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Abstract

:

Due to their exceptional simplicity of organization, viruses rely on the resources, molecular mechanisms, macromolecular complexes, regulatory pathways, and functional compartments of the host cell for an effective infection process. The nucleolus plays an important role in the process of interaction between the virus and the infected cell. The interactions of viral proteins and nucleic acids with the nucleolus during the infection process are universal phenomena and have been described for almost all taxonomic groups. During infection, proteins of the nucleolus in association with viral components can be directly used for the processes of replication and transcription of viral nucleic acids and the assembly and transport of viral particles. In the course of a viral infection, the usurpation of the nucleolus functions occurs and the usurpation is accompanied by profound changes in ribosome biogenesis. Recent studies have demonstrated that the nucleolus is a multifunctional and dynamic compartment. In addition to the biogenesis of ribosomes, it is involved in regulating the cell cycle and apoptosis, responding to cellular stress, repairing DNA, and transcribing RNA polymerase II-dependent genes. A viral infection can be accompanied by targeted transport of viral proteins to the nucleolus, massive release of resident proteins of the nucleolus into the nucleoplasm and cytoplasm, the movement of non-nucleolar proteins into the nucleolar compartment, and the temporary localization of viral nucleic acids in the nucleolus. The interaction of viral and nucleolar proteins interferes with canonical and non-canonical functions of the nucleolus and results in a change in the physiology of the host cell: cell cycle arrest, intensification or arrest of ribosome biogenesis, induction or inhibition of apoptosis, and the modification of signaling cascades involved in the stress response. The nucleolus is, therefore, an important target during viral infection. In this review, we discuss the functional impact of viral proteins and nucleic acid interaction with the nucleolus during infection.
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1. Introduction


The nucleolus is the largest nuclear compartment. The main function of the nucleolus is the synthesis of rRNA and the assembly of ribosomes [1,2,3]. In mammals, the nucleolus is assembled around tandem repeats of ribosomal DNA located in the nucleolar organizer (NOR) regions on acrocentric chromosomes. Nucleolus integrity is maintained only under conditions of active rRNA transcription [4]. Under physiological conditions, the nucleolus has a tripartite structure that consists of the fibrillar center (FC), the dense fibrillar component (DFC), and the granular component (GC). As a rule, several FCs are present in a single nucleolus and they are surrounded by DFC. Transcription of ribosomal genes occurs at the border of the FC and DFC and the processing of newly synthesized rRNA begins in the DFC and ends in the GC where ribosomes are assembled [5]. The key role in the formation of the tripartite structure of the nucleolus is played by RNA polymerase I and other factors of the transcriptional apparatus (in FC), nucleolin (in DFC), nucleophosmin (in GC), and references therein [4]. Ribosomal DNA clusters of endothermic animals consist of repeating modules containing rRNA coding regions separated by a transcribed intergenic spacer (IGS) and a non-transcribed spacer [6,7]. Each transcriptional unit is transcribed by RNA polymerase I to form 47S pre-rRNA. During processing and modification, pre-rRNA gives rise to mature 18S, 28S, and 5.8S RNA. The rRNA processing is finalized in the GC and mature rRNA becomes associated with ribosomal proteins and 5S RNA.



The modern concept of the multifunctional nucleolus [1,3,8,9] is based on proteomic data [10,11]. The proteome of the nucleolus contains more than 4500 proteins and a significant number of these proteins are not involved in the biogenesis of ribosomes. Hundreds of nucleolar proteins are involved in functional processes that are usually referred to as non-canonical functions of the nucleolus. The nucleolus contains proteins involved in controlling the cell cycle; assembling signal recognition particles; replicating and repairing DNA; regulating apoptosis and aging; detecting various kinds of stress stimuli and responding to stress; apoptosis; and aging. In addition to rRNA, snRNAs, aluRNA, tRNA (in yeast), and the RNA component of the signal recognition particle are transiently localized in the nucleolus. It is the site of additional RNA processing, including mRNA export and degradation; the maturation of uridine-rich small nuclear RNPs (U snRNPs), which form the core of the spliceosome; and biogenesis of t-RNA and microRNAs (miRNAs). Finally, the nucleolus is directly involved in maintaining the genome architecture and serves as a scaffold for the assembly of the repressive nuclear compartment [12].



Proteins diffusing in the nucleoplasm can enter membraneless nuclear compartments and either be held there or continue to move through the nuclear space. The nucleolus is a typical membraneless compartment for which its integrity is maintained by multiple weak interactions of nucleolar proteins with one another and with RNA. These promiscuous interactions that are mainly mediated by unstructured protein domains slow down the diffusion of proteins in the nucleolus [13]. The formation and maintenance of the integrity of the nucleolus, as well as of the subcompartments within the nucleolus, is best described in terms of the liquid–liquid phase separation model [4,14]. The binding of certain proteins to rRNA increases their local concentration above a threshold of phase separation. Certain amino acid motifs ensure the interaction of various nucleolar proteins with rRNA. Termed nucleolar localization signals (NoLS), these motifs are characterized by their enrichment in the positively charged amino acids [15,16]. NoLS are present in the amino acid sequences of many proteins of the nucleolar proteome. Typically, NoLS consists of 7 to 30 amino acid motifs rich in arginine and/or lysine. Despite the heterogeneity of the described NoLS, their presence in the protein is an obvious common feature of many non-nucleolar proteins transiently localized in the nucleolus. An alternative method to retain proteins in the nucleolus (including proteins that do not contain NoLS) is their interaction with chaperone molecules that possess NoLS. Nucleophosmin, a multifunctional resident protein of the nucleolus, is one such chaperone. The key role in the assembly of the nucleolus after mitosis is played by the association of nucleolin with unprocessed rRNA and nucleophosmin with partially processed rRNA. These proteins direct DFC and GC assembly around transcribed ribosomal repeats. The concept of a nucleolar protein hub, which is proposed by Emmot and Hiscox [17], suggests that resident proteins of the nucleolus, in particular nucleophosmin, can establish multiple (up to ten) contacts with partner proteins while simultaneously engaging in specific interactions with other nucleolus proteins. A liquid condensate generated by the interaction of resident nucleolar proteins can retain a significant number of client proteins. This retention (which can be considered the deposition of proteins in the nucleolus) is provided by both weak low-affinity interactions of proteins with rRNA and/or resident proteins of the nucleolus [17] and by specific strong interactions of certain proteins with resident components of the nucleolar hub.



The nucleolus is not only a multifunctional structure but also a highly dynamic structure. Assembly of the nucleolus by multiple interactions of various proteins and RNAs underlies the ability of the nucleolus to respond quickly to external and internal stimuli. Both canonical and non-canonical functions of the nucleolus are provided by the constant redistribution (the sequestration or release) of specific proteins between the nucleolus and the nucleoplasm and even the cytoplasm [17]. Data obtained using mass spectrometric analysis (SILAC) and live-cell fluorescence microscopy indicate that the protein composition of the nucleolus is very dynamic. From the point of view of flux-in and flux-out dynamics, nucleolar proteins can be conditionally divided into three groups: (i) resident proteins of the nucleolus localized mainly in the nucleolus (RNA polymerase I and fibrillarin); (ii) nucleolar multitasking proteins (nucleolin and nucleophosmin) that constantly shuttle between the nucleolus and the nucleoplasm and even the cytoplasm and in addition to participating in the biogenesis of ribosomes perform other functions; (iii) proteins that are directed to the nucleolus or leave the nucleolus exclusively in response to certain external stimuli and/or stresses, including viral infection.



Under stresses of different etiology, cardinal changes occur in the proteome of the nucleolus [18,19]. Non-nucleolar proteins are directed to the nucleolus and vice versa. Furthermore, the resident nucleolus proteins are transported to the nucleoplasm and even to the cytoplasm. The transcription of noncoding RNAs is induced from the intergenic spacers of the rDNA clusters and RNA polymerase II starts the transcription of PAPAS RNA in the direction opposite to the direction of ribosomal gene transcription [20,21]. In some cases, the transcription of ribosomal genes is repressed, which triggers the arrest of the cell cycle and/or apoptosis [22]. The need to reduce the level of ribosome biogenesis under stress is evident, as it is one of the most energy-consuming metabolic processes. Therefore, to manage stressful conditions, the cell stops transcription of ribosomal genes and mobilizes all resources to overcome the consequences of stress. Modulation of transcription of ribosomal genes is closely related to cell cycle regulation or induction of apoptosis or transformation. The nucleolus is a platform that integrates intracellular and external signals, coordinating the process of ribosome biogenesis with the physiological state of the cell.



Viruses are obligate intracellular parasites that use host cell machinery for their replication. Due to their organizational simplicity, viruses rely on cellular resources, molecular mechanisms, macromolecular complexes, functional compartments, and signaling pathways for an effective infectious process. The outcome of a viral infection can be regulated lysis of the host cell, the establishment and maintenance of persistent infection (when the cell remains alive and produces viral particles for a long period of time), and a latent infection that is accompanied by transformation and/or malignancy. The relationship between the host cell and the pathogen depends on the type of viral infection and, in each case, a unique program of interaction occurs between the pathogen and the host. Viral infection is often accompanied by targeting of viral proteins to the nucleolus, massive release of resident nucleolar proteins into the nucleoplasm and cytoplasm, and temporal localization of viral nucleic acids in the nucleolus. On the other hand, cellular proteins that are not normally present in the nucleolus can be relocated to the nucleolus and participate in the infectious process. In some cases, viruses use the nucleolus as a platform for transcription of viral genomes and post-transcriptional RNA processing. Nucleolar proteins can migrate from the nucleolus and, in association with viral proteins, participate in replicating and transcribing viral nucleic acids and assembly and the transport of viral particles in the nucleoplasm and cytoplasm. Viral proteins recruited to the nucleolus can adapt the regulatory networks that maintain cellular homeostasis for the reproduction and progression of viruses. In the latter case, the nucleolus acts as an interface in the interaction between the pathogen and the host cell. Various aspects of the interaction between the nucleolus and viruses during the infectious process are addressed in several reviews [23,24,25,26,27,28,29]. The targeting of viral proteins into the nucleolus can be accomplished using several mechanisms. Along with nuclear export and import signals, many viral proteins contain NoLS, which ensures their retention in the nucleolus. Viral proteins in the nucleolus (and the host cell’s proteins) are retained by their interaction with rRNA, rDNA, and resident proteins of the nucleolus. Some viral proteins are delivered to the nucleoli by chaperones that shuttle between the nucleoplasm and the nucleolus and interacts with viral proteins. The fact that many viral proteins contain NoLS indicates that specific mechanisms have been developed in the course of the virus’ evolution that allow it to use the nucleolus for a successful infectious process. For many years, experimental studies devoted to the study of the viral protein’s interaction with the nucleolus were focused on the identification of NoLS in viral proteins and the analysis of the dependence of the efficiency of the infectious process on the nucleolar localization of these proteins [26,29,30]. With the development of proteomics, our understanding of the range of interacting viral and cellular, including nucleolar, proteins and the functional significance of these interactions has expanded [31,32,33,34,35]. Here, we discuss different aspects of virus–host interaction assisted by the nucleolar interface.




