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Human immunodeficiency virus (HIV) relies heavily on the host cellular machinery for production of viral progeny. To exploit cellular proteins for replication and to overcome host factors with antiviral activity, HIV has evolved a set of regulatory and accessory proteins to shape an optimized environment for its replication and to facilitate evasion from the immune system. Several cellular pathways are hijacked by the virus to modulate critical steps during the viral life cycle. Thereby, post-translational modifications (PTMs) of viral and cellular proteins gain increasingly attention as modifying enzymes regulate virtually every step of the viral replication cycle. This review summarizes the current knowledge of HIV-host interactions influenced by PTMs with a special focus on acetylation, ubiquitination, and phosphorylation of proteins linked to cellular signaling and viral replication. Insights into these interactions are surmised to aid development of new intervention strategies.
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INTRODUCTION

Multiple advances in HIV pharmacotherapy have been made allowing control of viremia, but not eradication of latent viral reservoirs. To cope this difficulty, new promising efforts such as gene therapy (Peterson and Kiem, 2017), utilization of broadly neutralizing antibodies (immunotherapy) (Nishimura and Martin, 2017) or the development of first potential vaccines (Barouch et al., 2018) have been applied. Nevertheless, it remains a high priority to enhance our understanding of HIV pathogenesis, latency and persistence in anatomical, immunological and pharmacological sanctuaries to develop novel drugs/strategies for the treatment and eradication of HIV.

In the last few years, substantial progress has been made toward understanding of biomolecular mechanisms underlying the interaction of the virus with the host cell. New methods have allowed deeper insights into the “rewiring” of cellular pathways by the invading virus. In particular the identification of PTMs helped to understand how HIV adjusts cell cycle, transcription, translation or selective degradation of antiviral proteins. The importance of PTMs in HIV infection is highlighted by several studies that successfully used modifying enzyme inhibitors for reduction of viral load or reactivation of latent virus. Examples are the use of proto-oncogene tyrosine-protein kinase Src (SRC)- or lysine-deacetylase inhibitors (Shirakawa et al., 2013; McCarthy et al., 2014). However, despite the significance of PTMs for HIV, a comprehensive overview of PTM-based HIV-host interactions is missing so far.

In this review, we attempt to summarize current knowledge of modification-controlled processes during HIV replication, emphasizing several key interactions among viral and cellular components. Given the broad scope and the overwhelming amount of available data, we chose to focus on PTM-related interactions, which might be of greater interest. Thus, we spotlight on protein acetylation, ubiquitination, and phosphorylation events (Figure 1A) and their respective role within the different steps of the viral life cycle. As main foundation and data source, we made use of the NCBI HIV Human Interaction Database (HHID) (Ako-Adjei et al., 2015), which harbors more than 8000 interactions and more than 6800 corresponding publications. Notably, some of the described interactions are derived from systems-wide mass spectrometry and next generation sequencing approaches that still require experimental confirmation. Nonetheless, in combination with orthogonal methods and experimental/clinical observations, they provide an exceptional overview of the intricate relationship between HIV and the human host.
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FIGURE 1. HIV-related PTMome – an overview. (A) Schematic illustration of protein modifications discussed in this review. Proteins can be modified by different enzymes, which either introduce a functional group (“writers”) or remove it (“erasers”). Thereby, lysine acetylation is achieved by lysine-acetyltransferases (KATs) and the backward reaction is fulfilled by lysine deacetylases (KDACs, also known as histone deacetylases (HDACs)) or sirtuins. Lysines can be also modified by ubiquitin in presence of E1 ubiquitin-activating-, E2 ubiquitin-conjugating-enzymes, and E3 ubiquitin ligases. Reversal of ubiquitin linkages is achieved by deubiquinating enzymes (DUBs). Another frequent modification occurs at serine-/threonine- and/or tyrosine-residues, where phosphate groups are transferred to by kinases. Removal of phosphorylation is carried out by phosphatases. All three modifications can influence each other and might occur at the same protein. (B) HIV interacts with several modifying enzymes. Based on the NCBI HIV interaction database, several interactions of viral proteins with modifying enzymes have been described. Shown here are six groups of writers and erasers, which interact in one way or another with HIV during the viral lifecycle. The graph provides the percentage (number in circle) of interacting enzymes of a respective class in comparison to the amount of enzymes of the same class found in the human proteome. Number of all enzymes of a class is given on the right site and is based on the HNGC database, the National Heart Lung and Blood Institute ESBL human E3 ubiquitin ligases databank, The Ubiquitin and Ubiquitin-like Conjugation Database (UUCD), and databases for protein kinases2 and phosphatases (DEPOD)3. Notably, for acetylation not only lysine-acetyltransferases but also N-terminal acetyltransferases were included. (C) Schematic overview of viral proteins interacting with modifying enzymes. The graph depicts the number of interactions of different HIV proteins with kinases/phosphatases, KATs/KDACs, and E3 ligases/DUBs. Number of interactions is provided in form of a heat map.



PTMS AND HIV LIFE CYCLE – A CLOSE INTERRELATIONSHIP

To gain a first overview of the interactions between HIV and the host-related PTM machinery, we searched HHID (Ako-Adjei et al., 2015) and cross-correlated data with other data repositories to identify interactions of HIV proteins with post-translational modifying enzymes.

