCT116 cells or 4 × 106 A549 cells were injected 
into the tail vein of each four-week-old BALB/c nude 
mouse. Four to six weeks post-injection, the mice were 
sacrificed. The lungs were obtained and after fixation, 
embedding, and H&E staining, the number of meta-
static lesions were calculated to evaluate tumor growth. 
To visualize the metastatic tumors, the IVIS 200 imaging 
system was employed after anesthetizing the mice with 
isoflurane and administering 100  µl of intraperitoneal 
VivoGlo™ luciferin solution (Promega, USA).

For bone metastasis model, 5 × 106 luciferase-trans-
fected A549 cells transfected with N-Flag or control plas-
mids were injected into the left cardiac ventricle after 
anesthetized. 8 weeks later, the metastatic condition of 
bone was measured by IVIS 200 imaging system. Then 
the mice were euthanized and the marked bones were 
acquired and conducted H&E staining.

To determine the in vivo effect of N protein on tumor 
metastasis, 5 × 105 luciferase-transduced HCT116   cells 
were injected into the tail vein of 10 four-week-old 
BALB/c nude mice which were randomly divided into 
two groups. After 7 days when the inoculated tumor cells 
formed colonies in the lung, we directly intravenously 
injected purified SARS-CoV-2  N protein or PBS in the 
tail vein of BALB/c nude mice. Animals were given single 
injections with 10  mg/kg twice a day. After one month, 
the metastatic tumors were measured by IVIS 200 imag-
ing system and then euthanized.

RNA immunoprecipitation (RIP)
The RNA Immunoprecipitation (RIP) procedure was exe-
cuted following the guidelines of the Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Millipore, 
USA). Cells were gathered and subjected to lysis buffer for 
a duration of thirty minutes at 4 °C. After centrifugation, 
the resulting lysates were collected and allowed to incu-
bate overnight with 30 µl of Protein-A/G beads (Thermo 
Fisher Scientific, USA) with the appropriate antibodies. 
The beads were washed for 6 times. Before the immu-
noprecipitated RNA was extracted using TRIzol reagent 
(Invitrogen, USA) for subsequent sequencing analysis. 
The primary antibodies used for the RIP process in our 
investigation were as follows: anti-Flag-HRP (1:200, Cell 
Signaling Technology, USA, catalog number: 2368); anti-
YBX1 (1:100, Abcam, catalog number: ab76149).

Preparation of RNA libraries and high-throughput 
sequencing
The quality and quantity of RNA was assessed by Agi-
lent 2200 TapeStation (Agilent Technologies, USA) and 
Qubit (Thermo Fisher Scientific, USA). Briefly, RIP RNAs 
were fragmented to approximately 200  bp. Then, the 
RNA fragments were subjected to cDNA synthesis and 
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adaptor ligation following the instructions of NEBNext® 
Ultra RNA LibraryPrep Kit for Illumina (NEB, USA). 
The final library product was assessed with Agilent 2200 
TapeStation and Qubit® (Life Technologies, USA) and 
then sequenced on Illumina (Illumina, USA) platform 
with pair-end 150 bp at Ribobio Co. Ltd (Ribobio, China). 
Date preprocessing Adaptor and low-quality bases were 
trimmed with Trimmomatictools (version:0.36), and the 
clean reads undergone rRNA deleting to get effective 
reads. Genomic alignment (version from UCSC genome 
browser) was using Tophatb (version:2.0.13) to get 
unique mapping reads.

Peaks calling and motif identification in RIP-Seq
Piranha (version 1.2.1) was employed to perform peak 
calling. Then using Hommer (version:4.8) to annotate 
the Peaks. The nucleotides in Peaks region were used for 
detection of the consensus motif by STREME (version: 
5.3.0) and MEME (version:5.3.0). Motif central enrich-
ment was performed by CentriMo (version:5.3.0).

Functional enrichment analysis
Gene ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analysis 
were performed using KOBAS3.0/ the clusterProfiler 
package. The enriched results were restricted to GO bio-
logical process and KEGG pathway terms. The GO bio-
logical process and KEGG pathway terms with adjusted 
P-value < 0.05 were considered to be significant.

Coimmunoprecipitation and mass spectrometry
Protein extraction from plasmid-transfected cells was 
carried out, and 1/10 protein lysis solution of each sam-
ple was obtained as input. The rest protein lysis solution 
was incubated with Flag (1:200, Cell Signaling Technol-
ogy, USA, catalog number: 2368) antibodies followed by 
a 30-minute rotation at 4 ℃. Subsequently, samples were 
subjected to incubation with Sepharose-conjugated pro-
tein G magnetic beads (Thermo Fisher Scientific, USA) 
for overnight at 4  °C. After 4 times washing, the beads 
were suspended in 1× SDS and boiled for 10 min. West-
ern blotting was then conducted to verify the IP effi-
ciency. Mass spectrometry procedures were conducted 
by Wininnovate Bio (Shenzhen, China). Tandem mass 
spectrometry data were obtained using data-dependent 
acquisition mass spectrum techniques via a Thermo-
Fisher Q Exactive mass spectrometer (Thermo Fisher 
Scientific, USA).

