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Abstract

:

Ribosomal proteins (RPs), in conjunction with rRNA, are major components of ribosomes involved in the cellular process of protein biosynthesis, known as “translation”. The viruses, as the small infectious pathogens with limited genomes, must recruit a variety of host factors to survive and propagate, including RPs. At present, more and more information is available on the functional relationship between RPs and virus infection. This review focuses on advancements in my own understanding of critical roles of RPs in the life cycle of viruses. Various RPs interact with viral mRNA and proteins to participate in viral protein biosynthesis and regulate the replication and infection of virus in host cells. Most interactions are essential for viral translation and replication, which promote viral infection and accumulation, whereas the minority represents the defense signaling of host cells by activating immune pathway against virus. RPs provide a new platform for antiviral therapy development, however, at present, antiviral therapeutics with RPs involving in virus infection as targets is limited, and exploring antiviral strategy based on RPs will be the guides for further study.
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1. Introduction


A ribosome is a type of intracellular machinery responsible for protein biosynthesis in all cells; this process from RNA to protein in the genetic central dogma is also known as “translation”. Outside of its catalytic role, the ribosome is also a translational regulator during protein synthesis. Ribosome components include ribosomal proteins (RPs) and ribosomal RNA (rRNA). In eukaryotes, the biogenesis of ribosomes occurs within the nucleolus and requires the coordinated assembly of 4 rRNAs (5S, 5.8S, 18S, and 28S rRNAs) and 80 (79 in yeast) RPs [1,2]. The eukaryotic ribosome, termed 80S ribosome, is composed of two subunits. The 40S small subunit has the decoding function, which is composed of 18S rRNA and 33 RPs [2]. The 60S large subunit catalyzes the formation of peptide bonds, which is composed of 5S, 5.8S, 28S rRNAs and 47 (46 in yeast) RPs [2]. Apart from being components of ribosomes, RPs also play essential roles in ribosome biogenesis, in which RPs as RNA chaperones stabilize rRNAs and promote their correct folding for assembly of ribosomal subunits [3,4]. Increasing evidence has demonstrated the extra-ribosomal functions of RPs. RPs could regulate many fundamental life processes involving the cell cycle, cell proliferation, apoptosis, tumorigenesis, genomic integrity and development, etc. [4,5,6,7].



The viruses are the small infectious pathogens that replicate only inside the living cells. Viruses can infect all types of living organisms, from animals and plants to microorganisms. As the smallest infectious pathogen, viruses have limited genomes, so during viral infection, viruses must employ a variety of host cellular factors in order to survive and produce new viral particles. Specifically, it is now appreciated that RPs play critical roles in the life cycle of viruses. In virus-infected cells, virus may usurp an endogenous translation pathway [8]. After infection by some viruses (for example herpes viruses), translation of cellular mRNA is often selectively suppressed, whereas translation initiation of RPs mRNA increases and persists late [9,10]. It is a result of the virus–host interaction, for preferentially producing RPs to maintain viral propagation. In these related functions of RPs, some are ribosome-dependent, mainly participating in viral protein biosynthesis, and the other are independent of the ribosome, involving in the regulation of virus infection in host cells. In this review, the most relevant studies are summarized, and the author will focus on the roles of RPs in regulation of viral replication and infection in host cells and discuss RPs as potential targets for antiviral therapeutics.




2. Positive Regulation of Ribosomal Proteins on Viral Infection


2.1. Viral Internal Ribosome Entry Site (IRES) Hijacks the Ribosome


The predominant translation initiation pathway of cellular mRNA is cap-dependent, which requires recognition of mRNA 5′ cap by the eukaryotic initiation factor 4E (eIF4E). eIF4E interacts with eIF4G and eIF4A to form the cap binding complex (eIF4F), recruiting the 40S subunit to the 5′ end of mRNA (Figure 1A) [11]. However, many viral mRNAs have no 5′ cap structures. The cap-snatching from host mRNA is an effective strategy [12,13], while some RNA viruses utilize a cap-independent manner to recruit the ribosome, which is mediated by the internal ribosome entry site (IRES) [14,15,16].



