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Corona Virus Disease 2019 (COVID-19) is a highly prevalent and potent infectious

disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2). Until now, the world is still endeavoring to develop new ways to diagnose and

treat COVID-19. At present, the clinical prevention and treatment of COVID-19

mainly targets the spike protein on the surface of SRAS-CoV-2. However, with

the continuous emergence of SARS-CoV-2 Variants of concern (VOC), targeting

the spike protein therapy shows a high degree of limitation. The Nucleocapsid

Protein (N protein) of SARS-CoV-2 is highly conserved in virus evolution and is

involved in the key process of viral infection and assembly. It is the most

expressed viral structural protein after SARS-CoV-2 infection in humans and

has high immunogenicity. Therefore, N protein as the key factor of virus infection

and replication in basic research and clinical application has great potential

research value. This article reviews the research progress on the structure and

biological function of SARS-CoV-2 N protein, the diagnosis and drug research of

targeting N protein, in order to promote researchers’ further understanding of

SARS-CoV-2 N protein, and lay a theoretical foundation for the possible outbreak

of new and sudden coronavirus infectious diseases in the future.
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1 Introduction

At the end of 2019, a widespread outbreak of pneumonia cases occurred around the

world. The International Committee on Taxonomy of Viruses (ICTV) formally designated

the pathogen responsible for the pneumonia outbreak as Severe Acute Respiratory

Syndrome Coronavirus 2 (SARS-CoV-2) on February 11, 2020. The World Health
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Organization (WHO) assigned the disease caused by SARS-CoV-2

infection as Coronavirus Disease 2019 (COVID-19). The

emergence of COVID-19 has profoundly impacted global public

health and the economy. Countries worldwide have directed their

efforts towards researching the pathogenic mechanisms of SARS-

CoV-2 and potential treatments (Trougakos et al., 2021; Yang and

Rao, 2021; Jackson et al., 2022).

SARS-CoV-2 is classified within the beta coronaviruses family,

and its genome exhibits similarities with other members of the beta

coronaviruses (Figure 1B). The SARS-CoV-2 genome sequence

demonstrates approximately 79% identity with the SARS-CoV

genome sequence and approximately 50% identity with the

MERS-CoV genome sequence (Lu et al., 2020). The SARS-CoV-2

genome, oriented from 5’ to 3’, codifies a protease and replicase

coding region (ORF1ab), a Spike protein (S), a Nucleocapsid

protein (N), a Membrane protein (M), and an Envelope protein

(E). Additionally, it includes the 3’ untranslated region (UTRs) and

a poly (A) tail (Yoshimoto, 2020). The genome comprises 14 open

reading frames (ORFs) that encode 29 proteins (Figure 1A). The

polyproteins pp1a and pp1ab are encoded within the protease and

replicase coding regions. The 3C-like protease (3CLpro), encoded

by Nsp5, and the papain-like protease (PLpro), encoded by Nsp3,

facilitate the cleavage of the polyprotein into 16 non-structural

proteins (Nsp1-Nsp16). Given that the S protein can bind to the

host cell angiotensin-converting enzyme 2 (ACE2) receptor to

facilitate virus entry into the host during the early stage of SARS-

CoV-2 infection, coupled with its distinctive structure, it has

emerged as the primary target for most diagnosis and treatment

efforts at present (Liu et al., 2021b; Chen et al., 2023). SARS-CoV-2

is an RNA virus with a propensity for high mutation rate. In the

context of a widespread epidemic, a substantial number of mutant
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strains have emerged in a relatively brief period of time (Burki,

2021; Huang and Wang, 2021; Santacroce et al., 2021). At present,

the primary mutations of the novel coronavirus encompass the

Alpha variant (UK), Beta variant (South Africa), Gamma variant

(Brazil), and Delta variant (India). The most widespread infection

was the fifth emerging South African variant (Omicron) (Cherian

et al., 2021; Faria et al., 2021; Tegally et al., 2021; Volz et al.,

2021).The Alpha variant consists of 17 mutations (key: N501Y) and

3 deletions. Two amino acids, H69 and V70, in the spike protein

were completely deleted. Deletion of H69 and V70 increased the

amount of mature spike proteins on the viral surface (Callaway,

2021; Giovanetti et al., 2021). The Beta variant contains three key

mutations: N501Y, E484K, and K417N. The N501Y mutation,

located in the receptor-binding domain (RBD) of the spike

protein, enhances the virus’s transmissibility by promoting

binding to the ACE2 receptor. The E484K mutation enables the

Beta variant to evade host innate immunity more effectively.

Similarly, the K417N mutation, like N501Y, affects the spike

protein, facilitating its binding to the ACE2 receptor (Weisblum

et al., 2020). The Gamma variant harbors numerous mutations in

the spike protein, with the most concerning being N501Y, E484K,

and K417T. Like the Beta variant, the Gamma variant also enhances

ACE2 receptor binding and evades the human immune system

through N501Y and E484K, respectively. Moreover, both the

K417T and E484K mutations can augment the virus’s affinity for

the ACE2 receptor, leading to enhanced binding to host cells and

consequently, increased rates of infection and transmission (Jaspe

et al., 2021). The Delta variant is characterized by two mutations,

P681R and L452R. The P681R mutation, located at the furin

cleavage site, enhances the binding of the spike protein to healthy

human somatic cells. Conversely, the L452R mutation contributes
A

B

FIGURE 1

Schematic diagram illustrating the microstructural pattern and genome structure of human beta coronavirus (Chen et al., 2020b; Yang and Rao,
2021; Malone et al., 2022). (A) Schematic representation depicting the microstructure of beta coronavirus. The spike protein (S), membrane protein
(M), and envelope protein (E) collectively assemble to form a structurally stable viral envelope. The N protein binds to the S, E, and M proteins on the
viral envelope and associates with the viral RNA to form ribonucleoprotein (RNP) complexes, thereby constructing a stable viral particle. (B)
Schematic representation illustrating the genome structures of five human beta coronaviruses. The blue boxes denote the non-structural protein-
coding genes of the virus; the red boxes represent genes encoding viral structural proteins; the gray boxes indicate the genes encoding viral
accessory proteins.
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to the stability of the S protein by creating a pathway that facilitates

viral attachment to host cells and enhances viral replication

(Kannan et al., 2021; Nanduri et al., 2021). The Omicron variant

is characterized by 30 known mutations, resulting in changes in the

spike protein sequence. Notably, fifteen of these mutations are

located in the receptor-binding domain (RBD) of the virus.

Omicron viruses exhibit increased infectivity due to mutations

found in the S1-S2 cleavage sites, which are similar to those

present in the Delta and Alpha variants. Among all variants of

the SARS-CoV-2 virus, the Omicron variant has the highest

transmission rate and severity (Ferre et al., 2022). With the

ongoing emergence of SARS-CoV-2 mutants, research has

indicated that mutations in the S protein exert the most

significant impact on viral functional phenotypes and vaccine

response, particularly on neutralizing antibodies (Yao et al.,

2024). Mutations occurring in the receptor-binding domain

(RBD) of the S protein induce changes in protein conformation

which affect the interaction with the host ACE2 receptor (Zhang

et al., 2022). Hence, greater emphasis should be placed on

investigating other proteins of SARS-CoV-2, with the aim of

comprehensively elucidating the virus’s structure and infection

cycle, thus fostering novel insights for diagnostics and treatment.

Of particular note, the N protein has high conservation and

undergoes the lowest mutation rates (Chan et al., 2020; Hu et al.,

2021). As a fundamental constituent of the virion, the N protein

binds with viral genomic RNA and facilitates the packaging of RNA

into ribonucleoprotein (RNP) complexes. This process holds

significance in viral mRNA transcription and protein replication

(Zeng et al., 2020). Moreover, the N protein is capable of

modulating host innate immunity, rendering it a potential target
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for the development of early rapid diagnostic tool, as well as drug

and vaccine design (Wang et al., 2021).
2 The structure of the N protein

The SARS-CoV-2 N protein spans 419 amino acids and

encompasses three Intrinsically Disordered Regions (IDRs) along

with two Conserved Structural Regions (CSRs). The IDRs consist of

an N-terminal disordered structure (N-arm), a Central Ser/Arg-rich

Flexible Linker Region (LKR) positioned in the middle of the protein

sequence, and a C-terminal disordered structure (C-tail). The CSRs

comprise the N Terminal Domain (NTD) and the C Terminal Domain

(CTD) (Figure 2A) (Ma et al., 2021; Sarkar et al., 2022). Among these

regions, the prominent b-hairpin within the NTD domain is

comprised of a Basic amino acid motif (Basic finger). Its surface

electrostatic potential reveals a positively charged pocket at the

junction between the basic hairpin and the core structure, which

facilitates binding to the viral genomic RNA and mediates viral

assembly (Figure 2C). The CTD domains of SARS-CoV-2 have been

demonstrated to form multimers (dimers, trimers, tetramers, and

potentially even octamers), with the extent of aggregation dependent

on the protein concentration (Peng et al., 2020; Zinzula et al., 2021).