2. Nucleolus as a Site of Transcription and Maturation of Viral RNAs and Assembly of Viral Particles


The interactions of viral proteins and the nucleolus are multifaceted and it is challenging to discriminate distinct functional consequences of these interactions. However, it is worth discussing separately when viral genetic materials are found in the nucleolus and the nucleolus is used as a platform for transcription and maturation of viral RNAs and as a location for the assembly and storage of virus particles.



The vast majority of RNA-containing viruses, which lack the DNA phase in the infectious cycle, replicate in the cytoplasm. However, some viruses with minus RNA strand genomes (influenza virus, Togovirus, and Borna disease virus) replicate genomic RNA in the nucleus and closely interact with the nucleolus. Early work demonstrated that the Borna disease virus uses the nucleolus as a replication site [36]. The hepatitis delta virus antigenomic RNA is transcribed in the nucleolus and the opposite polarity RNA strand is synthesized in the nucleoplasm [37]. Most of this genomic RNA appeared to colocalize with the PML nuclear bodies, providing additional evidence that HDV RNA synthesis occurs using Pol I and Pol II transcription machinery. This segregation allows the virus to make maximum use of the transcriptional apparatus and host cell nucleus compartmentalization.



During human immunodeficiency virus (HIV) infection, the virus uses the nucleolus as a “staging area” and platform for the assembly of viral RNP particles. In this case, many non-nucleolar proteins are relocated to the nucleolus and contribute to the organization of this platform along with viral proteins.



The HIV genome encodes proteins that are translated from fully spliced, partially spliced, and unspliced viral RNAs. Unspliced RNA is used as genomic RNA and mRNA for the synthesis of Gag and Gag-Pol proteins. Partially spliced RNAs are used as mRNAs for the synthesis of the Vif, Vpr, Tat, Vpu, and Env proteins, whereas fully spliced RNAs are used as mRNAs for the synthesis of Vpr, Tat, Rev, and Nef proteins. Fully spliced RNAs are stable and transported from the nucleus to the cytoplasm. In contrast, unspliced and incompletely spliced HIV RNAs are unstable and rapidly degraded in the nucleus. Sequestration of these RNAs in the nucleolus protects them from destruction. The viral Rev protein is required to transport unspliced and incompletely spliced viral RNAs to the cytoplasm and the assembly of the transport complex occurs in the nucleolus. The Rev protein possesses the nuclear localization signal and NoLS. After entering the nucleus, Rev interacts with nucleoporins Nup98 and Nup214 and exportin CRM1 and the assembled complex is transported to the nucleolus [38,39,40]. In the nucleolus, Rev multimerizes and binds to specific RRE sequences in the viral RNA [41]. The transport complex is then assembled. Export of unspliced (partially spliced) viral RNA as part of the transport complex avoids the degradation of this RNA [42].



During infection with DNA-containing adeno-associated viruses, intact viral particles are sequestered in the dormant state in the nucleolus while maintaining infectivity. During mitosis or under stressful conditions, when the nucleolus is destroyed, these viral particles acquire a chance to reach the replication sites in the nucleoplasm. Temporary sequestration in the nucleolus may be a prerequisite for the effective uncoating of the virus [43,44]. Influenza A virus double-helical ribonucleoprotein complex (vRNP) performs transcription and replication of viral genomic RNA (vRNA). Unlike most RNA viruses, vRNP formation accompanied by vRNA replication is carried out in the nucleus of virus-infected cells. All vRNP components are colocalized in the nucleolus of virus-infected cells at an early stage of infection [45].




3. Nucleolus as the Source of Materials for Implementation of Infectious Process


In the previous section, we discussed the usage of the nucleolus as a specialized compartment in which the viral RNA matures and is prepared for transport to the cytoplasm and virions are assembled and stored. In the context of the interaction between the virus and the host cell, this is a rather “vegetarian” scenario that is not associated with gross usurpation of the nucleolar components correlated with degradation of the nucleolus. There is an alternative strategy of interaction between the virus and the nucleolus, which involves the export of one or several components of the nucleolus into the nucleoplasm for use by the virus during the infectious process. One of the forms of resource usurpation and control of the activity of the host cell is the formation of a virus-induced microenvironment, which consists of the so-called viroplasma, viral factories, or viral replication centers (VRC) where replication and transcription of the viral genome occurs and, in some cases, also the splicing of viral RNA and the assembly of viral particles [46]. The formation of a special compartment for viral genome replication is a fairly common phenomenon in viral biology. Sequestration of the viral replicative machinery within VRC makes it possible to simultaneously solve two problems: To provide a high concentration of the necessary enzymes and to protect viral replicative factories from the host’s antiviral defense systems. Nucleolus proteins are often used as components of viral replication centers.



In cells infected with herpes viruses (HSV1 and HCMV), the structure and protein composition of the nucleolus are significantly modified during the formation of VRC [47,48]. During infection with the herpes simplex virus, the three major proteins of the nucleolus—nucleolin, nucleophosmin, and fibrillarin—as well as RPA 194, move into the VRCs where they colocalize with the viral DNA-binding protein ICP8 and participate in the replication, transcription, and the assembly of viral particles. During cytomegalovirus infection, the association of nucleolin with the viral DNA polymerase component UL44 is required for efficient DNA replication and the expression of late proteins [49]. The association of nucleolin with the viral proteins UL84 and UL44 provides, among other tasks, the maintenance of the architecture of the VRC [48,50]. Numerous nuclear proteins, including proteins of the nucleolus B23, UBF, fibrillarin, Nap140, nucleolin, POLD1, TECOFI, NOLC1, and SUMO 1 are found in the replication centers of various viruses [46,51,52]. An interesting example of the use of nucleolar proteins in the course of a viral infection is demonstrated by flaviviruses, represented by the Dengue fever virus. The capsid proteins of the virus appear in the GC of the nucleolus and displaces nucleophosmin [53]. At later stages of infection, the viral capsid protein colocalizes with nucleolin, which is involved in the assembly of mature viral particles [54,55]. Nucleolin is also present in the feline calicivirus RNA translational complex and, for efficient virus replication, the N-terminal region of nucleolin is required [56]. The WNV (West Nile virus) capsid protein binds to nucleolar RNA helicase DDX56. This complex is transported into the cytoplasm where it participates in the post-replicative assembly of viral particles [57,58]. Similarly, during infection with HIV-1, the nucleolus helicase DDX56 is released into the nucleoplasm, where it interacts with the viral protein Gag. This interaction is required for the assembly of virus particles [59].



Influenza virus (IVA) infection causes changes in the nucleolus proteome [60]. The displacement of nucleolin to the periphery of the nucleus and the redistribution of fibrillarin accompanies the accumulation of the multifunctional viral protein NS1 in the nucleolus during infection [61]. It is assumed that nucleolin provides the transport of viral ribonucleoprotein complexes and is involved in replicating viral RNA. The nucleolar protein RRP1B, which is involved in ribosome biogenesis, is translocated from the nucleolus to the nucleoplasm during infection with the influenza virus and is associated with RNA-dependent RNA polymerase, enhancing the transcription of viral RNA [62]. In addition, one of the multifunctional proteins of the nucleolus, LYAR, moves from the nucleolus to the nucleoplasm and cytoplasm, facilitating the assembly of ribonucleoprotein complexes of the influenza A virus [63].



Comparison of the proteome of nucleoli isolated from healthy cells and cells infected with adenoviruses suggest that the movement from and to the nucleolus encompasses a very wide range of proteins. As aforementioned, typical nucleolar proteins move to the viral replicative centers, while both viral proteins and multiple cellular proteins move into the nucleolus, in particular, NUP210 (a component of the pore complex), PIK 3R6 (regulatory subunit of phosphoinositide kinase), and ribosomal protein S15a [35]. Unfortunately, these observations are rather descriptive and the consequences of large-scale movements of cellular proteins during infection have not been characterized. Changes in the nucleolus proteome at the late stages of HIV-1 infection have been studied in depth. The HIV-1 Tat protein produced after integrating the viral genome triggers the transition from the latent form of infection to the productive phase associated with the expression of viral proteins and the assembly and release of viral particles. The HIV-1 Tat is found both in the nucleolus and in the nucleoplasm. Using a model for overexpression of exogenous Tat proteins in transformed Jurkat cells, it was demonstrated that Tat expression is accompanied by the movement of a wide range of cellular proteins into the nucleolus. This movement contributes to the formation of the intracellular environment and the metabolic profile of T cells that provide stable production of virions [64]. The changes in abundance of specific nucleolar proteins highlight the extensive and coordinated nucleolar reorganization in response to Tat constitutive expression. It should be mentioned, however, that the adequacy of the cell model used in the cited work raises some doubts: In natural conditions, HIV-1 does not affect transformed cells but affects normal cells. The reaction to any endogenous and exogenous stimuli of the transformed cells is obviously different from the reaction of normal cells.



Small nucleolar RNAs (snoRNAs) were first described in 1979 [65] and are currently one of the most studied classes of noncoding RNAs. SnoRNAs are 60–300 nucleotides long, highly expressed (up to 200,000 copies per cell), and deposited in the nucleolus. The most studied function of snoRNAs is a scaffolding of the protein complex mediating splicing and modification of the ribosomal and some other RNAs [66,67]. There is substantial evidence for the interaction of viruses with C/D-box small nucleolar RNAs (SNORDs). Screening using gene-trap insertional mutagenesis showed the need for SNORDs to replicate several DNA viruses (CPV and HSV2) and RNA viruses (DFV, FLU, HRV16, and RSV) [68]. Interaction between viruses and SNORDs is evidenced by the increased expression of SNORD3, SNORD44, SNORD76, and SNORD78 after viral infection with Chikungunya fever virus (CHIKV) [69]. Furthermore, significant changes in the level of SNORDs were observed in pig blood after infection with porcine reproductive and respiratory syndrome virus (PRRSV) [70]. In some cases (e.g., Moloney leukemia virus), SNORDs and other noncoding RNAs are found in virions [71]. It is assumed that these noncoding RNAs can participate in the packaging of virions. SnoRNAs are mainly localized in the nucleolus but can move into the cytosol in response to specific stimuli [72].



Cellular mRNAs contain N7-methylguanylated CAP (m7G) required for translation and export. As a rule, DNA viruses replicating in the nucleus use the host cell machinery for capping, while most RNA viruses cannot follow this path since they replicate in the cytosol. RNA viruses have developed other strategies to overcome this limitation, including “cap snatching.” Snatching the cap involves using a short fragment of the host’s RNA for the primary synthesis of viral RNA. Snatching was first detected in influenza virus infection [73] and has since been described for both nuclear and cytosolic viruses. Global RNA sequencing of human epithelial cells infected with influenza A virus (IAV H1N1/swine flu) [74] and IAV (Brisbane/59/2007) [75] showed that viruses snatch caps of numerous noncoding RNAs, as well as snoRNAs, including SNORD3, SNORD118 (U8), and SNORD13. SNORDs contain the m7G cap in the primary transcript; after export to the cytosol, the cap is hypermethylated to 2,2,7-trimethyl, which results in their nuclear re-import. Notably, some viral caps are m7G caps; that is, primary snoRNAs are snatched in the nucleus prior to their cytosolic export [76].




