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In order to ensure viral gene expression, Human Immunodeficiency virus type-1 (HIV-1) recruits numerous host proteins that promote optimal RNA metabolism of the HIV-1 viral RNAs (vRNAs), such as the proteins of the DEAD-box family. The DEAD-box family of RNA helicases regulates multiple steps of RNA metabolism and processing, including transcription, splicing, nucleocytoplasmic export, trafficking, translation and turnover, mediated by their ATP-dependent RNA unwinding ability. In this review, we provide an overview of the functions and role of all DEAD-box family protein members thus far described to influence various aspects of HIV-1 vRNA metabolism. We describe the molecular mechanisms by which HIV-1 hijacks these host proteins to promote its gene expression and we discuss the implications of these interactions during viral infection, their possible roles in the maintenance of viral latency and in inducing cell death. We also speculate on the emerging potential of pharmacological inhibitors of DEAD-box proteins as novel therapeutics to control the HIV-1 pandemic.
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1 INTRODUCTION
37 million people worldwide are currently infected with Human Immunodeficiency Virus type-1 (HIV-1), the causative agent of acquired immune deficiency syndrome (AIDS). Although combination antiretroviral therapy (cART) can suppress viral replication, this treatment is not curative and cessation of therapy results in the rebound of viremia (Finzi et al., 1997). People living with HIV-1 (PLWHIV) therefore need to receive lifelong cART to control HIV-1 replication, while the emergence of drug resistance (Günthard et al., 2019) compromises the efficacy of cART. Currently, one in four PLWHIV has no access to antiviral treatment, highlighting the need for HIV-1 curative therapies and the development of newer classes of antiretrovirals with long-lasting activity. HIV-1 is an obligate intracellular parasite that utilises host proteins for its replication. Therefore, delineating the underlying molecular mechanisms of the interactions between cellular host factors and HIV-1 will be critical not only to understanding how different steps of the HIV-1 life cycle are regulated but may unravel novel molecular targets or pathways for pharmacological inhibition.
HIV-1 is a lentivirus whose life cycle begins after binding of the viral particle to receptors on the surface of CD4+ cells, followed by fusion of the viral envelope with the host cell membrane, allowing the release of the two copies of HIV-1 genomic viral RNA in the cell (Chen, 2019). The HIV-1 RNA genome is then reverse transcribed into double-stranded DNA using the viral enzyme reverse transcriptase (RT) (Hu and Hughes, 2012). The double-stranded HIV-1 DNA constitutes the main component of the HIV-1 pre-integration complex which then enters the nucleus where it integrates into the host genome aided by the activity of the viral enzyme Integrase (IN). The integrated HIV-1 double stranded DNA then behaves essentially as a cellular gene, using the cellular transcription, RNA-processing and translation machinery to initiate promoter transcription, mRNA splicing, processing and export of the viral RNAs, as well as translation into viral proteins, which are cleaved by the viral protease enzyme into maturity (ref). (Mailler et al., 2016).
During active replication, transcribed, viral RNAs (vRNAs), similar to host cell mRNAs, need to undergo multiple processes involved in RNA metabolism to ensure viral gene expression. Alternative splicing of HIV-1 results in the generation of three species of RNAs: unspliced viral RNA (US vRNA), singly-spliced HIV-1 viral RNA (SS vRNA) and multiply spliced viral RNA (MS vRNA). US vRNA serves as the genomic RNA and is packaged into the budding viral particles during viral assembly. US vRNA codes for the main HIV-1 structural and enzymatic polyproteins, Gag and Gag-Pol, which are further cleaved by the viral-encoded protease to yield viral proteins, including the p24 capsid protein. SS vRNAs code for the viral accessory proteins Vif, Vpr, Vpu, and for the envelope polyprotein Env. MS vRNA codes for the viral proteins Tat, Rev and Nef (Fields, 2013). Tat plays a very important role in the transcription of the proviral DNA by recruiting host positive transcription elongation factor b (P-TEFb) to the HIV-1 promoter (Ali et al., 2021). The viral protein Rev is critical for the nucleocytoplasmic export of the US and SS vRNAs. Rev binds to the US and SS vRNAs on a region known as the Rev-response element (RRE) thereby regulating their nucleocytoplasmic export via the Chromosomal Maintenance 1 (CRM1) pathway (Taniguchi et al., 2014). Nef is a viral protein that regulates viral infectivity of progeny virion and disease progression (Basmaciogullari and Pizzato, 2014). All the vRNAs need to be trafficked to the right subcellular localisation and be present in specific ribonucleoprotein complexes (RNPs) conducive to their translation to ensure viral replication. These various processes of RNA metabolism are mediated by many families of host RNA-binding proteins, including the DEAD-box helicases.
While combination antiretroviral therapy (cART) effectively abrogates active viral replication, viral latency occurs in a minority of infected cells, which constitute the HIV-1 reservoir. The development of viral latency is the main barrier to the development of an HIV-1 cure. Latency results from a block in viral gene expression, despite the presence of an intact replication-competent integrated provirus. While this block has been extensively investigated at the level of chromatin-mediated repression, transcription initiation and transcription elongation, more recently, it has come to light that significant blocks also exist at the level of RNA splicing and processing resulting in a block in the translation of viral proteins (Yukl et al., 2018). DEAD-box proteins could influence the maintenance of viral latency by influencing these post-transcriptional stages of HIV-1 replication, making them possible targets in the development of curative HIV-1 therapies.
DEAD-box helicases are a family of proteins that play pivotal roles in RNA metabolism, including transcription, splicing, trafficking, ribosome biogenesis, translation and turnover (reviewed in (Rocak and Linder, 2004; Linder and Jankowsky, 2011)). HIV-1 does not encode its own helicase and must therefore rely on host cell proteins to ensure its gene expression. Over the last 2 decades, it has come to light that the DEAD-box proteins play multiple roles in the HIV-1 life cycle. In this review, we discuss all DEAD-box proteins that have been implicated to play a role in HIV-1 replication.
2 DEAD-BOX PROTEINS
The proteins belonging to the DEAD-box family are adenosine triphosphate (ATP)-dependent RNA helicases that use energy from ATP hydrolysis to remodel RNA or RNPs, and thus facilitate multiple steps of RNA metabolism. They derive their family name from the presence of a DEAD-box amino acids sequence of Asp (D)–Glu (E)–Ala (A)–Asp (D) in all proteins in this family (Linder et al., 1989). The DEAD-box family belongs to the superfamily 2 (SF2) of nucleic acid helicases and contains the most number of proteins for a family of helicases, with more than 35 DEAD-box proteins present in humans. DEAD-box proteins share a highly conserved core with at least twelve conserved motifs that contain regions involved in RNA-binding, ATP binding and hydrolysis (Figure 1) (Caruthers and McKay, 2002). Two RecA-like domains make up the helicase core that is connected by an adaptable linker that facilitates their transition from open and closed conformations, the latter being associated with enzymatic activity (Ali, 2021). The binding of the DEAD-box proteins to RNA is sequence-independent (Andersen et al., 2006), important for mediating the binding of DEAD-box proteins to multiple RNAs and modulating numerous cellular functions. Although they are broadly categorised as helicases, DEAD-box proteins do a lot more than just unwind RNA; they are involved in almost every step of RNA metabolism (Linder and Jankowsky, 2011). They play fundamental roles in almost every step of gene expression (reviewed in (Bourgeois et al., 2016). Table 1 depicts a summary of the DEAD-box proteins involved in different steps of gene expression and indicates which of these proteins have also been implicated in HIV-1 gene expression. More than 30 members of the DEAD-box family of proteins have been reported to play a role in HIV-1 replication. This suggests that, just like for host genes, the DEAD-box family of proteins is also involved in almost every stage of viral RNA gene expression.
[image: Figure 1]FIGURE 1 | Schematic representation of the helicase core of DEAD-box proteins. The helicase core is composed of two RecA-like Domains 1 and 2 connected by a linker region. The conserved motifs presented are highlighted in blue for domains with ATP-binding and hydrolysis activity, yellow for RNA binding activity and green for domains involved in communication between ATP and RNA - binding sites.
TABLE 1 | List of DEAD-box helicases involved in different steps of gene expression. The proteins with a well-characterised role in HIV-1 replication are shaded in green and those that have been implicated in playing a role in viral replication are shaded in yellow.
[image: Table 1]3 ROLES OF DEAD-BOX PROTEINS IN HIV-1 REPLICATION
Over the last years, multiple transcriptomic, proteomic and cell-based assays demonstrate that DEAD-box proteins play even more pivotal roles during HIV-1 infection, such as in their direct recruitment by the virus to facilitate replication, or in the modulation of innate immune responses to HIV-1. Helicases belonging to other families such as RHA (Roy et al., 2006), UPF1 (Ajamian et al., 2008) and MOV10 (Burdick et al., 2010) are all known to influence HIV-1 replication. In the following section, we focus specifically on the members of the DEAD-box family and discuss their emerging roles in the regulation of various facets of the HIV-1 life cycle and gene regulation.
3.1 DEAD-Box Helicases With Well-Characterised Roles in HIV-1 Replication
Ever since the first evidence in 2004 when DDX3 was identified as a crucial co-factor for Rev-mediated vRNA export, DEAD-box proteins and other RNA helicases have been studied in the context of the HIV-1 life cycle (reviewed in (Ajamian et al., 2008; Lorgeoux et al., 2012; Chen et al., 2013)). In the following sub-section, we will discuss the most-investigated DEAD-box helicases in the context of the HIV-1 life cycle with characterised functions in viral replication.
3.1.1 DDX3
Historically, DDX3 is the first DEAD-box protein family member to have been implicated to be involved in HIV-1 RNA regulation. DDX3 X-Linked (DDX3X), herein referred to as DDX3, is a host protein involved in all aspects of RNA metabolism including RNP assembly, pre-mRNA splicing, nucleocytoplasmic transport and translation, as well as in cell cycle progression, stress response, innate immune sensing and apoptosis (Linder and Jankowsky, 2011; Soto-Rifo and Ohlmann, 2013; Zhao et al., 2016). It contains a nuclear export signal (NES) that facilitates its shuttling between the nucleus and the cytoplasm. Because of DDX3’s characterised roles in several cancers, playing a dual role in cancer progression because of both its oncogenic as well as tumour suppressive activities, DDX3 has emerged as a promising target in cancer therapy (Bol et al., 2015b; Heerma van Voss et al., 2017; He et al., 2018; Lin, 2019; Kukhanova et al., 2020). A less characterised paralog, DDX3Y is located in the non-recombining region of the Y chromosome. In the context of HIV-1 infection, DDX3 plays multiple critical roles to ensure viral replication (reviewed in (Hernández-Díaz et al., 2021)). DDX3 plays an integral role in the nucleocytoplasmic export of the US vRNA by facilitating the CRM1-mediated export of the intron-containing unspliced and singly spliced vRNA-transcripts (Yedavalli et al., 2004; Mahboobi et al., 2015). Depletion of DDX3 resulted in impaired Rev-RRE function and reduction in viral production (Yedavalli et al., 2004). Additionally, DDX3 is involved in the initiation of translation of HIV-1 genomic mRNA by promoting the unwinding of RNA structures close to the 5′Cap structure to facilitate the loading of the 43S preinitiation complex on the US vRNA (Soto-Rifo et al., 2012; Soto-Rifo et al., 2013; Frohlich et al., 2016). Using GST-pull down studies, DDX3 has been shown to interact with the HIV-1 protein Tat to enhance the translation of 5ÚTR-containing RNAs (Lai et al., 2013). DDX3 has also been implicated in the function of Tat in the activation of HIV-1 transcription (Yasuda-Inoue et al., 2013a). In the context of viral latency, a depletion or pharmacological inhibition of DDX3 resulted in viral reactivation in T-cell derived cell lines, primary CD4+ T cell models of HIV-1 latency and in primary CD4+ T cells from PLWHIV (Rao et al., 2021), possibly via the activation of NF-κB signalling upon DDX3 depletion. The depletion of DDX3 also resulted in a partial block of nucleocytoplasmic export of the US vRNA, the activation of innate immune signalling pathways, IFN-β production and downregulation of the host proteins BIRC5 (Survivin) which in combination resulted in the selective cell death of HIV-1 US vRNA-expressing cells and a decrease in the size of the inducible viral reservoir (Rao et al., 2021). DDX3’s role in modulating innate immune pathways is also highlighted by studies in dendritic cells where it is shown that DDX3 senses abortive HIV-1 vRNA transcripts to induce type-I interferon immune responses via mitochondrial antiviral signalling protein (MAVS) (Gringhuis et al., 2017; Stunnenberg et al., 2020).
3.1.2 DDX1
Also in 2004, DDX1 was identified as another DEAD-box protein that was a co-factor of Rev (Fang et al., 2004). First characterised as a gene that is overexpressed in retinoblastoma and neuroblastoma (Godbout et al., 1998), DDX1 is involved in processes of pre-mRNA processing such as 3′-end cleavage and polyadenylation (Bleoo et al., 2001). Unique amongst the DEAD-box family proteins, it contains a SPRY domain that could influence its functionality. DDX1 also interacts with the RelA (p65) subunit of NF-κB and is recruited to NF-κB-binding promoter sequences (Ishaq et al., 2009), sequences which are also present in the HIV-1 LTR (Cary et al., 2016). DDX1 was found to be a cellular co-factor of HIV-1 Rev using yeast and mammalian two-hybrid screens (Fang et al., 2004). In mammalian Cos-1 and HEK293 cells, siRNA-mediated depletion of DDX1 resulted in altered subcellular fractionation of Rev by increasing its abundance in the cytoplasm and decreased viral production. Conversely, overexpression of DDX1 resulted in increased viral gene expression. DDX1 levels in astrocytes also were found to contribute to aberrant splicing of HIV-1 vRNAs (Fang et al., 2005). A mutation in the viral Tat protein disrupts Rev-DDX1 binding, indicating that Tat plays an important role in Rev function (Lin et al., 2014). DDX1 promotes the oligomerisation of Rev on the RRE (Robertson-Anderson et al., 2011), and this is mediated by RNA chaperone activity of DDX1 whereby the binding of DDX1 to the HIV-1 US vRNA induces a structural change in the conformation of the RRE that facilitates Rev binding to the RRE.
3.1.3 DDX5