IRES is a cis-element in 5′ untranslated region (UTR) of viral mRNA, and it can recruit ribosomes to initiate the synthesis of viral proteins [17,18]. According to the secondary structure, required initiation factors (eIFs) and location of the start codon relative to IRES, viral IRESs are functionally divided into four groups (IRES 1–4) [19]. IRES-1, from the intergenic region (IGR) of Dicistroviridae family that infects invertebrate, is the most streamlined IRES, because it recruits the 40S and 60S subunits to form functional 80S complexes in the absence of any eIFs [19,20,21]. Cricket paralysis virus (CrPV), Plautia stali intestine virus (PSIV) and Taura syndrome virus (TSV) are typical members in this group [19]. IRES-2 needs a subset of the canonical eIFs (eIF3, eIF2) and Met-tRNA to bind to 40S subunit [19]. This group is mainly from Flaviviridae family that infects mammal, with Hepatitis C virus (HCV) and Classical swine fever virus (CSFV) as typical members [19,22,23]. For IRES-3 (including Encephalomyocarditis virus and Foot-and-mouth disease virus, etc.) and IRES-4 (including poliovirus and rhinovirus, etc.), besides some canonical eIFs and Met-tRNA, additional proteins named IRES trans-activating factors (ITAFs) are also required to bind ribosome [14,15,19,24]. However, even in the simplest system, an intricate reaction network regulates translation initiation, in which RPs are essential [18,25].



Although IRES-1 and IRES-2 both induce a conformational change in the ribosome upon binding [23,26,27], their binding sites to 40S subunit are different. IRES-1 binds to the intersubunit surface of 40S subunit occupying the peptidyl (P) and exit (E) sites [27], and IRES-2 binds to the solvent side of 40S subunit and occupies E site [28]. The binding to 40S subunit of IRES-2 is regulated by RPS5 with its β-hairpin structure, independently of RPS25 (a RPS5 neighbor situated in the head domain of 40S subunit) (Figure 1D) [29,30,31,32,33]. Whereas IRES-1 depends on RPS25 for binding to 40S subunit (Figure 1C) [18,31,34], in which RPS5 could maintain the accuracy of translation in eukaryotes [35]. RPS25 is non-essential in viral cap-dependent translation, but it plays a critical role in all viral IRES-mediated translation. The propagation of HCV and poliovirus is impaired in cells depleted of RPS25 [31]. This is because, after 40S subunit recruitment, all groups of IRESs rely on RPS25 for efficient translation (Figure 1C,D) [31,34,36]. RPS25 likely functions in a downstream step, such as loading of viral mRNA into 40S subunit, start codon recognition, or 60S subunit joining [31,36]. When cap-dependent translation initiation is hindered, the 5′ leader of human immunodeficiency virus type 1 (HIV-1) genomic RNA can fold into IRES to recruit 40S subunit and drive translation initiation of viral Gag protein, in which the activity of IRES is also dependent on RPS25 [37]. RACK1, as ribosome scaffold protein, is also required for viral IRES-2-mediated translation, and the effect of RACK1 may associate with eIF3 to assemble a translation preinitiation complex [38]. In addition, it is demonstrated that the intracellular level of 40S subunit plays a key role in facilitating HCV translation over host translation, and the translation initiation of HCV IRES and host mRNA possess different susceptibility for reduction of 40S subunit [39]. RPS2 (p40), RPS3a, RPS14 and RPS16 can interact with HCV IRES [40,41], which might be one of the reasons that HCV IRES is more sensitive to 40S subunit level, and the roles of these RPs in translation initiation of viral RNA require further explanation.