For identification of human acetyltransferases and deace-tylases, we utilized the HUGO Gene Nomenclature Committee (HGNC) database1, resulting in eleven lysine- and N-terminal-acetyltransferases out of 40 listed (28%) and eight lysine deacetylases (KDACs and sirtuins) out of 18 (44%). In case of E3 ubiquitin ligases, the NHLBI ESBL human E3 ubiquitin ligases database (Medvar et al., 2016) served as data source and correlation with the HHID showed interaction with 95 E3 ligases out of 377 (25%). The Ubiquitin and Ubiquitin-like Conjugation Database (UUCD) (Gao T. et al., 2013) revealed overall 18 deubiquitinating enzymes (DUBs) out of 103 (17%), which have been identified so far for HIV-related interactions. The most comprehensive data were achieved for protein kinases2 (Manning et al., 2002) and phosphatases3 (Duan et al., 2015), as phosphorylation has been more extensively studied. Here, 219 kinases out of 538 (41%) and 57 phosphatases out of 227 (25%), respectively, turned out to be influenced during the HIV life cycle (Figure 1B). Further analysis of the various datasets and the HIV interaction repository indicated several viral hubs, which extensively modulate the human host PTMome. To mention some of them, HIV-1 envelope glycoprotein 120 (GP120) has been found to interact or functionally alter 118 enzymes of the aforementioned classes, for the HIV-1 trans-activator of transcription (TAT) 155 enzymes and for the viral protein R (VPR) 73 enzymes (Figure 1C) have been described. Overall, the HHID lists so far 138 acetyl-, 1899 phospho-, and 359 ubiquitin-related HIV-host interactions.

In the following chapters, we will dissect some important interactions considering the different steps of the viral life cycle – from viral entry to budding of newly generated virions.

Virus Binding

The initial step of HIV infection depends on adhesion of the virion to the target host cell and subsequent fusion of viral and host cell membranes. Whereas initial binding of virus particles to the host cell is a relatively unspecific process and relies mainly on weak protein-protein interactions, the second step consists of a highly controlled sequence of events that are crucial for virion entry (Figure 2A). Thereby, the HIV envelope (ENV) spike complex, consisting of glycoprotein 41 (GP41)/GP120 trimers, binds to the T-cell surface glycoprotein CD4 (CD4) receptor on the host cell. Subsequently, conformational changes of ENV/GP120 subunits allow binding to the coreceptors C-C chemokine receptor type 5 (CCR5) or C-X-C chemokine receptor type 4 (CXCR4) (Maddon et al., 1986; McDougal et al., 1986). During this process, HIV already modulates multiple intracellular signaling cascades in a PTM-specific manner by mimicking chemokine signaling through binding to their cognate receptors (Wu and Yoder, 2009). Most of these modifications result in the highly dynamic (re-)organization of the cytoskeleton (Figure 2A). One can assume that these rearrangements are necessary to allow not only fusion of the viral particle with the cell, but also prepare for later intracellular transport. As an example, G-protein related downstream signaling pathways are activated upon virus binding affecting e.g., the cytoskeleton structure, cytokine production and T-cell activation (Abbas and Herbein, 2014). Stimulation of lymphocytes with GP120 activates mitogen-activated protein kinase 1 and 3 (MAPK1/3) via dual specificity mitogen-activated protein kinase kinase 1 (MAP2K1) as well as protein-tyrosine kinase 2-beta (PTK2B) by interaction with glycosphingolipids (Viard et al., 2003). Activation of the PTK2B signaling pathways finally leads to rearrangements of the cytoskeleton (Abbas and Herbein, 2014). Concurrently, stimulation of MAPK1/3 triggers e.g., survival of the T-cell. Notably, the MAPK-pathway is not activated in quiescent T-cells or non-proliferating CD4 T-cells, and thus its induction is dependent on the activation state of the target T-cell (Kinet et al., 2002). Additionally, ENV/GP120 induces phosphorylation of the SRC-family member tyrosine-protein kinase Lck (LCK) (Juszczak et al., 1991; Deng et al., 2016), which stimulates nuclear translocation of transcription factor p65 (RELA; also known as NF-κB) (Flory et al., 1998), being required for later HIV-1 long terminal repeat (LTR)-dependent transcription. LCK activation induces phosphorylation of tyrosine kinase ZAP-70 (ZAP70) as well as of numerous cellular substrates leading to the depletion of cortical F-actin underneath the virological synapse to ease transmission of the viral core to the nucleus after viral entry (Vasiliver-Shamis et al., 2009; Len et al., 2017). Moreover, LCK activates 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-1 (PLCG1), resulting in upregulated Ca2+ flux and activation of the transcription factor nuclear factor of activated T-cells (NFAT) (Abbas and Herbein, 2014). This way not only several cytokines like interleukin 2 (IL2) are expressed, which trigger activation of the T-cell, but also viral replication in sub-optimally activated cells might be promoted (Cicala et al., 2006). Within the context of actin rearrangements, binding of GP120 to CXCR4 also triggers transforming protein RhoA (RHOA) and Ras-related C3 botulinum toxin substrate 1 (RAC)-dependent pathways causing phosphorylation of actin severing factor cofilin-1 (CFL1) by LIM domain kinase (LIMK), and thus the transient inactivation of CFL1 (Jiménez-Baranda et al., 2007). Consequently, actin remodeling is reduced which might contribute to a more efficient receptor clustering (Stolp and Fackler, 2011). In the subsequent steps during virus entry, a rapid switch from an inactivated to an activated state of CFL1 by dephosphorylation is established, which may involve several phosphatases, like protein phosphatase slingshot homolog 1-3 (SSH1-3), pyridoxal phosphate phosphatase (PDXP), serine/threonine-protein phosphatases PP1-alpha (PPP1CA) and PP2-alpha (PPP2CA) (Wu et al., 2008). Activated CFL1 induces actin polymerization, which might contribute to overcome static actin restriction and to block CXCR4 internalization (Yoder et al., 2008; Spear et al., 2012).
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FIGURE 2. Interaction networks of HIV and host proteins during early steps of infection. (A) Binding of HIV to the host cell. Binding of the viral envelope GP160 complex, consisting of GP120 and GP41, to CD4 as well as the co-receptors CXCR4 or CCR5 results in activation of several protein kinases. Thereby, the cytoskeleton becomes rearranged, which favors entry and subsequent nuclear import of the virus. The network displays an overview of relevant interactions. Black arrows indicate activating effects and red “inhibitory”-arrows indicate inhibitory effects. Kinases are depicted in dark blue, phosphatases in light blue, KATs in dark red, KDACs in light red, E3 ligases in dark yellow, and DUBs in light yellow. Other host proteins are colored white, whereas viral proteins are presented in gray. (B) Uncoating and reverse transcription. The graph illustrates several protein-protein interactions that have been described during uncoating and reverse transcription. Please note that VPX is only expressed in HIV-2 and SIV but not in HIV-1. CRL4 complex consists of cullin4A (CUL4A), DNA damage binding protein 1 (DDB1), RING H2 finger protein (RBX1) and the DDB1 and CUL4-associated Factor 1 (DCAF1). Figure legend as in A. More detailed information can be found in the text.