DDX5, also known as p68, is an RNA helicase with characterised roles in splicing, microRNA processing and transcription regulation (Liu, 2002; Wilson et al., 2004; Dardenne et al., 2014). DDX5 is very closely related to DDX17 (a.k.a. p72) and the proteins have 90% homology in their core regions (Lamm et al., 1996). Although primarily localised in the nucleus, DDX5 also has nucleocytoplasmic shuttling ability (Wang et al., 2009). With the discovery of the roles of DDX1 and DDX3 in the nucleocytoplasmic export of the HIV-1 US vRNA and the presence of a nuclear export signal on DDX5, it was speculated that DDX5 would also play a role in vRNA export (Zhou et al., 2013). Indeed, DDX5 was found to co-localise with Rev (Yasuda-Inoue et al., 2013b) and bind to Rev in an RNA-dependent manner to promote the export of RRE-containing transcripts (Zhou et al., 2013). The effect of siRNA-mediated depletion of DDX5 on viral release has been disputed in the past. In one study, siRNA-mediated depletion of DDX5 resulted in increased viral release, a phenotype hypothesised to be due to the increased DDX17 expression upon DDX5 knockdown (Naji et al., 2012). In this study, a combined DDX5 and DDX17 knockdown resulted in decreased viral release (Naji et al., 2012). However, three other reports demonstrate that a knockdown of DDX5 reduce viral production (Zhou et al., 2013; Williams et al., 2015; Sithole et al., 2020). In an siRNA-mediated screen to identify RNA helicases involved in HIV-1 replication, a depletion of DDX5 was found to result in decreased viral production and infectivity (Williams et al., 2015). Follow up work from the same group demonstrated that DDX5 binds to HIV-1 Tat giving it a competitive advantage for binding to the positive Transcription Elongation factor-b (P-TEFb), which is critical for HIV-1 transcription elongation, over the host protein HEXIM1 that sequesters P-TEFb (Sithole et al., 2020). This positive role of DDX5 on HIV-1 transcription was found to be independent of DDX17 and dependent on the DEAD-box domain of DDX5 (Sithole et al., 2020). In macrophages transduced with HIV-1 Vpr, increased levels of DDX5 were observed by mass spectrometry (Barrero et al., 2013).
3.1.4 DDX17
Although DDX5 and DDX17 are very closely related and can even exist as monomers, homodimers or heterodimers (Ogilvie et al., 2003), in the context of HIV-1 replication, they play very distinct roles, even though both proteins are involved in alternative splicing. The first report on the role of DDX17 in HIV-1 replication came from the finding that DDX17 acts as a co-factor of the host zinc-finger antiviral protein (ZAP) that degrades MS vRNA (Zhu et al., 2011). Using a comparative proteomics approach, DDX17 was found to interact with Rev, implying that it is also involved in the nucleocytoplasmic export of HIV-1 US vRNA (Naji et al., 2012). In the same study, an siRNA-mediated knockdown of Rev resulted in decreased viral production and lower SS vRNA and US vRNA levels, with the effect on US vRNA being more pronounced (Naji et al., 2012). The finding that siRNA-mediated knockdown of DDX17 reduces viral production was also observed by two other groups (Williams et al., 2015; Sithole et al., 2018). shRNA-mediated knockdown of DDX17 altered the ratios of unspliced to spliced HIV-1 vRNAs (Lorgeoux et al., 2013). This role of DDX17 on HIV-1 splicing was later found to be mediated by the interaction of DDX17 with splicing factors that are critical for the selection of the A4/5 splice site cluster on the HIV-1 US vRNA (Sithole et al., 2018). This function of DDX17 on HIV-1 splicing was found to be independent of DDX5 and critical for HIV-1 replication (Sithole et al., 2018). In a proteomic screen using bioID, DDX17 was also found to interact with Gag, an association also validated by co-immunoprecipitation (Le Sage et al., 2015). This is in line with the finding that DDX17 is involved in Gag processing by modulating Gag-Pol frameshifting (Lorgeoux et al., 2013). DDX17 is also demonstrated to be involved in HIV-1 vRNA packaging with overexpression of DDX17 resulting in increased genomic RNA packaging (Lorgeoux et al., 2013).
3.1.5 DDX2
Following the export of the vRNAs into the cytoplasm, The DEAD-box proteins also influence cytoplasmic stages of gene expression such as viral protein translation. DDX2, a. k.a. eukaryotic initiation factor 4A (eIF4A), is a helicase that has very well-characterised functions in the initiation of eukaryotic translation as a part of the heterotrimeric protein complex eIF4F. It has two isoforms, eIF4A1 (DDX2A) and eIF4A2 (DDX2B) (Rogers et al., 2002). During cap-dependent translation initiation, eIF4A, as part of a multi-protein complex with initiation factors eIF4G, eIF4E, eIF4B and eIF4H, unwinds secondary structures in mRNA, thereby facilitating the binding of the ribosomal subunits to the mRNA (Rogers et al., 2002). The genomic HIV-1 US vRNA has two translation start sites that generate two isoforms of Gag: AUG1 generates the p55 isoform via a cap-dependent mechanism and AUG2 generates the p40 isoform via an IRES-mediated, cap-independent mechanism (de Breyne et al., 2012; Monette et al., 2013; Amorim et al., 2014). Using a trans-dominant negative mutant of eIF2A that strongly inhibits ribosomal scanning, it was demonstrated that eIF4A was required for translation initiation from both of these start codons, indicating a role for eIF4A in translation initiation of the HIV-1 US vRNA for both cap-dependent and IRES-mediated mechanisms (de Breyne et al., 2012). Interestingly, the removal of the 5′UTR reduced the dependency of Cap-dependent translation on eIF4A (de Breyne et al., 2012). In a tandem affinity purification and mass spectrometry analysis, eIF4A1 was identified as a host protein present with the HIV-1 proteins Gag, Gag/Pol, Env, and Nef as a part of an HIV-1 RNP complex also containing host protein Staufen1 (Milev et al., 2012). shRNA-mediated downregulation of eIF4A2 in a T cell-derived MT4C5 cell line resulted in reduced viral cDNA synthesis and a decrease in the production of replication-competent virus (Ndzinu et al., 2018).
3.1.6 DDX6
DDX6, a. k.a. Rck/p54, is a protein present in P-bodies and stress granules that have characterised functions in microRNA-induced gene silencing, mRNA decay and the suppression of translation (reviewed in (Presnyak and Coller, 2013)). DDX6 is implicated to be an oncogene in colorectal cancer and lymphoma (Nakagawa et al., 1999; Lin et al., 2008) and has characterised roles in the replication of Flavivurises and innate immune responses to infections (Miyaji et al., 2003; Scheller et al., 2009; Göertz et al., 2019; Zhang R. et al., 2021). In the context of HIV-1 infection, two separate reports have demonstrated that depletion of DDX6 results in increased viral production and translation of HIV-1 vRNA (Chable-Bessia et al., 2009; Nathans et al., 2009). This inhibitory effect of DDX6 on HIV-1 replication alludes to its roles in the microRNA pathway, and specifically, its interaction with miR-29a that suppresses HIV-1 translation by enhancing the association of US vRNA with P bodies. A disruption of the P-bodies by DDX6 depletion released the US vRNA, promoted its translation and enhanced the production of viral proteins (Nathans et al., 2009). Interestingly, siRNA-mediated DDX6 depletion also resulted in latency reversal as measured by p24 production in primary cells from three PLWHIV donors under suppressive cART, indicating a post-transcriptional control of HIV-1 latency (Chable-Bessia et al., 2009). DDX6 also plays a role in capsid assembly independent of vRNA packaging and DDX6-depletion disrupted Gag multimerization at the plasma membrane. DDX6 depletion also reduced the production of infectious HIV-1 from in vitro infected CD4+ T cells (Reed et al., 2012). DDX6 was also identified as a protein that interacts with the HIV-1 gp120 protein via affinity tagging/mass spectrometry studies (Jäger et al., 2012). Interestingly, studies characterising the locations of HIV-1 integrations in cART suppressed PLWH longitudinally, demonstrated clonal expansion of cells with HIV-1 DNA integrated in the DDX6 gene, suggesting an as of yet uncharacterised role for DDX6 in proviral integration or clonal expansion of infected cells (Maldarelli et al., 2014).
3.2 DEAD-Box Helicases Belonging to the HIV-1 Protein Interactome
Multiple studies using proteomic analysis to identify host factors involved in HIV-1 replication have identified DEAD-box proteins as interactors of HIV-1 viral proteins. The hits from these studies that were not earlier discussed in this review and their putative roles in HIV-1 viral replication are discussed in the following sub-section:
3.2.1 DDX18
The function of DDX18 in humans is not very well characterised. However, it is known to be activated by Myc (Grandori et al., 1996), is reported to aggravate gastric cancer by modulation of miRNA-21 biogenesis (Zhang Y. et al., 2021) and is associated with poor outcomes in breast cancer patient tumours (Redmond et al., 2015). DDX18 is upregulated in ACH2 cells (T-cell-derived cell lines containing an integrated copy of the HIV-1 provirus) upon latency reversal as well during viral latency in these cells (Krishnan and Zeichner, 2004). DDX18 is also upregulated in a neuroepithelial-like stem (NES) cell line upon treatment with HIV-1 Tat. Proteomic analysis using GST-tagged HIV-1 Tat also identified DDX18 as a Tat-interacting protein, implying that DDX18 might play a role in Tat-mediated transcription or post-transcriptional events following transcription initiation (Gautier et al., 2009). DDX18 was also identified as a Gag-associated cellular factor by proteomic analysis (Roy et al., 2006).
3.2.2 DDX19
DDX19, is a DEAD-box helicase-containing protein that has well-characterised functions in mRNA nucleocytoplasmic export (Folkmann et al., 2011), translation termination and stabilising ribosome complexes with translation elongation factors (Gross et al., 2007; Mikhailova et al., 2017). In humans, two genes code for DDX19 proteins, DDX19A and DDX19B that have 95% homology. In the context of viral infection, DDX19 is also involved in the modulation of innate immune responses (Li et al., 2015; Zhang et al., 2019). Although a defined function for DDX19 in HIV-1 infection has not yet been reported, DDX19A was co-purified with the HIV-1 pre-integration complex, indicating that it may have an as of yet uncharacterised function in the early stages of HIV-1 viral replication (Raghavendra et al., 2010). In studies characterising the Tat-interactome, DDX19 was also found to be a Tat-interacting protein (Gautier et al., 2009). Further work is required to map out the putative molecular mechanisms by which DDX19 may play a role in HIV-1 replication.
3.2.3 DDX21
DDX21, also known as RNA helicase II (RHII/Gu), is an RNA helicase primarily localised in the nucleolus and plays a critical role in ribosomal RNA (rRNA) processing (Flores-Rozas and Hurwitz, 1993; Henning et al., 2003). It also associates with various species of RNA involved in the formation of RNPs, including small nucleolar RNAs (snoRNAs) and 7SK RNA and, via an interaction with the latter, facilitates the release of P-TEFb to promote RNA Pol II-mediated transcription (Calo et al., 2015; Sloan et al., 2015). Interestingly, DDX21 was also a hit in a study characterising the interactome of HIV-1 Tat, which also mediates the release of P-TEFb via interaction with 7SK RNA (Gautier et al., 2009). In ACH2 cells reactivated with PMA, DDX21 was upregulated within 30 min post-induction (Krishnan and Zeichner, 2004). DDX21 is also involved in Rev function. Co-immunoprecipitation analysis first demonstrated that DDX21 associates with the HIV-1 protein Rev (Naji et al., 2012). DDX21 was later found to colocalise with Rev in the nucleolus and the perinucleolar region (Yasuda-Inoue et al., 2013b) and that the DDX21 stimulates Rev-RRE binding (Hammond et al., 2018). In a tandem affinity purification and mass spectrometry analysis, DDX21 was identified as a component of the HIV-1 RNP complex containing host protein Staufen1 and HIV-1 proteins Gag, Gag/Pol, Env and Nef (Milev et al., 2012). siRNA-mediated knockdown of DDX21 in TZM-bl cells infected with HIV-1 resulted in a 75% decrease in p24 release and an increase in intracellular US and MS vRNAs levels, but with minimal effects on the expression of intracellular Gag and Env proteins (Naji et al., 2012). These findings implicate a function for DDX21 in multiple steps of the HIV-1 replication cycle.
3.2.4 DDX46
DDX46, a. k.a., Prp5, plays many roles in pre-mRNA splicing, both before and during pre-spliceosome assembly (Kosowski et al., 2009). Apart from DDX46’s roles in mRNA splicing, a recent study reported that DDX46 is also involved in the host innate immune response. Specifically, DDX46 negatively regulated innate antiviral signalling by recruiting the m6A “eraser” ALKBH5 to induce the nuclear retention of transcripts of MAVS, TRAF3, and TRAF6 that are involved in the innate antiviral response (Dang et al., 2019). DDX46 was found to interact with HIV-1 Tat, implicating a role for DDX46 in the transcriptional activation or the co-transcriptional processing of the HIV-1 vRNA (Gautier et al., 2009). Given the emerging roles of the m6A epitranscriptomic modification on HIV-1 RNA metabolism (reviewed in (Riquelme-Barrios et al., 2018)) as well as the evidence that DDX46 interacts with Tat, it would be interesting to investigate the possible roles of DDX46 on HIV-1 replication.
3.2.5 DDX39A and DDX39B
DDX39A (a.k.a. URH49 or DDX39) and DDX39B (a.k.a. UAP56) are paralogs of each other and are involved in pre-mRNA splicing and spliceosome assembly (Shen et al., 2007). They also mediate mRNA export, with DDX39A a component of the AREX (alternative mRNA export) complex and DDX39B a part of the TREX (TRanscription-EXport) complex (Yamazaki et al., 2010). In two studies using affinity purification followed by mass spectrometry to identify factors associated with the HIV-1 US vRNA, DDX39B was found to be associated with the US vRNA (Kula et al., 2011; Milev et al., 2012). The HIV-1 protein Rev is reported to inhibit the association of DDX39B with RRE-containing spliced transcripts, preventing the recruitment of the TREX complex to these RNAs (Taniguchi et al., 2014). Further work is necessary to understand the role of DDX39B in HIV-1 vRNA trafficking. DDX39A is a negative regulator of innate immune signalling by binding to antiviral transcripts and sequestering them in the nucleus to limit their expression (Shi et al., 2020). Interestingly, DDX39A was also induced upon HIV-1 infection in primary CD4+ T cells in a study that characterised the nuclear proteome of viral-infected cells (DeBoer et al., 2014). Unpublished work by Borsch et al. identifies DDX39A as a hit in an siRNA-mediated screen to identify host factors that can inhibit HIV-1 replication. DDX39A was also found to be upregulated in ACH2 cells during viral latency, implicating a role for it in viral persistence (Krishnan and Zeichner, 2004).
3.2.6 DDX56
DDX56 is primarily localised to the nucleolus and is involved in ribosome biogenesis and nucleocytoplasmic export of RNAs (Zirwes et al., 2000). DDX56 plays a role in the innate antiviral immune response and is recruited by viruses such as Went Nile Virus, and infection with WNV results in the relocalisation of DDX56 from the nucleolus to viral assembly sites (Reid and Hobman, 2017; Li et al., 2019). HIV-1 Rev was found to interact with DDX56 using immunoprecipitation analysis (Yasuda-Inoue et al., 2013b). DDX56 also co-localised with Rev and resulted in an alteration of Rev’s subcellular localisation from the nucleolus to the nucleus (Yasuda-Inoue et al., 2013b). Whether these effects of DDX56 regulate Rev function and whether they are direct or indirect are yet to be elucidated.