Western blotting
After PBS wash, the harvest cells were lysed by RIPA 
buffer. After 12,000  rpm centrifuge for 15  min, the 
supernatants were collected. The supernatant protein 
lysates subsequently were dissolved in 1× SDS buffer 

and separated through SDS-PAGE. Upon transferring 
to a PVDF membrane (Millipore, USA), the membrane 
was subjected to an overnight incubation at 4  °C with 
primary antibodies, followed by an additional 1  h incu-
bation at room temperature with secondary antibodies. 
After washing for 3 times, the signals presenting on the 
membranes were visualized using an enhanced chemilu-
minescence kit (Tanon, China). For Western blotting in 
our study, the primary antibodies used included: rabbit 
polyclonal anti-Flag-HRP (1:1000, Cell Signaling Tech-
nology, USA, catalog number: 2368), PKM1/2 (1:500, 
Cell Signaling Technology, USA, catalog number: 3106), 
LDHA (1:1000, Cell Signaling Technology, USA, cata-
log number: 3582), BCL-2 (1:1000, Cell Signaling Tech-
nology, USA, catalog number: 4223), BAX (1:2000, Cell 
Signaling Technology, USA, catalog number: 5023), Cas-
pase 3 (1:1000, Cell Signaling Technology, USA, catalog 
number: 9962), Cleaved Caspase 3 (1:1000, Cell Signaling 
Technology, USA, catalog number: 9661), PARP (1:2000, 
Cell Signaling Technology, USA, catalog number: 9532), 
Cleaved PARP (1:2000, Cell Signaling Technology, USA, 
catalog number: 5625), GAPDH (1:2000, Cell Signal-
ing Technology, USA, catalog number: 2118), ACTIN 
(1:2000, Cell Signaling Technology, USA, catalog num-
ber: 4970).

Protein-protein interaction network
The protein-protein interaction network was built and 
visualized by using STRING software. The green, red, 
blue, black, cyan, and purple edges represent the pre-
dicted gene neighborhood interactions, gene fusions, 
gene co-occurrence interactions, co-expression interac-
tions, known interactions from curated databases, and 
known interactions experimentally determined, respec-
tively. Besides, the different color of nodes represents the 
included GO terms. The red nodes represent the mRNA 
processing terms (GO:0006397), the blue nodes repre-
sent the mRNA binding terms (GO:0003729).

Quantitative real-time polymerase chain reaction
Total RNA from the samples was extracted using TRIzol 
reagent (Invitrogen, USA). Subsequently, 1  µg of the 
extracted RNA underwent reverse transcription to 
cDNA, following the protocol outlined in the Prime-
Script RT reagent kit (TaKaRa, JP). For quantitative real-
time polymerase chain reaction (qRT-PCR), SYBR Green 
SuperMix (Roche, USA) was employed in combination 
with the ABI Prism 7000 Sequence Detection System 
(Applied Biosystems). The qRT-PCR data were analyzed 
using the Relative Quantification (ΔΔCT) method. The 
primer sequences utilized are listed as bellow:
PKM forward 5’- A G T A C C A T G C G G A G A C C A T C-3’
PKM reverse 5’- G C G T T A T C C A G C G T G A T T T T-3’
GAPDH forward 5’- C A G C C T C A A G A T C A T C A G C A-3’
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GAPDH reverse 5’- A T G A T G T T C T G G A G A G C C C C-3’

Immunofluorescence
Cultured cells were washed three times with cold PBS, 
and fixed with 4% paraformaldehyde (PFA) for 15  min. 
After 10  min incubation with 0.5% Triton X-100, cells 
were blocked with 5% BSA for 1  h at room tempera-
ture. They were then subjected to an overnight incuba-
tion with the primary antibody at 4 °C. On the next day, 
the cells were exposed to the corresponding secondary 
antibody for 1 h at room temperature and subsequently 
stained with DAPI. The images were captured using a 
Leica confocal microscopy system. The antibodies used 
in immunofluorescence were as follows: anti-Flag (Cell 
Signaling Technology, USA, catalog number: 2368) at a 
dilution of 1:100, and anti-G3BP1 (Abcam, UK, catalog 
number: ab181150) at a dilution of 1:200.

mRNA stability
10 µg/ml actinomycin D (ActD) was directly added into 
cells for the indicated times. The cells were harvested at 
indicated time after addition of ActD. mRNA amounts 
were measured by qRT-PCR as described above and nor-
malized to Actin before calculation of half-lives.

Apoptosis analysis
Cultured cells were washed three times with cold PBS. 
Assessment of apoptosis was carried out using an 
Annexin V Apoptosis Detection Kit (Thermo Fisher Sci-
entific, USA), following the manufacturer’s instructions. 
In brief, the cells were suspended in 100 µL of binding 
buffer containing 5 µL of FITC-conjugated Annexin V 
antibody, followed by a 15-minute incubation at room 
temperature. Subsequently, they were washed and resus-
pended in 200 µL of binding buffer, to which 5 µL of 
propidium iodide (PI) was added. Finally, the cells were 
subjected to analysis using the CytoFlex flow cytometry 
system (Beckman Coulter, USA) and the FlowJo software 
(Treestar).

Seahorse experiment
XF96 analyzer (Agilent, Santa Clara, CA, USA) was used 
to conducted XF glycolysis stress test and mitochondrial 
stress test according to the manufacturer’s instructions. 
Briefly, cells were seeded in Seahorse XF plates at a den-
sity of 5 × 104 per well and cultured for 24 h. The low buff-
ered XF assay medium (Agilent, JP), supplemented with 
10 mM glucose and 2 mM glutamine was used in the next 
day. Cells were then cultured for 1 h at 37 °C in a no-CO2 
incubator. Seahorse XF analysis, Oxygen Consumption 
Rate (OCR = pmole O2/min) and ExtraCellular Acidifica-
tion Rate (ECAR = mpH/min) were conducted at 37 °C.