Previous studies identified other actin-related factors, such as the cytoskeletal crosslinking factor proteins ezrin (EZR), radixin (RDX) and moesin (MSN) (also named together ERM), that show increased phosphorylation upon interaction of HIV ENV/GP120 with CXCR4 or CCR5. However, the distinct roles of ERM proteins on the early phase of HIV-1 replication have been controversial, as positive (Kubo et al., 2008; Barrero-Villar et al., 2009) and negative (Naghavi et al., 2007; Capalbo et al., 2011) effects on HIV have been described.

Besides several phosphorylation events, lysine (de-)acetylation has been also identified as a regulating PTM for the reorganization of the cytoskeleton: Binding of ENV/GP120 to CD4 induces the formation of acetylated α-tubulin which is involved in stabilization of microtubules and thus fosters HIV infection (Piperno et al., 1987; Valenzuela-Fernández et al., 2005; Sabo et al., 2013). Conversely, cytosolic histone deacetylase 6 (HDAC6) has been found to counteract tubulin acetylation and thereby suppressing infection by HIV (Valenzuela-Fernández et al., 2005). An overview of the described events is given in Figure 2A.

Fusion, Uncoating and Reverse Transcription

Conformational changes finally cause dissociation of GP120 from GP41 and the transition of GP41 into its fusogenic state. It is believed that a so far not completely understood combination of interactions finally leads to the formation of the GP41 six-helix bundle and along with that the fusion of the virion with the host cell membrane. Interactions are surmised to include GP41, virus- and target cell-proteins, accompanied cytoskeletal rearrangements (as discussed in more detail in the previous chapter), and lipids.

As soon as the virus has entered the cell, its conical capsid core is released into the cytoplasm. At this time point, reverse transcription of the viral RNA into double-stranded cDNA is initiated (Figure 2B). Concurrently, dissociation of the protective, conical capsid surrounding the HIV1 genome occurs, a process known as uncoating. However, the detailed spatial and temporal steps of uncoating and reverse transcription remain unsolved. Three potential models for the uncoating process of HIV-1 have been advanced so far [for further information of the uncoating process, we would like to refer to a review from (Campbell and Hope, 2015)]. In brief, the “immediate uncoating” model describes the rapid disassembly of the viral core shortly after membrane fusion (Miller et al., 1997; Fassati and Goff, 2001). Thereby, the reverse transcription complex (RTC), consisting of viral reverse transcriptase (RT), integrase (IN), viral RNA and newly synthesized viral DNA, exists freely in the cytoplasm loosely surrounded by viral capsid proteins (CA/P24) and is transported toward the nucleus. Several findings suggest that CA/P24 as well as the capsid core itself provide critical functions for reverse transcription of viral RNA and its nuclear transport promoting two other models of uncoating. In the first model the core remains associated with the RTC (Perez-Caballero et al., 2005; Hulme et al., 2011; Lukic et al., 2014), mediating the interaction with host factors and the nuclear import (“cytoplasmic uncoating”). In the second model the core stays intact until arrival at a nuclear pore complex (“NPC uncoating”), preventing detection of viral double-stranded DNA by cytosolic DNA sensors like the cyclic GMP-AMP synthase (CGAS) (Gao D. et al., 2013; Hilditch and Towers, 2014). The later model is further supported by the recent discovery of dynamic capsid pores for nucleotide import (Jacques et al., 2016). Independent of the respective model, it is believed that the disassembly of the viral core underlies a controlled reaction. It has been demonstrated that the RTC/pre-integration complex (PIC) as well as parts of the capsid are transported via the microtubule network toward the nucleus (McDonald et al., 2002; Fernandez et al., 2015). Experimental evidence has been reported that CA/P24 as well as the capsid core structure harbor critical functions for reverse transcription, uncoating, and nuclear localization.

Several of these functions are regulated via PTMs (Figure 2B). As an example, CA/P24 becomes phosphorylated at three serine residues (S109, S149, S178) affecting the reverse transcription process (Cartier et al., 1999). Interestingly, the function of virions carrying mutated serine residues S149 and S178 could be rescued by pseudotyping the virus with vesicular stomatitis virus glycoprotein (VSV-G) to bypass HIV envelope fusion (Brun et al., 2008). Takeuchi and colleagues recently identified maternal embryonic zipper kinase (MELK) to be responsible for at least phosphorylation of serine S149 and this modification appears to be critical for optimal uncoating and viral cDNA synthesis (Takeuchi et al., 2017). Other studies identified MAPK1 to mediate phosphorylation of serine S16 of CA/P24 and the regulation of peptidyl-prolyl cis-trans isomerase NIMA-interacting-1 (PIN1)-dependent uncoating (Misumi et al., 2010; Dochi et al., 2014). The spatiotemporal interaction of MAPK1 with CA/P24 is under debate, as MAPK1 has also been identified as virion associated protein kinase. Low level activity of MAPK1 might already exist within the virion and is expected to be enhanced by stimuli accompanied with binding and fusion of the virion to its target cell (Bukrinskaya et al., 1996; Cartier et al., 1999).