Similarly, the high-resolution crystal structure of the CTD indicates

that it forms a dimer in solution owing to strand exchange induced by

close contact (Peng et al., 2020; Liu et al., 2021a). Detection and

analysis of the CTD domain via static light scattering and chemical

cross-linking reveal that the CTD dimer remains stable in solution, and

that multimomerization of this domain is instrumental in maintaining

the stability of the N protein (Figures 2B, D) (Zeng et al., 2020).
A

B DC

FIGURE 2

Schematic representation of SARS-CoV-2 N protein structure. (A) Schematic depiction of the N-protein domains. Within the NTD, basic structural
motifs are present that facilitate binding to viral genomic RNA, resulting in RNP formation. CTD comprises complementary motifs that promote N-
protein dimerization. (B) Schematic illustration of the N protein structure following dimer formation. (C) Schematic diagram illustrating NTD crystal
structure analysis. The blue region on the left represents the resolved NTD crystal structure in the absence of RNA binding (PDB ID: 6M3M), while
the area enclosed by the dashed line denotes the basic amino acid motif involved in RNA affinity. The purple segment on the right indicates the
resolved NTD crystal structure post-RNA binding (PDB ID: 7ACT), whereas the yellow portion signifies the bound RNA. The black arrow denotes the
three-dimensional structural alteration of the NTD basic amino acid motif following RNA binding. (D) Analysis of the crystal structure of CTD yielding
dimer formation (PDB ID: 6WZO) (Matsuo, 2021).
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Based on sequence alignment analysis of SARS-CoV-2 in

comparison with other coronaviruses, it is evident that SARS-

CoV-2 exhibits genome sequences that are analogous to SARS-

CoV-1 and MERS-CoV (Figures 3A, B) (Peng et al., 2020; Zhou

et al., 2020). The N protein demonstrates high conservation across

different coronaviruses (Chang et al., 2014; Dinesh et al., 2020; Liu

et al., 2021a). Upon comparing the structures of the N protein NTD

and CTD among three highly pathogenic beta coronaviruses,

namely SARS-CoV-1, MERS-CoV, and SARS-CoV-2, it has been

observed that their overall structures exhibit similarities

(Figures 3C, D). However, discrepancies in the NTD structure

among the N proteins of these coronaviruses mainly manifest in

the b-hairpin structure associated with RNA. In comparison with

NCoV2, the position of the b-hairpin structure of NTD in NCoV1 is

shifted toward the N-terminus, while the b-hairpin structure of

NTD in NMERS is more elongated. These modifications may

potentially enhance the affinity of the NTD structures of different

N proteins towards RNA. Regarding the CTD structures across the

three N proteins, the CTD of NCoV2 and NCoV1 exhibit similar

structural characteristics, whereas the loop between the two b-layers
within the NMERS CTD appears longer than that of the other two N

protein CTDs. Furthermore, other regions within the three N-

protein CTDs display common structural features, suggesting that

N-protein dimers formed via the CTD play a crucial role in RNP

complex formation and RNA genome packaging (Matsuo, 2021).
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3 Role of N protein in SARS-COV-
2 replication
As one of the primary structural proteins of SARS-CoV-2, the N

protein fulfills an indispensable role in the life cycle of SARS-CoV-2

(Weisblum et al., 2020; Bai et al., 2022). After the SARS-CoV-2 S

protein interacts with the host cell surface receptor ACE2, the host

cell molecule transmembrane protease serines 2 (TMPRSS2)

facilitates the clearance of the S protein. This exposed site

facilitates the fusion of the viral envelope with the host cell

membrane, thus enabling viral entry into the host cell

(Matsuyama et al., 2010; Walls et al., 2020). Upon viral entry, the

N protein then facilitates the release of viral RNA through the

capsid dissociation process (Baggen et al., 2021). Approximately

two-thirds of the viral RNA genome is translated into two large

polyproteins (pp1a and pp1ab) (Baggen et al., 2021). PLpro and

3CLpro catalyze the hydrolysis of these polyproteins to yield 16

mature nonstructural proteins, which subsequently assemble into

viral replicase-transcriptase complexes (V'kovski et al., 2021). This

complex employs (+) ssRNA as a template to synthesize (-) ssRNA

and subgenomic (-) RNA via a discontinuous elongation

mechanism. The previously synthesized RNA acts as a template

for the generation of new plus-strand RNA, resulting in the

production of subgenomic (+) mRNAs that encode structural
A B

DC

FIGURE 3

Sequence alignment and crystal structure similarity analysis were conducted on conserved domains (NTD and CTD) of the N protein across SARS-
CoV-1, SARS-CoV-2, and MERS-CoV. (A) Aligning amino acid sequences within the NTD of three human beta coronaviruses shows significant
sequence resemblance. Using NTDCOV2 as the reference sequence, NTDMERS shares 60.3% similarity, while NTDcov1 exhibits 90.7% similarity. (B)
Aligning amino acid sequences within the NTD of three human beta coronaviruses shows significant sequence resemblance. Using NTDCOV2 as the
reference sequence, NTDMERS shares 50.9% similarity, while NTDcov1 exhibits 95.4% similarity. (C) Comparison of the crystal structures of the N
protein NTD across three beta coronaviruses. On the left, resolved structures of SARS-CoV-1 (plum red, PDB ID: 2OFZ) and SARS-CoV-2 (blue, PDB
ID: 6M3M) NTD crystals are juxtaposed. On the right, comparison of resolved structures of MERS-CoV (yellow, PDB ID: 4UD1) and SARS-CoV-2
(blue, PDB ID: 6M3M) NTD crystals is presented; Gray arrows indicate basic amino acid structural motifs capable of RNA binding. The findings
indicate that the NTD crystal structures across the three viral N proteins are largely identical. (D) Comparison of the crystal structure of CTD across
three beta coronaviruses. On the left, resolved structures of SARS-CoV-1 (plum red, PDB ID: 2CJR) and SARS-CoV-2 (blue, PDB ID: 7C22) CTD
crystals are compared. On the right, comparison of resolved structures of MERS-CoV (yellow, PDB ID: 6G13) and SARS-CoV-2 (blue, PDB ID: 7C22)
CTD crystals is presented. The results indicate that the crystal structures of the three viral N proteins are largely consistent (Matsuo, 2021).
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proteins. Concurrently, the virus induces modifications to the

endoplasmic reticulum (ER), transforming it into vesicular

structures known as double-membrane vesicles (DMVs), which

aid in the replication and translation of viral RNA (Baggen et al.,

2021). Subsequently, S, E, and M proteins are transported into the

ER, where the N protein binds to plus-strand RNA to form a

nucleoprotein complex, thereby completing virion assembly in the

Golgi apparatus (Baggen et al., 2021). Before the virion release, the

hostcell´s Flynn protease cleaves five amino acid at key loci on the S

protein to create infective viral particles (Menachery et al., 2020;

Shang et al., 2020). Viral particles are ultimately released from

infected host cells via vesicles, thereby completing their life cycle

(Baggen et al., 2021). In resume, the N protein plays a pivotal role in

the viral life cycle by integrating the viral genomic RNA into the

ribonucleoprotein complex and facilitating the initiation of viral

assembly by the M and E proteins (Figure 4).
4 The N protein’s RNA binding occurs
within a phase-separated environment

Phase separation (PS) is a ubiquitous cellular process that

orchestrates biomaterials into distinct compartments. In the

context of virion assembly, the development of a dense protein-

nucleic acid matrix is essential to sequester host cell proteins,

thereby avoiding the host immune system, and to locally

concentrate viral components to enhance replication efficiency

(Novoa et al., 2005). It has been verified that PS is a characteristic
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feature of many RNA-binding proteins that possess a high

proportion of intrinsic disordered regions (IDRs) (Burke et al.,

2015; Sanders et al., 2020). The SARS-CoV-2 N protein possesses a

positive charge, enabling its interaction with negatively charged

viral genomic RNA, thereby facilitating the assembly of RNA into a

more structured configuration. Upon RNA binding, the SARS-

CoV-2 N protein readily undergoes PS, resulting in the formation

of liquid droplets whose phase behavior is substantially affected by

pH, salt concentration, and RNA concentration (Cascarina and

Ross, 2020; Iserman et al., 2020; Perdikari et al., 2020; Savastano

et al., 2020; Jack et al., 2021). The N protein associates with the viral

genomic RNA to form RNP complexes, initiating viral assembly.

Following viral infection, PS facilitates the formation of stress

granules (SG) and processing bodies (PBs) by disrupt viral

mRNA translation and promote RNA decay. The development of

SG significantly suppresses viral protein translation, thereby

hindering viral gene expression (Mccormick and Khaperskyy,

2017). Ras-GTPase-activating protein binding protein 1 (G3BP1)

and Ras-GTPase-activating protein binding protein 2 (G3BP2),

which are linked to mRNA, serve as vital constituents of SG.

G3BP1 exerts inhibitory effects on viral replication by actively

modulating RIG-I and cGAS-mediated cellular antiviral responses

(Liu et al., 2019; Yang et al., 2019). The N protein can engage with

G3BP to suppress type I interferon (IFN) signaling and G3BP-

mediated SG formation, while promoting viral infection through

the neutralization of G3BP1-mediated antiviral innate immunity

(Liu et al., 2022). The PS of the N protein facilitates the virus-

induced activation of nuclear factor kappa-B (NF-kB) signaling.
FIGURE 4

Schematic diagram of the SARS-CoV-2 replication process (Yang and Rao, 2021; Malone et al., 2022). The SARS-CoV-2 spike protein attaches to the
cell ACE2 receptor, facilitating virus entry into the cytoplasm via endocytosis, where viral genomic RNA is subsequently released. Translation of viral
genomic RNA within the cytosol results in the production of 16 non-structural proteins, 9 accessory proteins, and 4 structural proteins (S, E, M, and
N). The N protein binds to the progeny viral genomic RNA to form RNP, which subsequently assembles into the phase separation (PS) structure and
interacts with S, E, and M proteins embedded in the Endoplasmic Reticulum Golgi Intermediate Compartment (ERGIC). Mature progeny virus
assembly occurs, followed by release via cell exocytosis to complete the viral replication cycle.
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Upon binding to viral RNA, the N protein undergoes PS to recruit

transforming growth factor-b-activated kinase 1 (TAK1) and

inhibitor of kappa B kinase (IKK) complexes, which are pivotal

kinases involved in NF-kB signaling, resulting in the augmentation

of NF-kB activation. Consequently, this elicits an inflammatory

response and the secretion of various cytokines (Wu et al., 2021).
5 Host immunity modulation of by
N protein

The innate immune system represents the host’s primary

defense against microbial infections, enhancing host immunity

through the recognition and elimination of infected cells, as well

as the regulation of the immune response in viral infections

(Shibabaw et al., 2020). RNA interference (RNAi) represents a

conservative antiviral immune defense mechanism present within

host cells, capable of resulting in the degradation of viral genomes

and the inhibition of viral replication. RNAi demonstrates

significant antiviral efficacy across fungi, plants, and animals

(Zhang et al., 2020). Viruses typically encode RNA silencing

suppressors (RSSs) to subdue host RNAi responses and evade

host immune defenses. Previously, it has demonstrated that the N

protein of SARS-CoV possesses notable RSS activity in mammalian

cells (Cui et al., 2015). SARS-CoV-2 exhibits a considerable amino

acid identity (94%) with the N protein of SARS-CoV, with the

critical residues Lys 258 and Lys 262 for viral suppressor of RNA

silencing (VSR) activity remaining conserved in the SARS-CoV-2 N

protein. Other reports have indicated that the SARS-CoV-2 N

protein can also act as a VSR in both the initiation and execution

phases of host cell RNAi, emerging as a pivotal immune evasion

factor of SARS-CoV-2 (Mu et al., 2020b).
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Type I interferon (IFN) serves as the primary defense against

viruses and is instrumental in instigating the host’s antiviral response

(Kato et al., 2006; Catanzaro et al., 2020). There are two principal

pathways that activate type I IFN: the RIG-I-like receptor (RLR)

pathway and the Toll-like receptor (TLR) pathway (Chan and Gack,

2016). Double-stranded viral RNA and short dsRNA containing 5’