Plasmid construction and transfection
The N gene of SARS-CoV-2 (GenBank accession number 
MN908947.3) were synthesized by GenScript, Nanjing, 
China, and cloned to pcDNA3.1(+) or plv lentivirus-
expression vector with Flag-tag. The truncated DNA 
fragment of N mutant were amplified from pcDNA3.1(+)-
N-Flag plasmid and inserted into pcDNA3.1(+) or plv 
lentivirus-expression vector with Flag-tag. Plasmid trans-
fection was conducted using Lipofectamine 2000 (Invit-
rogen, CA, USA) or JetPEI (Polyplus).

Quantification and statistical analysis
All statistical analyses are described in the correspond-
ing methods sections and indicated in the figure legends. 
Statistical analysis was carried out using GraphPad Prism 
10. All results are presented as the mean ± SD or SEM. 
NS, no significance.

Results
Infection with SARS-CoV-2 is linked to reduced cell 
proliferation and downregulation of cancer metastasis-
related pathways in lung, colon, and kidney tissues
To investigate the clinical relevance of SARS-CoV-2 
infection in lung, colon, and kidney tissues, we conducted 
Gene Set Enrichment Analysis (GSEA) to assess the 
functional enrichment of significantly altered gene sets 
between control samples and those infected with SARS-
CoV-2. GSEA analysis from the GEO database (GEO 
number: 150316) revealed that SARS-CoV-2 infection 
is negatively associated with cell migration and cancer 
metastasis in lung tissues derived from COVID-19-pos-
itive patients (Fig. 1A and B). Importantly, SARS-CoV-2 
infection in lung tissues demonstrates a negative correla-
tion with cancer survival outcomes (Fig. 1A). As SARS-
CoV-2 can infect various organs, including the colon and 
kidney [29–34], our subsequent investigation focuses on 
understanding the pathological implications of SARS-
CoV-2 infection in these organs. Our studies demon-
strate that SARS-CoV-2 infection is negatively associated 
with cell proliferation and cancer metastasis in the colon 
(Fig. 1C and D) and kidney tissues (Fig. 1E and F) derived 
from COVID-19-positive patients. Furthermore, genes 
associated with cancer proliferation or metastasis exhib-
ited significant downregulation in lung tissues obtained 
from patients with COVID-19 (Fig.  1G and H). Intesti-
nal organoids are widely used to study gut infection by 
SARS-CoV-2 [35, 36]. GSEA analysis from human intes-
tinal organoids (GEO number: GSE149312) revealed that 
SARS-CoV-2 infection is negatively associated with can-
cer metastasis in SARS-CoV-2 infected intestinal organ-
oids (Fig.  2A). Heat map demonstrated that multiple 
cell proliferation, metastasis, and cell survival-related 
genes (Fig.  2B - D) were significantly downregulated in 
SARS-CoV-2 infected human intestinal organoids. These 
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Fig. 1 SARS-CoV-2 infection shows a negative correlation with cell migration and cancer metastasis in lung, colon, and kidney tissues obtained from 
COVID-19-positive patients. A–F GSEA identified that SARS-CoV-2 infection is negatively associated with cancer proliferation, metastasis process, or poor 
survival in the lung (5 negative specimens v.s. 5 infected specimens), colon (5 negative specimens v.s. 4 infected specimens), and kidney (5 negative 
specimens v.s. 3 infected specimens) tissues derived from COVID-19-positive patients and negative controls. G–H The heat map showed downregulation 
of cancer proliferation and metastasis-related genes in the lung tissues derived from COVID-19-positive patients and negative controls
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findings indicate that SARS-CoV-2 infection might pre-
vent the development and progression of cancer in the 
lungs, colon, and kidneys.

We next explore quantitative translatome data to inves-
tigate the role of SARS-CoV-2 infection in cancer cell 
growth and metastasis [37]. The heatmap of hierarchical 
clustering showed that several cancer proliferation and 

Fig. 2 SARS-CoV-2 infection is associated with downregulation of cell proliferation and cancer metastasis-related genes in SARS-CoV-2 infected human 
intestinal organoids and colon epithelial carcinoma cells. A GSEA analysis from human intestinal organoids revealed that SARS-CoV-2 infection is nega-
tively associated with cancer metastasis in SARS-CoV-2 infected intestinal organoids. B–D Heat map demonstrated downregulation of cancer prolifera-
tion, metastasis, and cell survival-related genes in SARS-CoV-2 infected human intestinal organoids. E-F The heat map showed downregulation of cancer 
proliferation and metastasis-related genes from quantitative translatome data in the SARS-CoV-2 infected human colon epithelial carcinoma cells
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metastasis-related proteins are frequently downregulated 
in SARS-CoV-2 infected human colon epithelial carci-
noma cells, Caco-2 (Fig.  2E and F). These data suggest 
that SARS-CoV-2 may possess anti-tumor properties.

SARS-CoV-2 inhibits colon and kidney tumor cell growth 
through the N-terminal (NTD) and the C-terminal domain 
(CTD) of SARS-CoV-2 N protein
We then investigate the effects of the SARS-Cov-2 virus 
on tumor growth in human colon, kidney, and liver can-
cer cells, which represent target organs of SARS-Cov-2 
infection [29–34]. In order to replicate the full SARS-
CoV-2 infection process, we utilized replication-com-
petent SARS-CoV-2-GFP/ΔN virus particles (trVLP), 
which lack the N gene, to co-infect cells along with 
SARS-CoV-2 N lentivirus (Fig. 3A) [38]. The replication-
competent SARS-CoV-2-GFP/ΔN virus could efficiently 
infect HCT116, 786O, and HepG2 cells (Fig. S1A). We 
found that in SARS-CoV-2-GFP/ΔN virus and N lenti-
virus co-infected HCT116, 786O, and HepG2 cells, the 
colony formation was strongly inhibited (Fig. 3B). How-
ever, in uninfected control cells or SARS-CoV-2-GFP/ΔN 
virus alone infected cells, the colony formation was not 
affected (Fig. 3B), indicating that the N protein may have 
an inhibitory effect on tumor cell growth.