Parallel to the uncoating of the viral core, the reverse transcription of the viral genome takes place (Figure 2B). This process is regulated by several protein-protein interactions as well as PTMs critical for efficient viral cDNA generation. In addition, PTMs are important to counteract transcription by activation/modulation of several host restriction factors. During the binding of the virion to the host cell, interactions with the CD4 receptor as well as the co-receptors CXCR4 or CCR5 induce the Gαi-dependent MAPK pathway via phosphorylation, which facilitates reverse transcription (Mettling et al., 2008). Moreover, several other modifications have been demonstrated to be required after fusion for modulation of RT activity. In this context, host cyclin-dependent kinases (CDKs) have been identified as influencers of RT activity. As an example, CDK2 directly phosphorylates RT on tyrosine residue T216, thereby increasing its efficacy and stability (Leng et al., 2014). Interestingly, phosphorylation of T216 was abolished by cell-intrinsic CDK2 inhibitor cyclin-dependent kinase inhibitor 1A (CDKN1A, also known as P21), which has been shown to be upregulated in “elite-controller” patients (Chen et al., 2011; Sáez-Cirión et al., 2011; Leng et al., 2014).

Moreover, casein kinase II (CSK2) has been shown to be responsible for RT phosphorylation, as investigated in HIV-1 infected MOLT-4 cells (Ohtsuki et al., 1998). Phosphorylation of purified RT in vitro by several kinases including CSK2 was also shown by the group of S. Wilson (Idriss et al., 1999). The significance of RT phosphorylation by CSK2 was further corroborated by another study, demonstrating that the different molecular functions (RNA-, DNA-dependent polymerase, ribonuclease H) of RT were stimulated in vitro via CSK2-dependent phosphorylation (Harada et al., 1999).

Reverse Transcription and Antiviral Restriction

HIV evolved direct and indirect ways to counteract host cellular restriction factors that block viral RT activity (Figure 2B). For instance, HIV-1-induced lymphopenia is associated with increased levels of interleukin 7 (IL7) (Napolitano et al., 2001). IL7 is able to induce phosphorylation of deoxynucleoside triphosphate triphosphohydrolase SAMHD1 (SAMHD1) via the cyclin A2 (CCNA2)/ cyclin dependent kinase 1 (CDK1) complex (Cribier et al., 2013; Coiras et al., 2016), resulting in the loss of SAMHD1’s ability to restrict reverse transcription via reduction of the intracellular pool of dNTPs (Lahouassa et al., 2013). Notably, phosphorylation and dephosphorylation of SAMHD1 as well as its overall expression levels are modulated also independently of IL7 throughout the cell cycle. SAMHD1 is highly expressed during quiescence (G 0 phase) but minimally expressed and present in an phosphorylated, inactive state during replication (S phase) (Sze et al., 2013).

Besides the indirect control of SAMHD1 via IL7, several simian immunodeficiency virus (SIV) groups and their closely related HIV-2 counterparts carry the accessory viral protein X (VPX) (which is missing in HIV-1) for directly targeting SAMHD1 (Laguette et al., 2011; Hofmann et al., 2012). Thereby, VPX interacts with the cullin4A (CUL4A)/ DNA damage binding protein 1 (DDB1) and CUL4-associated Factor 1 (DCAF1) complex (CRL4 complex), leading to ubiquitination and subsequent proteasomal degradation of SAMHD1. VPX induced degradation of SAMHD1 might not only affect the cytosolic dNTP pool, but is suggested also to influence the concentration of nuclear dNTP levels required for gap repair in HIV integration. Moreover, it prevents SAMHD1’s ability to bind long RNAs/single-stranded DNA, which might as well restrict reverse transcription (Seamon et al., 2016).

Another host restriction factor counteracted by HIV within this process is DNA dC -> dU-editing enzyme APOBEC-3G (APOBEC3G). APOBEC3G exerts a multifaceted inhibition scheme against reverse transcription as it deaminates cytosine residues to uracil in viral minus strand DNA, resulting in hypermutations of the provirus (Harris et al., 2003; Bishop et al., 2004). This activity of APOBEC3G is so effective that even a single incorporated APOBEC3G-unit is likely to cause extensive and inactivating levels of HIV hypermutations (Zhang et al., 2003; Armitage et al., 2012). Concurrently, APOBEC3G significantly inhibits RT-catalyzed DNA elongation (Iwatani et al., 2007). Here, the HIV-accessory protein virion infectivity factor (VIF) induces polyubiquitination and subsequental proteasomal degradation of APOBEC3G via recruitment of the cullin-5 (CUL5)- SKP, Cullin, F-box containing (SCF) complex (Yu, 2003; Goncalves and Santa-Marta, 2004). Simultaneously, VIF is in turn degraded by the host: The E3 ubiquitin-protein ligase Mdm2 (MDM2) was reported to post-translationally modify VIF, thus targeting it for proteasomal destruction (Izumi et al., 2009).

Similarly, HDAC6 can antagonize VIF activity by promoting autophagic clearance of the viral accessory protein via its deacetylase activity. Additionally, there is evidence that HDAC6 is able to reduce the amount of VIF incorporated into nascent virions and thus affects infectivity of HIV particles. Moreover, HDAC6 directly binds to and stabilizes APOBEC3G, resulting in impaired reverse transcription (Valera et al., 2015). In contrast to the mentioned restrictive effect of HDAC6 on reverse transcription, another deacetylase has been identified to be required for reverse transcription. Yeast-two-hybrid screening identified histone deacetylase complex subunit SAP18 (SAP18) and components of the paired amphipathic helix protein Sin3a (SIN3A)-histone deacetylase 1 (HDAC1) complex to be interacting with IN (Sorin et al., 2009). Further experiments revealed incorporation of HDAC1 into newly formed HIV-1 virions and showed that enzymatically inactive mutants of HDAC1 result in a block of early reverse transcription.

Another example of antiviral defense of the host cell is the activation of protein tyrosine kinases shortly after binding of the virus. Two of these kinases are SRC and PTK2B, which are known to interact with each other. Experiments with kinase inhibitors and RNA interference targeting SRC in human T-cells revealed increased HIV-1 reverse transcription, genomic integration, and subsequent gene transcription. Thus, activation of SRC might be part of a cellular response system to prevent or at least slow down infection (McCarthy et al., 2014).