-triphosphate are detectable by RIG-I-like receptors (RLR),

including retinoic acid-inducible gene 1 (RIG-1) and melanoma

differentiation-associated protein 5 (MDA5) (Rehwinkel and Gack,

2020). RIG-I identifies viral RNA and subsequently undergoes

dephosphorylation, thus initiating RIG-I polyubiquitination via the

ubiquitin E3 ligase triple motif protein 25 (TRIM25) (Okamoto

et al., 2017). Dimerization of mitochondrial antiviral signal

transduction proteins (MAVS, also known as IFN-b promoter

stimulator I) is triggered by the interaction of deubiquitinated

RIG-1 with the caspase recruitment domain. MAVS dimerization

interacts with the TNF receptor-associated factor (TRAF) domain

and TRAF interaction motif, respectively, facilitating the binding of

TRAF3. TRAF3 then recruits adaptor proteins NAP1 (Nucleosome

Assembly Protein 1), TANK (TRAF Family Member Associated

NFKB Activator), and SINTBAD (similar to NAP1 TBK1 adaptor).

TANK is capable of bridging upstream RLR signaling to TANK-

binding kinase 1 (TBK1), leading to the phosphorylation of

interferon regulatory factor 3 (IRF-3) by TBK1 (Verhelst et al.,

2013). Phosphorylation and dimerization of IRF-3 triggers nuclear

translocation of IRF-3, after which IRF-3 binds to interferon-

stimulated response elements (ISRE) to enhance type I interferon

gene expression (Schneider et al., 2014). It has been demonstrated

that the SARS-CoV-2 N protein interacts with the DExD/H domain

of RIG-I to inhibit the phosphorylation and nuclear translocation of

interferon regulatory factor 3 (IRF3), thereby hindering the

activation of IRF3 and ultimately resulting in the failure of RIG-

mediated IFN-b production (Chen et al., 2020a). PS induced by the
A

B

C

FIGURE 5

The regulation and functional significance of SARS-CoV-2 N protein phase separation. The phase separation of the N protein is initiated by its
binding with RNA molecules of various lengths and is influenced by electrostatic forces such as pH and NaCl concentration. (A) The phase
separation of the N protein has several effects, including the formation of stress granules (SGs) and interaction with key factors involved in the host
cell’s antiviral response, such as MAVS and RIG-I, ultimately leading to the inhibition of type I interferon (IFN) production. (B) During the assembly
and budding of mature virions, the N protein interacts with viral genomic RNA (gRNA) to form condensates, which are then anchored at the ERGIC
membrane through co-phase separation (co-PS) with the SARS-CoV-2 M protein. (C) The N protein phase separation also regulates host-cell innate
immune pathways by interacting with NF-kB activators, resulting in the upregulation of cytokine production. This, in turn, elicits an inflammatory
response and the secretion of various cytokines, further contributing to the host immune response against SARS-CoV-2 infection.
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N protein can impede the polyubiquitination and aggregation of

MAVS, thus restraining the antiviral immune response (Wang et al.,

2021). After interacting with TRIM25, the N protein inhibits

TRIM25-mediated RIG-I ubiquitination and activation, which

impacts the interferon response (Hu et al., 2017). The N protein

can additionally inhibit the phosphorylation and nuclear

translocation of transcription factors signal transducer and

activator of transcription 1 (STAT1) and transducer and activator

of transcription 2 (STAT2), resulting in the down-regulation of

Interferon-stimulated gene factor 3 (ISGF3), which antagonizes

IFN1 production and ultimately hinders the host innate immune

response, thereby impairing the immune system’s ability to combat

viruses (Mu et al., 2020a).

N protein phase separation occurs by binding with RNA of

various lengths and influencing by electrostatic forces (pH and Nacl

etc.). (a) N protein phase separation effects stress granules (SGs)

and anti-RNA virus key factor (MAVS AND RIG I) TO inhibit

host-cell type I IFN. b) anchoring of N+gRNA condensates at

the ERGIC membrane by co-PS with the SARS-CoV-2 M

protein during Assembly and budding Mature virion; c)
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regulation of host-cell innate immune pathways, including

upregulation of cytokine production via co-PS with NF-kB
activators elicits an inflammatory response and the secretion of

various cytokines (Figure 5).
6 Diagnostics and drug development
targeting N protein

Given the pivotal role of the N protein in SARS-CoV-2

replication and infection, several studies have illustrated that it

can serve as an effective target for diagnosing and treating SARS-

CoV-2.

RT-qPCR technology is highly sensitive to the viral genome and

is widely regarded as the “gold standard” for COVID-19 diagnosis

(Wang et al., 2020). Given the low mutation rate observed in the N

protein during SARS-CoV-2 mutations, nucleic acid detection of

SARS-CoV-2 can directly target the N gene. Nucleic acid detection

kits specifically designed for the N gene are also currently in

development (Farfour et al., 2021). In response to the ongoing
TABLE 1 The research progress of SARS-CoV-2 nucleocapsid protein vaccine.

Vaccine
name

Vaccine
type

N-protein usage Animal or
human

experiment

References

Ad5-N Viral
Vectored
Vaccine

Full length N-protein from SARS-CoV-2 ancestral virus, with co-expression of S protein. Mouse (Dangi
et al., 2021)

MVA/SdFCS-N Viral
Vectored
Vaccine

Full length N-protein from SARS-CoV-2 ancestral virus, with co-expression of S protein. Rhesus
macaque, Mouse

(Routhu
et al., 2022)

rACAM2000SN Viral
Vectored
Vaccine

Full length N-protein from SARS-CoV-2 ancestral virus, with co-expression of S protein. Hamster (Deschambault
et al., 2022)

rLVSD capB/
SCoV2 MN

LVSDcapB
Vectored
Vaccine

Full length N-protein from SARS-CoV-2 ancestral virus, with co-expression of M protein. Hamsters
and mice

(Jia et al., 2021)

GX-19N Recombinant
DNA vaccine

Full length N-protein from SARS-CoV-2 ancestral virus, with co-expression of S protein. healthy adult (Ahn
et al., 2022)

UB-612 Multitope
subunit
vaccine

Rationally designed promiscuous peptides representing sarbecovirus conserved CD4 ad
CD8 T cell epitopes on N, M, and S2 proteins, and S1-RBD-sFc protein.++

healthy adult (Wang
et al., 2022)

RBD-P2/N Recombinant
Protein
Vaccine

Full length N-protein from SARS-CoV-2 ancestral virus, with the receptor binding
domain (RBD) of the spike protein fused with the tetanus toxoid epitope P2

Mouse, Rat, NHP (Hong
et al., 2021)

Tri: ChAd Viral
Vectored
Vaccine

Full length N-protein from SARS-CoV-2 ancestral virus, in fusion witha highly conserved
region of RNA-dependent RNA polymerase and with co-expression of S1 domain of
S protein.

Mouse (Afkhami
et al., 2022)

COH04S1 Viral
Vectored
Vaccine

Full length N-protein from SARS-CoV-2 ancestral virus, with co-expression of S protein. Hamster, NHP (Chiuppesi
et al., 2022a)

mRNA-S + N RNA vaccine A mRNA vaccine expressing fulll length N-protein from SARS-CoV-2 ancestral virus,
alone or in combination withthe clinically proven S-expressing mRNA vaccine.

Mouse, Hamster (Hajnik
et al., 2022)

SpiN Recombinant
Protein
Vaccine

Full length N-protein from SARS-CoV-2 ancestral virus, in fusion with RBD of S protein. Mouse, Hamster (Castro
et al., 2022)
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evolution of SARS-CoV-2 variants, Vega-Magana et al. devised

three specific primers and probes targeting mutation sites 69–70Del

and K417N within the N gene. These tools enable the specific

screening and detection of SARS-CoV-2 variants using RT-qPCR

methodology (Vega-Magana et al., 2021). Reverse transcription

loop-mediated isothermal amplification (RT-LAMP) and reverse

transcription recombinase polymerase amplification (RT-RPA) are

highly sensitive and specific techniques for detecting SARS-CoV-2,

serving as viable alternatives to RT-qPCR (Kashir and Yaqinuddin,

2020; Alhamid et al., 2022). In their study, Almeida et al. utilized

RT-LAMP targeting the N and E genes to detect a broad spectrum

of Omicron variants (Almeida et al., 2022). Jose L et al. devised two

RT-RPA assays tailored for detecting deletion-insertion mutations

unique to the Omicron BA.1 variant within the partial N and S

genes of SARS-CoV-2 (Malaga et al., 2023). The N protein is

abundantly expressed in the host following viral infection. Due to

its significant conservation, the N protein serves as one of the most

dependable early markers and is also a sensitive and specific

indicator for serological detection (Grifoni et al., 2020; Okba

et al., 2020). The detection of targeted N antigen and specific

antibodies can help mitigate the occurrence of false-negative

results in RT-qPCR assays. Currently, the N protein is extensively

employed for rapid antigen detection of SARS-CoV-2. Diao et al.

have dev ised a rapid method ut i l i z ing fluorescence

immunochromatography (FIC) for SARS-CoV-2 N antigen

detection. Comparative analysis with RT-PCR demonstrates that

FIC for NP antigen detection exhibits superior specificity and

sensitivity in the early diagnosis of SARS-CoV-2 infection

(Grifoni et al., 2020). As a vital method in serological detection,

enzyme-linked immunosorbent assay (ELISA) enables the diagnosis

and quantification of infection intensity by detecting antibodies

generated during viral infection. Employing ELISA, Ogata et al.

discovered that 64.1% of COVID-19-positive patients exhibited

SARS-CoV-2 N antigen presence in their plasma (Ogata et al.,

2020). Cai et al. devised an ultra-sensitive, rapid, double-digital

enzyme-linked immunosorbent assay (dELISA) based on a single-

molecule array targeting the spike protein (S-RBD) and N protein to

enhance the precision of COVID-19 diagnosis (Cai et al., 2021). Tan

et al. established a microfluidic chemiluminescence ELISA platform

capable of detecting S and N proteins in 10-fold diluted serum

within 40 minutes (Tan et al., 2020).