2.2. Ribosome Shunting and Programmed -1 Ribosomal Frameshifting


Ribosome shunting is one of alternate mechanisms of virus initiating translation. In the process, 40S subunit is recruited to the 5′ end of viral RNA through a cap-dependent manner. After scanning 5′ UTR or translating a short open reading frame (ORF), 40S subunit jumps from a shunt donor region to the downstream acceptor region and recognizes a renewed AUG to initiate protein synthesis, bypassing the intermediate secondary structure regions of transcript without scanning through it [42]. Members exploiting ribosome shunting strategy include Cauliflower mosaic virus (CaMV), Rice tungro bacilliform virus, Sendai virus and adenovirus, etc. [42,43,44,45]. At present, the shunting mechanism is still not well understood. It has been reported that 40S subunit is fastened to mRNA by either base pairing with 18S rRNA or binding to eIF3 [46,47]. Furthermore, ribosome shunting by adenovirus tripartite leader is impaired in RPS25-deficient cells, which suggests that RPS25 is also required for ribosome shunting (Figure 1E) [31]. RPS25 may perform a common function in IRES and ribosome shunt mediated translation initiations [31].



Programmed -1 ribosomal frameshifting (-1PRF) is also a widely used translation recoding mechanism by virus, wherein a part of translating ribosomes slip back one nucleotide site so that the translation continues in a new ORF [48]. Through this mechanism, virus can translate one mRNA template to produce two different proteins, which expands the utilization of viral limited genetic information. The typical case of the mechanism is that HIV-1 expresses Gag-Pol polyprotein from the Gag-coding mRNA through -1PRF. When HIV-1 Gag is translated to the end of its ORF, a fraction of ribosomes shifts the reading frame to -1 site via the recognition of -1PRF signal, resulting in the production of Gag-Pol [49,50]. The ratio of Gag to Gag-Pol is strictly maintained for efficient virus assembly and maturation [51,52]. Recently, the -1PRF regulatory mechanism of HIV-1 is well elucidated. The host factor Shiftless is identified as an inhibitor of -1PRF, which interacts with -1PRF signal of HIV-1 mRNA and translating ribosomes and causes premature translation termination at the frameshifting site (Figure 1F) [53]. In this process, translation release factor eRF1 and eRF3 are required, as well as eS31 (RPS27A) and uL5 (RPL11), which interact with Shiftless. Upon the conformational rearrangements and intersubunit rotations, the two RPs respectively from 40S and 60S subunits join forces to sustain the association of Shiftless with the ribosome and viral RNA [53]. In yeast, RPL3, locating at the peptidyl transferase center, is responsible for translational fidelity of -1PRF (Figure 1F), and the RPL3 mutations lead to rapid loss of M1 killer virus [54].




2.3. Phosphorylation of Ribosomal Proteins


Accumulating studies indicate that RPs are subject to phosphorylation in response to virus infection [55,56,57]. The phosphorylation of RPS6 is a famous representative and has attracted much attention since its discovery stimulated by Vaccinia virus in 1976 [58]. A flood of viruses has been shown to induce phosphorylation of RPS6, such as Pseudorabies virus (PRV), Herpes simplex virus-1 (HSV-1), Polyoma virus, Simian virus 40, Avian sarcoma virus, tumor viruses, etc. [59,60,61,62]. RPS6 kinase (RPS6K) from host cells is responsible for this modification [57,63,64], while some viruses can produce a protein with kinase activity. B1R protein kinase of Vaccinia virus can phosphorylate RPS2 [65,66], and tyrosine-specific protein kinase of Abelson murine leukemia virus enhances RPS6 phosphorylation by activating RPS6K and/or inactivating RPS6 phosphatase [67]. However, despite a large number of reports on the increasing phosphorylation of RPs induced by viral infection, the role of this modification on virus infection is still poorly understood.