In summary, all in this chapter and the one before mentioned examples (please see also Figure 2B) demonstrate the impact of PTMs on the early steps of viral infection, where both, virus and host make use of specific modifications to modulate protein machineries and signaling pathways to either support or counteract reverse transcription.

Nuclear Import and Integration

Within the course of uncoating and reverse transcription of the viral single-stranded RNA, newly synthesized DNA associates/remains associated with viral and cellular proteins forming the preintegration complex (PIC). The PIC consists of the newly transcribed viral cDNA, The viral proteins IN, RT, VPR, and HIV matrix protein (MA/P17) as well as an incompletely characterized group of host factors (Fassati and Goff, 2001; Lin and Engelman, 2003; Llano et al., 2004b; Iordanskiy et al., 2006; Raghavendra et al., 2010; Matreyek and Engelman, 2013). Utilizing the cellular nuclear import machinery, HIV cDNA as part of the PIC is actively delivered into the nucleus for subsequent integration and productive infection. As a consequence, HIV can successfully replicate even in non-dividing, cell-cycle arrested cells (Lewis et al., 1992) and in terminally differentiated cells like macrophages or dendritic cells (Gabuzda et al., 1986; Patterson and Knight, 1987; Weinberg et al., 1991; Pope et al., 1994; Reece et al., 1998).

The PIC’s route into the nucleus is accompanied by several tightly regulated PTM-based interactions, which will be discussed within this chapter based on different examples (see also Figure 3). The first example is the kinesin-1 adaptor fasciculation and elongation protein zeta-1 (FEZ1), which is exploited by the HIV-1 capsid for its movement into the nucleus (Malikov et al., 2015). It has been shown that FEZ1 and kinesin-1 heavy, but not light chains affect not only HIV-1 transport, but also the uncoating process. Thereby, the capsid binds serine/threonine-protein kinase MARK2 (MARK2, also known as microtubule affinity regulating kinase 2) to stimulate FEZ1 phosphorylation (Malikov and Naghavi, 2017).
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FIGURE 3. Nuclear import and genomic integration. The graphic illustrates the influence of post-translational modifying enzymes on the nuclear transport of the PIC and the integration of the viral cDNA into the host genome. Figure legend as in Figure 2A. More detailed information can be found in the text.



Another, highly modified and extensively examined protein in this context is IN, which is involved in different steps of HIV replication such as reverse transcription, nuclear import, genomic integration and also later on in virion packaging. Recently, eukaryotic translation initiation factor-2-alpha kinase 4 (EIF2AK4, also known as GCN2) has been identified as a general restriction factor of lentiviral DNA integration (Jaspart et al., 2017). Infection with HIV-1 triggers acute decrease in protein translation by phosphorylation and thereby activation of EIF2AK4. Moreover, EIF2AK4 directly interacts with IN causing phosphorylation of serine S255 in its C-terminal domain (CTD), which decreases efficiency of viral DNA integration. Antiviral activity of EIF2AK4 is counteracted by HIV-1 and HIV-2 proteases (PR), which cause proteolytic cleavage of EIF2AK4 and thus abrogate activation of EIF2AK4 by viral RNA (del Pino et al., 2012; Cosnefroy et al., 2013; Jaspart et al., 2017). In activated T-cells, IN becomes phosphorylated on serine S57 by cellular c-Jun N-terminal kinase (JNK). Subsequently, phosphorylated IN is conformationally modified by peptidylprolyl cis/trans isomerase, NIMA-interacting 1 (PIN1), which stabilizes IN (blockade of ubiquitination and associated proteasomal degradation) and seems to be required for efficient genomic integration. Lack of this modification restricts viral infection in non-activated/resting CD4 T-cells (Manganaro et al., 2010).

Using the translation inhibitor cycloheximide, as well as proteasome inhibitor MG132, it was demonstrated that IN, overexpressed as single protein in HEK293T cells, is relatively unstable and is poly-ubiquitinated for proteasomal degradation (Mulder and Muesing, 2000). Another study identified the prefoldin subunit 3 (VBP1, also known as PFDN3 or von Hippel-Lindau-binding protein 1) as interacting protein, that bridges IN and cullin-2 (CUL2)-related von Hippel-Lindau disease tumor suppressor (VHL) ubiquitin E3 ligase for degradation (Mousnier et al., 2007). Interestingly, degradation seems to be important for later viral replication as a 60% reduction of released infectious particles was observed mutating degradation-relevant lysines K211, K215 and K219 (Mousnier et al., 2007). Degradation of IN is circumvented by different host cell proteins: e.g., PC4 and SFRS1-interacting protein (PSIP1, also known as LEDGF) was identified as interacting with IN and blocking VHL-based degradation (Cherepanov et al., 2003; Llano et al., 2004a). Other approaches identified human E3-ubiquitin protein ligase RAD18 (RAD18) as well as X-ray repair cross-complementing protein 6 (XRCC6), both known for their role in DNA repair, as IN stabilizing factors (Mulder et al., 2002; Zheng et al., 2011). However, the exact roles of RAD18 and XRCC6 in HIV replication remain elusive.

Besides ubiquitination, IN has been shown to be modified by small ubiquitin-like modifier (SUMO), a PTM that is involved in various cellular processes including the transport between cytosol and nucleus or the transcriptional regulation. Several conserved lysine residues of IN were analyzed to have an impact on HIV-1 replication after reverse transcription, but before genomic integration (Zamborlini et al., 2011). The researchers hypothesized that these modifications might regulate interactions with different co-factors, harboring sumo-interacting motif (SIM) domains, like tripartite motif-containing protein 5 alpha (TRIM5A). This notion is also supported by findings that IN-interacting proteins like PSIP1 or RAD18 are involved in SUMO-related protein-protein complexes (Bueno et al., 2010; Despras et al., 2016). Furthermore, overexpression of SUMO1/SUMO2 and SUMO-conjugating enzyme UBC9 (UBE2I) perturbed intracellular localization of IN and influenced integration of HIV-1, while reverse transcription and nuclear import of the PIC remained unaffected (Li et al., 2012).