Based on the structure, function, and life cycle of the N protein,

it also represents a potential drug target for the treatment of

COVID-19 (Matsuo, 2021). The RNA-binding activity of the N

protein is crucial for viral RNP formation and genome replication.

Therefore, the development of drugs capable of blocking the RNA-

binding activity of NTD and CTD represents a promising antiviral

strategy (Peng et al., 2020). Recent studies have shown that a novel

compound K31 can bind to SARS-CoV-2 N protein in a non-

competitive manner, thereby inhibiting its binding to the 5’ end of

viral genomic RNA and reducing viral replication (Royster et al.,

2023). Through drug screening, some research teams have

discovered that ceftriaxone sodium, a third-generation antibiotic,

is a small molecule compound capable of binding to both NTD and

CTD. Because ceftriaxone inhibits RNP formation by blocking RNA

binding to NTD, it could potentially impede SARS-CoV-2
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replication (Luan et al., 2022). There are also studies investigating

the stability of NTD-drug complexes using molecular docking and

molecular dynamics simulations to identify potential antiviral drugs

(Tatar et al., 2021). The new strategy of repurposing old drugs can

also be used to treat SARS-CoV-2 in a very short time and at low

cost. Thirty-four drugs approved or under development, such as

rapamycin, salacatinib, and carolimstat, have shown varying

degrees of antiviral effects (Matsuo, 2021). In addition, some

screened inhibitors could disrupt N protein oligomerization to

prevent RNP formation or induce abnormal aggregation. 5-

benzyloxyrrhizine was found to enhance the stability of the N-

NTD dimer through hydrophobic interaction, leading to abnormal

N protein oligomerization (Lin et al., 2020). Previous studies have

shown that folic acid can play an antiviral role by antagonizing the

VSR activity of N protein (Chen et al., 2022). In our previous study,

our group also screened a ssDNA aptamer targeting N protein,

N-APT17, which can also inhibit the PS of N protein by binding to

N protein and reduce viral replication and infection (Huang et al.,

2024). In summary, the N protein can be an effective target for

SARS-CoV-2 diagnosis and drug development, and drug research

targeting the N protein is crucial.
7 Progress in N protein
vaccine development

Since the outbreak of the coronavirus disease 2019 (COVID-

19), SARS-CoV-2 has undergone numerous mutations in its

genome, with mutations in the S protein being particularly

prominent (Yao et al., 2024). A study found that among 104

representative amino acid mutations in the S protein, 21

mutations were found to enhance infectivity, while 19 amino

acid mutations reduced infectivity, and 43 amino acid mutations

increased the potential for immune escape (Zhang et al., 2022).

Among them, 14 mutations enhanced both infectivity and

immune escape, and 18 mutations enhanced immune escape at

the cost of reducing transmission. Additionally, vaccines targeting

the S protein may promote pericyte (PC) dysfunction, leading to

microvascular damage. PCs are parietal cells that maintain and

repair the entire myocardial microvascular system. S protein

induces dysfunction of PCs through interaction with the CD147

receptor on PCs, which promotes the release of pro-apoptotic

factors and induces the death of vascular endothelial cells. At the

same time, S protein induces PCs to release proinflammatory

cytokines, damaging adjacent cardiomyocytes and activating the

intima, promoting blood coagulation, increasing vascular

permeability, and eventually inducing related cardiovascular

complications (Avolio et al., 2021). Therefore, considering the

aforementioned two major drawbacks of S protein-targeted

vaccines, the N protein has garnered significant attention as a

vaccine development target. Compared with the S protein, the key

domains of the N protein remain highly conserved across different

variants. Additionally, a large number of antibodies and IFN could

also be produced in the host after N protein antigen inoculation,

inducing a robust immune response in host cells (Sun et al., 2021;

Feng et al., 2022). Vaccines containing the full-length N protein
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1415885
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Huang et al. 10.3389/fcimb.2024.1415885
have been demonstrated to be effective against SARS-CoV-2

variants (Wang et al., 2022). Additionally, these vaccines with

full-length N protein have exhibited high tolerance in clinical

trials (Chiuppesi et al., 2022b), and some of them have been shown

to produce neutralizing antibodies that strongly bind to the N

protein (Jia et al., 2021; Wang et al., 2022). Messenger RNA

(mRNA) vaccines that express a more conserved viral N protein

(mRNA-N) can reduce viral load when administered alone, while

combining mRNA-N with an S-expressing mRNA vaccine

(mRNA-S +N) can effectively target Delta and Omicron variants

(Hajnik et al., 2022). However, as SARS-CoV-2 variants continue

to emerge, new strains are gradually evading neutralizing

antibodies. T cell responses are increasingly recognized as

playing a pivotal role in controlling infection and reducing virus

transmission (Tarke et al., 2021; Liu et al., 2021a). The N protein

has been identified to harbor crucial T-cell epitopes that are

integral for immunity against SARS-CoV-2 (Kiyotani et al.,

2020; Lee et al., 2021). N proteins activate T cell responses via

Fc receptors and participate in phagocytosis during infection, a

process pivotal to the innate immune system (Lopez-Munoz et al.,

2022; Maghsood et al., 2023). Hence, N protein T-cell epitopes

hold promise for developing vaccines with broad applicability

against SARS-CoV-2. Appelberg et al. engineered a SARS-CoV-2

DNA vaccine incorporating receptor-binding domain loops from

huCoV-19/WH01, Alpha, and Beta variants, while targeting M

and N proteins. This vaccine elicited spike antibodies that cross-

reacted to neutralize huCoV-19/WH01, Beta, Delta, and Omicron

viruses in vitro, while also stimulating N protein-specific T cells.

The protective efficacy of solely priming cross-reactive

nucleoprotein-specific T cells reached 60% (Appelberg et al.,

2022). A chimeric protein vaccine (SpiN), containing the

receptor binding domain (RBD) of the spike (S) protein along

with the N antigen, has been found to protect against Delta and

Omicron variant infections by eliciting a robust IFN-g response

with T cells and high levels of inactivated virus antibodies, with no

neutralizing antibodies detected in vivo (Castro et al., 2022). In

conclusion, vaccines targeting the N protein show great potential

in preventing infections caused by wild-type SARS-CoV-2 and its

variants, yet further exploration is needed (Table 1).
8 Prospects and discussion

SARS-CoV-2 continues to circulate and has become a common

pathogen, and the fact that SARS-CoV-2 is still mutating and

evolving new adaptation mechanisms makes combating this

disease an ongoing challenge (Cong et al., 2020). Therefore, the

life cycle of SARS-CoV-2, including viral replication and infection,

still needs to be explored. Among them, the N protein stands out as

highly conserved in SARS-CoV-2 development and plays a pivotal

role in viral infection, making it a prime research target against

SARS-CoV-2. Currently, numerous studies are underway to screen

and develop targeted drugs for the N protein, aiming to disrupt its

interactions with viral RNA, thereby impeding virus packaging and
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replication. Additionally, these studies explore the impact of the N

protein on host cell innate immunity.

Additionally, considering that the key domains of the N protein

remain highly conserved across different variants, vaccination with

N protein antigens can stimulate the host to produce a plethora of

antibodies and interferons (IFNs), leading to a robust immune

response in host cells. Consequently, research on SARS-CoV-2

vaccines targeting the N protein has yielded remarkable results.

This article reviews the current research progress of the N protein of

SARS-CoV-2, hoping to deepen people’s understanding of the

structure and function of the N protein of SARS-CoV-2 and the

role it plays in the viral life cycle. At the same time, the potential of

the N protein in the development of diagnostics, drugs, and

vaccines is discussed.

Previously, due to the key role of the S protein in the process of

viral invasion, several approved COVID-19 vaccines have been

selected as the main immunogens from the S protein or its

receptor binding domain (RBD) (Chen et al., 2021; Wang et al.,

2021). However, with the continuous emergence of SARS-CoV-2

variants, the key receptor domains in the S protein are also constantly

mutated, which brings great challenges to the existing vaccines and

vaccine research and development. In view of this concern,

international attention should be paid to the more conservative N

protein. The characteristics of high immunogenicity and abundant

expression during infection make N protein indispensable for SARS-

CoV-2 replication and infection, and N protein plays a very

important role in the pathogenic process of the virus. Therefore, N

protein can also be used as an important target for SARS-CoV-2

diagnosis and drug development. Hence, the N protein emerges as a

crucial target for the diagnosis, drug development, and vaccine

formulation against SARS-CoV-2 and its variants. Moreover, it

holds potential for immune defense against other coronaviruses

closely related to SARS-CoV-2, such as MERS and SARS.