Notably, this modification occurs during the early stage of virus infection and in both the cytosol and the nucleus [55,57,59]. One viewpoint is that RPS6 phosphorylation is a normal physiological response of cell to numerous internal and external stimuli. It has been demonstrated that RPS6 is subject to phosphorylation in response to a series of physiological (such as stresses, nutrients, lipid, hormones and mitogenic stimulation), pathological, and pharmacological stimuli [57,68]. Viral infection is only one of numerous stimuli, and RPS6 phosphorylation is a nonspecific response to virus. The phosphorylation of RPS6 still occurs in cells transformed by completely inactivated PRV, suggesting that expression of viral genome is not required for virus eliciting phosphorylation [69]. When culture medium from cells infected by PRV is freed of virus and added to confluent fibroblasts, RPS6K is rapidly activated, which indicates that RPS6 phosphorylation in virus-infected cells is a consequence of the production of cell factors [64]. These factors may initiate the metabolic programme for cellular growth [64]. RPS6 phosphorylation is always correlated with efficient translation of RPs mRNA [9], so it might be a cellular response to numerous stimuli through regulating translation of various RPs. The other view is that RPS6 phosphorylation is required for replication and accumulation of many viruses. NsP2 protein of alphavirus, an essential component of the viral replication complex, interacts with RPS6. A reduction of RPS6 level diminishes the expression of viral mRNA, but does not dramatically impair host cellular translation, indicating that alphavirus alters ribosome via RPS6 phosphorylation and the alteration may contribute to differential translation of host and viral mRNA [70]. In Kaposi’s sarcoma-associated herpesvirus (KSHV)-infected cells, the latency-associated nuclear antigen (LANA) is a viral maintenance factor, and RPS6 can interact with LANA to maintain its extraordinary stability [71]. Interestingly, for plant viruses, the requirement for RPS6 phosphorylation differs for diverse viruses with different translation initiation strategies [72,73]. The cap-independent Turnip mosaic virus (TuMV) requires RPS6 and RPS6K for viral accumulation in plant cells, in which the viral genome-linked protein (VPg) of TuMV interacts RPS6K in both the cytoplasm and the nucleus [72,73]. Conversely, accumulation of Tobacco mosaic virus (TMV) with the 5′ m7Gppp cap and the Ω leader is independent of RPS6 and RPS6K [72,73]. The molecular mechanisms underlying the diverse effects of RPS6 phosphorylation on virus infection in cells needs further explanation.




2.4. Interaction Between Viral Proteins and Ribosomal Proteins


Viral proteins, regardless of structural and nonstructural proteins, interacting with diverse RPs are widely reported. Just an N-terminal protease (Npro) from pestivirus, there are 26 RPs interacting with it [74], and P1 of Tobacco etch virus (TEV) interacts with 17 RPs in Nicotiana benthamiana [75]. Of course, the significance of interaction still needs to be identified. The characterized roles (in Table 1) of the interactions on positive regulation of virus infection can be roughly divided into 3 classes: 1) facilitating viral translation, 2) involving in virus assembly and replication, and 3) as viral receptor. Class 1 belongs to ribosomal function, in which Sin nombre hantavirus (SNV) N-RPS19 interaction is a typical case. Through interacting with RPS19, SNV-N could combine with the 40S subunit, mRNA cap and unphosphorylated eIF2 to form the 43S pre-initiation complex, replacing the eIF4F complex to directly mediate viral mRNA translation initiation (Figure 1B) [76,77,78]. RPL18 is also a well-known critical factor due to its interacting with many viral proteins. RPL18 of Arabidopsis thaliana interacts with P6 of CaMV in a complex consisting of several RPs and eIF3, which is required for translational transactivation of CaMV [79,80]. RPL18 is found to be incorporated into Ebola virions, and reduced expression of RPL18 effectively inhibits Ebola virus infection in 293T cells [81]. It is demonstrated that N of Rice stripe tenuivirus interacts with RPL18 of insect vector and silencing of RPL18 significantly reduces viral translation and replication in insect vector [82]. Interaction between NS1 of Dengue virus (DENV) and RPL18 in human hepatic cells (Huh-7) exhibits a similar significance [83]. The above researches describe the upregulating role of RPL18 on virus translation. Class 2 and 3 is beyond ribosomal function. For example, RPL7, as a HIV-1 Gag helper factor, exhibits a potent DNA/RNA chaperone activity and contributes to Gag-mediated virus particle assembly [84]. In many cases, RPs exercise these functions depending on the specific localization outside of ribosome. After entering into the nucleus, RPL22 translocates from the nucleoli to the nucleoplasm to interact with HSV-1 ICP4 for regulating viral DNA synthesis and late gene expression [85]. RPS2 as membrane receptor binds envelope protein E of DENV and Yellow fever virus (YFV) [86]. The helper component proteinase (HCpro) of potyviruses is a multifunctional protein [87]. As a suppressor of antiviral RNA silencing, HCpro interacts with ARGONAUTE1 (AGO1) and RPL18 to form complexes to relieve viral RNA translational repression from RNA-induced silencing complex (RISC) [88]. HCpro can interact with translation factors both eIF4E and eIF(iso)4E [89], while RPL10 (P0) promotes translation of Potato virus A by interacting with VPg and eIF(iso)4E [90]. It is reported that HCpro of TEV inhibits translation, but this inhibition is relieved by TEV P1 interacting with plant ribosome [75]. Besides, HCpro is also a vector transmission helper factor, mediating the retention of virions to aphid mouthparts. In the process, RPS2, as the potential laminin receptor precursor, binds HCpro of TEV to assist virus transmission [91].