3.2.7 DDX47
DDX47 is localised to the nucleolus and is involved in ribosome biogenesis, specifically, in rRNA processing (Sekiguchi et al., 2006). DDX47 was identified as a protein that co-immunoprecipitated with HIV-1 Rev (Naji et al., 2012), indicating that DDX47 may be involved in HIV-1 US and SS vRNA export. siRNA-mediated silencing of DDX47 resulted in a modest reduction of released virus as measured by p24 levels in the supernatant, but no reduction in the intracellular levels of Gag and Env expression (Naji et al., 2012). Whether this effect of DDX47 on HIV-1 replication is direct or indirect remains to be characterised.
3.2.8 DDX24
DEAD-box proteins like DDX24 can also influence steps in the HIV-1 life cycle downstream of translation such as vRNA packaging. Although DDX24 contains the motifs that are conserved in all DEAD-box proteins and is recognised as a putative RNA helicase, little homology can be found between this protein and other DEAD-box proteins (Zhao et al., 2000). DDX24 is an interferon-stimulated gene that behaves as a negative regulator of RIG-I-like receptor (RLR)-mediated signalling and can suppress viral RNA-dependent interferon production (Ma et al., 2013). Proteomic analysis to identify HIV-1 Gag-associated cellular factors identified DDX24 as an interactor of Gag (Roy et al., 2006). Follow-up studies from the same group demonstrated that although the siRNA-mediated knockdown of DDX24 did not reduce the amount of p24 released from infected cells, DDX24 depletion significantly reduced viral infectivity of the released virus due to impaired vRNA packaging (Ma et al., 2008). DDX24’s functions in vRNA packaging were only observed in the context of vRNA exported by Rev-RRE-mediated nucleocytoplasmic export (Ma et al., 2008). This effect is likely mediated by an interaction of DDX24 with Rev (Ma et al., 2008), an association also identified in another study (Naji et al., 2012). A knockdown of DDX24 resulted in a modest increase in nucleocytoplasmic export of the vRNA, but the more striking effects are observed on vRNA packaging (Ma et al., 2008).
3.2.9 DDX20
The products of vRNA translation can also influence the expression of DEAD-box proteins, for example, the Vpr-mediated downregulation of DDX20 (Greenwood et al., 2019). DDX20 is involved in small nuclear ribonucleoprotein (snRNP) biogenesis, critical for spliceosome formation, a function mediated by an interaction with the survival motor neuron (SMN) complex (Campbell et al., 2000). By using an affinity tagging and mass spectrometry approach, DDX20 was identified as an interactor of the HIV-1 accessory protein Vpr (Jäger et al., 2012). A later study demonstrated that DDX20 is directly downregulated by Vpr by DCAF1/DDB1/CUL4 E3 ubiquitin ligase-mediated degradation (Greenwood et al., 2019) during viral replication. Microarray-based studies to identify mRNA and miRNA targets involved in viral latency identified DDX20 as being significantly upregulated in conditions of viral latency in comparison to during active viral replication (Yang et al., 2015), a finding probably observed due to the Vpr-mediated depletion of DDX20 during active viral replication. Given that DDX20 is targeted for depletion by Vpr, it is interesting to speculate that DDX20 plays an inhibitory role during viral replication. Further work in this area is necessary to characterise the potential of targeting DDX20 to inhibit HIV-1 replication.
3.2.10 DDX27
DDX27 is primarily localised in the nucleolus and is reported to play a role in ribosome biogenesis by interacting with the PeBoW complex that is responsible for the generation of 5.8 and 28s rRNAs (Kellner et al., 2015). It is also associated with poor prognosis in gastric, breast and colorectal cancers (Tsukamoto et al., 2015; Tang et al., 2018; Li et al., 2021). DDX27 was present in an HIV-1 RNP that contained the host protein Staufen1 and HIV-1 proteins Gag, Gag/Pol, Env and Nef (Milev et al., 2012), but no other reports of DDX27 in the context of HIV-1 have as of yet been reported.
3.3 DEAD-Box Proteins and the Immune Response to HIV-1
DEAD-box proteins play central roles in host immune responses which could potentially influence HIV-1 gene expression. In this sub-section, we discuss the potential and characterised roles of DEAD-box proteins in the immune response to HIV-1.
3.3.1 DDX58
DDX58 codes for Retinoic acid (RA)-inducible gene I (RIG-I), a core component of the innate antiviral signalling pathway involved in the recognition of cytoplasmic viral nucleic acids. It contains CARD-domain and recognises dsRNA to activate a downstream signalling cascade leading to the production of type I interferons and proinflammatory cytokines (reviewed in (Yoneyama and Fujita, 2009)). The secondary structures in the HIV-1 vRNA are also recognised by RIG-I (Solis et al., 2011; Berg et al., 2012), resulting in restricted viral replication in macrophages (Wang et al., 2013; Wang et al., 2015). The expression of DDX58 is upregulated by Vpr expression in myeloid-derived cells (Zahoor et al., 2015), resulting in the stimulation of >20 ISGs in macrophages and dendritic cells (Nasr et al., 2017). To ensure its own replication, HIV-1 employs mechanisms to evade the recognition of its vRNA by RIG-I. People with chronic HIV-1 infection have lower levels of RIG-I expression in PBMCs than in uninfected individuals (Britto et al., 2013). In macrophages, RIG-I is downregulated by the HIV-1 Protease that targets RIG-I for lysosome-mediated degradation (Solis et al., 2011). In CD4+ T cells, although the innate antiviral response is very poorly stimulated by HIV-1 (Doehle et al., 2009), latent CD4+ T cells present altered stress kinase signalling, making them more susceptible to cell death (Fong et al., 2017). This susceptibility to cell death has been exploited in one study using RIG-I agonists to selectively target HIV-1 infected cells (Li et al., 2016).
3.3.2 DDX41
DDX41 is also involved in innate immune responses and has been identified as an adaptor for STING involved in the sensing of cytosolic DNA (Zhang et al., 2011). DDX41 is involved in pre-mRNA splicing and has tumour suppressor activity, with mutations in DDX41 being associated with Myelodysplastic syndromes (MDS) (Polprasert et al., 2015). During retroviral replication, a DNA/RNA hybrid is generated as the first step of reverse transcription. One report showed that DDX41 senses this DNA/RNA hybrid of mouse leukaemia virus (MLV) to trigger innate immune responses and the induction of IFN-β (Stavrou et al., 2018). They also demonstrated that in bone marrow-derived macrophages and dendritic cells from DDX41 knock-out mice, lower levels of IFN-β were produced than in the control (Stavrou et al., 2018). In a small compound library screen to identify HIV-1 suppressing compounds, the drug Filgotnib was identified as a drug that inhibited HIV-1 replication by inhibiting HIV-1 RNA splicing, but also inducing the intron retention of multiple genes including DDX41 (Yeh et al., 2020). This finding implies that the therapeutic targeting of DDX41 might induce aberrant HIV-1 splicing to inhibit replication.
3.3.3 DDX42
DDX42 is an RNA chaperone that, apart from RNA-helicase activity common to all DEAD-box proteins, also has protein displacement and RNA annealing activities (Uhlmann-Schiffler et al., 2006). Although DDX42 has been linked to mRNA splicing (Will et al., 2002), the cellular functions of DDX42 remain largely uncharacterised. G-quadruplexes (G4) are secondary structures in nucleic acids that assemble in G-rich sequences that regulate transcription and translation and DDX42 was recently identified as G4-binding protein (Zyner et al., 2019). Recent work demonstrates a role for DDX42 in antiviral innate immunity (Bonaventure et al., 2021). Using a CRISPR knockout library, DDX42 was identified as a host protein capable of inhibiting HIV-1 replication (Bonaventure et al., 2021). A knockdown of DDX42 resulted in increased intracellular HIV-1 DNA accumulation in infected cells and increased susceptibility to infection in primary MDMs and CD4+ T cells. Conversely, overexpression of DDX42 inhibited HIV-1 infection. The same study demonstrated that DDX42 also restricts viruses from other families like Flaviviruses (Dengue virus, Zika virus, Yellow fever virus and Chikungunya virus) and coronaviruses (SARS-CoV2). Interestingly, DDX42 depletion did not affect Influenza A virus (IAV), vesicular stomatitis virus (VSV) or measles virus (MeV), implying that the antiviral effect is restricted to certain families of viruses. This new data warrants further investigation to understand the role of DDX42 in antiviral responses, also during HIV-1 infection.
3.3.4 DDX50
DDX50 has high genomic similarity to DDX21 and the two genes are oriented in tandem repeats (Valdez et al., 2002). DDX50 behaves as a viral restriction factor that enhances IRF3 activation and IFN-β production (Han et al., 2017; Pallett et al., 2022). In the context of HIV-1 replication, DDX50 however seems to have a proviral role, since an siRNA knockdown of DDX50 resulted in impaired HIV-1 viral replication in a genome-wide RNAi screen (Zhou et al., 2008). The interplay between innate immune activation and helicase function for DDX50 during HIV-1 replication remains to be characterised.
3.3.5 DDX48
DDX48, a. k.a., eIF4A3, is a component of the exon-junction complex (EJC) and is involved in nonsense-mediated mRNA decay (NMD) (Chan et al., 2004). Using affinity purification combined with mass spectrometry, DDX48 was identified to be contained in the HIV-1 vRNA RNP with the HIV-1 proteins Gag, Gag/Pol, Env and Nef, host protein Staufen1 and another protein integral to NMD, UPF1 (Milev et al., 2012). UPF1 has been shown to influence HIV-1 replication and the post-transcriptional control of viral latency by regulating HIV-1 RNA metabolism, with a depletion of UPF1 reducing viral replication (Ajamian et al., 2008; Rao et al., 2018; Rao et al., 2019). However, siRNA-mediated depletion of DDDX48 demonstrated a negligible effect on HIV-1 gene expression (Pak et al., 2015). What is interesting to note, however, is that DDX48 was identified to be upregulated in elite controllers and long-term non-progressors as compared to chronic progressors in integrative genomic analysis of transcriptional profiles of cells from PLWHIV. This indicates that DDX48 may have an as of yet uncharacterised role in HIV-1 viral control.
3.3.6 DDX25
DDX25, also known as Gonadotropin-regulated Testicular RNA Helicase (GRTH), is expressed specifically in the testes and is critical for spermatogenesis by regulating the mRNA export and translation of target genes essential for sperm maturation (Tang et al., 1999; Sheng et al., 2006). Although no characterised role for DDX25 has been reported for HIV-1, DDX25 was found to be a negative regulator of RIG-I-mediated interferon production and a depletion of DDX25 resulted in reduced intracellular viral loads in cells infected with Dengue virus (Feng et al., 2017). It remains yet to be characterised if DDX25 is also involved in the innate immune response to HIV-1 infection.
3.3.7 DDX43
DDX43, also known as Helicase Antigen Gene (HAGE), is highly expressed in the testes and is also upregulated in multiple tumours of various tissues, with negligible expression in normal tissues (Mathieu et al., 2010). Although a direct for DDX43 in HIV-1 replication has not yet been reported, it was observed that DDX43 was downregulated in CD8+ cells from early and chronic HIV patients when compared to samples from uninfected and non-progressive donors (Hyrcza et al., 2007), suggesting that DDX43 may be involved in the cell-mediated immune response to HIV-1.
3.4 Other DEAD-Box Proteins That Influence HIV-1 Replication by Unknown Mechanisms
Various DEAD-box-proteins have been reported as hits in siRNA screens to identify host factors that influence HIV-1 replication. In this section, we will briefly discuss these hits that have as of yet uncharacterised mechanisms of action for their effects on HIV-1 viral replication:
3.4.1 DDX10
The cellular function of DDX10 is not very well characterised, although it is implicated to play a role in ribosome biogenesis (Savitsky et al., 1996). It is also abnormally expressed in various cancers and has emerged as a potential target for chemotherapy (Quan et al., 2021). The expression of DDX10 is upregulated upon latency reversal in ACH2 cells (Krishnan and Zeichner, 2004). In an siRNA-mediated screen to identify host proteins required for HIV-1 replication, DDX10 was identified as one of the targets (Brass et al., 2008). Subsequent studies showed that a knockdown of DDX10 decreased both intracellular Gag expression levels as well as viral particle production (Williams et al., 2015). The mechanism of action of the effects of DDX10 on HIV-1 replication is not yet known, but given the evidence that DDX10 influences viral replication, further work in this area is warranted.
3.4.2 DDX23
DDX23, a. k.a., prp28, is a component of the U5 snRNP complex that has a function in pre-mRNA splicing by facilitating conformational changes of the spliceosome (Teigelkamp et al., 1997; Möhlmann et al., 2014). There is evidence that DDX23 is upregulated upon HIV-1 latency reversal in ACH2 cells (Krishnan and Zeichner, 2004) and that it is present in an HIV-1 RNP that contains host protein Staufen1 and HIV-1 proteins Gag, Gag/Pol, Env and Nef (Milev et al., 2012). In an RNAi screen to identify genes required for HIV-1 infection, DDX23 was found to be required for the early stages of HIV-1 replication (König et al., 2008). The precise molecular mechanisms underlying these functions of DDX23 on HIV-1 replications remain yet to be characterised.
3.4.3 DDX28
The host cell function of DDX28 is not very well characterised. It is localised to the mitochondria and the nucleus (Valgardsdottir et al., 2001) and is present in a mitochondrial RNA granule that drives the biogenesis of mitochondrial ribosomes (Antonicka and Shoubridge, 2015; Tu and Barrientos, 2015). In an siRNA-mediated screen to identify RNA helicases required for HIV-1 infection, DDX28 was reported as an essential HIV-1 cofactor (Williams et al., 2015). A knockdown of DDX28 resulted in decreased levels of p24 released in the supernatant as well as reduced infectivity of the released HIV-1 (Williams et al., 2015). The mechanisms underlying DDX28’s effect on HIV-1 replication remain uncharacterised but are interesting to investigate as they might highlight a new link between mitochondrial ribosome biogenesis and HIV-1 replication.
3.4.4 DDX49
The cellular functions of DDX49 were uncharacterised until recently when it was demonstrated to be localised to the nucleolus, regulate the steady-state levels of pre-ribosomal RNA and promote the export of polyA + RNA from the nucleus in a splicing-independent manner (Awasthi et al., 2018). In a genome-wide siRNA screen to identify host factors required for HIV-1 replication, DDX49 was found to be essential for viral production (Zhou et al., 2008). DDX49 was also found to interact with HIV-1 Gag protein using the use of affinity tagging and purification mass spectrometry (Jäger et al., 2012). In microarray analysis, DDX49 was found to be upregulated in donors with viral progression as compared to matched long-term non-progressors (Salgado et al., 2011), suggesting that DDX49 may play a role in HIV-1 disease progression. Further work is required to understand the mechanism of DDX49’s roles in HIV-1 viral production.