In summary, the pathogenesis of SARS-CoV-2 infection and the

molecular mechanisms underlying virus-host interactions need to

be explored. Tackling this epidemic is a long-term effort that

requires the joint efforts of all sectors.
Author contributions

YH: Writing – original draft, Data curation. JC: Writing –

original draft. SC: Writing – original draft. CH: Writing – original

draft. BL: Writing – original draft. JL: Writing – original draft. ZJ:

Writing – original draft. QZ: Writing – original draft. WD: Writing

– original draft. LL: Writing – original draft. ZL: Writing – review &

editing, Visualization, Supervision, Funding acquisition, Data

curation. PP: Writing – original draft, Data curation.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1415885
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Huang et al. 10.3389/fcimb.2024.1415885
research was funded by the Knowledge Innovation Program of

Science and Technology Department of Hubei Province

(2023BCB058), Hubei Provincial Natural Science Foundation

(2023AFB855, 2022CFB324) and Principal Investigator

Program at Hubei University of Medicine (HBMUPI202102). The

funders had no role in the study design, data collection, or

manuscript preparation.
Acknowledgments

We thankful to Biomedical Research Institute, Hubei University

of Medicine for their technical support.
Frontiers in Cellular and Infection Microbiology 10
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
Afkhami, S., D'agostino, M. R., Zhang, A., Stacey, H. D., Marzok, A., Kang, A., et al.
(2022). Respiratory mucosal delivery of next-generation covid-19 vaccine provides
robust protection against both ancestral and variant strains of sars-cov-2. Cell 185, 896–
915 E19. doi: 10.1016/j.cell.2022.02.005

Ahn, J. Y., Lee, J., Suh, Y. S., Song, Y. G., Choi, Y. J., Lee, K. H., et al. (2022). Safety
and immunogenicity of two recombinant dna covid-19 vaccines containing the coding
regions of the spike or spike and nucleocapsid proteins: an interim analysis of two
open-label, non-randomised, phase 1 trials in healthy adults. Lancet Microbe 3, E173–
E183. doi: 10.1016/S2666-5247(21)00358-X

Alhamid, G., Tombuloglu, H., Rabaan, A. A., and Al-Suhaimi, E. (2022). Sars-cov-2
detection methods: A comprehensive review. Saudi J. Biol. Sci. 29, 103465. doi: 10.1016/
j.sjbs.2022.103465

Almeida, L. T., Goncalves, A. B., Franco-Luiz, A. P. M., Silva, T. B. S., Alves, P. A.,
and Monte-Neto, R. L. D. (2022). Molecular detection of omicron sars-cov-2 variant is
achieved by rt-lamp despite genomic mutations.Mem Inst Oswaldo Cruz 117, E220050.
doi: 10.1590/0074-02760220050

Appelberg, S., Ahlen, G., Yan, J., Nikouyan, N., Weber, S., Larsson, O., et al. (2022). A
universal sars-cov dna vaccine inducing highly cross-reactive neutralizing antibodies
and T cells. EMBO Mol. Med. 14, E15821. doi: 10.15252/emmm.202215821

Avolio, E., Carrabba, M., Milligan, R., Kavanagh Williamson, M., Beltrami, A. P., Gupta,
K., et al. (2021). The sars-cov-2 spike protein disrupts human cardiac pericytes function
through cd147 receptor-mediated signalling: A potential non-infective mechanism of
covid-19 microvascular disease. Clin. Sci. (Lond) 135, 2667–2689. doi: 10.1042/CS20210735

Baggen, J., Vanstreels, E., Jansen, S., and Daelemans, D. (2021). Cellular host factors for
sars-cov-2 infection. Nat. Microbiol. 6, 1219–1232. doi: 10.1038/s41564-021-00958-0

Bai, C., Zhong, Q., and Gao, G. F. (2022). Overview of sars-cov-2 genome-encoded
proteins. Sci. China Life Sci. 65, 280–294. doi: 10.1007/s11427-021-1964-4

Burke, K. A., Janke, A. M., Rhine, C. L., and Fawzi, N. L. (2015). Residue-by-residue
view of in vitro fus granules that bind the C-terminal domain of rna polymerase ii.Mol.
Cell 60, 231–241. doi: 10.1016/j.molcel.2015.09.006

Burki, T. (2021). Understanding variants of sars-cov-2. Lancet 397, 462. doi: 10.1016/
S0140-6736(21)00298-1

Cai, Q., Mu, J., Lei, Y., Ge, J., Aryee, A. A., Zhang, X., et al. (2021). Simultaneous
detection of the spike and nucleocapsid proteins from sars-cov-2 based on
ultrasensitive single molecule assays. Anal. Bioanal Chem. 413, 4645–4654.
doi: 10.1007/s00216-021-03435-z

Callaway, E. (2021). Could new covid variants undermine vaccines? Labs scramble to
find out. Nature 589, 177–178. doi: 10.1038/d41586-021-00031-0

Cascarina, S. M., and Ross, E. D. (2020). A proposed role for the sars-cov-2
nucleocapsid protein in the formation and regulation of biomolecular condensates.
FASEB J. 34, 9832–9842. doi: 10.1096/fj.202001351

Castro, J. T., Azevedo, P., Fumagalli, M. J., Hojo-Souza, N. S., Salazar, N., Almeida, G.
G., et al. (2022). Promotion of neutralizing antibody-independent immunity to wild-
type and sars-cov-2 variants of concern using an rbd-nucleocapsid fusion protein. Nat.
Commun. 13, 4831. doi: 10.1038/s41467-022-32547-y

Catanzaro,M., Fagiani, F., Racchi, M., Corsini, E., Govoni, S., and Lanni, C. (2020). Immune
response in covid-19: addressing A pharmacological challenge by targeting pathways triggered
by sars-cov-2. Signal Transduct Target Ther. 5, 84. doi: 10.1038/s41392-020-0191-1

Chan, J. F., Kok, K. H., Zhu, Z., Chu, H., To, K. K., Yuan, S., et al. (2020). Genomic
characterization of the 2019 novel human-pathogenic coronavirus isolated from A
patient with atypical pneumonia after visiting wuhan. Emerg. Microbes Infect. 9, 221–
236. doi: 10.1080/22221751.2020.1719902

Chan, Y. K., and Gack, M. U. (2016). Viral evasion of intracellular dna and rna
sensing. Nat. Rev. Microbiol. 14, 360–373. doi: 10.1038/nrmicro.2016.45

Chang, C. K., Hou, M. H., Chang, C. F., Hsiao, C. D., and Huang, T. H. (2014). The
sars coronavirus nucleocapsid protein–forms and functions. Antiviral Res. 103, 39–50.
doi: 10.1016/j.antiviral.2013.12.009

Chen, Y., Liu, Q., and Guo, D. (2020b). Emerging coronaviruses: genome structure,
replication, and pathogenesis. J. Med. Virol. 92, 418–423. doi: 10.1002/jmv.25681

Chen, Y. M., Wei, J. L., Qin, R. S., Hou, J. P., Zang, G. C., Zhang, G. Y., et al. (2022).
Folic acid: A potential inhibitor against sars-cov-2 nucleocapsid protein. Pharm. Biol.
60, 862–878. doi: 10.1080/13880209.2022.2063341

Chen, K., Xiao, F., Hu, D., Ge, W., Tian, M., Wang, W., et al. (2020a). Sars-cov-2
nucleocapsid protein interacts with rig-I and represses rig-mediated ifn-beta
production. Viruses 13, 47. doi: 10.3390/v13010047

Chen, R. E., Zhang, X., Case, J. B., Winkler, E. S., Liu, Y., Vanblargan, L. A., et al. (2021).
Resistance of sars-cov-2 variants to neutralization by monoclonal and serum-derived
polyclonal antibodies. Nat. Med. 27, 717–726. doi: 10.1038/s41591-021-01294-w

Chen, Y., Zhao, X., Zhou, H., Zhu, H., Jiang, S., and Wang, P. (2023). Broadly
neutralizing antibodies to sars-cov-2 and other human coronaviruses. Nat. Rev.
Immunol. 23, 189–199. doi: 10.1038/s41577-022-00784-3

Cherian, S., Potdar, V., Jadhav, S., Yadav, P., Gupta, N., Das, M., et al. (2021). Sars-
cov-2 spike mutations, L452r, T478k, E484q and P681r, in the second wave of covid-19
in maharashtra, India. Microorganisms 9, 1542. doi: 10.3390/microorganisms9071542

Chiuppesi, F., Nguyen, V. H., Park, Y., Contreras, H., Karpinski, V., Faircloth, K., et al.
(2022a). Synthetic multiantigen mva vaccine coh04s1 protects against sars-cov-2 in Syrian
hamsters and non-human primates. NPJ Vaccines 7, 7. doi: 10.1038/s41541-022-00436-6

Chiuppesi, F., Zaia, J. A., Faircloth, K., Johnson, D., Ly, M., Karpinski, V., et al.
(2022b). Vaccine-induced spike- and nucleocapsid-specific cellular responses maintain
potent cross-reactivity to sars-cov-2 delta and omicron variants. Iscience 25, 104745.
doi: 10.1016/j.isci.2022.104745

Cong, Y., Ulasli, M., Schepers, H., Mauthe, M., V'kovski, P., Kriegenburg, F., et al. (2020).
Nucleocapsid protein recruitment to replication-transcription complexes plays A crucial
role in coronaviral life cycle. J. Virol. 94, e01925-19. doi: 10.1128/JVI.01925-19

Cui, L., Wang, H., Ji, Y., Yang, J., Xu, S., Huang, X., et al. (2015). The nucleocapsid
protein of coronaviruses acts as A viral suppressor of rna silencing in mammalian cells.
J. Virol. 89, 9029–9043. doi: 10.1128/JVI.01331-15

Dangi, T., Class, J., Palacio, N., Richner, J. M., and Penaloza Macmaster, P. (2021).
Combining spike- and nucleocapsid-based vaccines improves distal control of sars-cov-
2. Cell Rep. 36, 109664. doi: 10.1016/j.celrep.2021.109664

Deschambault, Y., Lynch, J., Warner, B., Tierney, K., Huynh, D., Vendramelli, R.,
et al. (2022). Single immunization with recombinant acam2000 vaccinia viruses
expressing the spike and the nucleocapsid proteins protects hamsters against sars-
cov-2-caused clinical disease. J. Virol. 96, E0038922. doi: 10.1128/jvi.00389-22

Dinesh, D. C., Chalupska, D., Silhan, J., Koutna, E., Nencka, R., Veverka, V., et al.
(2020). Structural basis of rna recognition by the sars-cov-2 nucleocapsid
phosphoprotein. PloS Pathog. 16, E1009100. doi: 10.1371/journal.ppat.1009100