Consequently, we investigated the impact of the SARS-
CoV-2  N protein on tumor growth in vitro. Our find-
ings revealed that the expression of the SARS-CoV-2  N 
protein markedly suppressed colony formation (Fig.  3C 
and D) and cell growth (Fig. S1B) of HCT116, 786O, and 
HepG2 cells. In contrast, the SARS-CoV-2  N protein 
does not influence the growth of normal epithelial cells, 
such as FHC and HCOEPIC cells (Fig. S1C, D). Since 
the function of inhibiting proliferation was more sig-
nificant in HCT116 and 786O cells (Fig.  3B and D), we 
next used these two cell lines to examine which domain 
of N protein contributed to tumor suppression. The N 
protein consists of five domains, including two RNA-
binding domains: NTD, aa: 44–174 and CTD, aa:248–
366; three intrinsically disordered regions (IDRs) (Nidr, 
aa:1–40; linker idr: aa:174–249; Cidr, aa: 365–419) (Nidr 
and linker idr involved in LLPS) [39]. We constructed a 
series of N variants by deleting one domain at a time (Fig. 
S1E) and found that compared with the cells transfected 
empty plasmid, the strong inhibition of colony formation 
occurred upon deletion of the three IDRs (N-Δ1, N-Δ3, 
N-Δ5). However, the deletion of NTD (N-Δ2) and CTD 
(N-Δ4) restored the colony formation ability (Fig.  3E). 
These results suggest that the N-terminal and the C-ter-
minal domain of the SARS-CoV-2  N protein are both 
essential for tumor suppression in HCT116 and 786O 
cells. In vivo study further confirmed that constitutively 
expression of the N protein in HCT116, HEPG2 and 

786O cells efficiently reduces the size and the weight of 
subcutaneous xenograft tumors (Fig. 3F - H).

SARS-CoV-2 N protein inhibits colon and kidney tumor 
metastasis in lung metastasis mouse model
We next evaluated the role of SARS-CoV-2 N protein on 
tumor metastasis. We used HCT116, 786O, HepG2, and 
A549 cells as representatives of SARS-Cov-2 infected 
organs, including colon, kidney, liver and lung [29–34]. 
In vitro assay demonstrated that the N protein inhib-
its colon, kidney, liver, and lung tumor cells’ invasive 
capabilities (Fig. 4A). The deletion of three IDRs (N-Δ1, 
N-Δ3, N-Δ5) impaired cell migration ability of HCT116 
and 786O cells when compared to the cells transfected 
empty plasmid. Importantly, the deletion of NTD (N-Δ2) 
and CTD (N-Δ4) restored cell migration ability (Fig. 4B). 
These results suggest that the NTD and the CTD of the 
SARS-CoV-2 N protein are both essential for tumor sup-
pression in HCT116 and 786O cells.

Since lung and colon were important organs infected 
and injured by SARS-CoV-2 [40, 41], we used HCT116 
and A549 cells to demonstrate the physiological signifi-
cance of these results by a tail-vein injection lung metas-
tasis model. Our data showed that nude mice injected 
with HCT116 (Fig.  4C and D) or A549 cells express-
ing the N protein (Fig. 4E and F) had fewer and smaller 
metastatic nodules in the lung when compared to con-
trol mice. Furthermore, in vivo bone metastasis mice 
model revealed that nude mice injected with N protein-
expressed A549 cells had significantly fewer bone meta-
static nodules when compared to control mice (Fig.  4G 
and H), although the tumor incidence was 2/5 in both the 
control and the N-Flag groups. To further determine the 
in vivo effect of N protein on tumor metastasis, lucifer-
ase-transduced HCT116 cells were injected into the tail 
vein of nude mice. We then administered purified SARS-
CoV-2 N protein intravenously into the tail vein while the 
control groups received PBS. After 30 days post-injec-
tion, we noted a significant decrease in the formation of 
metastatic tumor nodules in the lungs of mice injected 
with the N protein (Fig. 4I and J). Collectively, these find-
ings suggest that the SARS-CoV-2 N protein hinders the 
metastatic potential of tumor cells.