3.4.5 DDX52
The host cell functions of DDX52 are not very well understood, but it is speculated to be involved in rRNA biogenesis and in involved in the regulation of c-Myc, therefore being associated with lung cancer, prostate cancer and melanoma (Venema et al., 1997; Wang et al., 2021). The expression of DDX52 was upregulated with 30 min of HIV-1 latency reversal in ACH2 cells, suggesting that it may have a proviral role in HIV-1 replication (Krishnan and Zeichner, 2004). Indeed, in an siRNA screen to identify helicases involved in HIV-1 replication, a knockdown of DDX52 resulted in a decreased viral release as measured by p24 levels in the supernatant on transfected HeLa cells (Williams et al., 2015). Although viral production was reduced, DDX52 depletion did not affect the infectivity of the released virus (Williams et al., 2015), implying that the effect of DDX52 on HIV-1 replication may be before packaging and assembly. Further work is necessary to understand the mechanisms of DDX52’s role in HIV-1 replication.
3.4.6 DDX53
DDX53, a. k.a. cancer-associated antigen gene (CAGE), is highly expressed in tumours and is associated with resistance to anti-cancer drugs (Kim et al., 2010). It also induces cytolytic T lymphocyte activity and promotes cell motility (Shim E. et al., 2006; Shim H. et al., 2006). In a large-scale siRNA mediated screen to host factors with a role in HIV-1 function, a knockdown of DDX53 resulted in a reduction of the amount of intracellular p24 produced as measured by immunofluorescence staining for intracellular p24 (Brass et al., 2008). A further function for DDX53 in HIV-1 replication remains to be studied.
3.4.7 DDX55
DDX55 is localised to the nucleolus and is involved in the assembly of the large ribosomal subunit by binding to the 28s rRNA (Choudhury et al., 2021). In the same siRNA screen that implicated DDX53 as a host factor involved in HIV-1 replication, a knockdown of DDX55 also resulted in reduced intracellular p24 levels (Brass et al., 2008). This suggests that DDX55 is also involved in the HIV-1 life cycle in a yet uncharacterised manner.
3.4.8 DDX60 and DDX60L
DDX60 and DDX60L (DDX60-like) are interferon-inducible genes that promote RIG-I-mediated signalling to control viral infections (Miyashita et al., 2011; Oshiumi et al., 2015). They are homologs that share a 70% sequence conservation in their core regions (Miyashita et al., 2011). Gene-expression profiling revealed that HIV-1 Vpr induced the upregulation of DDX60 in dendritic cells (Zahoor et al., 2015). A genome-wide siRNA screen revealed that depletion of DDX60L resulted in impaired HIV-1 replication (Zhou et al., 2008). This data suggest that rather than functioning as an antiviral factor, HIV-1 may recruit DDX60 and DDX60L to promote its replication. Although DDX60 and DDX60L can inhibit viral replication of other RNA viruses like HCV (Schoggins et al., 2011; Grünvogel et al., 2015), whether they are involved in the innate antiviral immune response to HIV-1 remains to be studied.
4 TARGETING DEAD-BOX PROTEINS TO INHIBIT HIV-1 REPLICATION
Viruses belonging to the Flaviviridae family (Zika virus, HCV, Dengue Virus, etc.) encode their own RNA helicases for viral replication, the NS3 protein (Mastrangelo et al., 2012). Poliovirus, Rubella virus and coronaviruses also have viral-proteins with RNA helicase function. Since these proteins are virus-encoded factors, their therapeutic inhibition likely has lesser off-target effects. Indeed, multiple reports describe the successful therapeutic inhibition of the NS3 protein of HCV to inhibit viral replication (Borowski et al., 2002; Maga et al., 2005; Manfroni et al., 2009). However, HIV-1 does not code for its own helicase and therefore must rely on host proteins such as the DEAD-box helicases to mediate multiple stages of the viral life cycle (as described in Section 3). Since DEAD-box helicases are also involved in all steps of RNA biology and are crucial to multiple post-transcriptional processes, the development of DEAD-box protein inhibitors as a treatment for HIV-1 raises the issue of selective toxicity. On the other hand, targeting a more conserved host protein instead of a viral protein to inhibit viral replication could also result in a lower chance of the development of drug resistance. The following inhibitors of DEAD-box proteins have been described, and are discussed in their potential to be used against HIV-1 (Table2).
TABLE 2 | List of DEAD-box helicase-directed therapeutics and their demonstrated effect on HIV-1.
[image: Table 2]4.1 DDX2 Inhibitors
Targeting host cell translation is a strategy being explored to improve cancer treatment (reviewed in (Jiang et al., 2021)), resulting in the characterisation of drugs against the DEAD-box protein DDX2 (eIF4A). One of these drugs is Hippuristanol, a steroid that was isolated from a coral that demonstrated anti-proliferative activities in vitro for cancer treatment (Higa et al., 1981) and was later characterised as a selective inhibitor of DDX2 by inhibiting its ATPase activity (Bordeleau et al., 2006). Hippuristanol treatment of HeLa cells transfected with constructs of the HIV-1 resulted in the inhibition of both cap-mediated (Toro-Ascuy et al., 2018) and IRES-mediation translation, indicating that the HIV-1 IRES utilises eIF4A for translation initiation (Plank et al., 2014). Pateamine A is another inhibitor of DDX2-dependent translation that was originally isolated from a marine sponge (Northcote et al., 1991). It inhibits cap-dependent translation by enhancing eIF4A activities, thereby inhibiting eIF4A-eIF4G association, resulting in the formation of stress granules and the effects of this drug are irreversible (Bordeleau et al., 2005; Low et al., 2005). Interestingly, HIV-1 can inhibit Pateamine A-induced stress granule assembly via an interaction with the eukaryotic elongation factor eEF2 (Valiente-Echeverría et al., 2014), thereby demonstrating how HIV-1 can override blocks to ensure translation of its transcripts. Pateamine A also binds DDX48 (Low et al., 2007), although with less affinity than it does DDX2, and can inhibit NMD via this interaction with DDX48 by stabilising the interaction between UPF1 and the EJC (Dang et al., 2009). Rocaglamide A (Roc-A) derivatives such as Silvestrol also reversibly inhibit DDX2 function (Bordeleau et al., 2008). Low and high-throughput screens also identified hypericin and elisabatin A and allolaurinterolas respectively as compounds that inhibited DDX2 activity (Cencic et al., 2012; Tillotson et al., 2017). Although it is evident that HIV-1 requires DDX2 for its replication, eIF4A is also involved in central processes of host cell metabolism. Given the pleiotropic implications of inhibiting DDX2 in vivo, none of the current inhibitors which are all in pre-clinical development, has yet reached clinical trials. It remains to be explored whether a therapeutic window can be found with these inhibitors that would result only in the selective death of HIV-1 infected cells with minimum toxicity.
4.2 DDX3 Inhibitors
Numerous inhibitors of DDX3 have been described with different mechanisms of action and limited toxicity, many of them specifically to identify new classes of inhibitors for HIV-1. The first specific small-molecule inhibitors of DDX3 were identified using structure-based pharmacophore modelling and molecular docking studies and belonged to a class of rhodanine derivatives (Högbom et al., 2007; Maga et al., 2008). Concurrently, ring expanded nucleoside analogues (RENs) were found able to inhibit the ATP-dependent activity of DDX3 and also suppress HIV-1 replication in CD4+ T cells and monocyte-derived macrophages (Yedavalli et al., 2008). Further optimised rhodanine derivative small-molecule inhibitors were then synthesized that could inhibit HIV-1 replication in PBMCs in vitro assays (Maga et al., 2011; Radi et al., 2012). These second-generation DDX3 inhibitors that were specifically bound to the RNA-binding site had nanomolar anti enzymatic activity specifically against DDX3, low cellular toxicity and anti-HIV-1 activity by inhibiting viral production (Maga et al., 2011). Next-generation compounds that target the ATPase activity of DDX3 were also synthesized such as NZ51 and RK-33, the latter widely characterised as an anti-tumour compound, with activity against multiple tumour types (Bol et al., 2015a; Xie et al., 2015). RK-33 binds to the ATP-binding site of DDX3 and also has been demonstrated to have broad-spectrum antiviral activity, inhibiting the replication of human parainfluenza virus type 3 (hPIV-3), respiratory syncytial virus (RSV), dengue virus (DENV), Zika virus (ZIKV) and West Nile virus (WNV) (Yang et al., 2020). The Ketorolac salt was also reported to inhibit the ATPase activity of DDX3 (Samal et al., 2015). 1,3,4-Thiadiazole Inhibitors also inhibited the ATPase activity of DDX3 and inhibited HIV-1 replication (Brai et al., 2019). Structure-based drug design approaches using molecular docking against the closed conformation of DDX3 bound to RNA were also used to identify additional DDX3 inhibitors that bound to the RNA-binding site of DDX3 (Fazi et al., 2015). Additional compounds were synthesized that could bind to the DDX3 RNA-binding site and inhibit RNA helicase activity of DDX3, of which one compound (called 16d in (Brai et al., 2016)) demonstrated antiviral activities against wild type HIV-1 in PBMCs, as well as other viruses such as HCV, Dengue virus and West Nile virus (Brai et al., 2016). Importantly, this compound also demonstrated antiviral activity against HIV-1 strains carrying clinically relevant drug-resistance-associated mutations of HIV-1 (Brai et al., 2016). All these data together indicate that DDX3 inhibitors have a high potential to be developed into a new class of antiretrovirals that can control HIV-1 infection. In our own work (Rao et al., 2021), we investigated the effects of DDX3 inhibition in HIV-1 infected cells using RK-33 (that binds to the ATP-binding site of DDX3) and the compound 16d (Brai et al., 2016) (that bound the RNA-binding site). Even though the compounds inhibited DDX3 by different mechanisms, we observed similar results on HIV-1 replication and cellular apoptosis. Specifically, DDX3 inhibition resulted in latency reversal and the activation of innate antiviral signalling pathways resulting in the production of IFN-β. DDX3 inhibition also induced the downregulation of the host protein BIRC5. These effects resulted in the induction of apoptosis in the HIV-1 infected cells. Importantly, in cells from people living with HIV-1, prolonged treatment of cells with these DDX3 inhibitors resulted in the selective cell death of the HIV-1-infected cells and a reduction in the size of the inducible viral reservoir (Rao et al., 2021). These results serve as a proof of concept that, apart from having a potential to be developed as next-generation antiretrovirals, DDX3 inhibitors can also be utilised in HIV-1 curative strategies to clear out the viral reservoir.
4.3 DDX58 (RIG-I) Agonists
Similar to DDX3 inhibition, another strategy to selectively clear out the viral reservoir is by the induction of innate immune signalling in infected cells that would lead to their selective cell death and apoptosis. RIG-I agonists have previously been investigated for their potential to induce selective cell death of HIV-1 infected cells, such as the FDA-approved compound acitretin that is used to treat psoriasis (Ortiz et al., 2013). One study demonstrated that acitretin could reverse viral latency and induce apoptosis in HIV-1 infected cells (Li et al., 2016). In CD4+ T cells from 12 PLWHIV, in vitro treatment with acitretin for 7 days resulted in a decrease in the frequency of HIV-1 DNA levels in these cells (Li et al., 2016). However, follow-up studies from another group could not reproduce these effects of acitretin on either the latency reversal or on the selective killing of HIV-1 infected cells using cell lines and primary CD4+ T cell models of HIV-1 latency (Garcia-Vidal et al., 2017). However, both of these studies demonstrated that acitretin could induce RIG-I signalling and was an innate immune modulator. The combination of innate immune modulators with latency reversal agents could result in a stronger activation of innate immune signalling and selective infected cell death. Further studies are needed to investigate agonists not only of DDX58 but also other DEAD-box proteins involved in innate immune signalling for the ability to induce cell death of HIV-1 infected cells.
5 CONCLUSION
DEAD-box proteins can influence viral replication at almost every stage of the viral life cycle (as depicted in Figure 2). However, a lot of outstanding questions remain, such as whether these proteins have redundant functions in the context of HIV-1 replication, whether they are found in the same RNPs and act as co-factors of each other, whether they bind HIV-1 vRNAs in a sequence-specific manner and what the precise mechanisms of actions of the functions of these proteins on HIV-1 are. Importantly, it also remains to be elucidated whether these proteins play a role in the maintenance of viral latency and could be relevant in the context of the development of curative HIV-1 therapies. The success of structure-based drug design assays for the development of DDX3 inhibitors with high selectivity indices and evidence of anti-HIV-1 activity highlight that targeting DEAD-box proteins to inhibit HIV-1 replication is a viable strategy to control the HIV-1 pandemic.
[image: Figure 2]FIGURE 2 | The roles of DEAD-box proteins in the HIV-1 life cycle. The steps of the HIV-1 life cycle are indicated from 1-9. viral RNA is depicted in black and viral DNA in red. Progression of the steps of the life cycle are indicated with black arrows and all viral proteins are depicted as brown circles. The effects of the DEAD-box proteins (in grey boxes) are indicated by either brown arrows for a pro-viral effect and with red lines for an anti-viral effect. DEAD-box proteins with uncharacterised or speculated effects in the life cycle are accompanied by a question mark.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work is supported by grants from the Dutch Aidsfonds (P-53302) and from the Gilead Research Scholars award to SR, and from Health Holland (LSHM19100-SGF) and ZonMW (40-44600-98-333) to TM.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ajamian, L., Abrahamyan, L., Milev, M., Ivanov, P. V., Kulozik, A. E., Gehring, N. H., et al. (2008). Unexpected Roles for UPF1 in HIV-1 RNA Metabolism and Translation. Rna 14, 914–927. doi:10.1261/rna.829208
 Ali, A., Mishra, R., Kaur, H., and Chandra Banerjea, A. (2021). HIV-1 Tat: An Update on Transcriptional and Non-transcriptional Functions. Biochimie 190, 24–35. doi:10.1016/j.biochi.2021.07.001
 Ali, M. A. M. (2021). The DEAD-Box Protein Family of RNA Helicases: Sentinels for a Myriad of Cellular Functions with Emerging Roles in Tumorigenesis. Int. J. Clin. Oncol. 26, 795–825. doi:10.1007/s10147-021-01892-1
 Amorim, R., Costa, S. M., Cavaleiro, N. P., Da Silva, E. E., and Da Costa, L. J. (2014). HIV-1 Transcripts Use IRES-Initiation under Conditions where Cap-dependent Translation Is Restricted by Poliovirus 2A Protease. PLoS One 9, e88619. doi:10.1371/journal.pone.0088619
 Andersen, C. B. F., Ballut, L., Johansen, J. S., Chamieh, H., Nielsen, K. H., Oliveira, C. L. P., et al. (2006). Structure of the Exon Junction Core Complex with a Trapped DEAD-Box ATPase Bound to RNA. Science 313, 1968–1972. doi:10.1126/science.1131981