Farfour, E., Asso-Bonnet, M., Vasse, M.Group, S. A.-C.-F. H. S (2021). The id now
covid-19, A high-speed high-performance assay. Eur. J. Clin. Microbiol. Infect. Dis. 40,
2041–2045. doi: 10.1007/s10096-021-04243-0
frontiersin.org

https://doi.org/10.1016/j.cell.2022.02.005
https://doi.org/10.1016/S2666-5247(21)00358-X
https://doi.org/10.1016/j.sjbs.2022.103465
https://doi.org/10.1016/j.sjbs.2022.103465
https://doi.org/10.1590/0074-02760220050
https://doi.org/10.15252/emmm.202215821
https://doi.org/10.1042/CS20210735
https://doi.org/10.1038/s41564-021-00958-0
https://doi.org/10.1007/s11427-021-1964-4
https://doi.org/10.1016/j.molcel.2015.09.006
https://doi.org/10.1016/S0140-6736(21)00298-1
https://doi.org/10.1016/S0140-6736(21)00298-1
https://doi.org/10.1007/s00216-021-03435-z
https://doi.org/10.1038/d41586-021-00031-0
https://doi.org/10.1096/fj.202001351
https://doi.org/10.1038/s41467-022-32547-y
https://doi.org/10.1038/s41392-020-0191-1
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.1038/nrmicro.2016.45
https://doi.org/10.1016/j.antiviral.2013.12.009
https://doi.org/10.1002/jmv.25681
https://doi.org/10.1080/13880209.2022.2063341
https://doi.org/10.3390/v13010047
https://doi.org/10.1038/s41591-021-01294-w
https://doi.org/10.1038/s41577-022-00784-3
https://doi.org/10.3390/microorganisms9071542
https://doi.org/10.1038/s41541-022-00436-6
https://doi.org/10.1016/j.isci.2022.104745
https://doi.org/10.1128/JVI.01925-19
https://doi.org/10.1128/JVI.01331-15
https://doi.org/10.1016/j.celrep.2021.109664
https://doi.org/10.1128/jvi.00389-22
https://doi.org/10.1371/journal.ppat.1009100
https://doi.org/10.1007/s10096-021-04243-0
https://doi.org/10.3389/fcimb.2024.1415885
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Huang et al. 10.3389/fcimb.2024.1415885
Faria, N. R., Mellan, T. A., Whittaker, C., Claro, I. M., Candido, D. D. S., Mishra, S.,
et al. (2021). Genomics and epidemiology of the P.1 sars-cov-2 lineage in manaus,
Brazil. Science 372, 815–821. doi: 10.1126/science.abh2644

Feng, W., Xiang, Y., Wu, L., Chen, Z., Li, Q., Chen, J., et al. (2022). Nucleocapsid
protein of sars-cov-2 is A potential target for developing new generation of vaccine. J.
Clin. Lab. Anal. 36, E24479. doi: 10.1002/jcla.24479

Ferre, V. M., Peiffer-Smadja, N., Visseaux, B., Descamps, D., Ghosn, J., and
Charpentier, C. (2022). Omicron sars-cov-2 variant: what we know and what we
don't. Anaesth Crit. Care Pain Med. 41, 100998. doi: 10.1016/j.accpm.2021.100998

Giovanetti, M., Benedetti, F., Campisi, G., Ciccozzi, A., Fabris, S., Ceccarelli, G., et al.
(2021). Evolution patterns of sars-cov-2: snapshot on its genome variants. Biochem.
Biophys. Res. Commun. 538, 88–91. doi: 10.1016/j.bbrc.2020.10.102

Grifoni, A., Sidney, J., Zhang, Y., Scheuermann, R. H., Peters, B., and Sette, A. (2020).
A sequence homology and bioinformatic approach can predict candidate targets for
immune responses to sars-cov-2. Cell Host Microbe 27, 671–680 E2. doi: 10.1016/
j.chom.2020.03.002

Hajnik, R. L., Plante, J. A., Liang, Y., Alameh, M. G., Tang, J., Bonam, S. R., et al.
(2022). Dual spike and nucleocapsid mrna vaccination confer protection against sars-
cov-2 omicron and delta variants in preclinical models. Sci. Transl. Med. 14, Eabq1945.
doi: 10.1126/scitranslmed.abq1945

Hong, S. H., Oh, H., Park, Y. W., Kwak, H. W., Oh, E. Y., Park, H. J., et al. (2021).
Immunization with rbd-P2 and N protects against sars-cov-2 in nonhuman primates.
Sci. Adv. 7, eabg7156. doi: 10.1126/sciadv.abg7156

Hu, B., Guo, H., Zhou, P., and Shi, Z. L. (2021). Characteristics of sars-cov-2 and
covid-19. Nat. Rev. Microbiol. 19, 141–154. doi: 10.1038/s41579-020-00459-7

Hu, Y., Li, W., Gao, T., Cui, Y., Jin, Y., Li, P., et al. (2017). The severe acute
respiratory syndrome coronavirus nucleocapsid inhibits type I interferon production
by interfering with trim25-mediated rig-I ubiquitination. J. Virol. 91, e02143-16.
doi: 10.1128/JVI.02143-16

Huang, Y., Huang, C., Chen, J., Chen, S., Li, B., Li, J., et al. (2024). Inhibition of sars-
cov-2 replication by A ssdna aptamer targeting the nucleocapsid protein. Microbiol.
Spectr. 12, E0341023. doi: 10.1128/spectrum.03410-23

Huang, S. W., and Wang, S. F. (2021). Sars-cov-2 entry related viral and host genetic
variations: implications on covid-19 severity, immune escape, and infectivity. Int. J.
Mol. Sci. 22, 3060. doi: 10.3390/ijms22063060

Iserman, C., Roden, C. A., Boerneke, M. A., Sealfon, R. S. G., Mclaughlin, G. A.,
Jungreis, I., et al. (2020). Genomic rna elements drive phase separation of the sars-cov-2
nucleocapsid. Mol. Cell 80, 1078–1091 E6. doi: 10.1016/j.molcel.2020.11.041

Jack, A., Ferro, L. S., Trnka, M. J., Wehri, E., Nadgir, A., Nguyenla, X., et al. (2021).
Sars-cov-2 nucleocapsid protein forms condensates with viral genomic rna. PloS Biol.
19, E3001425. doi: 10.1371/journal.pbio.3001425

Jackson, C. B., Farzan, M., Chen, B., and Choe, H. (2022). Mechanisms of sars-cov-2
entry into cells. Nat. Rev. Mol. Cell Biol. 23, 3–20. doi: 10.1038/s41580-021-00418-x

Jaspe, R. C., Loureiro, C. L., Sulbaran, Y., Moros, Z. C., D'angelo, P., Rodriguez, L., et al.
(2021). Introduction and rapid dissemination of sars-cov-2 gamma variant of concern in
Venezuela. Infect. Genet. Evol. 96, 105147. doi: 10.1016/j.meegid.2021.105147

Jia, Q., Bielefeldt-Ohmann, H., Maison, R. M., Maslesa-Galic, S., Cooper, S. K.,
Bowen, R. A., et al. (2021). Replicating bacterium-vectored vaccine expressing sars-cov-
2 membrane and nucleocapsid proteins protects against severe covid-19-like disease in
hamsters. NPJ Vaccines 6, 47. doi: 10.1038/s41541-021-00321-8

Kannan, S. R., Spratt, A. N., Cohen, A. R., Naqvi, S. H., Chand, H. S., Quinn, T. P.,
et al. (2021). Evolutionary analysis of the delta and delta plus variants of the sars-cov-2
viruses. J. Autoimmun 124, 102715. doi: 10.1016/j.jaut.2021.102715

Kashir, J., and Yaqinuddin, A. (2020). Loop mediated isothermal amplification
(Lamp) assays as A rapid diagnostic for covid-19. Med. Hypotheses 141, 109786.
doi: 10.1016/j.mehy.2020.109786

Kato, H., Takeuchi, O., Sato, S., Yoneyama, M., Yamamoto, M., Matsui, K., et al.
(2006). Differential roles of mda5 and rig-I helicases in the recognition of rna viruses.
Nature 441, 101–105. doi: 10.1038/nature04734

Kiyotani, K., Toyoshima, Y., Nemoto, K., and Nakamura, Y. (2020). Bioinformatic
prediction of potential T cell epitopes for sars-cov-2. J. Hum. Genet. 65, 569–575.
doi: 10.1038/s10038-020-0771-5

Lee, E., Sandgren, K., Duette, G., Stylianou, V. V., Khanna, R., Eden, J. S., et al. (2021).
Identification of sars-cov-2 nucleocapsid and spike T-cell epitopes for assessing T-cell
immunity. J. Virol. 95, e02002-20. doi: 10.1128/JVI.02002-20

Lin, S. M., Lin, S. C., Hsu, J. N., Chang, C. K., Chien, C. M., Wang, Y. S., et al. (2020).
Structure-based stabilization of non-native protein-protein interactions of coronavirus
nucleocapsid proteins in antiviral drug design. J. Med. Chem. 63, 3131–3141.
doi: 10.1021/acs.jmedchem.9b01913

Liu, H., Bai, Y., Zhang, X., Gao, T., Liu, Y., Li, E., et al. (2022). Sars-cov-2 N protein
antagonizes stress granule assembly and ifn production by interacting with G3bps to
facilitate viral replication. J. Virol. 96, E0041222. doi: 10.1128/jvi.00412-22

Liu, Z. S., Cai, H., Xue, W., Wang, M., Xia, T., Li, W. J., et al. (2019). G3bp1 promotes
dna binding and activation of cgas. Nat. Immunol. 20, 18–28. doi: 10.1038/s41590-018-
0262-4

Liu, C., Ginn, H. M., Dejnirattisai, W., Supasa, P., Wang, B., Tuekprakhon, A., et al.
(2021a). Reduced neutralization of sars-cov-2 B.1.617 by vaccine and convalescent
serum. Cell 184, 4220–4236 E13. doi: 10.1016/j.cell.2021.06.020
Frontiers in Cellular and Infection Microbiology 11
Liu, X., Wang, Y. L., Wu, J., Qi, J., Zeng, Z., Wan, Q., et al. (2021b). Neutralizing
aptamers block S/rbd-ace2 interactions and prevent host cell infection. Angew Chem.
Int. Ed Engl. 60, 10273–10278. doi: 10.1002/anie.202100345

Lopez-Munoz, A. D., Kosik, I., Holly, J., and Yewdell, J. W. (2022). Cell surface sars-
cov-2 nucleocapsid protein modulates innate and adaptive immunity. Sci. Adv. 8,
Eabp9770. doi: 10.1126/sciadv.abp9770

Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., et al. (2020). Genomic characterisation
and epidemiology of 2019 novel coronavirus: implications for virus origins and receptor
binding. Lancet 395, 565–574. doi: 10.1016/S0140-6736(20)30251-8

Luan, X., Li, X., Li, Y., Su, G., Yin, W., Jiang, Y., et al. (2022). Antiviral drug design based
on structural insights into the N-terminal domain and C-terminal domain of the sars-cov-2
nucleocapsid protein. Sci. Bull. (Beijing) 67, 2327–2335. doi: 10.1016/j.scib.2022.10.021

Ma, J., Chen, Y., Wu, W., and Chen, Z. (2021). Structure and function of N-terminal
zinc finger domain of sars-cov-2 nsp2. Virol. Sin. 36, 1104–1112. doi: 10.1007/s12250-
021-00431-6