2.5. Ribosomal Proteins that Promote Viral Infection Without Directly Interacting with Viral Proteins


Using gene silencing or knockout techniques, many RPs that enhance viral proliferation are identified, but the direct interaction between these RPs and viruses is not reported. Knockdown of RPLP1 and RPLP2 strongly reduced early DENV protein accumulation, while global protein synthesis is relatively stable in cells, suggesting a requirement for RPLP1/2 heterodimer in viral translation [100]. RPL40 is required for cap-dependent translation initiation of Vesicular stomatitis virus, Measles virus and Rabies virus by acting in the 80S formation step [8]. A Hepatitis E virus recombinant strain with RPS17 insertion in the hypervariable region of viral ORF1 endows enhanced virus replication activity, indicating the importance of RPS17 for virus infection [101]. The interaction of eIF-5A with HIV-1 Rev trans-activator mediates the nuclear export of viral unspliced mRNA [102]. In the process, eIF-5A utilizes the 5S rRNA cellular transport system through partnering with RPL5, a central component of 5S rRNA export system [102]. Despite the differential requirement of RPS6, the accumulation of TMV, TuMV and Tomato bushy stunt virus (TBSV) is dependent on RPL19, RPL13, RPL7 and RPS2, regardless of their translation strategies [73].



After some virus infections, translation of host other mRNA is often suppressed, but RPs mRNA translation and ribosome biogenesis increase [9,10]. This phenomenon is considered as a result of the virus–host interaction. The modulation of ribosome biogenesis in the nucleolus by coronaviruses might be a better case to uncover the mechanism. The nucleolus is a dynamic sub-nuclear structure, which is involved in ribosome subunit biogenesis, modulation of cellular growth and the cell cycle, etc. [103,104]. N protein of Avian infectious bronchitis coronavirus (AIBV) localizes to the nucleolus in a cell cycle dependent manner and interacts with fibrillarin and nucleolin, which are two major components of the nucleolus involved in ribosome biogenesis [105,106]. The nucleolus entry of AIBV N protein results in the specific changes of the nucleolar proteome and delay of the cell cycle, which promotes host ribosome biogenesis and facilitates indirectly translation of viral mRNAs [106,107,108].




2.6. Ribosomal Proteins in Replication and Transcription of Viral Genome


The aforementioned RPs functions mainly focus on the domination and regulation of viral translation and assembly. Though not so large in number, some RPs have been shown to take part in viral genome replication or transcription in host. RPS27 is a metallopanstimulin containing a C4-typezinc finger peptide (ZFP) motif that can bind zinc and other transition metal ions, such as iron or copper [109,110]. RPS27 is not required for the function of ribosome, but it plays a critical role in the life cycle of various viruses through regulating viral nucleic acid replication and gene transcription [109,111]. When RPS27 is disrupted in host cells, which is disposable for the host, the replication and infectivity of numerous viruses is abolished, including Influenza A virus (IVA), Drosophila C virus, DENV, HCV, Sindbis virus, Border disease virus, etc. [109,111,112,113]. It is reported that RPS1 is a subunit of Qβ replicase involving in RNA replication of Coliphage Qβ [114]. In A. thaliana, RPL5 and transcription factor IIIA bind Potato spindle tuber viroid (PSTVd) RNA to participate in the RNA synthesis of PSTVd [115]. Furthermore, a few RPs can bind viral noncoding RNA to maintain their viral functions. Epstein–Barr virus (EBV)-encoded RNA 1 (EBER-1), a noncoding RNA, recruiting human RPL22 mediates relocalization of RPL22 in EBV-infected cells, which is critical for EBV-associated tumorigenesis [116,117,118].