4. Changes in Transcription of rDNA and Biogenesis of Ribosomes during Viral Infection


Changes in the level of ribosomal gene transcription (up to the complete arrest) in response to changes in external factors and under stress is a universal mechanism of stress adaptation. In this case, the nucleolus is both a sensor and a coordinating center of the stress response process. Under stress conditions, when there is a need to save resources and energy, slowing down or completely stopping ribosome biogenesis is the only reasonable strategy for survival and overcoming the consequences of stress. One of the main components of the nucleolar transcriptional machinery is the TIF1A and it is a key factor linking the arrest of ribosome biogenesis with the receipt of a stress signal. Under conditions of oxidative or ribotoxic stress, c-jun N-terminal protein kinase 2 (JNK2) is activated, which triggers the process of TIF1A phosphorylation at the Thr200 position. Phosphorylation at this position disrupts the interaction of TIF1A with Pol I and SL1/TIF-1B on the ribosomal gene promoter, which in turn inhibits the initiation of transcription [77]. In addition, phosphorylation of TIF1A at Thr200 causes the transfer of this protein from the nucleolus to the nucleoplasm. Under normal conditions, the intensity of ribosome biogenesis is directly determined by the cell’s needs and, accordingly, by the intensity of cell growth. If a sufficient amount of glucose is available, TIF-1A becomes phosphorylated at positions Ser649, Ser633, and Ser199 with the participation of RSK, ERK, and mTOR, which is necessary for active transcription of ribosomal DNA [78]. Growth stimuli, such as insulin-like growth factor 1 signaling, act similarly. IGF-1 activates mTOR, which phosphorylates TIF-1A at the aforementioned positions and induces an increase in the level of rRNA transcription [79]. Lack of glucose causes arrest of rRNA transcription. In cases of an energy shortage, the AMP/ATP ratio increases and AMP-dependent protein kinase (AMPK) is activated. AMPK-dependent phosphorylation of TIF-1A at Ser635 prevents the interaction of TIF-1A with the UBF-SL1 pre-initiation complex and thus causes a block of transcription initiation [80]. Similarly, the nucleolus detects changes in the NAD (+)/NADH ratio. The eNoSC protein complex contains the nucleolar protein nucleomethylin in combination with the SIRT1 and SUV39H1 sirtuins. Changes in the NAD (+)/NADH ratio activate SIRT1 and SUV39H1, which perform deacetylation of histone H3 and its dimethylation at Lys9, respectively. Nucleomethylin targets the complex to the ribosomal genes’ promoter, causes repression of their transcription, induces a decrease in energy consumption, and restores energy balance, which protects the cell from apoptosis induced by the imbalance between energy consumption and production [81].



One could expect that a viral infection, especially one associated with transformation, should require an increase in the number of ribosomes and, accordingly, cause the enhancement of transcription of ribosomal genes. Indeed, in many cases, this is what happens and viruses can mimic some cellular mechanisms that coordinate the level of ribosome biogenesis with cellular physiology. The T antigen of the oncogenic virus SV-40 binds SL-1 in the rDNA promoter and activates rRNA transcription [82]. In addition, the SV-40 T antigen increases the level of UBF phosphorylation, which contributes to the stabilization of the UBF-SL1 complex and enhances the transcription of ribosomal genes [83]. During infection with hepatitis C virus (HCV), nonstructural protein 5A (NS5A) causes hyperphosphorylation of UBF and subsequent upregulation of ribosomal gene transcription [84]. Another viral protein of the hepatitis C virus, HCV core protein, associates with SL1 and directly interacts with the TATA-binding protein, which also causes additional activation of transcription [85]. HBx-oncoprotein of the hepatitis B virus binds to the promoter of the gene encoding TBP. An increase in TBP levels causes an increase in transcription, including the ribosomal genes [86]. In addition, HBx induces acetylation of nucleophosmin, which causes chromatin remodeling in rDNA promoters and enhances transcription [87]. Oncoproteins E6 and E7 of human papillomavirus 16 (HPV16) enhances the transcription of ribosomal genes using two different mechanisms: E7 degrades the transcription repressor of ribosomal genes, pRb, whereas E6 forms a complex with UBF1, which enhances transcription of ribosomal genes [88].



In the above-described cases, viral proteins, to a certain extent, mimic normal physiological mechanisms under proliferation induction conditions. All of these viruses have a high potential for the oncogenic transformation associated with uncontrolled proliferation and an increase in the need for protein biosynthesis and ribosome biogenesis. However, in many cases, the transcription of ribosomal genes is suppressed due to viral infection. In these cases, viral proteins target the basic machinery of RNA polymerase I-dependent transcription. For example, poliovirus inhibits the activity of RNA polymerase I by inducing the cleavage of SL-1 by a special protease and by post-translational modifications to UBF [89]. The precursors of the 3C protease of rhinovirus [90] act via the same proteolytic mechanism. Interaction of the NS1 protein of influenza virus (influenza A/Shantou/602/06 (H3N2)) with nucleolin results in hypermethylation of the rRNA promoter and repression of ribosomal gene transcription [91]. Infection with the highly pathogenic Hendra and Nipah viruses of the Henipavirus group also causes inhibition of rRNA transcription. The repression mechanism is based on the binding of the nucleolar protein Treacle by the matrix proteins of the virus. Treacle is an important mediator in the signaling chain that stops rRNA transcription in response to DNA double-strand breaks [92,93,94]. DNA double-strand breaks induce ATM-dependent phosphorylation of Treacle in complex with TOPBP1, which is necessary for its interaction with the NBS1 protein [92]. The NBS1 protein is a component of the MRE11/RAD50/NBS1 complex (MRN) that plays a critical role in the cellular response to DNA damage and the maintenance of chromosomal integrity. In turn, the interaction between Treacle and MRN is required for the transcriptional repression of rDNA in response to injury. By interacting with Treacle, viral proteins mimic the DDR response and thus induce repression of rRNA [95].



In addition to controlling the activity of RNA polymerase I, viruses implement alternative strategies to suppress ribosome biogenesis, which can be modulated at both the level of transcription and the level of rRNA processing and ribosome assembly. The herpes simplex virus (HSV-1) affects ribosome biogenesis without affecting rRNA transcription [96]. The capsid protein of the Zika virus causes the release of nucleophosmin from the nucleolus, which negatively affects the biogenesis of ribosomes since nucleophosmin is a scaffold of the nucleolar GC where ribosome assembly takes place [97]. HIV Tat protein, being overexpressed in Drosophila cells, accumulates in the nucleoli and interacts with fibrillarin and U3 snoRNA, disrupting pre-rRNA maturation.



The biological relevance of rDNA transcription suppression by viral proteins is not entirely clear. It was hypothesized that the suppression of ribosome biogenesis compromises the work of the innate antiviral immunity mechanisms and thus ensures the unhindered replication of viral DNA. In particular, it was shown that the violation of ribosome biogenesis caused the downregulation of 1392 genes, including High Mobility Group Box 2 (HMGB2), which is a chromatin-associated protein that facilitates cytoplasmic double-stranded (ds) DNA-sensing by cGAS. Furthermore, it reduced cytoplasmic HMGB2 abundance and impaired induction of interferon-beta (IFNB1) mRNA, which encodes a critical anti-proliferative, proinflammatory cytokine [98].



In the cases described here, the violation of ribosome biogenesis, on the one hand, can weaken antiviral immunity and, on the other hand, can trigger an anti-stress cellular response (see below) which protects the entire organism rather than the individual infected cells from the virus propagation. A delicate balance between the multidirectional processes triggered by a viral infection predetermines the outcome and consequences of the pathological process.




5. Nucleolus as a Sensor and Effector of Stress


rRNA transcription is extremely sensitive to external factors. Infection, lack of nutrients, exposure to harmful physical factors, and cytotoxic agents cause an immediate cessation of rRNA transcription and dramatic changes in the nucleolus structure: FC and DFC segregate from the GC of the nucleolus and form the so-called caps on the periphery of the nucleolus. This process is termed nucleolar stress. Nucleolar stress links stress signals to the cellular responses relative to stressful conditions. The stress response can be manifested as a change in metabolism, arrest of the cell cycle, initiation of differentiation, aging, autophagy, and cell death (when the effects of stress are irreversible). It should be noted that any disturbances in the process of ribosome biogenesis (not only arrest of rRNA transcription) can cause nucleolar stress. High-throughput proteomics of mass spectrometry-based stable isotope labeling by amino acids in cell culture (SILAC) and live-cell fluorescence microscopy of cells exposed to stress stimuli demonstrated significant changes in localization and the content of a wide range of proteins involved in the response to genotoxic and oxidative stress, as well as in rRNA transcription and processing [19].



Many signaling pathways link the maintenance of nucleolar homeostasis with the stabilization and activation of the tumor suppressor p53 [99,100,101]. p53 (often called “the guardian of the genome”) is a transcription factor that links DNA damage to cell cycle arrest (via regulation of p21 expression), induction of apoptosis (via Bax and Noxa transcription factors), or aging [102,103]. Under normal physiological conditions, a low level of p53 is maintained due to the interaction of p53 with E3-ubiquitin ligase MDM2 (HDM2), which ensures the degradation of p53 by proteasomes. Under stress, this interaction is disrupted and p53 accumulates in the cell, which activates the transcription of a range of p53-dependent genes involved in stress response. Nucleolar stress causes the release into nucleoplasm of multiple nucleolar proteins, including cyclin-dependent kinase inhibitor 2A (CDKN2A or ARF), nucleolin, nucleophosmin, nucleostemin, and ribosomal proteins L5, L11, and L23. All of these proteins compete with MDM2 and causes the release and accumulation of p53 [104,105]. The interaction of MDM2 with ribosomal proteins, due to its exceptional significance, can be modulated by many additional regulators, including PICT1 (GLTSCR2), MDMX, PICT1, PML, and NEDD8. In addition, there is reason to believe that maintaining the integrity of the nucleolus is itself necessary for the degradation of p53 under normal conditions. This requirement is due to nucleolar protein NPM1 also being able to sequester HDM2 [106]. Release of NPM1 from nucleoli can thus cause activation of p53. A specific example of this phenomenon is provided by the chain of events triggered by redox stress. Under redox stress conditions, NPM1 is S-glutathionylated, which triggers the dissociation of NPM1 from nucleolar nucleic acids [107]. NPM1 is therefore released to the nucleoplasm, where it sequesters HDM2 and causes the activation of p53.



In summary, the nucleolus takes an active part in regulating the cell cycle and apoptosis, both under normal physiological conditions and under stress and viral infection is undoubtedly a stress factor for the cell. The nucleolus appears to be an important interface that viruses utilizes to interact with the host cell and to modulate the cellular response directed at infection.