 Antonicka, H., and Shoubridge, E. A. (2015). Mitochondrial RNA Granules Are Centers for Posttranscriptional RNA Processing and Ribosome Biogenesis. Cell Rep. 10, 920–932. doi:10.1016/j.celrep.2015.01.030
 Awasthi, S., Verma, M., Mahesh, A., K. Khan, M. I., Govindaraju, G., Rajavelu, A., et al. (2018). DDX49 Is an RNA Helicase that Affects Translation by Regulating mRNA Export and the Levels of Pre-ribosomal RNA. Nucleic acids Res. 46, 6304–6317. doi:10.1093/nar/gky231
 Barrero, C. A., Datta, P. K., Sen, S., Deshmane, S., Amini, S., Khalili, K., et al. (2013). HIV-1 Vpr Modulates Macrophage Metabolic Pathways: a SILAC-Based Quantitative Analysis. PLoS One 8, e68376. doi:10.1371/journal.pone.0068376
 Basmaciogullari, S., and Pizzato, M. (2014). The Activity of Nef on HIV-1 Infectivity. Front. Microbiol. 5, 232. doi:10.3389/fmicb.2014.00232
 Berg, R. K., Melchjorsen, J., Rintahaka, J., Diget, E., Søby, S., Horan, K. A., et al. (2012). Genomic HIV RNA Induces Innate Immune Responses through RIG-I-dependent Sensing of Secondary-Structured RNA. PLOS ONE 7, e29291. doi:10.1371/journal.pone.0029291
 Bléoo, S., Sun, X., Hendzel, M. J., Rowe, J. M., Packer, M., and Godbout, R. (2001). Association of Human DEAD Box Protein DDX1 with a Cleavage Stimulation Factor Involved in 3′-End Processing of Pre-mRNA. MBoC 12, 3046–3059. doi:10.1091/mbc.12.10.3046
 Bol, G. M., Vesuna, F., Xie, M., Zeng, J., Aziz, K., Gandhi, N., et al. (2015a). Targeting DDX 3 with a Small Molecule Inhibitor for Lung Cancer Therapy. EMBO Mol. Med. 7, 648–669. doi:10.15252/emmm.201404368
 Bol, G. M., Xie, M., and Raman, V. (2015b). DDX3, a Potential Target for Cancer Treatment. Mol. Cancer 14, 188. doi:10.1186/s12943-015-0461-7
 Bonaventure, B., Rebendenne, A., de Gracia, F. G., Mckellar, J., Gracias, S., Labaronne, E., et al. (2021). The DEAD Box RNA Helicase DDX42 Is an Intrinsic Inhibitor of Positive-Strand RNA Viruses. Cold Spring Harbour: bioRxiv. doi:10.1101/2020.10.28.359356
 Bordeleau, M.-E., Matthews, J., Wojnar, J. M., Lindqvist, L., Novac, O., Jankowsky, E., et al. (2005). Stimulation of Mammalian Translation Initiation Factor eIF4A Activity by a Small Molecule Inhibitor of Eukaryotic Translation. Proc. Natl. Acad. Sci. U.S.A. 102, 10460–10465. doi:10.1073/pnas.0504249102
 Bordeleau, M.-E., Mori, A., Oberer, M., Lindqvist, L., Chard, L. S., Higa, T., et al. (2006). Functional Characterization of IRESes by an Inhibitor of the RNA Helicase eIF4A. Nat. Chem. Biol. 2, 213–220. doi:10.1038/nchembio776
 Bordeleau, M. E., Robert, F., Gerard, B., Lindqvist, L., Chen, S. M., Wendel, H. G., et al. (2008). Therapeutic Suppression of Translation Initiation Modulates Chemosensitivity in a Mouse Lymphoma Model. J. Clin. Invest. 118, 2651–2660. doi:10.1172/JCI34753
 Borowski, P., Niebuhr, A., Schmitz, H., Hosmane, R. S., Bretner, M., Siwecka, M. A., et al. (2002). NTPase/Helicase of Flaviviridae: Inhibitors and Inhibition of the Enzyme. Acta Biochim. Pol. 49, 597–614. doi:10.18388/abp.2002_3769
 Bourgeois, C. F., Mortreux, F., and Auboeuf, D. (2016). The Multiple Functions of RNA Helicases as Drivers and Regulators of Gene Expression. Nat. Rev. Mol. Cell Biol. 17, 426–438. doi:10.1038/nrm.2016.50
 Brai, A., Ronzini, S., Riva, V., Botta, L., Zamperini, C., Borgini, M., et al. (2019). Synthesis and Antiviral Activity of Novel 1,3,4-Thiadiazole Inhibitors of DDX3X. Molecules 24. doi:10.3390/molecules24213988
 Brai, A., Fazi, R., Tintori, C., Zamperini, C., Bugli, F., Sanguinetti, M., et al. (2016). Human DDX3 Protein Is a Valuable Target to Develop Broad Spectrum Antiviral Agents. Proc. Natl. Acad. Sci. U.S.A. 113, 5388–5393. doi:10.1073/pnas.1522987113
 Brass, A. L., Dykxhoorn, D. M., Benita, Y., Yan, N., Engelman, A., Xavier, R. J., et al. (2008). Identification of Host Proteins Required for HIV Infection through a Functional Genomic Screen. Science 319, 921–926. doi:10.1126/science.1152725
 Britto, A. M., Amoedo, N. D., Pezzuto, P., Afonso, A. O., Martínez, A. M., Silveira, J., et al. (2013). Expression Levels of the Innate Response Gene RIG-I and its Regulators RNF125 and TRIM25 in HIV-1-Infected Adult and Pediatric Individuals. AIDS 27, 1879–1885. doi:10.1097/QAD.0b013e328361cfbf
 Burdick, R., Smith, J. L., Chaipan, C., Friew, Y., Chen, J., Venkatachari, N. J., et al. (2010). P Body-Associated Protein Mov10 Inhibits HIV-1 Replication at Multiple Stages. J. Virol. 84, 10241–10253. doi:10.1128/jvi.00585-10
 Calo, E., Flynn, R. A., Martin, L., Spitale, R. C., Chang, H. Y., and Wysocka, J. (2015). RNA Helicase DDX21 Coordinates Transcription and Ribosomal RNA Processing. Nature 518, 249–253. doi:10.1038/nature13923
 Campbell, L., Hunter, K. M., Mohaghegh, P., Tinsley, J. M., Brasch, M. A., and Davies, K. E. (2000). Direct Interaction of Smn with Dp103, a Putative RNA Helicase: a Role for Smn in Transcription Regulation?Hum. Mol. Genet. 9, 1093–1100. doi:10.1093/hmg/9.7.1093
 Caruthers, J. M., and McKay, D. B. (2002). Helicase Structure and Mechanism. Curr. Opin. Struct. Biol. 12, 123–133. doi:10.1016/s0959-440x(02)00298-1
 Cary, D. C., Fujinaga, K., and Peterlin, B. M. (2016). Molecular Mechanisms of HIV Latency. J. Clin. Investigation 126, 448–454. doi:10.1172/jci80565
 Cencic, R., Galicia-Vázquez, G., and Pelletier, J. (2012). Inhibitors of Translation Targeting Eukaryotic Translation Initiation Factor 4A. Methods Enzymol. 511, 437–461. doi:10.1016/b978-0-12-396546-2.00020-6
 Chable-Bessia, C., Meziane, O., Latreille, D., Triboulet, R., Zamborlini, A., Wagschal, A., et al. (2009). Suppression of HIV-1 Replication by microRNA Effectors. Retrovirology 6, 26. doi:10.1186/1742-4690-6-26
 Chan, C. C., Dostie, J., Diem, M. D., Feng, W., Mann, M., Rappsilber, J., et al. (2004). eIF4A3 Is a Novel Component of the Exon Junction Complex. Rna 10, 200–209. doi:10.1261/rna.5230104
 Chen, B. (2019). Molecular Mechanism of HIV-1 Entry. Trends Microbiol. 27, 878–891. doi:10.1016/j.tim.2019.06.002
 Chen, C.-Y., Liu, X., Boris-Lawrie, K., Sharma, A., and Jeang, K.-T. (2013). Cellular RNA Helicases and HIV-1: Insights from Genome-wide, Proteomic, and Molecular Studies. Virus Res. 171, 357–365. doi:10.1016/j.virusres.2012.06.022
 Choudhury, P., Kretschmer, J., Hackert, P., Bohnsack, K. E., and Bohnsack, M. T. (2021). The DExD Box ATPase DDX55 Is Recruited to Domain IV of the 28S Ribosomal RNA by its C-Terminal Region. RNA Biol. 18, 1124–1135. doi:10.1080/15476286.2020.1829366
 Dang, W., Xie, Y., Cao, P., Xin, S., Wang, J., Li, S., et al. (2019). N6-Methyladenosine and Viral Infection. Front. Microbiol. 10, 417. doi:10.3389/fmicb.2019.00417
 Dang, Y., Low, W.-K., Xu, J., Gehring, N. H., Dietz, H. C., Romo, D., et al. (2009). Inhibition of Nonsense-Mediated mRNA Decay by the Natural Product Pateamine A through Eukaryotic Initiation Factor 4AIII. J. Biol. Chem. 284, 23613–23621. doi:10.1074/jbc.m109.009985
 Dardenne, E., Polay Espinoza, M., Fattet, L., Germann, S., Lambert, M.-P., Neil, H., et al. (2014). RNA Helicases DDX5 and DDX17 Dynamically Orchestrate Transcription, miRNA, and Splicing Programs in Cell Differentiation. Cell Rep. 7, 1900–1913. doi:10.1016/j.celrep.2014.05.010
 de Breyne, S., Chamond, N., Décimo, D., Trabaud, M.-A., André, P., Sargueil, B., et al. (2012). In Vitrostudies Reveal that Different Modes of Initiation on HIV-1 mRNA Have Different Levels of Requirement for Eukaryotic Initiation Factor 4F. Febs J. 279, 3098–3111. doi:10.1111/j.1742-4658.2012.08689.x
 DeBoer, J., Jagadish, T., Haverland, N. A., Madson, C. J., Ciborowski, P., and Belshan, M. (2014). Alterations in the Nuclear Proteome of HIV-1 Infected T-Cells. Virology 468-470, 409–420. doi:10.1016/j.virol.2014.08.029
 Doehle, B. P., Hladik, F., Mcnevin, J. P., Mcelrath, M. J., and Gale, M. (2009). Human Immunodeficiency Virus Type 1 Mediates Global Disruption of Innate Antiviral Signaling and Immune Defenses within Infected Cells. J. Virol. 83, 10395–10405. doi:10.1128/jvi.00849-09
 Fang, J., Acheampong, E., Dave, R., Wang, F., Mukhtar, M., and Pomerantz, R. J. (2005). The RNA Helicase DDX1 Is Involved in Restricted HIV-1 Rev Function in Human Astrocytes. Virology 336, 299–307. doi:10.1016/j.virol.2005.03.017
 Fang, J., Kubota, S., Yang, B., Zhou, N., Zhang, H., Godbout, R., et al. (2004). A DEAD Box Protein Facilitates HIV-1 Replication as a Cellular Co-factor of Rev. Virology 330, 471–480. doi:10.1016/j.virol.2004.09.039
 Fazi, R., Tintori, C., Brai, A., Botta, L., Selvaraj, M., Garbelli, A., et al. (2015). Homology Model-Based Virtual Screening for the Identification of Human Helicase DDX3 Inhibitors. J. Chem. Inf. Model. 55, 2443–2454. doi:10.1021/acs.jcim.5b00419
 Feng, T., Sun, T., Li, G., Pan, W., Wang, K., and Dai, J. (2017). DEAD-box Helicase DDX25 Is a Negative Regulator of Type I Interferon Pathway and Facilitates RNA Virus Infection. Front. Cell. Infect. Microbiol. 7, 356. doi:10.3389/fcimb.2017.00356
 Fields, B. N. K. D. M. H. P. M. (2013). Fields Virology. Philadelphia: Wolters Kluwer Health/Lippincott Williams and Wilkins. 
 Finzi, D., Hermankova, M., Pierson, T., Carruth, L. M., Buck, C., Chaisson, R. E., et al. (1997). Identification of a Reservoir for HIV-1 in Patients on Highly Active Antiretroviral Therapy. Science 278, 1295–1300. doi:10.1126/science.278.5341.1295
 Flores-Rozas, H., and Hurwitz, J. (1993). Characterization of a New RNA Helicase from Nuclear Extracts of HeLa Cells Which Translocates in the 5' to 3' Direction. J. Biol. Chem. 268, 21372–21383. doi:10.1016/s0021-9258(19)36933-9
 Folkmann, A. W., Noble, K. N., Cole, C. N., and Wente, S. R. (2011). Dbp5, Gle1-IP6 and Nup159: a Working Model for mRNP Export. Nucleus 2, 540–548. doi:10.4161/nucl.2.6.17881
 Fong, L. E., Sulistijo, E. S., and Miller-Jensen, K. (2017). Systems Analysis of Latent HIV Reversal Reveals Altered Stress Kinase Signaling and Increased Cell Death in Infected T Cells. Sci. Rep. 7, 16179. doi:10.1038/s41598-017-15532-0
 Fröhlich, A., Rojas-Araya, B., Pereira-Montecinos, C., Dellarossa, A., Toro-Ascuy, D., Prades-Pérez, Y., et al. (2016). DEAD-box RNA Helicase DDX3 Connects CRM1-dependent Nuclear Export and Translation of the HIV-1 Unspliced mRNA through its N-Terminal Domain. Biochimica Biophysica Acta (BBA) - Gene Regul. Mech. 1859, 719–730. doi:10.1016/j.bbagrm.2016.03.009
 Garcia-Vidal, E., Castellví, M., Pujantell, M., Badia, R., Jou, A., Gomez, L., et al. (2017). Evaluation of the Innate Immune Modulator Acitretin as a Strategy to Clear the HIV Reservoir. Antimicrob. Agents Chemother. 61. doi:10.1128/AAC.01368-17
 Gautier, V. W., Gu, L., O'Donoghue, N., Pennington, S., Sheehy, N., and Hall, W. W. (2009). In Vitro nuclear Interactome of the HIV-1 Tat Protein. Retrovirology 6, 47. doi:10.1186/1742-4690-6-47
 Godbout, R., Packer, M., and Bie, W. (1998). Overexpression of a DEAD Box Protein (DDX1) in Neuroblastoma and Retinoblastoma Cell Lines. J. Biol. Chem. 273, 21161–21168. doi:10.1074/jbc.273.33.21161
 Göertz, G. P., van Bree, J. W. M., Hiralal, A., Fernhout, B. M., Steffens, C., Boeren, S., et al. (2019). Subgenomic Flavivirus RNA Binds the Mosquito DEAD/H-box Helicase ME31B and Determines Zika Virus Transmission by Aedes aegypti. Proc. Natl. Acad. Sci. U. S. A. 116, 19136–19144. doi:10.1073/pnas.1905617116
 Grandori, C., Mac, J., Siëbelt, F., Ayer, D. E., and Eisenman, R. N. (1996). Myc-Max Heterodimers Activate a DEAD Box Gene and Interact with Multiple E Box-Related Sites In Vivo. EMBO J. 15, 4344–4357. doi:10.1002/j.1460-2075.1996.tb00808.x
 Greenwood, E. J. D., Williamson, J. C., Sienkiewicz, A., Naamati, A., Matheson, N. J., and Lehner, P. J. (2019). Promiscuous Targeting of Cellular Proteins by Vpr Drives Systems-Level Proteomic Remodeling in HIV-1 Infection. Cell Rep. 27, 1579–1596. e7. doi:10.1016/j.celrep.2019.04.025
 Gringhuis, S. I., Hertoghs, N., Kaptein, T. M., Zijlstra-Willems, E. M., Sarrami-Fooroshani, R., Sprokholt, J. K., et al. (2017). Erratum: HIV-1 Blocks the Signaling Adaptor MAVS to Evade Antiviral Host Defense after Sensing of Abortive HIV-1 RNA by the Host Helicase DDX3. Nat. Immunol. 18, 474. doi:10.1038/ni0417-474c
 Gross, T., Siepmann, A., Sturm, D., Windgassen, M., Scarcelli, J. J., Seedorf, M., et al. (2007). The DEAD-Box RNA Helicase Dbp5 Functions in Translation Termination. Science 315, 646–649. doi:10.1126/science.1134641
 Grünvogel, O., Esser-Nobis, K., Reustle, A., Schult, P., Müller, B., Metz, P., et al. (2015). DDX60L Is an Interferon-Stimulated Gene Product Restricting Hepatitis C Virus Replication in Cell Culture. J. Virol. 89, 10548–10568. doi:10.1128/JVI.01297-15
 Günthard, H. F., Calvez, V., Paredes, R., Pillay, D., Shafer, R. W., Wensing, A. M., et al. (2019). Human Immunodeficiency Virus Drug Resistance: 2018 Recommendations of the International Antiviral Society-USA Panel. Clin. Infect. Dis. 68, 177–187. doi:10.1093/cid/ciy463
 Hammond, J. A., Zhou, L., Lamichhane, R., Chu, H.-Y., Millar, D. P., Gerace, L., et al. (2018). A Survey of DDX21 Activity during Rev/RRE Complex Formation. J. Mol. Biol. 430, 537–553. doi:10.1016/j.jmb.2017.06.023
 Han, P., Ye, W., Lv, X., Ma, H., Weng, D., Dong, Y., et al. (2017). DDX50 Inhibits the Replication of Dengue Virus 2 by Upregulating IFN-β Production. Arch. Virol. 162, 1487–1494. doi:10.1007/s00705-017-3250-3
 He, Y., Zhang, D., Yang, Y., Wang, X., Zhao, X., Zhang, P., et al. (2018). A Double-Edged Function of DDX3, as an Oncogene or Tumor Suppressor, in Cancer Progression (Review). Oncol. Rep. 39, 883–892. doi:10.3892/or.2018.6203
 Heerma van Voss, M. R., van Diest, P. J., and Raman, V. (2017). Targeting RNA Helicases in Cancer: The Translation Trap. Biochimica Biophysica Acta (BBA) - Rev. Cancer 1868, 510–520. doi:10.1016/j.bbcan.2017.09.006
 Henning, D., So, R. B., Jin, R., Lau, L. F., and Valdez, B. C. (2003). Silencing of RNA Helicase II/Guα Inhibits Mammalian Ribosomal RNA Production. J. Biol. Chem. 278, 52307–52314. doi:10.1074/jbc.m310846200
 Hernández-Díaz, T., Valiente-Echeverría, F., and Soto-Rifo, R. (2021). RNA Helicase DDX3: A Double-Edged Sword for Viral Replication and Immune Signaling. Microorganisms 9, 1206.
 Higa, T., Tanaka, J.-I., Tsukitani, Y., and Kikuchi, H. (1981). Hippuristanols, Cytotoxic Polyoxygenated Steroids from the Gorgonianisis Hippuris. Chem. Lett. 10, 1647–1650. doi:10.1246/cl.1981.1647
 Högbom, M., Collins, R., van Den Berg, S., Jenvert, R. M., Karlberg, T., Kotenyova, T., et al. (2007). Crystal Structure of Conserved Domains 1 and 2 of the Human DEAD-Box Helicase DDX3X in Complex with the Mononucleotide AMP. J. Mol. Biol. 372, 150–159. doi:10.1016/j.jmb.2007.06.050
 Hu, W. S., and Hughes, S. H. (2012). HIV-1 Reverse Transcription. Cold Spring Harb. Perspect. Med. 2. doi:10.1101/cshperspect.a006882
 Hyrcza, M. D., Kovacs, C., Loutfy, M., Halpenny, R., Heisler, L., Yang, S., et al. (2007). Distinct Transcriptional Profiles in Ex Vivo CD4 + and CD8 + T Cells Are Established Early in Human Immunodeficiency Virus Type 1 Infection and Are Characterized by a Chronic Interferon Response as Well as Extensive Transcriptional Changes in CD8 + T Cells. J. Virol. 81, 3477–3486. doi:10.1128/jvi.01552-06
 Ishaq, M., Ma, L., Wu, X., Mu, Y., Pan, J. a., Hu, J., et al. (2009). The DEAD-Box RNA Helicase DDX1 Interacts with RelA and Enhances Nuclear Factor kappaB-Mediated Transcription. J. Cell. Biochem. 106, 296–305. doi:10.1002/jcb.22004
 Jäger, S., Cimermancic, P., Gulbahce, N., Johnson, J. R., Mcgovern, K. E., Clarke, S. C., et al. (2012). Global Landscape of HIV-Human Protein Complexes. Nature 481, 365–370. doi:10.1038/nature10719
 Jiang, S.-L., Mo, J.-L., Peng, J., Lei, L., Yin, J.-Y., Zhou, H.-H., et al. (2021). Targeting Translation Regulators Improves Cancer Therapy. Genomics 113, 1247–1256. doi:10.1016/j.ygeno.2020.11.011