3. Antiviral Function of Ribosomal Proteins


Compared with RPs positive regulating viral infection, the reports on antiviral function of RPs are rare and appear recently in terms of time. Initially, it is known that the overall inhibition of host protein synthesis induced by poliovirus infection can be resisted by translation of RP mRNA and phosphorylation of RPS6 [119]. According to existing reports, there are two main antiviral mechanisms of RPs. First, RPs interact with viral proteins to inhibit directly virus transcription or translation. RPL9 binds phosphoprotein P (an essential cofactor of viral RNA polymerase) of Rabies virus (RABV) and translocates from nucleus to cytoplasm, inhibiting the initial stage of RABV transcription [120]. RPS10, 18S rRNA and lesser tRNAs bind to Nef protein of HIV-1 to from a complex, decreasing viral protein synthesis [121]. Second, RPs as immune factors activate antiviral defense signaling pathways. RPS20 inhibits CSFV replication in cells by modulating Toll-like receptor 3 (TLR3), which can activate immune responses [122]. In response to infection by Respiratory syncytial virus, RRL13a is released from 60S subunit and assemble an interferon-γ independent antiviral complex to suppress the translation of a specific viral mRNA (matrix protein M), which represents a novel paradigm in antiviral innate immunity [123]. In geminivirus nuclear shuttle protein (NSP)-interacting kinase (NIK)-mediated antiviral defense pathway in plants, RRL10 acts as an immediate downstream effector of the antiviral signaling, in which RRL10—a specific partner and substrate of NIK—is phosphorylated and redirects to the nucleus to modulate viral infection [124,125]. It is a new defense strategy of plant cells against viruses.




4. Applications and Prospective


Given wide-ranging functions of RPs on viral infection, RPs have huge therapeutic potential as targets. The ribosome inactivating proteins (RIPs) are RNA N-glycosidases that inhibit protein synthesis by selectively modifying large rRNA molecules and deactivating ribosomes [126], so some RIPs exhibit antiviral activity. RIP from Phytolacca americana is a famous representative, also known as Pokeweed antiviral protein (PAP) [127]. PAP serves as effective inhibitor of many animal and plant viruses, for instance, HIV-1, poliovirus, HSV-1, TMV and Tobacco etch virus, etc. [128,129,130]. The antiviral activity of PAP has been explored by many researchers, via conjugating a variety of monoclonal antibodies for antiviral therapeutics [131,132] and generating transgenic plants resistant to plant viruses [133]. The antiviral mechanism of PAP is poorly understood. It is proposed that PAP may inhibit virus translation by binding and depurinating capped viral RNAs [134]. However, PAP does not depurinate uncapped viral RNAs (such as TBSV) and IRES-containing RNA (such as poliovirus), but PAP inhibit translation of these viral RNAs [135]. The mode of ribosomal inactivation by PAP remains to be elucidated. Due to nonspecific inactivating to ribosomes, many RIPs, such as that from Ricinus communis and Abrus precatorius, are high toxicity to eukaryotic cells [136], which limits broad-spectrum application of RIPs in antiviral therapeutics.