6. Modulation of the Cell Physiology during Viral Infection—Nucleolar Interface


The productivity of a viral infection can be increased by changing the physiology of the host cell: modulating the host cell’s antiviral immunity systems, induction or inhibition of apoptosis, induction of differentiation and aging, transformation and malignancy, and modulation of the cell cycle and stress response. Many mechanisms governing these processes under normal physiological conditions can be modified during viral infection to increase the productivity of the infectious process and virus propagation. The choice of a strategy for interaction between the virus and the cell or host organism depends on many factors; the strategy itself can radically change as the infectious process progresses. In most cases, viral infection causes cell death due to lysis, membrane destruction, or apoptosis. In some cases, cell homeostasis is practically undisturbed and the cell coexists with dormant viruses for a long time. Oncogenic viruses induce proliferation, accompanied by transformation and malignancy. Some viruses induce host cell proliferation without neoplastic cell transformation.



6.1. Cell Cycle Modulation


Cell cycle modulation during viral infection is a very common strategy for creating the most favorable conditions for viral reproduction, which is used by both DNA and RNA viruses, as well as retroviruses [108,109]. In most cases, viral proteins interact with pRb, cyclins, CDK, and cyclin-dependent kinase inhibitor, as well as p53, and they directly interfere with the regulation of the cell cycle [109]. DNA viruses with small genomes (small DNA tumor viruses)—polyoma virus (PV), simian virus 40 (SV40), human papilloma viruses (HPV), and adenoviruses (Ad)—infect resting cells. These viruses must activate the proliferation of the host cell to replicate their own genome. In contrast, DNA viruses with large genomes (herpes viruses) block the passage of the cell cycle, preventing entry into the S-phase and thereby ensuring the availability of factors and/or conditions inherent in strictly defined stages of the cell cycle. Delaying the cell cycle may provide certain advantages for the virus and allows additional time to complete genome replication and the assembly of viral particles [108].



In several cases, the molecular mechanisms used by viruses to modulate the cell cycle involve interactions with the nucleolus. p21Waf1/Cip1, which is the cyclin-dependent kinase (CDK) inhibitor, is the chief mediator of p53-dependent cell cycle arrest that is induced by DNA damage and other stresses [110,111]. Thus, +ssRNA alphavirus M1 induces arrest of infected cells in S-phase and subsequent apoptosis via sequestration of p21Waf1/Cip1 in the nucleolus [112].



Modulation of the cell cycle of an infected cell can also occur due to the accumulation of viral proteins in the nucleolus. Recent studies have demonstrated that the major tegument protein of human cytomegalovirus (HCMV), ppUL83 (pp65), targets the nucleolus and this targeting results in cell cycle arrest G1-G1/S by HCMV and the promotion of viral infection [113]. Localization of the viral nucleocapsid protein in the nucleolus is also typical for coronaviruses. In cells expressing the nucleocapsid protein of the avian infectious bronchitis virus (IBV), this viral protein moves into the nucleolus, which causes a redistribution of fibrillarin and nucleolin [114,115]. As a result, a delay in cytokinesis is induced and infected cells at the S/G2 border accumulate [116,117]. Multifunctional oncoprotein HBx of hepatitis B virus acts in the opposite manner. HBx enhances rDNA transcription and also induces the redistribution of the ribosomal protein RPS27a from the nucleolus to the nucleoplasm, which accelerates the progression of the cell cycle [118].




6.2. Induction of Apoptosis


Apoptosis can be viewed as a defense mechanism that prevents the propagation of the infection at early infection stages. At the end of the virus life cycle, apoptosis is required to effectively complete the infectious process as it promotes the egress of viral particles from the cell. Adenoviruses, baculoviruses, herpesviruses, and poxviruses infections, in most cases, are accompanied by suppression of apoptosis. Infections with Ebola, HIV-1, WNV, and Sindbis virus, in contrast, are associated with the induction of apoptosis, which results in a significant contribution to pathogenesis [119]. Apoptosis can be triggered by stimulating the host cell’s immune response or expressing viral proteins. Viral proteins can induce apoptosis by various mechanisms, including permeabilization of mitochondrial membranes, transactivation of proapoptotic genes (PUMA and Bax), and inhibition of antiapoptotic cellular proteins of the Bcl-2 family. Nucleolar stress associated with the movement of viral proteins into the nucleolus followed by accumulation of p53 is one of the primary mechanisms inducing apoptosis. The +ssRNA flavivirus family member, WNV, induces apoptosis in several cell lines, mouse brain, and skeletal muscles. Capsid proteins of this virus were shown to bind to MDM2 and mediate its sequestration in the nucleolus, thereby preventing MDM2-mediated p53 ubiquitination and hence causing an increase in the level of p53 and induction of p53-mediated apoptosis [120]. The nonstructural protein of the Schmallenberg virus not only causes the arrest of RNA polymerase II-dependent transcription but, by moving into the nucleolus, induces the release of nucleophosmin into the nucleoplasm, the subsequent degradation of the nucleoli and apoptosis [121].



In rat and human neuroprogenitor cells and rat embryonic cortical neurons, Zika virus (ZIKV) infection results in ribosomal stress characterized by the structural disruption of the nucleolus. The nucleolar presence of ZIKV capsid protein (ZIKV-C) is associated with ribosomal stress and apoptosis [122,123]. The anti-nucleolar effects are most pronounced in postmitotic neurons.



NOLC1 is a nucleolar phosphoprotein associated with both the biogenesis of the nucleolus and the cell cycle [124]. NOLC1 is an integral part of DFC and FC and it is involved in the regulation of rDNA transcription [125]. NS1 protein from H5N1 IAV induces apoptosis in A549 cells by interacting with NOLC1 and suppressing its synthesis. Notably, the interaction between NS1 and NOLC1 at an early stage of infection negatively impacts virus propagation and is part of the antiviral host defense mechanism [126]. In addition, the interaction of NS-1 with nucleolin causes hypermethylation of the ribosomal gene promoter, transcription arrest, and nucleolar stress. Accordingly, the released ribosomal proteins sequesters MDM-2 and causes the accumulation of p53.




6.3. Protection against Apoptosis


Normally, infected cells die as a result of activation of receptor-dependent apoptosis. The death of an infected cell prevents the propagation of the virus and is a factor of innate immunity. However, some viruses are capable of disrupting the normal regulation of the programmed cell death mechanism. Virus-induced repression of apoptosis can occur through a wide range of mechanisms. In some cases, viruses express proteins that directly interact with p53 and modulate its functions, including counteracting its proapoptotic activity. For example, HPV-16 encodes the E6 protein that, in combination with the ubiquitin ligase E6AP, forms a complex that specifically targets p53 for ubiquitin-mediated degradation [127]. HBx (hepatitis B virus protein) and adenoviral protein E1B-55K can form a complex with p53 and inhibit its DNA consensus sequence binding and transcriptional transactivator activity [128,129]. Simian virus 40 T antigene binds to the DNA-binding domain of p53 and prevents the activation of p53-dependent genes [130]. The N-protein of the coronavirus PEDV (porcine epidemic diarrhea virus) is directed to the nucleolus and, by interacting with NPM, protects nucleophosmin from proteolytic degradation by caspase-3, which increases the resistance of cells to apoptosis and increases the productivity of the virus during infection [131].



Human oncogenic viruses maintain long-term chronic infection of a single host, suggesting the necessity of manipulation of the innate immunity processes and determination of cell fate. Interacting with a wide range of nucleolar proteins, the HBx protein of hepatitis B virus simultaneously modulates proliferation processes, induces resistance to apoptosis, enhances ribosome production, and thus acts as an effector of hepatocarcinogenesis [132,133]. Infection of endothelial cells with Kaposi’s sarcoma virus induces the transcription of angiogenin (a factor that promotes angiogenesis). Angiogenin is transferred into the nucleus and nucleoli of neighboring cells, where it stimulates rDNA transcription and proliferation and inhibits apoptosis. In some cases, the host cell attempts to prevent the antiapoptotic activity of viral proteins. The nucleolar protein PICT-1 sequesters the viral antiapoptotic protein KS-Bcl-2 in the nucleolus and this prevents its access to mitochondria and, hence, suppresses the antiapoptotic activity of the virus [134]. In some cases, the interaction of viral proteins with nucleolar proteins ensures the maintenance of the latent infection. During HIV-1 virus infection, the retention of the latency state and suppression of replication is mediated by the nucleolar protein NOP2/NSUN1. Mechanistically, NOP2 associates with the HIV-1 5′LTR, interacts with HIV-1 TAR RNA by competing with the HIV-1 Tat protein, and contributes to TAR m5C methylation. RNA MTase catalytic domain (MTD) of NOP2 mediates its competition with Tat and binding with TAR. Accordingly, NOP2 suppresses HIV-1 transcription and promotes viral latency [135]. Nucleolar proteins are involved in regulating the transition from a latent to a productive infection of the Kaposi sarcoma virus. vCyclin-Cdk6 of Kaposi’s sarcoma virus phosphorylates nucleophosmin, which activates its interaction with the viral protein LANA. This activation, in turn, enhances the interaction of LANA with core histones and HDAC1 in chromatin, which ensures the repression of viral gene transcription and maintenance of the latent state of infection.





7. Can Viruses Corrupt the Biocondensates Constituting the Nucleolus?


In the previous sections, several examples have been presented regarding viral infection causing a massive release of nucleolar proteins into the nucleoplasm. The mechanisms for such a redistribution of nucleolar proteins remain poorly understood. One possibility is that viral proteins entering the nucleolus disturb the equilibrium in existing liquid-phase condensates, resulting in their complete or partial destruction. In this regard, it is appropriate to recall that liquid-phase condensates are dynamic structures and their integrity is maintained by a complex of multivalent interactions between their components [136,137]. This is especially true in case of biological phase condensates assembled by heterotypic interactions, such as nucleoli and other intracellular condensates [136]. In the composition of these liquid-phase condensates, it is usually possible to distinguish a limited number of resident proteins that form the condensate core and a significantly larger and variable number of client proteins that are retained in the condensate but are not important for maintaining its integrity [138]. It is known from the literature that the properties of liquid-phase protein condensates can be modulated by modifying resident proteins and attracting agents competing for interaction sites between resident proteins [137,139,140,141,142]. Competing of ribosomal proteins with nucleophosmin for the binding sites on rRNA represents a good example. During the assembly of ribosomes, the nucleophosmin bound to rRNA is displaced by ribosomal proteins, which results in the loss of the ability of mature ribosomes to reside in the granular layer of the nucleolus [136].



The most important resident proteins of the nucleolus are RNA polymerase I, which, together with other components of the transcriptional apparatus, forms FCs on the transcribed ribosomal genes; nucleolin, which forms DFC by binding to unspliced rRNA; and nucleophosmin, which forms a granular compartment by binding to assembled ribosomal particles. As already mentioned, the existence of a three-component nucleolus directly depends on rRNA transcription [4]. Targeting RNA Pol I would cause transcription arrest and the disassembly of the nucleolus. Against the background of this dramatic process, it is difficult to assess the contribution of the disintegration of FCs. When discussing the possibility of modifying the nucleolus’ liquid-phase compartments, it makes sense to focus the discussion on the DFC and the GC.