SARS-CoV-2 N protein interacts with YBX1 through CTD 
domain
To further explore the anti-tumor mechanism of SARS-
CoV-2  N in HCT116 and 786O cells, we investigated 
cellular proteins that may interact with SARS-CoV-2  N 
in both cell types. Through Mass Spectrometry (MS) 
analyses, we detected 156 N-interacting cellular proteins 
in HCT116 cells and 61 in 786O cells. Additionally, we 
identified 24 cellular proteins that were common N-inter-
acting proteins in both cell lines (Fig. 5A, Supplementary 
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Fig. 3 The SARS-CoV-2 N protein inhibits colon and kidney tumor cell growth through the N-terminal (NTD) and the C-terminal domain (CTD). A A dia-
gram illustrating the infection of replication-competent SARS-CoV-2-GFP/ΔN and N lenti-virus in colon, kidney, and liver tumor cells. B Colony formation 
in control, SARS-CoV-2-GFPΔN alone or GFPΔN virus and N lentivirus co-infected colon, kidney, and liver tumor cells. Paired t-test was used. C Immunoblot 
showed the expression of SARS-CoV-2 N protein expression in indicated cell lines. D Colony formation in control or SARS-CoV-2 N protein-expressed 
tumor cells. Paired t-test was used. E Colony formation in empty control or a series of N variants expressed in tumor cells. Paired t-test was used. F–H 
Subcutaneous xenograft tumor formation was performed on nude mice with control or SARS-CoV-2 N protein-expressed HCT116, HEPG2 and 786O cells. 
An unpaired t-test was used
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Fig. 4 SARS-CoV-2 N protein inhibits colon and kidney tumor metastasis in vivo. A Transwell assay showed the migration ability of control or SARS-
CoV-2 N protein-expressed tumor cells. Paired t-test was used. B Transwell assay showed the migration ability of empty control or a series of N variants ex-
pressed in tumor cells. Paired t-test was used. C–F Tail-vein injection lung metastasis model showed tumor metastasis capacity in nude mice with control 
or SARS-CoV-2 N protein expressed HCT116 (C-D) and A549 cells (E-F). An unpaired t-test was used. G-HIn vivo bone metastasis mice model showed bone 
metastasis capacity in nude mice with control (2/5) or SARS-CoV-2 N protein (2/5) expressed A549 cells. An unpaired t-test was used. I-J Tail-vein injection 
lung metastasis model showed tumor metastasis capacity in mice injected with control or purified SARS-CoV-2 N protein. An unpaired t-test was used
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Fig. 5 SARS-CoV-2 N protein and YBX1 colocalized at 3’UTR of PKM mRNA and suppress PKM protein expression. A Mass spectrometry analysis showed 
that 24 common N-interacting proteins were identified in HCT116 and 786O cells. B Protein-protein interaction network analysis showed protein proper-
ties and connections of 24 common N-interacting proteins. The red nodes represent the mRNA processing terms (GO:0006397), the blue nodes repre-
stent the mRNA binding terms (GO:0003729). C-D Immunoprecipitation (C) and confocal experiments (D) revealed the interaction and colocalization of 
N protein and YBX1 in HCT116 cells. E Immunoprecipitation experiments showed the interaction of N variants with YBX1 in HCT116 cells. F Metagene 
analysis by Guitar package indicated the peak distribution of 3’UTR, 5’UTR, and CDS regions of mRNAs binding to N protein or YBX1 in HCT116 and 786O 
cells. G Metagene analysis by deeptools showed the peak distribution of mRNAs binging to N protein and YBX1 in HCT116 cells (Upper) and 786O cells 
(Bottom). H The intersection of transcripts binding to N or YBX1 in HCT116 and 786O cells. I IGV diagram demonstrated the binding location of YBX1 and 
N protein on PKM in HCT116 and 786O cells. Genome hg38 was used as the reference. J Immunoblot showed the expression of glycolysis regulators in 
control or SARS-CoV-2 N protein-expressed cells
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Table 1). Protein-protein interaction network analysis 
demonstrated that 6 common N-interacting proteins 
were involved in mRNA binding and stress granule (SG) 
cellular processes, including G3BP1, G3BP2, DDX3X, 
PABPC1, ELAVL1, and YBX1 (Fig. 5B). Immunoprecipi-
tation (IP) and confocal experiments further confirmed 
that N protein colocalized and interacted with YBX1 in 
HCT116 cells (Fig. 5C and D). When compared to wild-
type N protein, the interaction was notably reduced for 
the N protein mutated in the C-terminal domain (CTD) 
(Fig.  5E). These results suggest that the CTD of SARS-
CoV-2 N protein plays essential roles in tumor suppres-
sion possibly through its interactions with N/YBX1.

SARS-CoV-2 N protein and YBX1 colocalized at 3’UTR of 
PKM mRNA and suppress PKM protein expression
As in the presence of CIDR, NTD and CTD of N protein 
bind RNA to form a dimer or a higher-order structure to 
promote RNP packaging [42], we next performed RNA 
Immunoprecipitation sequencing (RIP-SEQ) in control 
or Flag-N overexpressing HCT116 and 786O cells to 
identify potential mRNAs bound to SARS-CoV-2 N pro-
tein. We purified Flag-tagged N protein-bounded cellular 
mRNA in both cells. Through peak calling comparison 
with HCT116 control cells, 4281 peaks were identified, 
covering 2328 N bound mRNAs; whereas in 786O cells, 
14,365 peaks were identified, covering 4315  N bound 
mRNAs (Fig.  5F). Peak distribution analysis indicated 
that 58% and 38% of N peaks were located in regions 
encompassing the annotated 3’UTRs of the target RNA 
transcripts in HCT116 and 786O cells, respectively 
(Fig. S2A). Motif analysis further identified A/U-rich 
sequences as the most significantly enriched motifs in 
N-binding sites (Fig. S2B). Peak calling identified 1209 
common host genes recruited to the Flag-N protein in 
HCT116 and 786O cells (Fig. 5F). KEGG analysis showed 
that N-bound genes were significantly enriched for sev-
eral cancer-related pathways, including p53, cell-cycle, 
and apoptosis pathway (P < 0.05) (Fig. S2C). Among these 
mRNAs, some were involved in cellular developmental 
processes (e.g., MTCH1, CPNE1, and CAPN2), regulation 
of cell death (RPL10, IRS2, and CCAR2), and apoptotic 
processes (TFRC, PARK7, and PHB2). Our data sug-
gested that the N protein is likely to target growth-related 
genes in infected cells.