Maghsood, F., Ghorbani, A., Yadegari, H., Golsaz-Shirazi, F., Amiri, M. M., and
Shokri, F. (2023). Sars-cov-2 nucleocapsid: biological functions and implication for
disease diagnosis and vaccine design. Rev. Med. Virol. 33, E2431. doi: 10.1002/rmv.2431

Malaga, J. L., Pajuelo, M. J., Okamoto, M., Tsinda, E. K., Otani, K., Tsukayama, P.,
et al. (2023). Rapid detection of sars-cov-2 rna using reverse transcription recombinase
polymerase amplification (Rt-rpa) with lateral flow for N-protein gene and variant-
specific deletion-insertion mutation in S-protein gene. Viruses 15, 1254. doi: 10.3390/
v15061254

Malone, B., Urakova, N., Snijder, E. J., and Campbell, E. A. (2022). Structures and
functions of coronavirus replication-transcription complexes and their relevance for
sars-cov-2 drug design. Nat. Rev. Mol. Cell Biol. 23, 21–39. doi: 10.1038/s41580-021-
00432-z

Matsuo, T. (2021). Viewing sars-cov-2 nucleocapsid protein in terms of molecular
flexibility. Biol. (Basel) 10, 454. doi: 10.3390/biology10060454

Matsuyama, S., Nagata, N., Shirato, K., Kawase, M., Takeda, M., and Taguchi, F.
(2010). Efficient activation of the severe acute respiratory syndrome coronavirus spike
protein by the transmembrane protease tmprss2. J. Virol. 84, 12658–12664.
doi: 10.1128/JVI.01542-10

Mccormick, C., and Khaperskyy, D. A. (2017). Translation inhibition and stress
granules in the antiviral immune response. Nat. Rev. Immunol. 17, 647–660.
doi: 10.1038/nri.2017.63

Menachery, V. D., Dinnon, K. H.3rd, Yount, B. L. Jr., Mcanarney, E. T., Gralinski, L.
E., Hale, A., et al. (2020). Trypsin treatment unlocks barrier for zoonotic bat
coronavirus infection. J. Virol. 94, e01774-19. doi: 10.1128/JVI.01774-19

Mu, J., Fang, Y., Yang, Q., Shu, T., Wang, A., Huang, M., et al. (2020a). Sars-cov-2 N
protein antagonizes type I interferon signaling by suppressing phosphorylation and
nuclear translocation of stat1 and stat2. Cell Discovery 6, 65. doi: 10.1038/s41421-020-
00208-3

Mu, J., Xu, J., Zhang, L., Shu, T., Wu, D., Huang, M., et al. (2020b). Sars-cov-2-
encoded nucleocapsid protein acts as A viral suppressor of rna interference in cells. Sci.
China Life Sci. 63, 1413–1416. doi: 10.1007/s11427-020-1692-1

Nanduri, S., Pilishvili, T., Derado, G., Soe, M. M., Dollard, P., Wu, H., et al. (2021).
Effectiveness of pfizer-biontech and moderna vaccines in preventing sars-cov-2
infection among nursing home residents before and during widespread circulation of
the sars-cov-2 B.1.617.2 (Delta) variant - national healthcare safety network, march 1-
august 1, 2021. Mmwr Morb Mortal Wkly Rep. 70, 1163–1166. doi: 10.15585/
mmwr.mm7034e3

Novoa, R. R., Calderita, G., Arranz, R., Fontana, J., Granzow, H., and Risco, C.
(2005). Virus factories: associations of cell organelles for viral replication and
morphogenesis. Biol. Cell 97, 147–172. doi: 10.1042/BC20040058

Ogata, A. F., Maley, A. M., Wu, C., Gilboa, T., Norman, M., Lazarovits, R., et al.
(2020). Ultra-sensitive serial profiling of sars-cov-2 antigens and antibodies in plasma
to understand disease progression in covid-19 patients with severe disease. Clin. Chem.
66, 1562–1572. doi: 10.1093/clinchem/hvaa213

Okamoto, M., Kouwaki, T., Fukushima, Y., and Oshiumi, H. (2017). Regulation of
rig-I activation by K63-linked polyubiquitination. Front. Immunol. 8, 1942.
doi: 10.3389/fimmu.2017.01942

Okba, N. M. A., Muller, M. A., Li, W., Wang, C., Geurtsvankessel, C. H., Corman, V.
M., et al. (2020). Severe acute respiratory syndrome coronavirus 2-specific antibody
responses in coronavirus disease patients. Emerg. Infect. Dis. 26, 1478–1488.
doi: 10.3201/eid2607.200841

Peng, Y., Du, N., Lei, Y., Dorje, S., Qi, J., Luo, T., et al. (2020). Structures of the sars-
cov-2 nucleocapsid and their perspectives for drug design. EMBO J. 39, E105938.
doi: 10.15252/embj.2020105938

Perdikari, T. M., Murthy, A. C., Ryan, V. H., Watters, S., Naik, M. T., and Fawzi, N. L.
(2020). Sars-cov-2 nucleocapsid protein phase-separates with rna and with human
hnrnps. EMBO J. 39, E106478. doi: 10.15252/embj.2020106478

Rehwinkel, J., and Gack, M. U. (2020). Rig-I-like receptors: their regulation and roles
in rna sensing. Nat. Rev. Immunol. 20, 537–551. doi: 10.1038/s41577-020-0288-3

Routhu, N. K., Gangadhara, S., Lai, L., Davis-Gardner, M. E., Floyd, K., Shiferaw, A.,
et al. (2022). A modified vaccinia ankara vaccine expressing spike and nucleocapsid
protects rhesus macaques against sars-cov-2 delta infection. Sci. Immunol. 7, Eabo0226.
doi: 10.1126/sciimmunol.abo0226
frontiersin.org

https://doi.org/10.1126/science.abh2644
https://doi.org/10.1002/jcla.24479
https://doi.org/10.1016/j.accpm.2021.100998
https://doi.org/10.1016/j.bbrc.2020.10.102
https://doi.org/10.1016/j.chom.2020.03.002
https://doi.org/10.1016/j.chom.2020.03.002
https://doi.org/10.1126/scitranslmed.abq1945
https://doi.org/10.1126/sciadv.abg7156
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1128/JVI.02143-16
https://doi.org/10.1128/spectrum.03410-23
https://doi.org/10.3390/ijms22063060
https://doi.org/10.1016/j.molcel.2020.11.041
https://doi.org/10.1371/journal.pbio.3001425
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1016/j.meegid.2021.105147
https://doi.org/10.1038/s41541-021-00321-8
https://doi.org/10.1016/j.jaut.2021.102715
https://doi.org/10.1016/j.mehy.2020.109786
https://doi.org/10.1038/nature04734
https://doi.org/10.1038/s10038-020-0771-5
https://doi.org/10.1128/JVI.02002-20
https://doi.org/10.1021/acs.jmedchem.9b01913
https://doi.org/10.1128/jvi.00412-22
https://doi.org/10.1038/s41590-018-0262-4
https://doi.org/10.1038/s41590-018-0262-4
https://doi.org/10.1016/j.cell.2021.06.020
https://doi.org/10.1002/anie.202100345
https://doi.org/10.1126/sciadv.abp9770
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/j.scib.2022.10.021
https://doi.org/10.1007/s12250-021-00431-6
https://doi.org/10.1007/s12250-021-00431-6
https://doi.org/10.1002/rmv.2431
https://doi.org/10.3390/v15061254
https://doi.org/10.3390/v15061254
https://doi.org/10.1038/s41580-021-00432-z
https://doi.org/10.1038/s41580-021-00432-z
https://doi.org/10.3390/biology10060454
https://doi.org/10.1128/JVI.01542-10
https://doi.org/10.1038/nri.2017.63
https://doi.org/10.1128/JVI.01774-19
https://doi.org/10.1038/s41421-020-00208-3
https://doi.org/10.1038/s41421-020-00208-3
https://doi.org/10.1007/s11427-020-1692-1
https://doi.org/10.15585/mmwr.mm7034e3
https://doi.org/10.15585/mmwr.mm7034e3
https://doi.org/10.1042/BC20040058
https://doi.org/10.1093/clinchem/hvaa213
https://doi.org/10.3389/fimmu.2017.01942
https://doi.org/10.3201/eid2607.200841
https://doi.org/10.15252/embj.2020105938
https://doi.org/10.15252/embj.2020106478
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.1126/sciimmunol.abo0226
https://doi.org/10.3389/fcimb.2024.1415885
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Huang et al. 10.3389/fcimb.2024.1415885
Royster, A., Ren, S., Ma, Y., Pintado, M., Kahng, E., Rowan, S., et al. (2023). Sars-cov-
2 nucleocapsid protein is A potential therapeutic target for anticoronavirus drug
discovery. Microbiol. Spectr. 11, E0118623. doi: 10.1128/spectrum.01186-23

Sanders, D. W., Kedersha, N., Lee, D. S. W., Strom, A. R., Drake, V., Riback, J. A.,
et al. (2020). Competing protein-rna interaction networks control multiphase
intracellular organization. Cell 181, 306–324 E28. doi: 10.1016/j.cell.2020.03.050

Santacroce, L., Charitos, I. A., Carretta, D. M., De Nitto, E., and Lovero, R. (2021).
The human coronaviruses (Hcovs) and the molecular mechanisms of sars-cov-2
infection. J. Mol. Med. (Berl) 99, 93–106. doi: 10.1007/s00109-020-02012-8

Sarkar, S., Runge, B., Russell, R. W., Movellan, K. T., Calero, D., Zeinalilathori, S.,
et al. (2022). Atomic-resolution structure of sars-cov-2 nucleocapsid protein N-
terminal domain. J. Am. Chem. Soc. 144, 10543–10555. doi: 10.1021/jacs.2c03320

Savastano, A., Ibanez De Opakua, A., Rankovic, M., and Zweckstetter, M. (2020).
Nucleocapsid protein of sars-cov-2 phase separates into rna-rich polymerase-
containing condensates. Nat. Commun. 11, 6041. doi: 10.1038/s41467-020-19843-1

Schneider, W. M., Chevillotte, M. D., and Rice, C. M. (2014). Interferon-stimulated
genes: A complex web of host defenses. Annu. Rev. Immunol. 32, 513–545.
doi: 10.1146/annurev-immunol-032713-120231