It has been reported that dipeptide repeat proteins such as poly(glycine-arginine) and poly(proline-arginine) may interact with nucleophosmin, thus preventing its interaction with other nucleolar proteins and rRNA. Preventing this interaction causes delocalization of nucleophosmin from nucleoli and concomitant disruption of the GC of the nucleolus [4]. The same scenario is likely realized during infection with the Schmallenberg virus. The viral NS protein containing intrinsically unstructured domains targeted to the nucleolus causes redistribution of nucleophosmin to the nucleoplasm [121]. Although direct interaction of the NS protein with nucleophosmin was not demonstrated experimentally, it is likely that arginine-rich stretches within the NS disordered domain compete with the interaction of nucleophosmin with resident components of the nucleolus and thus disrupts the GC liquid condensate. It would be informative to analyze the possibility of such a scenario in the case of other virus-specific proteins causing disintegration of nucleoli. The possible role of post-translational modifications of nucleolar proteins controlling their redistribution in the course of viral infection has not been properly explored. Further research is necessary to determine if and how viruses can disrupt the multiphase organization of nucleoli. One important area to explore is the modulation of nucleolar homeostasis by the accumulation of foreign proteins. Under various stress conditions, the nucleolus is frequently used for the detention of extranucleolar proteins which typically form separate phase condensates within the nucleolus (intranucleolar bodies, nucleolar aggresomes, or amyloid bodies) [14,143,144]. It will be important to find out if and how viral infection can cause the generation of such intranucleolar bodies.




8. Conclusions


The virus and the host cell are in a state of constant combat, inventing an increasing number of mechanisms and counter-mechanisms to maintain an effective infection process and homeostasis of the host cell, respectively. As the central regulatory hub of the host cell and one of the main targets in the course of viral infection, the nucleolus is directly involved in the interaction of the hereditary programs of the pathogen and the host cell. In some cases, the nucleolus is used by viruses as a platform for transcription and post-transcriptional changes in viral genomes. Nucleolar proteins can migrate from the nucleolus and, in association with viral proteins, participate in replicating and transcribing viral nucleic acids and assembling and transporting viral particles in the nucleoplasm and cytoplasm. Often a viral infection is accompanied by the directed transport of viral proteins to the nucleolus. Viral proteins entering the nucleolus compete with resident nucleolar proteins for binding sites on scaffolding rRNA and disturb the equilibrium in existing liquid-phase condensates, resulting in their complete or partial destruction. Once in the nucleolus, viral proteins can directionally modulate both canonical (biogenesis of ribosomes) and non-canonical (regulation of the cell cycle and apoptosis) functions of the nucleolus. Thus, the nucleolus plays the role of an interface in the process of interaction between the pathogen and the host cell and largely determines the characteristics and the type of infection process (Figure 1).







Author Contributions


Conceptualization, O.V.I. and S.V.R.; writing—original draft preparation, O.V.I., S.V.R., and E.S.I.; writing—review and editing, O.V.I., S.V.R., E.S.I., and A.K.V.; figure visualization, A.K.V. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Russian Science Foundation (RSF), grant number 21-64-00001.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Boisvert, F.-M.; Van Koningsbruggen, S.; Navascués, J.; Lamond, A. The multifunctional nucleolus. Nat. Rev. Mol. Cell Biol. 2007, 8, 574–585. [Google Scholar] [CrossRef] [PubMed]

	



Németh, A.; Grummt, I. Dynamic regulation of nucleolar architecture. Curr. Opin. Cell Biol. 2018, 52, 105–111. [Google Scholar] [CrossRef] [PubMed]

	



Pederson, T. The Nucleolus. Cold Spring Harb. Perspect. Biol. 2011, 3, a000638. [Google Scholar] [CrossRef] [PubMed]

	



Lafontaine, D.L.J.; Riback, J.A.; Bascetin, R.; Brangwynne, C.P. The nucleolus as a multiphase liquid condensate. Nat. Rev. Mol. Cell Biol. 2021, 22, 165–182. [Google Scholar] [CrossRef]

	



Thiry, M.; Lafontaine, D.L. Birth of a nucleolus: The evolution of nucleolar compartments. Trends Cell Biol. 2005, 15, 194–199. [Google Scholar] [CrossRef]

	



Gonzalez, I.L.; Sylvester, J.E. Complete Sequence of the 43-kb Human Ribosomal DNA Repeat: Analysis of the Intergenic Spacer. Genomics 1995, 27, 320–328. [Google Scholar] [CrossRef]

	



Srivastava, A.; Schlessinger, D. Structure and organization of ribosomal DNA. Biochimie 1991, 73, 631–638. [Google Scholar] [CrossRef]

	



Olson, M.O.; Dundr, M.; Szebeni, A. The nucleolus: An old factory with unexpected capabilities. Trends Cell Biol. 2000, 10, 189–196. [Google Scholar] [CrossRef]

	



Pederson, T. The plurifunctional nucleolus. Nucleic Acids Res. 1998, 26, 3871–3876. [Google Scholar] [CrossRef]

	



Bensaddek, D.; Nicolas, A.; Lamond, A.I. Quantitative Proteomic Analysis of the Human Nucleolus. Methods Mol. Biol 2016, 1455, 249–262. [Google Scholar] [CrossRef]

	



Andersen, J.; Lam, Y.W.; Leung, A.; Ong, S.-E.; Lyon, C.E.; Lamond, A.; Mann, M. Nucleolar proteome dynamics. Nature 2005, 433, 77–83. [Google Scholar] [CrossRef]

	



Cerqueira, A.V.; Lemos, B. Ribosomal DNA and the Nucleolus as Keystones of Nuclear Architecture, Organization, and Function. Trends Genet. 2019, 35, 710–723. [Google Scholar] [CrossRef] [PubMed]

	



Stenström, L.; Mahdessian, D.; Gnann, C.; Cesnik, A.; Ouyang, W.; Leonetti, M.D.; Uhlén, M.; Cuylen-Haering, S.; Thul, P.J.; Lundberg, E. Mapping the nucleolar proteome reveals a spatiotemporal organization related to intrinsic protein disorder. Mol. Syst. Biol. 2020, 16, e9469. [Google Scholar] [CrossRef] [PubMed]

	



Latonen, L. Phase-to-Phase with Nucleoli—Stress Responses, Protein Aggregation and Novel Roles of RNA. Front. Cell. Neurosci. 2019, 13, 151. [Google Scholar] [CrossRef] [PubMed]

	



Martin, R.; Ter-Avetisyan, G.; Herce, H.D.; Ludwig, A.K.; Lättig, G.; Cardoso, M.C. Principles of protein targeting to the nucleolus. Nucleus 2015, 6, 314–325. [Google Scholar] [CrossRef]

	



Scott, M.S.; Boisvert, F.-M.; McDowall, M.; Lamond, A.; Barton, G. Characterization and prediction of protein nucleolar localization sequences. Nucleic Acids Res. 2010, 38, 7388–7399. [Google Scholar] [CrossRef] [PubMed]

	



Emmott, E.; Hiscox, J. Nucleolar targeting: The hub of the matter. EMBO Rep. 2009, 10, 231–238. [Google Scholar] [CrossRef]

	



Weeks, S.E.; Metge, B.J.; Samant, R.S. The nucleolus: A central response hub for the stressors that drive cancer progression. Cell. Mol. Life Sci. 2019, 76, 4511–4524. [Google Scholar] [CrossRef]

	



Boulon, S.; Westman, B.J.; Hutten, S.; Boisvert, F.-M.; Lamond, A.I. The Nucleolus under Stress. Mol. Cell 2010, 40, 216–227. [Google Scholar] [CrossRef]

	



Pirogov, S.A.; Gvozdev, V.A.; Klenov, M.S. Long Noncoding RNAs and Stress Response in the Nucleolus. Cells 2019, 8, 668. [Google Scholar] [CrossRef]

	



Zhao, Z.; Sentürk, N.; Song, C.; Grummt, I. lncRNA PAPAS tethered to the rDNA enhancer recruits hypophosphorylated CHD4/NuRD to repress rRNA synthesis at elevated temperatures. Genes Dev. 2018, 32, 836–848. [Google Scholar] [CrossRef]

	



Yang, K.; Yang, J.; Yi, J. Nucleolar Stress: Hallmarks, sensing mechanism and diseases. Cell Stress 2018, 2, 125–140. [Google Scholar] [CrossRef]

	



Rawlinson, S.M.; Moseley, G.W. The nucleolar interface of RNA viruses. Cell. Microbiol. 2015, 17, 1108–1120. [Google Scholar] [CrossRef]

	



Salvetti, A.; Greco, A. Viruses and the nucleolus: The fatal attraction. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2014, 1842, 840–847. [Google Scholar] [CrossRef] [PubMed]

	



Ni, L.; Wang, S.; Zheng, C. The nucleolus and herpesviral usurpation. J. Med. Microbiol. 2012, 61, 1637–1643. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Ren, X.-M.; Xing, J.-J.; Zheng, A.C. The nucleolus and viral infection. Virol. Sin. 2010, 25, 151–157. [Google Scholar] [CrossRef]

	



Hiscox, J.; Whitehouse, A.; Matthews, D.A. Nucleolar proteomics and viral infection. Proteomics 2010, 10, 4077–4086. [Google Scholar] [CrossRef] [PubMed]

	



Sirri, V.; Urcuqui-Inchima, S.; Roussel, P.; Hernandez-Verdun, D. Nucleolus: The fascinating nuclear body. Histochem. Cell Biol. 2007, 129, 13–31. [Google Scholar] [CrossRef]

	



Hiscox, J.A. RNA viruses: Hijacking the dynamic nucleolus. Nat. Rev. Microbiol. 2007, 5, 119–127. [Google Scholar] [CrossRef]

	



Hiscox, J.A. The nucleolus—A gateway to viral infection? Arch. Virol. 2002, 147, 1077–1089. [Google Scholar] [CrossRef] [PubMed]

	



Reyes, E.D.; Kulej, K.; Pancholi, N.J.; Akhtar, L.; Avgousti, D.C.; Kim, E.T.; Bricker, D.K.; Spruce, L.A.; Koniski, S.A.; Seeholzer, S.H.; et al. Identifying Host Factors Associated with DNA Replicated During Virus Infection. Mol. Cell. Proteom. 2017, 16, 2079–2097. [Google Scholar] [CrossRef] [PubMed]

	



Nouri, K.; Moll, J.M.; Milroy, L.-G.; Hain, A.; Dvorsky, R.; Amin, E.; Lenders, M.; Nagel-Steger, L.; Howe, S.; Smits, S.H.J.; et al. Biophysical Characterization of Nucleophosmin Interactions with Human Immunodeficiency Virus Rev and Herpes Simplex Virus US11. PLoS ONE 2015, 10, e0143634. [Google Scholar] [CrossRef] [PubMed]

	



Guirimand, T.; Delmotte, S.; Navratil, V. VirHostNet 2.0: Surfing on the web of virus/host molecular interactions data. Nucleic Acids Res. 2015, 43, D583–D587. [Google Scholar] [CrossRef] [PubMed]