 Kellner, M., Rohrmoser, M., Forné, I., Voss, K., Burger, K., Mühl, B., et al. (2015). DEAD-box Helicase DDX27 Regulates 3′ End Formation of Ribosomal 47S RNA and Stably Associates with the PeBoW-Complex. Exp. Cell Res. 334, 146–159. doi:10.1016/j.yexcr.2015.03.017
 Kim, Y., Park, H., Park, D., Lee, Y.-S., Choe, J., Hahn, J.-H., et al. (2010). Cancer/testis Antigen CAGE Exerts Negative Regulation on P53 Expression through HDAC2 and Confers Resistance to Anti-cancer Drugs. J. Biol. Chem. 285, 25957–25968. doi:10.1074/jbc.m109.095950
 König, R., Zhou, Y., Elleder, D., Diamond, T. L., Bonamy, G. M., Irelan, J. T., et al. (2008). Global Analysis of Host-Pathogen Interactions that Regulate Early-Stage HIV-1 Replication. Cell 135, 49–60. doi:10.1016/j.cell.2008.07.032
 Kosowski, T. R., Keys, H. R., Quan, T. K., and Ruby, S. W. (2009). DExD/H-box Prp5 Protein Is in the Spliceosome during Most of the Splicing Cycle. Rna 15, 1345–1362. doi:10.1261/rna.1065209
 Krishnan, V., and Zeichner, S. L. (2004). Alterations in the Expression of DEAD-Box and Other RNA Binding Proteins during HIV-1 Replication. Retrovirology 1, 42. doi:10.1186/1742-4690-1-42
 Kukhanova, M. K., Karpenko, I. L., and Ivanov, A. V. (2020). DEAD-box RNA Helicase DDX3: Functional Properties and Development of DDX3 Inhibitors as Antiviral and Anticancer Drugs. Molecules 25. doi:10.3390/molecules25041015
 Kula, A., Guerra, J., Knezevich, A., Kleva, D., Myers, M. P., and Marcello, A. (2011). Characterization of the HIV-1 RNA Associated Proteome Identifies Matrin 3 as a Nuclear Cofactor of Rev Function. Retrovirology 8, 60. doi:10.1186/1742-4690-8-60
 Lai, M.-C., Wang, S.-W., Cheng, L., Tarn, W.-Y., Tsai, S.-J., and Sun, H. S. (2013). Human DDX3 Interacts with the HIV-1 Tat Protein to Facilitate Viral mRNA Translation. PLoS One 8, e68665. doi:10.1371/journal.pone.0068665
 Lamm, G., Nicol, S. M., Fuller-Pace, F. V., and Lamond, A. I. (1996). p72: a Human Nuclear DEAD Box Protein Highly Related to P68. Nucleic Acids Res. 24, 3739–3747. doi:10.1093/nar/24.19.3739
 Le Sage, V., Cinti, A., Valiente-Echeverría, F., and Mouland, A. J. (2015). Proteomic Analysis of HIV-1 Gag Interacting Partners Using Proximity-dependent Biotinylation. Virol. J. 12, 138. doi:10.1186/s12985-015-0365-6
 Li, D., Fu, S., Wu, Z., Yang, W., Ru, Y., Shu, H., et al. (2019). DDX56 Inhibits Type I Interferon by Disrupting Assembly of IRF3-IPO5 to Inhibit IRF3 Nucleus Import. J. Cell Sci. 133, jcs230409. doi:10.1242/jcs.230409
 Li, J., Hu, L., Liu, Y., Huang, L., Mu, Y., Cai, X., et al. (2015). DDX19A Senses Viral RNA and Mediates NLRP3-dependent Inflammasome Activation. J. I. 195, 5732–5749. doi:10.4049/jimmunol.1501606
 Li, P., Kaiser, P., Lampiris, H. W., Kim, P., Yukl, S. A., Havlir, D. V., et al. (2016). Stimulating the RIG-I Pathway to Kill Cells in the Latent HIV Reservoir Following Viral Reactivation. Nat. Med. 22, 807–811. doi:10.1038/nm.4124
 Li, S., Ma, J., Zheng, A., Song, X., Chen, S., and Jin, F. (2021). DEAD-box Helicase 27 Enhances Stem Cell-like Properties with Poor Prognosis in Breast Cancer. J. Transl. Med. 19, 334. doi:10.1186/s12967-021-03011-0
 Lin, F., Wang, R., Shen, J.-J., Wang, X., Gao, P., Dong, K., et al. (2008). Knockdown of RCK/p54 Expression by RNAi Inhibits Proliferation of Human Colorectal Cancer Cells In Vitro and In Vivo. Cancer Biol. Ther. 7, 1669–1676. doi:10.4161/cbt.7.10.6660
 Lin, M.-H., Sivakumaran, H., Jones, A., Li, D., Harper, C., Wei, T., et al. (2014). A HIV-1 Tat Mutant Protein Disrupts HIV-1 Rev Function by Targeting the DEAD-Box RNA Helicase DDX1. Retrovirology 11, 121. doi:10.1186/s12977-014-0121-9
 Lin, T. C. (2019). DDX3X Multifunctionally Modulates Tumor Progression and Serves as a Prognostic Indicator to Predict Cancer Outcomes. Int. J. Mol. Sci. 21. doi:10.3390/ijms21010281
 Linder, P., and Jankowsky, E. (2011). From Unwinding to Clamping - the DEAD Box RNA Helicase Family. Nat. Rev. Mol. Cell Biol. 12, 505–516. doi:10.1038/nrm3154
 Linder, P., Lasko, P. F., Ashburner, M., Leroy, P., Nielsen, P. J., Nishi, K., et al. (1989). Birth of the D-E-A-D Box. Nature 337, 121–122. doi:10.1038/337121a0
 Liu, Z.-R. (2002). p68 RNA Helicase Is an Essential Human Splicing Factor that Acts at the U1 snRNA-5′ Splice Site Duplex. Mol. Cell Biol. 22, 5443–5450. doi:10.1128/mcb.22.15.5443-5450.2002
 Lorgeoux, R.-P., Guo, F., and Liang, C. (2012). From Promoting to Inhibiting: Diverse Roles of Helicases in HIV-1 Replication. Retrovirology 9, 79. doi:10.1186/1742-4690-9-79
 Lorgeoux, R.-P., Pan, Q., Le Duff, Y., and Liang, C. (2013). DDX17 Promotes the Production of Infectious HIV-1 Particles through Modulating Viral RNA Packaging and Translation Frameshift. Virology 443, 384–392. doi:10.1016/j.virol.2013.05.026
 Low, W.-K., Dang, Y., Bhat, S., Romo, D., and Liu, J. O. (2007). Substrate-Dependent Targeting of Eukaryotic Translation Initiation Factor 4A by Pateamine A: Negation of Domain-Linker Regulation of Activity. Chem. Biol. 14, 715–727. doi:10.1016/j.chembiol.2007.05.012
 Low, W.-K., Dang, Y., Schneider-Poetsch, T., Shi, Z., Choi, N. S., Merrick, W. C., et al. (2005). Inhibition of Eukaryotic Translation Initiation by the Marine Natural Product Pateamine A. Mol. Cell 20, 709–722. doi:10.1016/j.molcel.2005.10.008
 Ma, J., Rong, L., Zhou, Y., Roy, B. B., Lu, J., Abrahamyan, L., et al. (2008). The Requirement of the DEAD-Box Protein DDX24 for the Packaging of Human Immunodeficiency Virus Type 1 RNA. Virology 375, 253–264. doi:10.1016/j.virol.2008.01.025
 Ma, Z., Moore, R., Xu, X., and Barber, G. N. (2013). DDX24 Negatively Regulates Cytosolic RNA-Mediated Innate Immune Signaling. PLoS Pathog. 9, e1003721. doi:10.1371/journal.ppat.1003721
 Maga, G., Falchi, F., Garbelli, A., Belfiore, A., Witvrouw, M., Manetti, F., et al. (2008). Pharmacophore Modeling and Molecular Docking Led to the Discovery of Inhibitors of Human Immunodeficiency Virus-1 Replication Targeting the Human Cellular Aspartic Acid−Glutamic Acid−Alanine−Aspartic Acid Box Polypeptide 3. J. Med. Chem. 51, 6635–6638. doi:10.1021/jm8008844
 Maga, G., Falchi, F., Radi, M., Botta, L., Casaluce, G., Bernardini, M., et al. (2011). Toward the Discovery of Novel Anti-HIV Drugs. Second-Generation Inhibitors of the Cellular ATPase DDX3 with Improved Anti-HIV Activity: Synthesis, Structure-Activity Relationship Analysis, Cytotoxicity Studies, and Target Validation. ChemMedChem 6, 1371–1389. doi:10.1002/cmdc.201100166
 Maga, G., Gemma, S., Fattorusso, C., Locatelli, G. A., Butini, S., Persico, M., et al. (2005). Specific Targeting of Hepatitis C Virus NS3 RNA Helicase. Discovery of the Potent and Selective Competitive Nucleotide-Mimicking Inhibitor QU663. Biochemistry 44, 9637–9644. doi:10.1021/bi047437u
 Mahboobi, S. H., Javanpour, A. A., and Mofrad, M. R. K. (2015). The Interaction of RNA Helicase DDX3 with HIV-1 Rev-CRM1-RanGTP Complex during the HIV Replication Cycle. PLoS One 10, e0112969. doi:10.1371/journal.pone.0112969
 Mailler, E., Bernacchi, S., Marquet, R., Paillart, J.-C., Vivet-Boudou, V., and Smyth, R. (2016). The Life-Cycle of the HIV-1 Gag-RNA Complex. Viruses 8, 248. doi:10.3390/v8090248
 Maldarelli, F., Wu, X., Su, L., Simonetti, F. R., Shao, W., Hill, S., et al. (2014). HIV Latency. Specific HIV Integration Sites Are Linked to Clonal Expansion and Persistence of Infected Cells. Science 345, 179–183. doi:10.1126/science.1254194
 Manfroni, G., Paeshuyse, J., Massari, S., Zanoli, S., Gatto, B., Maga, G., et al. (2009). Inhibition of Subgenomic Hepatitis C Virus RNA Replication by Acridone Derivatives: Identification of an NS3 Helicase Inhibitor. J. Med. Chem. 52, 3354–3365. doi:10.1021/jm801608u
 Mastrangelo, E., Bolognesi, M., and Milani, M. (2012). Flaviviral Helicase: Insights into the Mechanism of Action of a Motor Protein. Biochem. Biophysical Res. Commun. 417, 84–87. doi:10.1016/j.bbrc.2011.11.060
 Mathieu, M. G., Linley, A. J., Reeder, S. P., Badoual, C., Tartour, E., Rees, R. C., et al. (2010). HAGE, a Cancer/testis Antigen Expressed at the Protein Level in a Variety of Cancers. Cancer Immun. 10, 2.
 Mikhailova, T., Shuvalova, E., Ivanov, A., Susorov, D., Shuvalov, A., Kolosov, P. M., et al. (2017). RNA Helicase DDX19 Stabilizes Ribosomal Elongation and Termination Complexes. Nucleic Acids Res. 45, 1307–1318. doi:10.1093/nar/gkw1239
 Milev, M. P., Ravichandran, M., Khan, M. F., Schriemer, D. C., and Mouland, A. J. (2012). Characterization of Staufen1 Ribonucleoproteins by Mass Spectrometry and Biochemical Analyses Reveal the Presence of Diverse Host Proteins Associated with Human Immunodeficiency Virus Type 1. Front. Microbiol. 3, 367. doi:10.3389/fmicb.2012.00367
 Miyaji, K., Nakagawa, Y., Matsumoto, K., Yoshida, H., Morikawa, H., Hongou, Y., et al. (2003). Overexpression of a DEAD Box/RNA Helicase Protein, Rck/p54, in Human Hepatocytes from Patients with Hepatitis C Virus-Related Chronic Hepatitis and its Implication in Hepatocellular Carcinogenesis. J. Viral Hepat. 10, 241–248. doi:10.1046/j.1365-2893.2003.00447.x
 Miyashita, M., Oshiumi, H., Matsumoto, M., and Seya, T. (2011). DDX60, a DEXD/H Box Helicase, Is a Novel Antiviral Factor Promoting RIG-I-like Receptor-Mediated Signaling. Mol. Cell Biol. 31, 3802–3819. doi:10.1128/mcb.01368-10
 Möhlmann, S., Mathew, R., Neumann, P., Schmitt, A., Lührmann, R., and Ficner, R. (2014). Structural and Functional Analysis of the Human Spliceosomal DEAD-Box Helicase Prp28. Acta Crystallogr. D. Biol. Crystallogr. 70, 1622–1630. doi:10.1107/S1399004714006439
 Monette, A., Valiente-Echeverría, F., Rivero, M., Cohen, É. A., Lopez-Lastra, M., and Mouland, A. J. (2013). Dual Mechanisms of Translation Initiation of the Full-Length HIV-1 mRNA Contribute to Gag Synthesis. PLoS One 8, e68108. doi:10.1371/journal.pone.0068108
 Naji, S., Ambrus, G., Cimermančič, P., Reyes, J. R., Johnson, J. R., Filbrandt, R., et al. (2012). Host Cell Interactome of HIV-1 Rev Includes RNA Helicases Involved in Multiple Facets of Virus Production. Mol. Cell Proteomics 11, M111015313–015313. doi:10.1074/mcp.M111.015313
 Nakagawa, Y., Morikawa, H., Hirata, I., Shiozaki, M., Matsumoto, A., Maemura, K., et al. (1999). Overexpression of Rck/p54, a DEAD Box Protein, in Human Colorectal Tumours. Br. J. Cancer 80, 914–917. doi:10.1038/sj.bjc.6690441
 Nasr, N., Alshehri, A. A., Wright, T. K., Shahid, M., Heiner, B. M., Harman, A. N., et al. (2017). Mechanism of Interferon-Stimulated Gene Induction in HIV-1-Infected Macrophages. J. Virol. 91. doi:10.1128/JVI.00744-17
 Nathans, R., Chu, C.-y., Serquina, A. K., Lu, C.-C., Cao, H., and Rana, T. M. (2009). Cellular microRNA and P Bodies Modulate Host-HIV-1 Interactions. Mol. Cell 34, 696–709. doi:10.1016/j.molcel.2009.06.003
 Ndzinu, J. K., Takeuchi, H., Saito, H., Yoshida, T., and Yamaoka, S. (2018). eIF4A2 Is a Host Factor Required for Efficient HIV-1 Replication. Microbes Infect. 20, 346–352. doi:10.1016/j.micinf.2018.05.001
 Northcote, P. T., Blunt, J. W., and Munro, M. H. G. (1991). Pateamine: a Potent Cytotoxin from the New Zealand Marine Sponge, Mycale Sp. Tetrahedron Lett. 32, 6411–6414. doi:10.1016/0040-4039(91)80182-6
 Ogilvie, V. C., Wilson, B. J., Nicol, S. M., Morrice, N. A., Saunders, L. R., Barber, G. N., et al. (2003). The Highly Related DEAD Box RNA Helicases P68 and P72 Exist as Heterodimers in Cells. Nucleic Acids Res. 31, 1470–1480. doi:10.1093/nar/gkg236
 Ortiz, N. E. G., Nijhawan, R. I., and Weinberg, J. M. (2013). Acitretin. Dermatol Ther. 26, 390–399. doi:10.1111/dth.12086
 Oshiumi, H., Miyashita, M., Okamoto, M., Morioka, Y., Okabe, M., Matsumoto, M., et al. (2015). DDX60 Is Involved in RIG-I-dependent and Independent Antiviral Responses, and its Function Is Attenuated by Virus-Induced EGFR Activation. Cell Rep. 11, 1193–1207. doi:10.1016/j.celrep.2015.04.047
 Pak, V., Eifler, T. T., Jäger, S., Krogan, N. J., Fujinaga, K., and Peterlin, B. M. (2015). CDK11 in TREX/THOC Regulates HIV mRNA 3′ End Processing. Cell Host Microbe 18, 560–570. doi:10.1016/j.chom.2015.10.012
 Pallett, M. A., Lu, Y., and Smith, G. L. (2022). DDX50 Is a Viral Restriction Factor that Enhances IRF3 Activation. Viruses 14. doi:10.3390/v14020316
 Plank, T.-D. M., Whitehurst, J. T., Cencic, R., Pelletier, J., and Kieft, J. S. (2014). Internal Translation Initiation from HIV-1 Transcripts Is Conferred by a Common RNA Structure. Translation 2, e27694. doi:10.4161/trla.27694
 Polprasert, C., Schulze, I., Sekeres, M. A., Makishima, H., Przychodzen, B., Hosono, N., et al. (2015). Inherited and Somatic Defects in DDX41 in Myeloid Neoplasms. Cancer Cell 27, 658–670. doi:10.1016/j.ccell.2015.03.017
 Presnyak, V., and Coller, J. (2013). The DHH1/RCKp54 Family of Helicases: An Ancient Family of Proteins that Promote Translational Silencing. Biochimica Biophysica Acta (BBA) - Gene Regul. Mech. 1829, 817–823. doi:10.1016/j.bbagrm.2013.03.006
 Quan, X., Zhao, C., Gao, Z., Zhang, Y., Zhao, R., Wang, J., et al. (2021). DDX10 and BYSL as the Potential Targets of Chondrosarcoma and Glioma. Medicine 100, e27669. doi:10.1097/md.0000000000027669
 Radi, M., Falchi, F., Garbelli, A., Samuele, A., Bernardo, V., Paolucci, S., et al. (2012). Discovery of the First Small Molecule Inhibitor of Human DDX3 Specifically Designed to Target the RNA Binding Site: towards the Next Generation HIV-1 Inhibitors. Bioorg. Med. Chem. Lett. 22, 2094–2098. doi:10.1016/j.bmcl.2011.12.135
 Raghavendra, N. K., Shkriabai, N., Graham, R. L., Hess, S., Kvaratskhelia, M., and Wu, L. (2010). Identification of Host Proteins Associated with HIV-1 Preintegration Complexes Isolated from Infected CD4+ Cells. Retrovirology 7, 66. doi:10.1186/1742-4690-7-66
 Rao, S., Amorim, R., Niu, M., Breton, Y., Tremblay, M. J., and Mouland, A. J. (2019). Host mRNA Decay Proteins Influence HIV-1 Replication and Viral Gene Expression in Primary Monocyte-Derived Macrophages. Retrovirology 16, 3. doi:10.1186/s12977-019-0465-2
 Rao, S., Amorim, R., Niu, M., Temzi, A., and Mouland, A. J. (2018). The RNA Surveillance Proteins UPF1, UPF2 and SMG6 Affect HIV-1 Reactivation at a Post-transcriptional Level. Retrovirology 15, 42. doi:10.1186/s12977-018-0425-2
 Rao, S., Lungu, C., Crespo, R., Steijaert, T. H., Gorska, A., Palstra, R.-J., et al. (2021). Selective Cell Death in HIV-1-Infected Cells by DDX3 Inhibitors Leads to Depletion of the Inducible Reservoir. Nat. Commun. 12, 2475. doi:10.1038/s41467-021-22608-z
 Redmond, A. M., Byrne, C., Bane, F. T., Brown, G. D., Tibbitts, P., O’Brien, K., et al. (2015). Genomic Interaction between ER and HMGB2 Identifies DDX18 as a Novel Driver of Endocrine Resistance in Breast Cancer Cells. Oncogene 34, 3871–3880. doi:10.1038/onc.2014.323
 Reed, J. C., Molter, B., Geary, C. D., Mcnevin, J., Mcelrath, J., Giri, S., et al. (2012). HIV-1 Gag Co-opts a Cellular Complex Containing DDX6, a Helicase that Facilitates Capsid Assembly. J. Cell Biol. 198, 439–456. doi:10.1083/jcb.201111012
 Reid, C. R., and Hobman, T. C. (2017). The Nucleolar Helicase DDX56 Redistributes to West Nile Virus Assembly Sites. Virology 500, 169–177. doi:10.1016/j.virol.2016.10.025
 Riquelme-Barrios, S., Pereira-Montecinos, C., Valiente-Echeverría, F., and Soto-Rifo, R. (2018). Emerging Roles of N6-Methyladenosine on HIV-1 RNA Metabolism and Viral Replication. Front. Microbiol. 9, 576. doi:10.3389/fmicb.2018.00576
 Robertson-Anderson, R. M., Wang, J., Edgcomb, S. P., Carmel, A. B., Williamson, J. R., and Millar, D. P. (2011). Single-molecule Studies Reveal that DEAD Box Protein DDX1 Promotes Oligomerization of HIV-1 Rev on the Rev Response Element. J. Mol. Biol. 410, 959–971. doi:10.1016/j.jmb.2011.04.026
 Rocak, S., and Linder, P. (2004). DEAD-box Proteins: the Driving Forces behind RNA Metabolism. Nat. Rev. Mol. Cell Biol. 5, 232–241. doi:10.1038/nrm1335