We next wonder whether the N protein could affect the 
expression of YBX1-bound cellular RNAs. We purified 
YBX1-bound RNAs from Flag-N overexpressing HCT116 
and 786O cells. Through small RNA sequencing and peak 
calling comparison to input, 6403 peaks were identified, 
covering 3702 YBX1 bound mRNAs in HCT116 cells. 
In addition, 9547 peaks were identified, covering 3859 
YBX1 bound mRNAs in 786O cells (Fig.  5F). Peak dis-
tribution demonstrated that 55% and 35% percentage of 

YBX1 peaks were found within the annotated 3’UTRs of 
the target transcripts in Flag-N expressing HCT116 and 
786O cells, respectively (Fig. S2D). Similar to the results 
described above, motif analysis identified A/U-rich 
sequences as the most significantly enriched motifs in 
YBX1-binding sites in HCT116 cells (Fig. S2E). Peak call-
ing identified 246 common host genes recruited at YBX1 
in Flag-N expressing HCT116 and 786O cells (Fig.  5F). 
These YBX1 peaks in N-expressing cells were concen-
trated around the N-binding sites (Fig. 5G). KEGG analy-
sis indicated that YBX1-bound genes were significantly 
enriched for pancreatic cancer, renal cell carcinoma, 
colon cancer-related pathways, and apoptosis pathways 
(Fig. S2F) (P < 0.05). When comparing N-bound tran-
scripts with those bound by YBX1, we noticed that four 
of the YBX1-bound transcripts overlapped with N-bound 
transcripts in N-expressing cells. These transcripts 
included PKM, PABPC1, RN7SK, and RN7SL1 (Fig. 5H).

Among these genes, PKM, which is associated with 
glycolysis and cancer, was found to have a binding site 
for N in its 3’UTR, which overlapped with a binding 
site for YBX1 in N-expressing HCT116 and 786O cells 
(Fig. 5I). To test whether PKM is a target of the N pro-
tein, we examined the expression of PKM in N-expressed 
HCT116 and 786O cells. We found that PKM pro-
tein expression was strongly inhibited in N-expressed 
HCT116 and 786O cells (Fig.  5J). Moreover, LDHA 
expression, which is the downstream of PKM-glycolysis 
pathway, was also downregulated (Fig. 5J).

The interaction with YBX1 is essential for the recruitment 
of PKM mRNA into G3BP1-mediated stress granules by the 
SARS-CoV-2 N protein
Our MS analysis revealed that the N protein interacts 
with YBX1, G3BP1, and G3BP2, which are all involved 
in the stress granule (SG) pathway. The function of SGs 
during viral infection remains largely unknown. A recent 
study revealed that SGs are ribonucleoprotein (RNP) 
complexes containing both translationally stalled and 
translational compatible mRNAs [43] together with 
several RNA binding proteins (RBPs), including YBX1 
[44, 45]. As SARS-CoV-2  N protein has been shown to 
interact with G3BP1 to suppress SG assembly [46–48], 
we speculated that N/YBX1 protein interactions could 
contribute to this process. SGs were visualized by immu-
nostaining for G3BP1, an SG marker. The confocal 
experiment showed that under normal conditions, the N 
protein is colocalized with G3BP1 (Fig. 6A). Knockdown 
of YBX1 in HCT116 control cells did not interfere with 
the localization of G3BP1, while depletion of YBX1 in 
SARS-CoV-2 N expressed cells disrupted the colocaliza-
tion of N and G3BP1 protein (Fig. 6A). Exposure to heat 
shock significantly induced the formation of G3BP-medi-
ated SGs in control cells. However, in cells expressing the 
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Fig. 6 The involvement of YBX1 is essential for the recruitment of PKM mRNA into G3BP1-mediated stress granules by the SARS-CoV-2 N protein. A Con-
focal experiments revealed the interaction and colocalization of N protein and G3BP1 in control or Flag-N expressed HCT116 cells with or without YBX1. 
B Confocal experiments revealed the interaction and colocalization of N protein and G3BP1 in heat shock treated in control or Flag-N expressed HCT116 
cells with or without YBX1. Paired t-test was used. C RIP-qRT-PCR analysis revealed the enrichment of PKM mRNA in G3BP1-mediated stress granules iso-
lated from control or Flag-N expressed HCT116 cells with or without YBX1. Paired t-test was used. D mRNA stability assay revealed the PKM mRNA stability 
in control or Flag-N expressed HCT116 cells with or without YBX1. Paired t-test was used
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N protein, we observed colocalization of the N protein 
with G3BP1 in stress granules, while the formation of 
SGs was inhibited (Fig. 6B). Furthermore, reducing YBX1 
levels in control cells did not disrupt the formation of 
G3BP-mediated SGs. However, when YBX1 was depleted 
in N-expressing cells, the colocalization of N and G3BP1 
proteins decreased, and SGs formation was restored 
(Fig.  6B). These data indicated that the interaction with 
YBX1 is crucial for the localization of SARS-CoV-2  N 
protein within G3BP1-mediated stress granules.

We next investigated whether the N/YBX1 complex 
may recruit PKM mRNA into G3BP-mediated SGs and 
reduce PKM mRNA stability. We purified G3BP1-bound 
RNAs in control and N-expressed HCT116 cells [49]. 
RIP-PCR analysis revealed that in N-expressed cells, 
PKM mRNA was greatly enriched in the G3BP1 complex 
when compared to control cells (Fig.  6C). However, in 
cells expressing N where YBX1 was depleted, the recruit-
ment of PKM mRNA with G3BP1 was significantly 
diminished (Fig. 6C). These data indicated that the inter-
action with YBX1 is indispensable for the SARS-CoV-2 N 
protein to recruit PKM mRNA into G3BP1-mediated SG.