Immuno-precipitations and fluorescence resonance energy transfer (FRET) experiments revealed another modification of IN – namely lysine-acetylation by histone acetyltransferase p300 (EP300) at lysine residues K264, K266, and K273 (Cereseto et al., 2005). Acetylation increased the affinity of IN to DNA and promoted its ability for DNA strand transfer. The importance of lysine-acetylation was further demonstrated by acetylation-incompetent mutants, which caused a suppression of viral integration capacity. The same group as well identified the histone acetyltransferase KAT2A (KAT2A, also known as GNC5) as interactor and modifier of IN (Terreni et al., 2010). KAT2A-related acetylation of IN enhanced its 3′-end processing and strand transfer activity. Knockdown of KAT2A markedly reduced HIV-1 infectivity. Interestingly, KAT2A targets the same lysines as EP300 with exception of K258, which is acetylated by KAT2A only. Notably, importance of IN acetylation was questioned by lysine to arginine mutations of the three lysines, controlled by EP300 and KAT2A, since the mutated viruses were still replication-competent (Topper et al., 2007).

A yeast-two-hybrid screen identified, amongst others, PSIP1, transcription intermediary factor 1-beta (TRIM28, also known as TIF1B), transcription factor BTF3 (BTF3B), thyroid hormone receptor-associated protein 3 (THRAP3), non-histone chromosomal protein HMG-17 (HMGN2), ran-binding protein 9 (RANBP9), and exportin-2 (EXP2) as binding partners of acetylated IN (Allouch and Cereseto, 2011). Further experiments confirmed direct binding of TRIM28 to IN and demonstrated recruitment of HDAC1, which resulted in deacetylation of IN. TRIM28 seems to reduce IN-dependent genomic integration and thus restricts HIV-1 infection (Allouch et al., 2011). Acetylation has been implicated in the process of post-integration repair. The group of R. Daniel was able to show that, on the one hand, histone deacetylase 4 (HDAC4) associates with viral DNA in an IN-dependent manner and, on the other hand, seems to be required for efficient transduction by HIV-1-based vectors in cells that are deficient in other DNA repair proteins (Smith and Daniel, 2006; Smith et al., 2010). Further research is required to clarify the impact of lysine acetylation in IN activity and in general on HIV infection.

Besides IN, other viral protein functions are PTM-modulated during the integration process of HIV-1. For instance, the MA/P17 is phosphorylated on tyrosine Y132 by a not further characterized virion-associated cellular protein kinase, which targets MA/P17 to the nucleus during transversion of the PIC. Interestingly, viruses carrying MA/P17 tyrosine mutants grow normally in dividing cells, but are blocked for nuclear import in terminally differentiated cells like macrophages (Gallay et al., 1995). MA/P17 interacts with protein kinase C (PRKC) resulting in phosphorylation of serine residue S111 (Burnette et al., 1993). Phosphoaminoacid and phosphopeptide analysis also revealed phosphorylation of other serine-residues of MA/P17 – especially in nuclear fractions of infected cells (Bukrinskaya et al., 1996). However, the time and exact role of MA/P17 phosphorylation in the context of nuclear import and integration is still controversial as two reports indicated that its phosphorylation predominately occurs before virion entry (Gallay et al., 1995; Bukrinskaya et al., 1996).

An intriguing link between integration and pathogenesis was suggested by a study showing that infection by wild-type HIV-1, but not an integrase-deficient mutant, induced the death of activated primary CD4 T-lymphocytes. The mechanism of killing involves activation of DNA-dependent protein kinase (PRKDC), a central node of the cellular DNA damage response system. Activated PRKDC phosphorylates histone H2AX (H2AFX) and cellular tumor antigen p53 (TP53), which subsequently can trigger apoptosis (Cooper et al., 2013). Although the study was controversially discussed (Estaquier et al., 2013), it underscores the far-reaching PTM-based modulations within the cell during viral integration.

Within the context of DNA damage recognition and repair, a study testing the effect of DNA-repair inhibitor caffeine on HIV-1 infection, found evidence for ATM and Rad3-related kinase (ATR) being required to successful complete genome integration (Daniel et al., 2003).

The accessory protein VPR is packaged into newly produced virions and plays an important role for early steps in de novo viral infection. VPR harbors a series of C-terminal serines (S79, S94, and S96), which have been identified to be important for its nuclear localization and viral replication in macrophages (Agostini et al., 2002). These serines were found to be phosphorylated as assessed by an alanine screen. Phosphorylation of serine residue S79 by cAMP-dependent protein kinase (PRKA) affects cell cycle progression (Zhou and Ratner, 2000; Barnitz et al., 2010) and combined mutation of all three serines decreased HIV-1 replication in macrophages (Zhou and Ratner, 2000). Notably, the replication defect was shown to be due to an inefficient nuclear import of viral cDNA as demonstrated by reduced levels of 2-LTR circles (Agostini et al., 2002).

Overall, viral integration is controlled by a multitude of post-transcriptional modifications (Figure 3) that modulate function of viral and host cell proteins, thereby affecting enzymatic activity, protein-protein interaction or subcellular localization of integration- related proteins.