 Rogers, G. W., Komar, A. A., and Merrick, W. C. (2002). eIF4A: the Godfather of the DEAD Box Helicases. Prog. Nucleic Acid. Res. Mol. Biol. 72, 307–331. doi:10.1016/s0079-6603(02)72073-4
 Roy, B. B., Hu, J., Guo, X., Russell, R. S., Guo, F., Kleiman, L., et al. (2006). Association of RNA Helicase A with Human Immunodeficiency Virus Type 1 Particles. J. Biol. Chem. 281, 12625–12635. doi:10.1074/jbc.m510596200
 Salgado, M., López-Romero, P., Callejas, S., López, M., Labarga, P., Dopazo, A., et al. (2011). Characterization of Host Genetic Expression Patterns in HIV-Infected Individuals with Divergent Disease Progression. Virology 411, 103–112. doi:10.1016/j.virol.2010.12.037
 Samal, S. K., Routray, S., Veeramachaneni, G. K., Dash, R., and Botlagunta, M. (2015). Ketorolac Salt Is a Newly Discovered DDX3 Inhibitor to Treat Oral Cancer. Sci. Rep. 5, 9982. doi:10.1038/srep09982
 Savitsky, K., Ziv, Y., Bar-Shira, A., Gilad, S., Tagle, D. A., Smith, S., et al. (1996). A Human Gene (DDX10) Encoding a Putative DEAD-Box RNA Helicase at 11q22-Q23. Genomics 33, 199–206. doi:10.1006/geno.1996.0184
 Scheller, N., Mina, L. B., Galão, R. P., Chari, A., Giménez-Barcons, M., Noueiry, A., et al. (2009). Translation and Replication of Hepatitis C Virus Genomic RNA Depends on Ancient Cellular Proteins that Control mRNA Fates. Proc. Natl. Acad. Sci. U.S.A. 106, 13517–13522. doi:10.1073/pnas.0906413106
 Schoggins, J. W., Wilson, S. J., Panis, M., Murphy, M. Y., Jones, C. T., Bieniasz, P., et al. (2011). A Diverse Range of Gene Products Are Effectors of the Type I Interferon Antiviral Response. Nature 472, 481–485. doi:10.1038/nature09907
 Sekiguchi, T., Hayano, T., Yanagida, M., Takahashi, N., and Nishimoto, T. (2006). NOP132 Is Required for Proper Nucleolus Localization of DEAD-Box RNA Helicase DDX47. Nucleic Acids Res. 34, 4593–4608. doi:10.1093/nar/gkl603
 Shen, J., Zhang, L., and Zhao, R. (2007). Biochemical Characterization of the ATPase and Helicase Activity of UAP56, an Essential Pre-mRNA Splicing and mRNA Export Factor. J. Biol. Chem. 282, 22544–22550. doi:10.1074/jbc.m702304200
 Sheng, Y., Tsai-Morris, C.-H., Gutti, R., Maeda, Y., and Dufau, M. L. (2006). Gonadotropin-regulated Testicular RNA Helicase (GRTH/Ddx25) Is a Transport Protein Involved in Gene-specific mRNA Export and Protein Translation during Spermatogenesis. J. Biol. Chem. 281, 35048–35056. doi:10.1074/jbc.m605086200
 Shi, P., Guo, Y., Su, Y., Zhu, M., Fu, Y., Chi, H., et al. (2020). SUMOylation of DDX39A Alters Binding and Export of Antiviral Transcripts to Control Innate Immunity. J. I. 205, 168–180. doi:10.4049/jimmunol.2000053
 Shim, E., Shim, H., Bae, J., Lee, H., and Jeoung, D. (2006a). CAGE Displays Oncogenic Potential and Induces Cytolytic T Lymphocyte Activity. Biotechnol. Lett. 28, 515–522. doi:10.1007/s10529-006-0008-5
 Shim, H., Shim, E., Lee, H., Hahn, J., Kang, D., Lee, Y. S., et al. (2006b). CAGE, a Novel Cancer/testis Antigen Gene, Promotes Cell Motility by Activation ERK and P38 MAPK and Downregulating ROS. Mol. Cells 21, 367–375.
 Sithole, N., Williams, C. A., Abbink, T. E. M., and Lever, A. M. L. (2020). DDX5 Potentiates HIV-1 Transcription as a Co-factor of Tat. Retrovirology 17, 6. doi:10.1186/s12977-020-00514-4
 Sithole, N., Williams, C. A., Vaughan, A. M., Kenyon, J. C., and Lever, A. M. L. (2018). DDX17 Specifically, and Independently of DDX5, Controls Use of the HIV A4/5 Splice Acceptor Cluster and Is Essential for Efficient Replication of HIV. J. Mol. Biol. 430, 3111–3128. doi:10.1016/j.jmb.2018.06.052
 Sloan, K. E., Leisegang, M. S., Doebele, C., Ramírez, A. S., Simm, S., Safferthal, C., et al. (2015). The Association of Late-Acting snoRNPs with Human Pre-ribosomal Complexes Requires the RNA Helicase DDX21. Nucleic Acids Res. 43, 553–564. doi:10.1093/nar/gku1291
 Solis, M., Nakhaei, P., Jalalirad, M., Lacoste, J., Douville, R., Arguello, M., et al. (2011). RIG-I-mediated Antiviral Signaling Is Inhibited in HIV-1 Infection by a Protease-Mediated Sequestration of RIG-I. J. Virol. 85, 1224–1236. doi:10.1128/jvi.01635-10
 Soto-Rifo, R., and Ohlmann, T. (2013). The Role of the DEAD-Box RNA Helicase DDX3 in mRNA Metabolism. WIREs RNA 4, 369–385. doi:10.1002/wrna.1165
 Soto-Rifo, R., Rubilar, P. S., Limousin, T., de Breyne, S., Décimo, D., and Ohlmann, T. (2012). DEAD-box Protein DDX3 Associates with eIF4F to Promote Translation of Selected mRNAs. Embo J. 31, 3745–3756. doi:10.1038/emboj.2012.220
 Soto-Rifo, R., Rubilar, P. S., and Ohlmann, T. (2013). The DEAD-Box Helicase DDX3 Substitutes for the Cap-Binding Protein eIF4E to Promote Compartmentalized Translation Initiation of the HIV-1 Genomic RNA. Nucleic Acids Res. 41, 6286–6299. doi:10.1093/nar/gkt306
 Stavrou, S., Aguilera, A. N., Blouch, K., Ross, S. R., Goff Stephen, P., Hope, T., et al. (2018). DDX41 Recognizes RNA/DNA Retroviral Reverse Transcripts and Is Critical for In Vivo Control of Murine Leukemia Virus Infection. mBio 9, e00923–18. doi:10.1128/mBio.00923-18
 Stunnenberg, M., Sprokholt, J. K., van Hamme, J. L., Kaptein, T. M., Zijlstra-Willems, E. M., Gringhuis, S. I., et al. (2020). Synthetic Abortive HIV-1 RNAs Induce Potent Antiviral Immunity. Front. Immunol. 11, 8. doi:10.3389/fimmu.2020.00008
 Tang, J., Chen, H., Wong, C.-C., Liu, D., Li, T., Wang, X., et al. (2018). DEAD-box Helicase 27 Promotes Colorectal Cancer Growth and Metastasis and Predicts Poor Survival in CRC Patients. Oncogene 37, 3006–3021. doi:10.1038/s41388-018-0196-1
 Tang, P.-Z., Tsai-Morris, C.-H., and Dufau, M. L. (1999). A Novel Gonadotropin-Regulated Testicular RNA Helicase. A New Member of the Dead-Box Family. J. Biol. Chem. 274, 37932–37940. doi:10.1074/jbc.274.53.37932
 Taniguchi, I., Mabuchi, N., and Ohno, M. (2014). HIV-1 Rev Protein Specifies the Viral RNA Export Pathway by Suppressing TAP/NXF1 Recruitment. Nucleic Acids Res. 42, 6645–6658. doi:10.1093/nar/gku304
 Teigelkamp, S., Mundt, C., Achsel, T., Will, C. L., and Lührmann, R. (1997). The Human U5 snRNP-specific 100-kD Protein Is an RS Domain-Containing, Putative RNA Helicase with Significant Homology to the Yeast Splicing Factor Prp28p. Rna 3, 1313–1326.
 Tillotson, J., Kedzior, M., Guimarães, L., Ross, A. B., Peters, T. L., Ambrose, A. J., et al. (2017). ATP-competitive, Marine Derived Natural Products that Target the DEAD Box Helicase, eIF4A. Bioorg. Med. Chem. Lett. 27, 4082–4085. doi:10.1016/j.bmcl.2017.07.045
 Toro-Ascuy, D., Rojas-Araya, B., García-de-Gracia, F., Rojas-Fuentes, C., Pereira-Montecinos, C., Gaete-Argel, A., et al. (2018). A Rev-CBP80-eIF4AI Complex Drives Gag Synthesis from the HIV-1 Unspliced mRNA. Nucleic Acids Res. 46, 11539–11552. doi:10.1093/nar/gky851
 Tsukamoto, Y., Fumoto, S., Noguchi, T., Yanagihara, K., Hirashita, Y., Nakada, C., et al. (2015). Expression of DDX27 Contributes to Colony-Forming Ability of Gastric Cancer Cells and Correlates with Poor Prognosis in Gastric Cancer. Am. J. Cancer Res. 5, 2998–3014.
 Tu, Y.-T., and Barrientos, A. (2015). The Human Mitochondrial DEAD-Box Protein DDX28 Resides in RNA Granules and Functions in Mitoribosome Assembly. Cell Rep. 10, 854–864. doi:10.1016/j.celrep.2015.01.033
 Uhlmann-Schiffler, H., Jalal, C., and Stahl, H. (2006). Ddx42p--a Human DEAD Box Protein with RNA Chaperone Activities. Nucleic Acids Res. 34, 10–22. doi:10.1093/nar/gkj403
 Valdez, B. C., Perlaky, L., and Henning, D. (2002). Expression, Cellular Localization, and Enzymatic Activities of RNA Helicase II/Gu(beta). Exp. Cell Res. 276, 249–263. doi:10.1006/excr.2002.5538
 Valgardsdottir, R., Brede, G., Eide, L. G., Frengen, E., and Prydz, H. (2001). Cloning and Characterization of MDDX28, a Putative DEAD-Box Helicase with Mitochondrial and Nuclear Localization. J. Biol. Chem. 276, 32056–32063. doi:10.1074/jbc.m011629200
 Valiente-Echeverría, F., Melnychuk, L., Vyboh, K., Ajamian, L., Gallouzi, I. E., Bernard, N., et al. (2014). eEF2 and Ras-GAP SH3 Domain-Binding Protein (G3BP1) Modulate Stress Granule Assembly during HIV-1 Infection. Nat. Commun. 5, 4819. doi:10.1038/ncomms5819
 Venema, J., Bousquet-Antonelli, C., Gelugne, J. P., Caizergues-Ferrer, M., and Tollervey, D. (1997). Rok1p Is a Putative RNA Helicase Required for rRNA Processing. Mol. Cell Biol. 17, 3398–3407. doi:10.1128/mcb.17.6.3398
 Wang, H., Gao, X., Huang, Y., Yang, J., and Liu, Z.-R. (2009). P68 RNA Helicase Is a Nucleocytoplasmic Shuttling Protein. Cell Res. 19, 1388–1400. doi:10.1038/cr.2009.113
 Wang, M. Q., Huang, Y. L., Huang, J., Zheng, J. L., and Qian, G. X. (2015). RIG-I Detects HIV-1 Infection and Mediates Type I Interferon Response in Human Macrophages from Patients with HIV-1-Associated Neurocognitive Disorders. Genet. Mol. Res. 14, 13799–13811. doi:10.4238/2015.october.28.42
 Wang, Q., Qian, L., Tao, M., Liu, J., and Qi, F.-Z. (2021). Knockdown of DEAD-Box RNA Helicase 52 (DDX52) Suppresses the Proliferation of Melanoma Cells In Vitro and of Nude Mouse Xenografts by Targeting C-Myc. Bioengineered 12, 3539–3549. doi:10.1080/21655979.2021.1950283
 Wang, Y., Wang, X., Li, J., Zhou, Y., and Ho, W. (2013). RIG-I Activation Inhibits HIV Replication in Macrophages. J. Leukoc. Biol. 94, 337–341. doi:10.1189/jlb.0313158
 Will, C. L., Urlaub, H., Achsel, T., Gentzel, M., Wilm, M., and Lührmann, R. (2002). Characterization of Novel SF3b and 17S U2 snRNP Proteins, Including a Human Prp5p Homologue and an SF3b DEAD-Box Protein. EMBO J. 21, 4978–4988. doi:10.1093/emboj/cdf480
 Williams, C. A., Abbink, T. E. M., Jeang, K.-T., and Lever, A. M. L. (2015). Identification of RNA Helicases in Human Immunodeficiency Virus 1 (HIV-1) Replication - a Targeted Small Interfering RNA Library Screen Using Pseudotyped and WT HIV-1. J. general virology 96, 1484–1489. doi:10.1099/vir.0.000092
 Wilson, B. J., Bates, G. J., Nicol, S. M., Gregory, D. J., Perkins, N. D., and Fuller-Pace, F. V. (2004). The P68 and P72 DEAD Box RNA Helicases Interact with HDAC1 and Repress Transcription in a Promoter-specific Manner. BMC Mol. Biol. 5, 11. doi:10.1186/1471-2199-5-11
 Xie, M., Vesuna, F., Botlagunta, M., Bol, G. M., Irving, A., Bergman, Y., et al. (2015). NZ51, a Ring-Expanded Nucleoside Analog, Inhibits Motility and Viability of Breast Cancer Cells by Targeting the RNA Helicase DDX3. Oncotarget 6, 29901–29913. doi:10.18632/oncotarget.4898
 Yamazaki, T., Fujiwara, N., Yukinaga, H., Ebisuya, M., Shiki, T., Kurihara, T., et al. (2010). The Closely Related RNA Helicases, UAP56 and URH49, Preferentially Form Distinct mRNA Export Machineries and Coordinately Regulate Mitotic Progression. MBoC 21, 2953–2965. doi:10.1091/mbc.e09-10-0913
 Yang, S. N. Y., Atkinson, S. C., Audsley, M. D., Heaton, S. M., Jans, D. A., and Borg, N. A. (2020). RK-33 Is a Broad-Spectrum Antiviral Agent that Targets DEAD-Box RNA Helicase DDX3X. Cells 9, 170. doi:10.3390/cells9010170
 Yang, Z., Yang, J., Wang, J., Lu, X., Jin, C., Xie, T., et al. (2015). Identify Potential Regulators in HIV-1 Latency by Joint microRNA and mRNA Analysis. Cell Physiol. Biochem. 36, 569–584. doi:10.1159/000430121
 Yasuda-Inoue, M., Kuroki, M., and Ariumi, Y. (2013a). DDX3 RNA Helicase Is Required for HIV-1 Tat Function. Biochem. Biophysical Res. Commun. 441, 607–611. doi:10.1016/j.bbrc.2013.10.107
 Yasuda-Inoue, M., Kuroki, M., and Ariumi, Y. (2013b). Distinct DDX DEAD-Box RNA Helicases Cooperate to Modulate the HIV-1 Rev Function. Biochem. Biophysical Res. Commun. 434, 803–808. doi:10.1016/j.bbrc.2013.04.016
 Yedavalli, V. S. R. K., Neuveut, C., Chi, Y.-h., Kleiman, L., and Jeang, K.-T. (2004). Requirement of DDX3 DEAD Box RNA Helicase for HIV-1 Rev-RRE Export Function. Cell 119, 381–392. doi:10.1016/j.cell.2004.09.029
 Yedavalli, V. S. R. K., Zhang, N., Cai, H., Zhang, P., Starost, M. F., Hosmane, R. S., et al. (2008). Ring Expanded Nucleoside Analogues Inhibit RNA Helicase and Intracellular Human Immunodeficiency Virus Type 1 Replication. J. Med. Chem. 51, 5043–5051. doi:10.1021/jm800332m
 Yeh, Y.-H. J., Jenike, K. M., Calvi, R. M., Chiarella, J., Hoh, R., Deeks, S. G., et al. (2020). Filgotinib Suppresses HIV-1-Driven Gene Transcription by Inhibiting HIV-1 Splicing and T Cell Activation. J. Clin. Investigation 130, 4969–4984. doi:10.1172/jci137371
 Yoneyama, M., and Fujita, T. (2009). RNA Recognition and Signal Transduction by RIG-I-like Receptors. Immunol. Rev. 227, 54–65. doi:10.1111/j.1600-065x.2008.00727.x
 Yukl, S. A., Kaiser, P., Kim, P., Telwatte, S., Joshi, S. K., Vu, M., et al. (2018). HIV Latency in Isolated Patient CD4+ T Cells May Be Due to Blocks in HIV Transcriptional Elongation, Completion, and Splicing. Sci. Transl. Med. 10. doi:10.1126/scitranslmed.aap9927
 Zahoor, M. A., Xue, G., Sato, H., and Aida, Y. (2015). Genome-wide Transcriptional Profiling Reveals that HIV-1 Vpr Differentially Regulates Interferon-Stimulated Genes in Human Monocyte-Derived Dendritic Cells. Virus Res. 208, 156–163. doi:10.1016/j.virusres.2015.06.017
 Zhang, K., Zhang, Y., Xue, J., Meng, Q., Liu, H., Bi, C., et al. (2019). DDX19 Inhibits Type I Interferon Production by Disrupting TBK1-Ikkε-IRF3 Interactions and Promoting TBK1 and IKKε Degradation. Cell Rep. 26, 1258–1272. doi:10.1016/j.celrep.2019.01.029
 Zhang, R., Cheng, M., Liu, B., Yuan, M., Chen, D., Wang, Y., et al. (2021a). DEAD-box Helicase DDX6 Facilitated RIG-I-Mediated Type-I Interferon Response to EV71 Infection. Front. Cell. Infect. Microbiol. 11. doi:10.3389/fcimb.2021.725392
 Zhang, Y., Yu, F., Ni, B., Li, Q., Bae, S.-W., Choi, J.-H., et al. (2021b). The RNA-Binding Protein DDX18 Promotes Gastric Cancer by Affecting the Maturation of MicroRNA-21. Front. Oncol. 10. doi:10.3389/fonc.2020.598238
 Zhang, Z., Yuan, B., Bao, M., Lu, N., Kim, T., and Liu, Y.-J. (2011). The Helicase DDX41 Senses Intracellular DNA Mediated by the Adaptor STING in Dendritic Cells. Nat. Immunol. 12, 959–965. doi:10.1038/ni.2091
 Zhao, L., Mao, Y., Zhou, J., Zhao, Y., Cao, Y., and Chen, X. (2016). Multifunctional DDX3: Dual Roles in Various Cancer Development and its Related Signaling Pathways. Am. J. Cancer Res. 6, 387–402. doi:10.1038/srep32739
 Zhao, Y., Yu, L., Fu, Q., Chen, W., Jiang, J., Gao, J., et al. (2000). Cloning and Characterization of Human DDX24 and Mouse Ddx24, Two Novel Putative DEAD-Box Proteins, and Mapping DDX24 to Human Chromosome 14q32. Genomics 67, 351–355. doi:10.1006/geno.2000.6255
 Zhou, H., Xu, M., Huang, Q., Gates, A. T., Zhang, X. D., Castle, J. C., et al. (2008). Genome-Scale RNAi Screen for Host Factors Required for HIV Replication. Cell Host Microbe 4, 495–504. doi:10.1016/j.chom.2008.10.004
 Zhou, X., Luo, J., Mills, L., Wu, S., Pan, T., Geng, G., et al. (2013). DDX5 Facilitates HIV-1 Replication as a Cellular Co-factor of Rev. PLoS One 8, e65040. doi:10.1371/journal.pone.0065040
 Zhu, Y., Chen, G., Lv, F., Wang, X., Ji, X., Xu, Y., et al. (2011). Zinc-finger Antiviral Protein Inhibits HIV-1 Infection by Selectively Targeting Multiply Spliced Viral mRNAs for Degradation. Proc. Natl. Acad. Sci. U.S.A. 108, 15834–15839. doi:10.1073/pnas.1101676108
 Zirwes, R. F., Eilbracht, J., Kneissel, S., and Schmidt-Zachmann, M. S. (2000). A Novel Helicase-type Protein in the Nucleolus: Protein NOH61. MBoC 11, 1153–1167. doi:10.1091/mbc.11.4.1153
 Zyner, K. G., Mulhearn, D. S., Adhikari, S., Martínez Cuesta, S., Di Antonio, M., Erard, N., et al. (2019). Genetic Interactions of G-Quadruplexes in Humans. eLife 8, e46793. doi:10.7554/eLife.46793
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Rao and Mahmoudi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-917599-t001.jpg
Transcription Splicing Nucleo-Cytoplasmic Translation Cytoplasmic Trafficking Translation
Export Inhibition and Storage Promotion
and RNA Decay