Many RPs exhibit upregulating critical roles in the life cycle of various viruses, which makes them potential targets for design small molecule antiviral drugs, especially those RPs with reductions that are non-essential for ribosomal function to maintain cell cycle, for example, RPS25, RPS27, RPLP1, RPLP2, RPL3 and RPL18, deserve special attention. In these non-essential RPs, the range of viruses regulated by RPS27 is broad. RPS27 can regulate infection of fatal IVA, DENV, HCV and Sindbis virus [111], which increases its value as a target. Currently, the development of antiviral therapy with these RPs as targets is insufficient. The antivirals picolinic acid (PA) and fusaric acid (FU) are the successful examples. PA and FU exhibit effective antiviral and preventive activities for a series of DNA and RNA virus by disrupting ZFP domain of RPS27 and inactivating this RP [111]. Furthermore, many viruses encode ZFP-containing viral proteins for replication, such as HIV-1 Np7, HSV-1 ICPO, IVA M1, HCV NS2 and Reoviruses ρ-3, etc., while PA and FU also disrupt essential viral ZFPs and render pathogenic virus inactive [111], which enhances the antiviral effect of PA and FU. RPS25 controls viral IRES and ribosome shunt-mediated translation [31], and RPL18 also has a broader range of viruses to regulate (Table 1), which endows the two RPs great potential for antiviral application. Unfortunately, there is no correlated report. RNAi and CRISPR/Cas9-based strategies are promising approaches to target RP genes. For potential target RPs, although their depletions are non-essential for basic ribosomal function in the experiments, it is suggested knockdown and suppression of these RPs rather than knocked out or mutation in application. Due to the multiformity of RPs in cells [4,5,6,7], absence and mutation of any RP might lead to exceptional responses of cells to physiological and non-viral pathological stimuli.



Moreover, many RPs exhibit dramatically higher levels of expression in cells where virus propagate rapidly, such as RPL4 in EBV-infected cells [94] and RPS27a in Hepatitis B virus-infected cells [137]. These RPs with high expression can be considered as targets of antiviral drug carriers for specific tissue/cell drug delivery. For example, we envisage a project in which the anti-EBV drug is encapsulated by the diblock copolymer to form nanoparticles (NPs), and then the surface of NPs is conjugated by RPL4 monoclonal antibody (mAb) or Fab-fragment of RPL4 mAb. The produced polymeric NPs drug will be responsive to the cells with more RPL4 to trigger drug targeting delivery, resulting in more effective clinical antiviral therapy.



RPs with antiviral function can also be directly utilized. HP (2-20), an antibacterial sequence with a membrane-disruptive property from RPL1 of Helicobacter pylori, is developed the novel virus–cell fusion inhibitory peptide to defense virus infection after several amino acid sites substitution [138]. Interest in RPs involved in viral infection by scientists and physicians have markedly increased, but we are still in an early stage of targeting RPs for therapeutic applications.




5. Conclusions


This review provides an overview about the positive and negative roles of RPs on viral infection control in cells. More and more information is available on the critical roles and precise modes of RPs in virus infections, thus, RPs are viewed as being of immense importance for preventing deathly viral diseases. As our understanding of biological function of RPs increases, antiviral design principles and strategies targeting RPs will also keep pace, and more medicaments, like PA and FU, will appear. In general, RPs provide a new platform for antiviral therapy development, but at present, antiviral therapeutics based on RPs is limited, and many challenges remain to be overcome. Exploring novel antiviral medicament and strategy targeting RPs will be the guides for further study in this field.
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Figure 1. Models for the roles of ribosomal proteins (RPs) in regulating viral mRNA translation initiation. (A) Cap-dependent translation initiation, in which cap-binding complex (eIF4F) and eukaryotic initiation factors (eIFs) are required; (B) N protein of Sin nombre hantavirus (SNV) interacts with RPS19 to recruit 40S subunit to 5′ cap, directly mediating viral mRNA translation initiation independently of cap-binding complex; (C) The internal ribosome entry site 1 (IRES-1) (from IGR of Dicistroviridae family) depends on RPS25 for 40S subunit recruitment, mRNA loading and 60S joining, and no eIFs are required in this process; (D) IRES-2 (from hepatitis C virus) relys on RPS5 to bind 40S subunit with the participation of eIFs, and RPS25 is required in subsequent mRNA loading and 60S joining process; (E) In ribosomal shunting, RPS25 is also indispensable; (F) In programmed -1 ribosomal frameshifting (-1PRF), RPL3 controls translational fidelity. Shiftless inhibits -1PRF via interacting with RPS27A, RPL11 and release factors. Legends are annotated in the figure. eIFs (purple) refer to various eIFs, which are different in different steps. Underlined text indicates different steps in the viral translation. Italics “No RPS25” indicates the depletion or knockout of this RP, and the rest is the same. Red T-shaped symbol represents the block of the step. The secondary structures of IRES-1 and IRES-2 are schematic, and do not represent the real stem-loops. 
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Table 1. The characterized roles of the interactions between RPs and viral proteins on positive regulating viral infection.
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No.