Transcription and Latency

After integration of the viral cDNA into the host genome, the LTR-flanked provirus behaves like a cellular gene, where the 5′-LTR serves as a promoter and the 3′-LTR as polyadenylation- and termination-site. Single-molecule amplification and long-read sequencing revealed that transcription from the 5′-LTR results in the generation of one primary transcript, which is further spliced into at least 109 different mRNAs (Ocwieja et al., 2012). Depending on the cell-cycle, activation state of the infected cell, integration site, and other factors, HIV either continues to express (Figure 4A) or becomes latent (Figure 4B). As both processes are interconnected and highly modulated/influenced by post-translationally modified host factors and viral proteins, we will dissect both events to allow a more detailed view on the molecular mechanisms associated with either latency or viral gene expression.
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FIGURE 4. Transcription and latency. (A) The interaction scheme displays protein-protein interactions that have been identified to promote transcription of viral genes. (B) Likewise, to A, the protein network demonstrates the influence of modifying enzymes onto the latent state of HIV. Figure legend as in Figure 2A. Additionally, methyl-transferases, depicted in green, are shown. More detailed information can be found in the text.



Transcription

Immediately after successful integration into the host chromosome, the HIV genome becomes regulated by cellular transcription factors and some viral proteins. The transcription pre-initiation complex, harboring a complex composition of proteins like RNA Polymerase II and some transcription factors, binds to enhancer elements within the 5′-LTR and accumulates more essential host transcription factors like RELA (Nabel and Baltimore, 1987), NFAT (Kadonaga et al., 1986), and transcription factor SP1 (SP1) (Jones et al., 1986) to the viral promoter region. At the beginning, a relatively small number of fully spliced RNA transcripts is generated, which encode for the regulator of expression of viral proteins (REV) and the trans-activator of transcription (TAT). Subsequently, both proteins are shuttled to the nucleus where they are required for the regulation of viral gene expression and mRNA transport into the cytosol. As long as TAT is absent, transcriptional initiation at the LTR is efficient – however, successful transcription is prevented as the polymerase will either disengage from the DNA template or is stalled in a concerted action of the negative elongation factors (NELFs), transcription elongation factor SPT5 (SUPT5H) and NELF. Following binding of TAT to the HIV-related RNA stem-loop structure transactivation response element (TAR) (Dingwall et al., 1990), the positive transcription elongation factor b (PTEFB), consisting of the cyclin-dependent kinase 9 (CDK9) and cyclin-T1 (CCNT1), is recruited to the RNA polymerase II (RNAPII) complex (Garber et al., 1998; Zhou et al., 2000). Thereby, functional capacity of RNAPII is increased and efficient elongation of transcripts is initiated.

Several of these steps are modulated and fine-tuned by the interplay of PTM modifying enzymes, PTM-interacting proteins, and the viral/host transcription machinery (Figure 4A). One of the most studied proteins in this context is the viral TAT protein, which has been shown to interact with more than 180 different nuclear proteins by a proteomic screen (Gautier et al., 2009). Due to this extensive number of complex interactions, we will focus here only on some PTM-related interactions of TAT (a more comprehensive overview of TAT-related interactions is given in Figures 4A,B). TAT shapes the nuclear acetylome by recruiting several acetyltransferases (KATs) such as KAT2A/histone acetyltransferase KAT2B (KAT2B) and EP300/CREB-binding protein (CREBBP) to the 5′-LTR to enhance transcription (Lusic et al., 2003; Boehm et al., 2013). Discrete histone regions, on histone 3 (H3) and 4 (H4), were observed to be acetylated using a quantitative chromatin immunoprecipitation assay. Along with histone acetylation was the recruitment of EP300/CREBBP, KAT2B and KAT2A as well as the transcription factor RELA by TAT (Benkirane et al., 1998; Lusic et al., 2003). Moreover, it was found that the P50 subunit as well as the P50/P65 complex of RELA were acetylated by EP300/CREBBP in a TAT-dependent manner. Thereby, acetylation of P50 increased DNA binding of RELA, which coincided with increased transcription rates (Furia et al., 2002). The diverse interactions of TAT are controlled by differential acetylation of TAT itself (Ott et al., 1999; Brès et al., 2002; D’Orso and Frankel, 2009). For example, while acetylation of TAT by EP300 within the TAR binding domain at lysine K50 promotes dissociation of TAT from TAR RNA – an important process in the early steps of transcriptional elongation, acetylation of lysine K28 via KAT2B enhances TAT binding to associated kinases CDK9/PTEFB (Kiernan et al., 1999; Deng et al., 2000; D’Orso and Frankel, 2009). Similarly, KAT2A also considerably enhances the transcriptional activity of TAT by acetylation of lysines K50/K51 (Col et al., 2001). Interestingly, HDAC6 was discovered to deacetylate TAT at lysine K28, thereby suppressing its transactivation ability of the HIV LTR region – a process that on the first view seems to counteract TAT activity but is in fact postulated to be important for transcriptional fine-tuning and RELA activity (Huo et al., 2011). Moreover, it has been reported that TAT increases HDAC6 expression in astrocytes, which results in direct regulation of pro-inflammatory genes (Youn et al., 2015, 2017).

Another complex interaction exists between TAT, the acetyltransferase histone acetyltransferase KAT5 (KAT5, also known as TIP60), and the NAD-dependent protein deacetylase sirtuin-1 (SIRT1). TAT causes proteasomal degradation of KAT5 via EP300/CREBBP, preventing TP53-related apoptosis (Harrod et al., 2003; Col et al., 2005; Sapountzi et al., 2006) and additionally disturbing expression of KAT5-dependent genes such as manganese-dependent superoxide dismutase (SOD2), an enzyme that normally interferes with efficient virus replication and propagation (Creaven et al., 1999).

However, TAT also inhibits SIRT1, which, in contrast, enforces acetylation of TP53 and thus promotes apoptosis in the host cell (Thakur et al., 2012). Moreover, inhibition of SIRT1 results in hyperacetylation of RELA and EP300/CREBBP, which subsequently leads to activation of RELA-driven transcription (Blazek and Peterlin, 2008; Pinzone et al., 2013) and concomitantly to hyperactivation of the T-cell, a state frequently observed in HIV infected individuals (Kwon et al., 2008). Interestingly in this context, it has also been shown that TAT itself requires deacetylation by SIRT1 for a new binding cycle to the TAR stem-loop, which is necessary for full transcription (Pagans et al., 2005; Blazek and Peterlin, 2008). In summary, findings implicate that the interplay between TAT and SIRT1 requires a fine-tuned spatio-temporal regulation.