	



Calderone, A.; Licata, L.; Cesareni, G. VirusMentha: A new resource for virus-host protein interactions. Nucleic Acids Res. 2015, 43, D588–D592. [Google Scholar] [CrossRef] [PubMed]

	



Lam, Y.W.; Evans, V.C.; Heesom, K.J.; Lamond, A.; Matthews, D.A. Proteomics Analysis of the Nucleolus in Adenovirus-infected Cells. Mol. Cell. Proteom. 2010, 9, 117–130. [Google Scholar] [CrossRef]

	



Pyper, J.M.; Clements, J.E.; Zink, M.C. The Nucleolus Is the Site of Borna Disease Virus RNA Transcription and Replication. J. Virol. 1998, 72, 7697–7702. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.-J.; Macnaughton, T.; Gao, L.; Lai, M.M.C. RNA-Templated Replication of Hepatitis Delta Virus: Genomic and Antigenomic RNAs Associate with Different Nuclear Bodies. J. Virol. 2006, 80, 6478–6486. [Google Scholar] [CrossRef] [PubMed]

	



Behrens, R.T.; Aligeti, M.; Pocock, G.M.; Higgins, C.; Sherer, N.M. Nuclear Export Signal Masking Regulates HIV-1 Rev Trafficking and Viral RNA Nuclear Export. J. Virol. 2017, 91, 91. [Google Scholar] [CrossRef]

	



Michienzi, A.; Cagnon, L.; Bahner, I.; Rossi, J.J. Ribozyme-mediated inhibition of HIV 1 suggests nucleolar trafficking of HIV-1 RNA. Proc. Natl. Acad. Sci. USA 2000, 97, 8955–8960. [Google Scholar] [CrossRef]

	



Zolotukhin, A.S.; Felber, B.K. Nucleoporins Nup98 and Nup214 Participate in Nuclear Export of Human Immunodeficiency Virus Type 1 Rev. J. Virol. 1999, 73, 120–127. [Google Scholar] [CrossRef]

	



Vercruysse, T.; Daelemans, D. HIV-1 Rev multimerization: Mechanism and insights. Curr. HIV Res. 2014, 11, 623–634. [Google Scholar] [CrossRef]

	



Michienzi, A.; De Angelis, F.G.; Bozzoni, I.; Rossi, J.J. A nucleolar localizing Rev binding element inhibits HIV replication. AIDS Res. Ther. 2006, 3, 13. [Google Scholar] [CrossRef]

	



Johnson, J.S.; Samulski, R.J. Enhancement of Adeno-Associated Virus Infection by Mobilizing Capsids into and Out of the Nucleolus. J. Virol. 2009, 83, 2632–2644. [Google Scholar] [CrossRef]

	



Sonntag, F.; Schmidt, K.; Kleinschmidt, J.A. A viral assembly factor promotes AAV2 capsid formation in the nucleolus. Proc. Natl. Acad. Sci. USA 2010, 107, 10220–10225. [Google Scholar] [CrossRef] [PubMed]

	



Miyamoto, S.; Nakano, M.; Morikawa, T.; Hirabayashi, A.; Tamura, R.; Fujita, Y.; Hirose, N.; Muramoto, Y.; Noda, T. Influenza virus ribonucleoprotein complex formation occurs in the nucleolus. BioRxiv 2021. [Google Scholar] [CrossRef]

	



Schmid, M.; Speiseder, T.; Dobner, T.; Gonzalez, R.A. DNA Virus Replication Compartments. J. Virol. 2014, 88, 1404–1420. [Google Scholar] [CrossRef]

	



Callé, A.; Ugrinova, I.; Epstein, A.L.; Bouvet, P.; Diaz, J.-J.; Greco, A. Nucleolin Is Required for an Efficient Herpes Simplex Virus Type 1 Infection. J. Virol. 2008, 82, 4762–4773. [Google Scholar] [CrossRef]

	



Strang, B.L. Viral and cellular subnuclear structures in human cytomegalovirus-infected cells. J. Gen. Virol. 2015, 96, 239–252. [Google Scholar] [CrossRef] [PubMed]

	



Strang, B.L.; Boulant, S.; Coen, D.M. Nucleolin Associates with the Human Cytomegalovirus DNA Polymerase Accessory Subunit UL44 and Is Necessary for Efficient Viral Replication. J. Virol. 2009, 84, 1771–1784. [Google Scholar] [CrossRef]

	



Bender, B.J.; Coen, D.M.; Strang, B.L. Dynamic and Nucleolin-Dependent Localization of Human Cytomegalovirus UL84 to the Periphery of Viral Replication Compartments and Nucleoli. J. Virol. 2014, 88, 11738–11747. [Google Scholar] [CrossRef] [PubMed]

	



Genoveso, M.J.; Hisaoka, M.; Komatsu, T.; Wodrich, H.; Nagata, K.; Okuwaki, M. Formation of adenovirus DNA replication compartments and viral DNA accumulation sites by host chromatin regulatory proteins including NPM1. FEBS J. 2020, 287, 205–217. [Google Scholar] [CrossRef] [PubMed]

	



Strang, B.L.; Boulant, S.; Kirchhausen, T.; Coen, D.M.; Lin, L.; Tan, B.; Pantapalangkoor, P.; Ho, T.; Baquir, B.; Tomaras, A.; et al. Host Cell Nucleolin Is Required to Maintain the Architecture of Human Cytomegalovirus Replication Compartments. mBio 2012, 3, e00312-12. [Google Scholar] [CrossRef] [PubMed]

	



Tiwary, A.K.; Cecilia, D. Kinetics of the association of dengue virus capsid protein with the granular component of nucleolus. Virology 2017, 502, 48–55. [Google Scholar] [CrossRef] [PubMed]

	



Byk, L.A.; Gamarnik, A.V. Properties and Functions of the Dengue Virus Capsid Protein. Annu. Rev. Virol. 2016, 3, 263–281. [Google Scholar] [CrossRef]

	



Balinsky, C.A.; Schmeisser, H.; Ganesan, S.; Singh, K.; Pierson, T.C.; Zoon, K.C. Nucleolin Interacts with the Dengue Virus Capsid Protein and Plays a Role in Formation of Infectious Virus Particles. J. Virol. 2013, 87, 13094–13106. [Google Scholar] [CrossRef] [PubMed]

	



Hernández, B.A.; Sandoval-Jaime, C.; Sosnovtsev, S.V.; Green, K.Y.; Gutiérrez-Escolano, A.L. Nucleolin promotes in vitro translation of feline calicivirus genomic RNA. Virology 2016, 489, 51–62. [Google Scholar] [CrossRef]

	



Reid, C.R.; Hobman, T.C. The nucleolar helicase DDX56 redistributes to West Nile virus assembly sites. Virology 2017, 500, 169–177. [Google Scholar] [CrossRef]

	



Xu, Z.; Anderson, R.; Hobman, T.C. The Capsid-Binding Nucleolar Helicase DDX56 Is Important for Infectivity of West Nile Virus. J. Virol. 2011, 85, 5571–5580. [Google Scholar] [CrossRef]

	



Reed, J.C.; Molter, B.; Geary, C.D.; Mcnevin, J.P.; McElrath, J.; Giri, S.; Klein, K.C.; Lingappa, J.R. HIV-1 Gag co-opts a cellular complex containing DDX6, a helicase that facilitates capsid assembly. J. Cell Biol. 2012, 198, 439–456. [Google Scholar] [CrossRef]

	



Emmott, E.; Wise, H.; Loucaides, E.M.; Matthews, D.A.; Digard, P.; Hiscox, J.A. Quantitative Proteomics Using SILAC Coupled to LC−MS/MS Reveals Changes in the Nucleolar Proteome in Influenza A Virus-Infected Cells. J. Proteome Res. 2010, 9, 5335–5345. [Google Scholar] [CrossRef]

	



Terrier, O.; Carron, C.; De Chassey, B.; Dubois, J.; Traversier, A.; Julien, T.; Cartet, G.; Proust, A.; Hacot, S.; Ressnikoff, D.; et al. Nucleolin interacts with influenza A nucleoprotein and contributes to viral ribonucleoprotein complexes nuclear trafficking and efficient influenza viral replication. Sci. Rep. 2016, 6, 29006. [Google Scholar] [CrossRef]

	



Su, W.-C.; Hsu, S.-F.; Lee, Y.-Y.; Jeng, K.-S.; Lai, M.M.C. A Nucleolar Protein, Ribosomal RNA Processing 1 Homolog B (RRP1B), Enhances the Recruitment of Cellular mRNA in Influenza Virus Transcription. J. Virol. 2015, 89, 11245–11255. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.; Liu, X.; Gao, Q.; Cheng, T.; Xiao, R.; Ming, F.; Zhang, S.; Jin, M.; Chen, H.; Ma, W.; et al. The Nucleolar Protein LYAR Facilitates Ribonucleoprotein Assembly of Influenza A Virus. J. Virol. 2018, 92, e01042-18. [Google Scholar] [CrossRef] [PubMed]

	



Jarboui, M.A.; Bidoia, C.; Woods, E.; Roe, B.; Wynne, K.; Elia, G.; Hall, W.W.; Gautier, V.W. Nucleolar Protein Trafficking in Response to HIV-1 Tat: Rewiring the Nucleolus. PLoS ONE 2012, 7, e48702. [Google Scholar] [CrossRef]

	



Reddy, R.; Henning, D.; Busch, H. Nucleotide sequence of nucleolar U3B RNA. J. Biol. Chem. 1979, 254, 11097–11105. [Google Scholar] [CrossRef]

	



Jorjani, H.; Kehr, S.; Jedlinski, D.J.; Gumienny, R.; Hertel, J.; Stadler, P.F.; Zavolan, M.; Gruber, A.R. An updated human snoRNAome. Nucleic Acids Res. 2016, 44, 5068–5082. [Google Scholar] [CrossRef] [PubMed]

	



Massenet, S.; Bertrand, E.; Verheggen, C. Assembly and trafficking of box C/D and H/ACA snoRNPs. RNA Biol. 2017, 14, 680–692. [Google Scholar] [CrossRef]

	



Murray, J.L.; Sheng, J.; Rubin, D.H. A Role for H/ACA and C/D Small Nucleolar RNAs in Viral Replication. Mol. Biotechnol. 2014, 56, 429–437. [Google Scholar] [CrossRef]

	



Saxena, T.; Tandon, B.; Sharma, S.; Chameettachal, S.; Ray, P.; Ray, A.R.; Kulshreshtha, R. Combined miRNA and mRNA Signature Identifies Key Molecular Players and Pathways Involved in Chikungunya Virus Infection in Human Cells. PLoS ONE 2013, 8, e79886. [Google Scholar] [CrossRef]

	



Fleming, D.S.; Miller, L.C. Identification of small non-coding RNA classes expressed in swine whole blood during HP-PRRSV infection. Virology 2018, 517, 56–61. [Google Scholar] [CrossRef] [PubMed]