- DDX39B DDX21 DDx48 DDX19 DDX19
- DDX41 DDX25 - DDX20 DDX25
- DDX42 DDX39A - DDX25 DDX43
- DDX46 DDX39B - DDX398 -
- DDXx48 DDX48 - DDX41 -
- - DDX49 - — =

- DDX56 - -





OPS/images/fcell-10-917599-t002.jpg
DEAD-Box
Protein

DDX2 inhibitors

DDX3 inhibitors

DDX58 (RIG-)
agonists

‘Compound

Hippuristanol
Patearnine A

Sivestrol
Hypericin

Elisabatin A
Allolaurinterolas

Ring expanded nucleoside
analogues (RENS)
Rhodanine derivative small-
molecule inhibitors

NZ51

Ketorolac

1,3,4-Thiadiazole Inhibitors
RK-33

RNA binding site inhibitor 16d

Acitretin

Effect on HIV-1

Inhibition of cap- and IRES-mediated translation
HIV-1 can inhibit Pateamine A-induced stress granule assembly

Inhibit HIV-1 replication in CD4* T cells and monocyte-derived macrophages

Inhibit HIV-1 replication in PBMCs

Inhibit HIV-1 replication in PBMCs
Induces latency reversal and selective cell death of HIV-1 infected cells by
activating innate immune responses

Inhibit HIV-1 replication in PBMGs, Induces latency reversal and selective cel
death of HIV-1 infected cells by activating innate immune responses

Reverse viral latency and induce apoptosis in HIV-1 infected cells, not reproduced
in follow up studies

References for Link to
HIV-1

Plank et . (2014)
Valiente-Echeverria et al.
(2014)

Yedavalii et al. (2008)

Radi et al. (2012)
Maga et al. (2011)

Brai et al. (2019)
Rao et al. (2021)

Rao et al. (2021)
Brai et al. (2016)
Lietal (2016)
Garcia-Vidal et al. (2017)





OPS/xhtml/nav.xhtml
Contents

		Cover

		DEAD-ly Affairs: The Roles of DEAD-Box Proteins on HIV-1 Viral RNA Metabolism		1 Introduction

		2 DEAD-Box Proteins

		3 Roles of DEAD-Box Proteins in HIV-1 Replication		3.1 DEAD-Box Helicases With Well-Characterised Roles in HIV-1 Replication

		3.2 DEAD-Box Helicases Belonging to the HIV-1 Protein Interactome

		3.3 DEAD-Box Proteins and the Immune Response to HIV-1

		3.4 Other DEAD-Box Proteins That Influence HIV-1 Replication by Unknown Mechanisms





		4 Targeting DEAD-Box Proteins to Inhibit HIV-1 Replication		4.1 DDX2 Inhibitors

		4.2 DDX3 Inhibitors

		4.3 DDX58 (RIG-I) Agonists





		5 Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-917599-g001.gif





OPS/images/fcell-10-917599-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