SARS-CoV-2 N protein destabilizes the stability of PKM 
mRNA via its interaction with YBX1
Since SGs represents sites of mRNA triage for regulating 
mRNA stability and translatability [50], we hypothesized 
that the SARS-CoV-2  N protein may affect the stability 
of PKM mRNA by recruiting it into G3BP1-mediated SG. 
Following actinomycin D treatment, PKM mRNA stabil-
ity was decreased in N-expressing HCT116 cells when 
compared to control cells. However, in N-expressed 
HCT116 cells depleted for YBX1, we did not observe an 
effect on PKM mRNA stability which contrasts to YBX1 
knockdown control cells not expressing the N protein. 
These data demonstrate that the SARS-CoV-2 N protein 
impairs the stability of PKM mRNA stability via interac-
tion with YBX1 (Fig. 6D).

Infection with SARS-CoV-2 suppressed glycolysis via the N/
PKM/LDHA regulatory pathway
We conducted GSEA to identify cellular mRNA bound 
to Flag-RIP Seq and YBX1-RIP Seq and the cellular pro-
cesses affected. Results from these studies indicated that 
bound RNA transcripts were enriched in the glycolysis 
pathway in both N or YBX1 RIP-Seq from HCT116 and 
786O cells when compared to control cells. (Figure  7A 
and B). These analyses collectively suggest that the N 
protein might influence the cellular glycolysis process. 
Extracellular acidification rate (ECAR) analysis revealed 
that expression of N protein caused a dramatic reduction 
of glycolytic function, glycolysis, and glycolytic capacity 
in HCT116 cells (Fig.  7C and D). Furthermore, GSEA 
analysis conducted on mock or SARS-CoV-2 infected 

human intestinal organoids revealed an inverse correla-
tion between SARS-CoV-2 infection and the glycolysis 
pathway (Fig.  7E). Indeed, the heatmap of hierarchical 
clustering further demonstrated that gene transcripts 
contributing to glycolysis were reduced in SARS-CoV-
2-infected human intestinal organoids (Fig.  7F). Finally, 
the quantitative translatome analysis showed that in 
SARS-CoV-2 infected human colon epithelial carcinoma 
cells, glycolysis-related genes, such as LDHA are signifi-
cantly downregulated (Fig.  7G). Collectively, these data 
demonstrate that SARS-CoV-2 infection inhibited gly-
colysis in human cancer cells.

SARS-CoV-2 N protein induces mitochondrial-dependent 
apoptotic pathway
Recent studies revealed that PKM plays a crucial role in 
controlling mitochondrial apoptosis progression [51, 
52]. Since elevated levels of mitochondrial ROS can 
initiate apoptosis, we first tested whether the N pro-
tein may be involved in the regulation of mitochondrial 
ROS. To this end, cells were stained with MitoSOX red 
and relative signal intensities were quantified using a 
confocal fluorescence microscope. The results revealed 
high levels of mitochondrial ROS production in N pro-
tein-expressed HCT116 cells when compared to control 
HCT116 cells (Fig.  7H). We next performed Annexin 
V-FITC/PI staining and flow cytometry analysis for 
assessment of apoptosis in colon cancer cells. As shown 
in Fig. 7I, the proportion of apoptotic cells were signifi-
cantly increased following the SARS-CoV-2  N protein 
expression. Moreover, the N protein induced the expres-
sion of pro-apoptotic proteins, BAX, cleaved-caspase 3, 
and cleaved-PARP in colon cancer cells (Fig. 7J). On the 
contrary, the antiapoptotic protein BCL-2 was downreg-
ulated by the expression of the N protein (Fig. 7J). Col-
lectively, these data demonstrate SARS-CoV-2 N protein 
could induce apoptosis in colon cancer cells via mito-
chondrial-derived ROS production.

Discussion
The outbreak of SARS-CoV-2 caused a global pandemic 
that has raised international health concerns about coro-
naviruses [53]. Preliminary studies suggest that cancer 
patients are generally more vulnerable to SARS-CoV-2 
infections when compared to individuals without can-
cer [17]. However, the impact of SARS-CoV-2 infection 
on the outcome of patients with cancer is controversial. 
It has been suggested that cancer patients with differ-
ent tumor types have differing susceptibility to SARS-
Cov-2 infection and COVID-19 disease outcome [18]. 
In contrast to patients with hematological malignan-
cies and lung cancer, who have the highest death rate of 
COVID-19-related death [17–20]; chemotherapy-treated 
solid organ tumors patients showed no significant excess 
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Fig. 7 SARS-CoV-2 infection inhibits glycolysis through SARS-CoV-2 N protein targeted PKM/LDHA pathway. A-B GSEA analysis from Flag-RIP Seq (A) and 
YBX1-RIP Seq (B) revealed that Flag-tagged N protein (A) and YBX1-bound RNAs (B) were enrichment in glycolysis in HCT116 and 786O cells. C-D ECAR 
analysis showed glycolytic function, glycolysis, and glycolytic capacity in control or SARS-CoV-2 N protein-expressed HCT116 cells. A paired t-test was 
used. E GSEA analysis from human intestinal organoids revealed that SARS-CoV-2 infection is negatively associated with glycolysis in SARS-CoV-2 infected 
intestinal organoids. F-G The heat map showed downregulation of glycolysis-related genes in SARS-CoV-2 infected human intestinal organoids (F) or 
from quantitative translatome data in SARS-CoV-2 infected human colon epithelial carcinoma cells (G). H Mitochondrial ROS produced in control or SARS-
CoV-2 N protein expressed cells. A paired t-test was used. I Flow cytometry demonstrated cell apoptosis in control or SARS-CoV-2 N protein-expressed 
cells. A paired t-test was used. J Immunoblot showed apoptotic protein expression in control or SARS-CoV-2 N protein-expressed cells. K The working 
model showed SARS-CoV-2 N protein interaction with YBX1 in SG displays oncolytic properties through PKM mRNA destabilization.
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mortality risk from COVID-19 [18]. Therefore, we aimed 
to evaluate the clinical and functional role of SARS-
CoV-2 on solid tumor. Herein, we investigated the clini-
cal significance of SARS-CoV-2 infection in lung, colon, 
and kidney organs. We found that SARS-CoV-2 infection 
was associated with decreased cancer metastasis and cell 
proliferation in colon and kidney tissues derived from 
COVID-19-positive patients.