	



Eckwahl, M.J.; Sim, S.; Smith, D.; Telesnitsky, A.; Wolin, S.L. A retrovirus packages nascent host noncoding RNAs from a novel surveillance pathway. Genes Dev. 2015, 29, 646–657. [Google Scholar] [CrossRef]

	



Holley, C.; Li, M.W.; Scruggs, B.; Matkovich, S.J.; Ory, D.S.; Schaffer, J.E. Cytosolic Accumulation of Small Nucleolar RNAs (snoRNAs) Is Dynamically Regulated by NADPH Oxidase. J. Biol. Chem. 2015, 290, 11741–11748. [Google Scholar] [CrossRef] [PubMed]

	



Plotch, S.J.; Bouloy, M.; Krug, R.M. Transfer of 5′-terminal cap of globin mRNA to influenza viral complementary RNA during transcription in vitro. Proc. Natl. Acad. Sci. USA 1979, 76, 1618–1622. [Google Scholar] [CrossRef]

	



Koppstein, D.; Ashour, J.; Bartel, D.P. Sequencing the cap-snatching repertoire of H1N1 influenza provides insight into the mechanism of viral transcription initiation. Nucleic Acids Res. 2015, 43, 5052–5064. [Google Scholar] [CrossRef] [PubMed]

	



Gu, W.; Gallagher, G.R.; Dai, W.; Liu, P.; Li, R.; Trombly, M.I.; Gammon, D.B.; Mello, C.C.; Wang, J.; Finberg, R.W. Influenza A virus preferentially snatches noncoding RNA caps. RNA 2015, 21, 2067–2075. [Google Scholar] [CrossRef] [PubMed]

	



Lukarska, M.; Fournier, G.; Pflug, A.; Resa-Infante, P.; Reich, S.; Naffakh, N.; Cusack, S. Structural basis of an essential interaction between influenza polymerase and Pol II CTD. Nature 2016, 541, 117–121. [Google Scholar] [CrossRef]

	



Mayer, C.; Bierhoff, H.; Grummt, I. The nucleolus as a stress sensor: JNK2 inactivates the transcription factor TIF-IA and down-regulates rRNA synthesis. Genes Dev. 2005, 19, 933–941. [Google Scholar] [CrossRef]

	



Zhao, J.; Yuan, X.; Frödin, M.; Grummt, I. ERK-Dependent Phosphorylation of the Transcription Initiation Factor TIF-IA Is Required for RNA Polymerase I Transcription and Cell Growth. Mol. Cell 2003, 11, 405–413. [Google Scholar] [CrossRef]

	



Boutouja, F.; Stiehm, C.M.; Platta, H.W. mTOR: A Cellular Regulator Interface in Health and Disease. Cells 2019, 8, 18. [Google Scholar] [CrossRef]

	



Hoppe, S.; Bierhoff, H.; Cado, I.; Weber, A.; Tiebe, M.; Grummt, I.; Voit, R. AMP-activated protein kinase adapts rRNA synthesis to cellular energy supply. Proc. Natl. Acad. Sci. USA 2009, 106, 17781–17786. [Google Scholar] [CrossRef]

	



Yang, L.; Chen, J. SirT1 and rRNA in the nucleolus: Regulating the regulator. Oncoscience 2014, 1, 111–112. [Google Scholar] [CrossRef]

	



Zhai, W.; Tuan, J.A.; Comai, L. SV40 large T antigen binds to the TBP-TAF(I) complex SL1 and coactivates ribosomal RNA transcription. Genes Dev. 1997, 11, 1605–1617. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, W.; Comai, L. A Kinase Activity Associated with Simian Virus 40 Large T Antigen Phosphorylates Upstream Binding Factor (UBF) and Promotes Formation of a Stable Initiation Complex between UBF and SL1. Mol. Cell. Biol. 1999, 19, 2791–2802. [Google Scholar] [CrossRef] [PubMed]

	



Raychaudhuri, S.; Fontanes, V.; Barat, B.; Dasgupta, A. Activation of Ribosomal RNA Transcription by Hepatitis C Virus Involves Upstream Binding Factor Phosphorylation via Induction of Cyclin D1. Cancer Res. 2009, 69, 2057–2064. [Google Scholar] [CrossRef] [PubMed]

	



Kao, C.-F.; Chen, S.-Y.; Lee, Y.-H.W. Activation of RNA polymerase I transcription by hepatitis C virus core protein. J. Biomed. Sci. 2004, 11, 72–94. [Google Scholar] [CrossRef]

	



Wang, H.-D.; Trivedi, A.; Johnson, D.L. Regulation of RNA Polymerase I-Dependent Promoters by the Hepatitis B Virus X Protein via Activated Ras and TATA-Binding Protein. Mol. Cell. Biol. 1998, 18, 7086–7094. [Google Scholar] [CrossRef] [PubMed]

	



Ahuja, R.; Kapoor, N.R.; Kumar, V. The HBx oncoprotein of hepatitis B virus engages nucleophosmin to promote rDNA transcription and cellular proliferation. Biochim. Biophys. Acta (BBA)-Bioenerg. 2015, 1853, 1783–1795. [Google Scholar] [CrossRef]

	



Dichamp, I.; Séité, P.; Agius, G.; Barbarin, A.; Beby-Defaux, A. Human Papillomavirus 16 Oncoprotein E7 Stimulates UBF1-Mediated rDNA Gene Transcription, Inhibiting a p53-Independent Activity of p14ARF. PLoS ONE 2014, 9, e96136. [Google Scholar] [CrossRef]

	



Banerjee, R.; Weidman, M.K.; Navarro, S.; Comai, L.; Dasgupta, A. Modifications of both selectivity factor and upstream binding factor contribute to poliovirus-mediated inhibition of RNA polymerase I transcription. J. Gen. Virol. 2005, 86, 2315–2322. [Google Scholar] [CrossRef]

	



Amineva, S.P.; Aminev, A.G.; Palmenberg, A.C.; Gern, J.E. Rhinovirus 3C protease precursors 3CD and 3CD′ localize to the nuclei of infected cells. J. Gen. Virol. 2004, 85, 2969–2979. [Google Scholar] [CrossRef]

	



Wu, H.-J.; Wang, Z.-M.; Wang, M.; Wang, X.-J. Widespread Long Noncoding RNAs as Endogenous Target Mimics for MicroRNAs in Plants. Plant Physiol. 2013, 161, 1875–1884. [Google Scholar] [CrossRef] [PubMed]

	



Mooser, C.; Symeonidou, I.-E.; Leimbacher, P.-A.; Ribeiro, A.; Shorrocks, A.-M.K.; Jungmichel, S.; Larsen, S.C.; Knechtle, K.; Jasrotia, A.; Zurbriggen, D.; et al. Treacle controls the nucleolar response to rDNA breaks via TOPBP1 recruitment and ATR activation. Nat. Commun. 2020, 11, 1–16. [Google Scholar] [CrossRef]

	



Velichko, A.K.; Petrova, N.V.; Luzhin, A.V.; Strelkova, O.S.; Ovsyannikova, N.; Kireev, I.I.; Petrova, N.; Razin, S.V.; Kantidze, O.L. Hypoosmotic stress induces R loop formation in nucleoli and ATR/ATM-dependent silencing of nucleolar transcription. Nucleic Acids Res. 2019, 47, 6811–6825. [Google Scholar] [CrossRef] [PubMed]

	



Velichko, A.K. Treacle and TOPBP1 control replication stress response in the nucleolus. J. Cell Biol. 2021. [Google Scholar] [CrossRef]

	



Rawlinson, S.M.; Zhao, T.; Rozario, A.M.; Rootes, C.L.; McMillan, P.J.; Purcell, A.W.; Woon, A.; Marsh, G.A.; Lieu, K.G.; Wang, L.F.; et al. Viral regulation of host cell biology by hijacking of the nucleolar DNA-damage response. Nat. Commun. 2018, 9, 3057. [Google Scholar] [CrossRef]

	



Belin, S.; Kindbeiter, K.; Hacot, S.; Albaret, M.A.; Roca-Martinez, J.-X.; Therizols, G.; Grosso, O.; Diaz, J.-J. Uncoupling ribosome biogenesis regulation from RNA polymerase I activity during herpes simplex virus type 1 infection. RNA 2009, 16, 131–140. [Google Scholar] [CrossRef]

	



Mitrea, D.M.; Cika, J.A.; Guy, C.S.; Ban, D.; Banerjee, P.R.; Stanley, C.B.; Nourse, A.; Deniz, A.A.; Kriwacki, R.W. Nucleophosmin integrates within the nucleolus via multi-modal interactions with proteins displaying R-rich linear motifs and rRNA. eLife 2016, 5, e13571. [Google Scholar] [CrossRef] [PubMed]

	



Bianco, C.; Mohr, I. Ribosome biogenesis restricts innate immune responses to virus infection and DNA. eLife 2019, 8, 8. [Google Scholar] [CrossRef]

	



Rubbi, C.P.; Milner, J. Disruption of the nucleolus mediates stabilization of p53 in response to DNA damage and other stresses. EMBO J. 2003, 22, 6068–6077. [Google Scholar] [CrossRef] [PubMed]

	



Pederson, T.; Tsai, R.Y. In search of nonribosomal nucleolar protein function and regulation. J. Cell Biol. 2009, 184, 771–776. [Google Scholar] [CrossRef] [PubMed]

	



Olson, M.O. Sensing cellular stress: Another new function for the nucleolus? Sci STKE 2004, 2004, pe10. [Google Scholar] [CrossRef]

	



Speidel, D. The role of DNA damage responses in p53 biology. Arch. Toxicol. 2015, 89, 501–517. [Google Scholar] [CrossRef]

	



Hafner, A.; Bulyk, M.L.; Jambhekar, A.; Lahav, G. The multiple mechanisms that regulate p53 activity and cell fate. Nat. Rev. Mol. Cell Biol. 2019, 20, 199–210. [Google Scholar] [CrossRef]

	



Boyd, M.T.; Vlatković, N.; Rubbi, C.P. The nucleolus directly regulates p53 export and degradation. J. Cell Biol. 2011, 194, 689–703. [Google Scholar] [CrossRef] [PubMed]

	



Woods, S.J.; Hannan, K.M.; Pearson, R.B.; Hannan, R.D. The nucleolus as a fundamental regulator of the p53 response and a new target for cancer therapy. Biochim. Biophys. Acta 2015, 1849, 821–829. [Google Scholar] [CrossRef] [PubMed]

	



Kurki, S.; Peltonen, K.; Laiho, M. Nucleophosmin, HDM2 and p53: Players in UV damage incited nucleolar stress response. Cell Cycle 2004, 3, 976–979. [Google Scholar] [CrossRef] [PubMed]

	



Yang, K.; Wang, M.; Zhao, Y.; Sun, X.; Yang, Y.; Li, X.; Zhou, A.; Chu, H.; Zhou, H.; Xu, J.; et al. A redox mechanism underlying nucleolar stress sensing by nucleophosmin. Nat. Commun. 2016, 7, 13599. [Google Scholar] [CrossRef] [PubMed]