	
RP

	
Virus

	
Interacting Viral Proteins

	
Structural (s) or Nonstructural

(ns) Protein

	
Function of Interaction

	
Ref.






	
1.

	
RPS19

	
Sin nombre hantavirus (SNV)

	
N

	
S

	
Facilitating N-mediated translation initiation mechanism

	
[76,77,78]




	
2.

	
RPL18

	
Cauliflower mosaic virus (CaMV)

	
P6

	
NS

	
Translational transactivation

	
[79,80]




	
Rice stripe tenuivirus (RSV)

	
N

	
S

	
Promoting viral translation and replication

	
[82]




	
Dengue virus (DENV)

	
NS1

	
NS

	
Required for viral translation and replication

	
[83]




	
Potato virus A (PVA)

	
HCPro

	
NS

	
Forming complexes to relieve viral RNA translational repression from RISC

	
[88]




	
Infectious bursal disease virus (IBDV)

	
VP3

	
S

	
Enhancing viral replication

	
[92]




	
3.

	
RPS2

(RPSA)

	
DENV

	
Envelope protein E

	
S

	
Viral membrane receptor

	
[86]




	
Yellow fever virus (YFV)

	
Envelope protein E

	
S

	
Viral membrane receptor

	
[86]




	
Tobacco etch virus (TEV)

	
HCPro

	
NS

	
Viral receptor in the transmission process

	
[91]




	
4.

	
RPL4

	
IBDV

	
VP3

	
S

	
Modulation of IBDV replication

	
[93]




	
Epstein-Barr virus (EBV)

	
EBNA1

	
NS

	
Establishing persistent B-lymphoblastoid cell infection

	
[94]




	
5.

	
RPL7

	
Human immunodeficiency virus type 1 (HIV-1)

	
Gag

	
S

	
As a helper contributing to the start of Gag assembly

	
[84]




	
White spot syndrome virus (WSSV)

	
VP51

	
S

	
Involving in WSSV infection

	
[95]




	
6.

	
RPS6

	
Kaposi’s sarcoma-associated herpesvirus (KSHV)

	
LANA

	
NS

	
Maintaining LANA stability

	
[71]




	
7.

	
RPS11

	
Cucumber mosaic virus (CMV)

	
2b

	
NS

	
Affecting viral replication, infection and gene silencing suppressor activity

	
[96]




	
8.

	
RPS27a

	
EBV

	
LMP1

	
NS

	
Stabilizing of LMP1 to enhance viral proliferation and invasion

	
[97]




	
9.

	
RPL6

	
Human T-cell leukemia virus type 1 (HTLV-1)

	
Tax

	
NS

	
Facilitating production of viral particles

	
[98]




	
10.

	
RPL9

	
Mouse mammary tumor virus (MMTV)

	
Gag

	
S

	
Efficient virus particle assembly

	
[99]




	
11.

	
RPL10 (P0)

	
PVA

	
VPg

	
NS

	
Enhancing viral translation

	
[90]




	
12.

	
RPL13

	
CaMV

	
P6

	
NS

	
Reinitiation of viral translation

	
[80]




	
13.

	
RPL22

	
Herpes simplex virus 1 (HSV-1)

	
ICP4

	
NS

	
Regulatory of virus DNA synthesis and late gene expression in nucleus

	
[85]




	
14.

	
RPL24

	
TEV

	
P1

	
NS

	
Stimulating translation of viral proteins

	
[75]












© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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