This study provided the first experimental evidence 
that SARS-CoV-2 inhibit proliferation and induces cell 
death in several solid tumors, including colon cancer 
and kidney cancer. To this date, few studies have fol-
lowed up on COVID-19 patients with cancer to moni-
tor tumor progression. Case studies from a few groups 
reported that cancer patients with hematological cancer 
or CRC, experienced a tumor reduction or remission 
after SARS-CoV-2 infection [21–28]. It is important to 
clarify any definitive link between SARS-CoV-2 infec-
tion and tumor progression. Here, we demonstrate that 
SARS-CoV-2 inhibits colon, kidney, and liver tumor cell 
growth and metastasis in vivo and in vitro through the 
N-terminal (NTD) and the C-terminal domain (CTD) 
of SARS-CoV-2 N protein. We found that in SARS-CoV-
2-GFP/ΔN virus and N lentivirus co-infected HCT116, 
786O, and HepG2 cells, or N-overexpressed cells, cancer 
growth and metastasis were strongly inhibited.

Currently, although the molecular and cellular mecha-
nism of oncolytic in antitumor actions remains poorly 
understood, it has been demonstrated that oncolytic 
virus could induce bust replication in a host cell which 
directly causes cell lytic death and reduces tumor volume 
[13, 14]. In addition, the oncolytic virus may destroy the 
tumor immune microenvironment, which subsequently 
triggers anticancer immune responses or inhibit tumor 
angionesis [14–16]. Upon stress or viral infections, host 
mRNAs, translation factors, and RBPs have been found 
sequestered into SGs [54]. Thus, SGs have been widely 
considered to play critical roles in the regulation of RNA 
storage, mRNA stabilization and translation, cell signal-
ing, and apoptosis under stress [43]. Recently, SGs have 
gained increasing attention in cancer research by impli-
cating various tumor-associated signaling pathways, 
including cell growth, metastasis, apoptosis, and so on 
[55]. Here, we identified that the SARS-CoV-2 N protein 
interacts with YBX1, a multifunctional RBP that is impli-
cated in mRNA splicing, stabilization, translation, and 
RNA degradation [56, 57] and an important oncogene 
among various types of tumors [58]. Our studies revealed 
that by interacting with YBX1, the N protein recruits 
PKM mRNA into G3BP1-mediated SG, which conse-
quently led to the destabilization of PKM expression and 
suppression of glycolysis (Fig. 7K).

Glycolysis is a vital metabolism promoting cancer 
growth, invasiveness and metastasis [59]. PKM is one of 

the key genes involved in glycolysis, encoding two isoen-
zymes: PKM1 and PKM2, catalyzing the step from phos-
phoenolpyruvate to pyruvate [60]. Subsequently, LDHA 
mediates the catalysis of pyruvate to lactate [61]. Our 
research uncovered that the N protein resulted in the 
downregulation of PKM2 and LDHA, leading to a signifi-
cant decrease in glycolytic function, glycolysis, and glyco-
lytic capacity in HCT116 cells. Moreover, GSEA analysis 
from SARS-CoV-2 infected human intestinal organoids 
identified that SARS-CoV-2 infection is correlated with 
lower LDHA expression, and inhibition of the glycolysis 
pathway. Besides the vital roles in promoting cell prolif-
eration, the PKM gene is also implicated in cell apopto-
sis progression [51, 52]. PKM2 has been shown to inhibit 
apoptosis induced by ROS through the caspase-depen-
dent pathway [51, 52]. The enhanced glycolysis by PKM2 
can attenuate cell apoptosis in cancer cells. Consistently, 
we demonstrated that the SARS-CoV-2 N protein could 
induce apoptosis in colon cancer cells via mitochondrial-
derived ROS production through PKM regulation. Our 
results suggest that the SARS-CoV-2 N protein could be 
used as an anti-cancer agent and warrant further studies.

It is promising to explore the oncolytic virotherapy 
of SARS-CoV-2  N protein. So far, several oncolytic 
viruses have been approved globally for the treatment of 
advanced cancers [62]. Oncolytic viruses could use the 
ability of replication competent to infect and kill tumor 
cells while not affecting non-tumor cells [63]. DNA 
viruses are more likely to be explored oncolytic function 
due to their molecular biology and life cycle are currently 
better understood [63]. Edward M Kennedy et al. develop 
Synthetic RNA viruses consisting of a viral RNA genome 
formulated within lipid nanoparticles [64]. In this study, 
we found that SARS-CoV-2 N protein could anti-tumor, 
while how to specifically target tumor cells and necessary 
preclinical studies were needed.
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