	



Bagga, S.; Bouchard, M.J. Cell Cycle Regulation During Viral Infection. Methods Mol. Biol. 2014, 1170, 165–227. [Google Scholar] [CrossRef]

	



Fan, Y.; Sanyal, S.; Bruzzone, R. Breaking Bad: How Viruses Subvert the Cell Cycle. Front. Cell. Infect. Microbiol. 2018, 8, 396. [Google Scholar] [CrossRef]

	



Zohny, S.F.; Al-Malki, A.L.; Zamzami, M.A.; Choudhry, H. p21Waf1/Cip1: Its paradoxical effect in the regulation of breast cancer. Breast Cancer 2018, 26, 131–137. [Google Scholar] [CrossRef]

	



Karimian, A.; Ahmadi, Y.; Yousefi, B. Multiple functions of p21 in cell cycle, apoptosis and transcriptional regulation after DNA damage. DNA Repair 2016, 42, 63–71. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Cai, X.-F.; Yan, G. Alphavirus M1 induces apoptosis of malignant glioma cells via downregulation and nucleolar translocation of p21WAF1/CIP1 protein. Cell Cycle 2009, 8, 3328–3339. [Google Scholar] [CrossRef]

	



Arcangeletti, M.-C.; Rodighiero, I.; Mirandola, P.; De Conto, F.; Covan, S.; Germini, D.; Razin, S.; Dettori, G.; Chezzi, C. Cell-cycle-dependent localization of human cytomegalovirus UL83 phosphoprotein in the nucleolus and modulation of viral gene expression in human embryo fibroblasts in vitro. J. Cell. Biochem. 2011, 112, 307–317. [Google Scholar] [CrossRef]

	



Chen, H.; Wurm, T.; Britton, P.; Brooks, G.; Hiscox, J.A. Interaction of the Coronavirus Nucleoprotein with Nucleolar Antigens and the Host Cell. J. Virol. 2002, 76, 5233–5250. [Google Scholar] [CrossRef]

	



Wurm, T.; Chen, H.; Hodgson, T.; Britton, P.; Brooks, G.; Hiscox, J.A. Localization to the Nucleolus Is a Common Feature of Coronavirus Nucleoproteins, and the Protein May Disrupt Host Cell Division. J. Virol. 2001, 75, 9345–9356. [Google Scholar] [CrossRef] [PubMed]

	



McBride, R.; Van Zyl, M.; Fielding, B.C. The Coronavirus Nucleocapsid Is a Multifunctional Protein. Viruses 2014, 6, 2991–3018. [Google Scholar] [CrossRef] [PubMed]

	



Su, M.; Chen, Y.; Qi, S.; Shi, D.; Feng, L.; Sun, D. A Mini-Review on Cell Cycle Regulation of Coronavirus Infection. Front. Vet. Sci. 2020, 7, 586826. [Google Scholar] [CrossRef]

	



Fatima, G.; Mathan, G.; Kumar, V. The HBx protein of hepatitis B virus regulates the expression, intracellular distribution and functions of ribosomal protein S27a. J. Gen. Virol. 2012, 93, 706–715. [Google Scholar] [CrossRef]

	



Kaminskyy, V.; Zhivotovsky, B. To kill or be killed: How viruses interact with the cell death machinery. J. Intern. Med. 2010, 267, 473–482. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.-R.; Lee, S.R.; Oh, W.; Lee, E.-W.; Yeh, J.-Y.; Nah, J.-J.; Joo, Y.-S.; Shin, J.; Lee, H.-W.; Pyo, S.; et al. West Nile virus capsid protein induces p53-mediated apoptosis via the sequestration of HDM2 to the nucleolus. Cell. Microbiol. 2007, 10, 165–176. [Google Scholar] [CrossRef]

	



Gouzil, J.; Fablet, A.; Lara, E.; Caignard, G.; Cochet, M.; Kundlacz, C.; Palmarini, M.; Varela, M.; Breard, E.; Sailleau, C.; et al. Nonstructural Protein NSs of Schmallenberg Virus Is Targeted to the Nucleolus and Induces Nucleolar Disorganization. J. Virol. 2017, 91. [Google Scholar] [CrossRef] [PubMed]

	



Hetman, M.; Slomnicki, L.P. Ribosomal biogenesis as an emerging target of neurodevelopmental pathologies. J. Neurochem. 2019, 148, 325–347. [Google Scholar] [CrossRef]

	



Slomnicki, L.P.; Chung, N.-H.; Parker, A.; Hermann, T.; Boyd, N.L.; Hetman, M. Ribosomal stress and Tp53-mediated neuronal apoptosis in response to capsid protein of the Zika virus. Sci. Rep. 2017, 7, 16652. [Google Scholar] [CrossRef]

	



Meier, U.T.; Blobel, G. Nopp 140 shuttles on tracks between nucleolus and cytoplasm. Cell 1992, 70, 127–138. [Google Scholar] [CrossRef]

	



Chen, H.-K.; Pai, C.-Y.; Huang, J.-Y.; Yeh, N.-H. Human Nopp140, Which Interacts with RNA Polymerase I: Implications for rRNA Gene Transcription and Nucleolar Structural Organization. Mol. Cell. Biol. 1999, 19, 8536–8546. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, C.; Zheng, F.; Zhu, J.; Liu, M.; Liu, N.; Li, X.; Zhang, L.; Deng, Z.; Zhao, Q.; Liu, H. The interaction between NOLC1 and IAV NS1 protein promotes host cell apoptosis and reduces virus replication. Oncotarget 2017, 8, 94519–94527. [Google Scholar] [CrossRef]

	



Scheffner, M.; Huibregtse, J.M.; Vierstra, R.D.; Howley, P. The HPV-16 E6 and E6-AP complex functions as a ubiquitin-protein ligase in the ubiquitination of p53. Cell 1993, 75, 495–505. [Google Scholar] [CrossRef]

	



Martin, M.E.D.; Berk, A.J. Adenovirus E1B 55K Represses p53 Activation In Vitro. J. Virol. 1998, 72, 3146–3154. [Google Scholar] [CrossRef]

	



Wang, X.W.; Gibson, M.K.; Vermeulen, W.; Yeh, H.; Forrester, K.; Stürzbecher, H.W.; Hoeijmakers, J.H.; Harris, C.C. Abrogation of p53-induced apoptosis by the hepatitis B virus X gene. Cancer Res. 1995, 55, 6012–6016. [Google Scholar] [PubMed]

	



Bargonetti, J.; Reynisdóttir, I.; Friedman, P.N.; Prives, C. Site-specific binding of wild-type p53 to cellular DNA is inhibited by SV40 T antigen and mutant p53. Genes Dev. 1992, 6, 1886–1898. [Google Scholar] [CrossRef]

	



Shi, D.; Shi, H.; Sun, D.; Chen, J.; Zhang, X.; Wang, X.; Zhang, J.; Ji, Z.; Liu, J.; Cao, L.; et al. Nucleocapsid Interacts with NPM1 and Protects it from Proteolytic Cleavage, Enhancing Cell Survival, and is Involved in PEDV Growth. Sci. Rep. 2017, 7, 39700. [Google Scholar] [CrossRef]

	



Chaturvedi, V.K.; Singh, A.; Dubey, S.K.; Hetta, H.; John, J.; Singh, M. Molecular mechanistic insight of hepatitis B virus mediated hepatocellular carcinoma. Microb. Pathog. 2019, 128, 184–194. [Google Scholar] [CrossRef] [PubMed]

	



Slagle, B.L.; Bouchard, M.J. Role of HBx in hepatitis B virus persistence and its therapeutic implications. Curr. Opin. Virol. 2018, 30, 32–38. [Google Scholar] [CrossRef] [PubMed]

	



Kalt, I.; Borodianskiy-Shteinberg, T.; Schachor, A.; Sarid, R. GLTSCR2/PICT-1, a Putative Tumor Suppressor Gene Product, Induces the Nucleolar Targeting of the Kaposi’s Sarcoma-Associated Herpesvirus KS-Bcl-2 Protein. J. Virol. 2009, 84, 2935–2945. [Google Scholar] [CrossRef] [PubMed]

	



Kong, W.; Biswas, A.; Zhou, D.; Fiches, G.; Fujinaga, K.; Santoso, N.; Zhu, J. Nucleolar protein NOP2/NSUN1 suppresses HIV-1 transcription and promotes viral latency by competing with Tat for TAR binding and methylation. PLOS Pathog. 2020, 16, e1008430. [Google Scholar] [CrossRef] [PubMed]

	



Riback, J.A.; Zhu, L.; Ferrolino, M.C.; Tolbert, M.; Mitrea, D.M.; Sanders, D.W.; Wei, M.-T.; Kriwacki, R.W.; Brangwynne, C.P. Composition-dependent thermodynamics of intracellular phase separation. Nature 2020, 581, 209–214. [Google Scholar] [CrossRef]

	



Sanchez-Burgos, I.; Espinosa, J.; Joseph, J.; Collepardo-Guevara, R. Valency and Binding Affinity Variations Can Regulate the Multilayered Organization of Protein Condensates with Many Components. Biomolecules 2021, 11, 278. [Google Scholar] [CrossRef]

	



Banani, S.F.; Rice, A.; Peeples, W.B.; Lin, Y.; Jain, S.; Parker, R.; Rosen, M.K. Compositional Control of Phase-Separated Cellular Bodies. Cell 2016, 166, 651–663. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Cabau, C.; Salvatella, X. Regulation of biomolecular condensate dynamics by signaling. Curr. Opin. Cell Biol. 2021, 69, 111–119. [Google Scholar] [CrossRef] [PubMed]

	



Bratek-Skicki, A.; Pancsa, R.; Mészáros, B.; Van Lindt, J.; Tompa, P. A guide to regulation of the formation of biomolecular condensates. FEBS J. 2020, 287, 1924–1935. [Google Scholar] [CrossRef]

	



Söding, J.; Zwicker, D.; Sohrabi-Jahromi, S.; Boehning, M.; Kirschbaum, J. Mechanisms for Active Regulation of Biomolecular Condensates. Trends Cell Biol. 2020, 30, 4–14. [Google Scholar] [CrossRef] [PubMed]

	



Owen, I.; Shewmaker, F. The Role of Post-Translational Modifications in the Phase Transitions of Intrinsically Disordered Proteins. Int. J. Mol. Sci. 2019, 20, 5501. [Google Scholar] [CrossRef] [PubMed]

	



Iarovaia, O.V.; Minina, E.; Sheval, E.V.; Onichtchouk, D.; Dokudovskaya, S.; Razin, S.V.; Vassetzky, Y.S. Nucleolus: A Central Hub for Nuclear Functions. Trends Cell Biol. 2019, 29, 647–659. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Bokros, M.; Theodoridis, P.R.; Lee, S. Nucleolar Sequestration: Remodeling Nucleoli into Amyloid Bodies. Front. Genet. 2019, 10, 1179. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 10 01597 g001 550] 





Figure 1. Nucleolus interface in the course of viral infection. 
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