Shang, J., Wan, Y., Luo, C., Ye, G., Geng, Q., Auerbach, A., et al. (2020). Cell entry
mechanisms of sars-cov-2. Proc. Natl. Acad. Sci. U.S.A. 117, 11727–11734. doi: 10.1073/
pnas.2003138117

Shibabaw, T., Molla, M. D., Teferi, B., and Ayelign, B. (2020). Role of ifn and
complements system: innate immunity in sars-cov-2. J. Inflammation Res. 13, 507–518.
doi: 10.2147/JIR.S267280

Sun, M., Liu, S., Wei, X., Wan, S., Huang, M., Song, T., et al. (2021). Aptamer
blocking strategy inhibits sars-cov-2 virus infection. Angew Chem. Int. Ed Engl. 60,
10266–10272. doi: 10.1002/anie.202100225

Tan, X., Krel, M., Dolgov, E., Park, S., Li, X., Wu, W., et al. (2020). Rapid and
quantitative detection of sars-cov-2 specific igg for convalescent serum evaluation.
Biosens Bioelectron 169, 112572. doi: 10.1016/j.bios.2020.112572

Tarke, A., Sidney, J., Kidd, C. K., Dan, J. M., Ramirez, S. I., Yu, E. D., et al. (2021).
Comprehensive analysis of T cell immunodominance and immunoprevalence of sars-cov-
2 epitopes in covid-19 cases. Cell Rep. Med. 2, 100204. doi: 10.1016/j.xcrm.2021.100204

Tatar, G., Ozyurt, E., and Turhan, K. (2021). Computational drug repurposing study
of the rna binding domain of sars-cov-2 nucleocapsid protein with antiviral agents.
Biotechnol. Prog. 37, E3110. doi: 10.1002/btpr.3110

Tegally, H., Wilkinson, E., Giovanetti, M., Iranzadeh, A., Fonseca, V., Giandhari, J.,
et al. (2021). Detection of A sars-cov-2 variant of concern in South Africa. Nature 592,
438–443. doi: 10.1038/s41586-021-03402-9

Trougakos, I. P., Stamatelopoulos, K., Terpos, E., Tsitsilonis, O. E., Aivalioti, E.,
Paraskevis, D., et al. (2021). Insights to sars-cov-2 life cycle, pathophysiology, and
rationalized treatments that target covid-19 clinical complications. J. BioMed. Sci. 28, 9.
doi: 10.1186/s12929-020-00703-5

V'kovski, P., Kratzel, A., Steiner, S., Stalder, H., and Thiel, V. (2021). Coronavirus
biology and replication: implications for sars-cov-2. Nat. Rev. Microbiol. 19, 155–170.
doi: 10.1038/s41579-020-00468-6

Vega-Magana, N., Sanchez-Sanchez, R., Hernandez-Bello, J., Venancio-Landeros, A.
A., Pena-Rodriguez, M., Vega-Zepeda, R. A., et al. (2021). Rt-qpcr assays for rapid
detection of the N501y, 69-70del, K417n, and E484k sars-cov-2 mutations: A screening
strategy to identify variants with clinical impact. Front. Cell Infect. Microbiol. 11,
672562. doi: 10.3389/fcimb.2021.672562
Frontiers in Cellular and Infection Microbiology 12
Verhelst, K., Verstrepen, L., Carpentier, I., and Beyaert, R. (2013). Ikappab kinase
epsilon (Ikkepsilon): A therapeutic target in inflammation and cancer. Biochem.
Pharmacol. 85, 873–880. doi: 10.1016/j.bcp.2013.01.007

Volz, E., Mishra, S., Chand, M., Barrett, J. C., Johnson, R., Geidelberg, L., et al. (2021).
Assessing transmissibility of sars-cov-2 lineage B.1.1.7 in england. Nature 593, 266–
269. doi: 10.1038/s41586-021-03470-x

Walls, A. C., Park, Y. J., Tortorici, M. A., Wall, A., Mcguire, A. T., and Veesler, D.
(2020). Structure, function, and antigenicity of the sars-cov-2 spike glycoprotein. Cell
181, 281–292 E6. doi: 10.1016/j.cell.2020.02.058

Wang, J., Cai, K., Zhang, R., He, X., Shen, X., Liu, J., et al. (2020). Novel one-step
single-tube nested quantitative real-time pcr assay for highly sensitive detection of sars-
cov-2. Anal. Chem. 92, 9399–9404. doi: 10.1021/acs.analchem.0c01884

Wang, S., Dai, T., Qin, Z., Pan, T., Chu, F., Lou, L., et al. (2021). Targeting liquid-liquid
phase separation of sars-cov-2 nucleocapsid protein promotes innate antiviral immunity
by elevating mavs activity. Nat. Cell Biol. 23, 718–732. doi: 10.1038/s41556-021-00710-0

Wang, C. Y., Hwang, K. P., Kuo, H. K., Peng, W. J., Shen, Y. H., Kuo, B. S., et al. (2022).
A multitope sars-cov-2 vaccine provides long-lasting B cell and T cell immunity against
delta and omicron variants. J. Clin. Invest. 132, e157707. doi: 10.1172/JCI157707

Weisblum, Y., Schmidt, F., Zhang, F., Dasilva, J., Poston, D., Lorenzi, J. C., et al.
(2020). Escape from neutralizing antibodies by sars-cov-2 spike protein variants. Elife 9,
e61312. doi: 10.7554/eLife.61312.sa2

Wu, Y., Ma, L., Cai, S., Zhuang, Z., Zhao, Z., Jin, S., et al. (2021). Rna-induced liquid
phase separation of sars-cov-2 nucleocapsid protein facilitates nf-kappab hyper-
activation and inflammation. Signal Transduct Target Ther. 6, 167. doi: 10.1038/
s41392-021-00575-7

Yang, H., and Rao, Z. (2021). Structural biology of sars-cov-2 and implications for
therapeutic development.Nat. Rev.Microbiol. 19, 685–700. doi: 10.1038/s41579-021-00630-8

Yang, W., Ru, Y., Ren, J., Bai, J., Wei, J., Fu, S., et al. (2019). G3bp1 inhibits rna virus
replication by positively regulating rig-I-mediated cellular antiviral response. Cell
Death Dis. 10, 946. doi: 10.1038/s41419-019-2178-9

Yao, Z., Zhang, L., Duan, Y., Tang, X., and Lu, J. (2024).Molecular insights into the adaptive
evolution of sars-cov-2 spike protein. J. Infect. 88, 106121. doi: 10.1016/j.jinf.2024.106121

Yoshimoto, F. K. (2020). The proteins of severe acute respiratory syndrome
coronavirus-2 (Sars cov-2 or N-cov19), the cause of covid-19. Protein J. 39, 198–216.
doi: 10.1007/s10930-020-09901-4

Zeng, W., Liu, G., Ma, H., Zhao, D., Yang, Y., Liu, M., et al. (2020). Biochemical
characterization of sars-cov-2 nucleocapsid protein. Biochem. Biophys. Res. Commun.
527, 618–623. doi: 10.1016/j.bbrc.2020.04.136

Zhang, Y., Wei, M., Wu, Y., Wang, J., Hong, Y., Huang, Y., et al. (2022). Cross-
species tropism and antigenic landscapes of circulating sars-cov-2 variants. Cell Rep. 38,
110558. doi: 10.1016/j.celrep.2022.110558

Zhang, L., Xu, W., Gao, X., Li, W., Qi, S., Guo, D., et al. (2020). Lncrna sensing of A
viral suppressor of rnai activates non-canonical innate immune signaling in drosophila.
Cell Host Microbe 27, 115–128 E8. doi: 10.1016/j.chom.2019.12.006

Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A
pneumonia outbreak associated with A new coronavirus of probable bat origin. Nature
579, 270–273. doi: 10.1038/s41586-020-2012-7

Zinzula, L., Basquin, J., Bohn, S., Beck, F., Klumpe, S., Pfeifer, G., et al. (2021). High-
resolution structure and biophysical characterization of the nucleocapsid phosphoprotein
dimerization domain from the covid-19 severe acute respiratory syndrome coronavirus 2.
Biochem. Biophys. Res. Commun. 538, 54–62. doi: 10.1016/j.bbrc.2020.09.131
frontiersin.org

https://doi.org/10.1128/spectrum.01186-23
https://doi.org/10.1016/j.cell.2020.03.050
https://doi.org/10.1007/s00109-020-02012-8
https://doi.org/10.1021/jacs.2c03320
https://doi.org/10.1038/s41467-020-19843-1
https://doi.org/10.1146/annurev-immunol-032713-120231
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.2147/JIR.S267280
https://doi.org/10.1002/anie.202100225
https://doi.org/10.1016/j.bios.2020.112572
https://doi.org/10.1016/j.xcrm.2021.100204
https://doi.org/10.1002/btpr.3110
https://doi.org/10.1038/s41586-021-03402-9
https://doi.org/10.1186/s12929-020-00703-5
https://doi.org/10.1038/s41579-020-00468-6
https://doi.org/10.3389/fcimb.2021.672562
https://doi.org/10.1016/j.bcp.2013.01.007
https://doi.org/10.1038/s41586-021-03470-x
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1021/acs.analchem.0c01884
https://doi.org/10.1038/s41556-021-00710-0
https://doi.org/10.1172/JCI157707
https://doi.org/10.7554/eLife.61312.sa2
https://doi.org/10.1038/s41392-021-00575-7
https://doi.org/10.1038/s41392-021-00575-7
https://doi.org/10.1038/s41579-021-00630-8
https://doi.org/10.1038/s41419-019-2178-9
https://doi.org/10.1016/j.jinf.2024.106121
https://doi.org/10.1007/s10930-020-09901-4
https://doi.org/10.1016/j.bbrc.2020.04.136
https://doi.org/10.1016/j.celrep.2022.110558
https://doi.org/10.1016/j.chom.2019.12.006
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1016/j.bbrc.2020.09.131
https://doi.org/10.3389/fcimb.2024.1415885
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Molecular characterization of SARS-CoV-2 nucleocapsid protein
	1 Introduction
	2 The structure of the N protein
	3 Role of N protein in SARS-COV-2 replication
	4 The N protein’s RNA binding occurs within a phase-separated environment
	5 Host immunity modulation of by N protein
	6 Diagnostics and drug development targeting N protein
	7 Progress in N protein vaccine development
	8 Prospects and discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