Apart from interaction with acetylation-related proteins, TAT interacts with several kinases and phosphatases in order to manipulate cellular pathways. As described before, TAT actively recruits CDK9 and CCNT1 (PTEFB complex) to the TAR RNA loop and induces phosphorylation of serine S5 of the CTD of RNAPII, which enhances co-transcriptional capping of HIV-1 RNA (Herrmann and Rice, 1993; Yang et al., 1996; Zhou et al., 2003). Additionally, CDK9 is recruited to phosphorylate SUPT5H and NELF, thereby alleviating their repressive effect on transcription elongation (Yamaguchi et al., 1999; Rice, 2016). Other CTD kinases like CDK2 and cyclin-dependent kinase 7 (CDK7) were also reported to be activated by TAT for further phosphorylation of RNAPII (Cujec et al., 1997; Furia et al., 2002). Interestingly, activity of TAT in return seems to be dependent e.g., on phosphorylation of serine residues S16/S46 by the CDK2/G1/S-specific cyclin-E1 (CCNE1) complex as shown in in vitro and in cellula experiments. Mutation of both serines reduced HIV-1 transcription and inhibited viral replication in transiently transfected cells (Deng et al., 2002; Ammosova et al., 2006). Simultaneously, TAT activation of CDK9 is counteracted by serine/threonine-protein phosphatase PP1-alpha catalytic subunits PPP1CA and PPP2CA, which cause destabilization of the PTEFB-TAT transactivation complex (Ammosova et al., 2005; Tyagi et al., 2015). TAT has also been shown to induce phosphorylation of SP1 via PRKDC (Chun R.F. et al., 1998). Concurrently, TAT prevents dephosphorylation of SP1 by transcription factor TCF4 (TCF4) in astrocytes as demonstrated by biochemical characterization (Rossi et al., 2006). Another important interaction has been determined between TAT and the interferon (IFN)-induced, double-stranded RNA-activated protein kinase (EIF2AK2). TAT competes with EIF2AK2’s usual substrate, the elongation factor 2 (EEF2) and thereby circumvents the IFN-induced translation-block within the host cell. Moreover, interaction with EIF2AK2 results in phosphorylation-dependent enhancement of TAT-based transcription (Endo-Munoz et al., 2005).

As the interplay of TAT with acetylation- and phosphorylation-related proteins for transcriptional fine-tuning and viral amplification has been documented in a variety of experiments, only a small number of interactions with ubiquitin or other PTM modifiers (e.g., SUMO) has been discovered so far. A classical function of ubiquitination is the general protein turnover via proteasomal degradation. Li and colleagues (Zhang et al., 2014) showed that TAT undergoes K48-linked ubiquitination, targeting it to proteasomal degradation. Thereby, TAT’s transactivation activity is modulated. On a more general look, TAT interacts with several E3 ubiquitin-protein ligases. As an example, proto-oncogene MDM2 mediates the ubiquitination of TAT at lysine residue K71 and thus stimulates the transcriptional properties of TAT (Brès et al., 2003). Recently, it has been shown that E3 ubiquitin-protein ligase Praja-2 (PJA2) can ubiquitinate TAT in a non-degradative manner and specifically regulates HIV transcription elongation (Faust et al., 2017).

Overall, and adding another level of complexity TAT’s multitude interactions are believed to be tightly regulated at different steps of the replication cycle and in individual cell types.

Latency

Apart from the active transcription of viral genes described above, also transcriptionally silent and long-lived cell reservoirs are established, which remain the major obstacle to HIV-1 eradication as they stay unaffected by anti-retroviral therapy and are the source of viral rebound upon cessation of antiretroviral therapy (ART) (Chun et al., 1997; Zaikos and Collins, 2014; Lee and Lichterfeld, 2016; Colby et al., 2018). Studies have shown that the reservoir is very stable with a halflife of approximately more than 3 years (Finzi et al., 1999; Siliciano et al., 2003; Crooks et al., 2015). It has been proposed that either a clonal expansion of latently infected cells (Murray et al., 2016) or a persistent low level replication of HIV-1 are responsible for sustainment of the reservoir (Lorenzo-Redondo et al., 2016).

Latency itself is a proportionally rare event in the context of HIV (Siliciano et al., 2003), launching early during acute infection, likely within the range of days (Chun T.-W. et al., 1998). The latent reservoir is estimated to exist with a mean frequency of ∼1/106 resting CD4 T-cells in treated individuals (Eriksson et al., 2013), but could comprise more cells/cell types as the reservoir is incompletely defined (Ho et al., 2013). Latently infected lymphoid cells reside in the host without or very low expression of viral proteins (Folks et al., 1986; Jordan et al., 2003), providing a basis for their immune escape. The reason for the inactive viral state lies mainly in the resting nature of CD4 T-cells. However, despite its clinical relevance, the molecular mechanisms that are responsible for establishment and maintenance of HIV latency remain unresolved. Nevertheless, it is unquestionable that chromatin remodeling of the integrated HIV promoter region has to take place as well as epigenetic silencing and modulation of transcription factor binding to achieve a latent state (Figure 4B). Analysis of integration sites in the J-Lat latency cell model system suggests that proviral integration in or close to heterochromatin regions promotes latency (Lewinski et al., 2005). Also integration in the opposite direction to the host gene or intron sites results in antisense transcripts (Landry et al., 2007). In this context, acetylation of histones and histone-associated proteins might play a key role. Usually, acetylation of nuclear proteins directly influences transcription activity by enabling access of the transcription machinery to the promoters. On the contrary, protein-deacetylation apparently restricts transcription factor (TF) binding, which results in gene silencing. This classical rule holds also true for HIV, reflected by a series of studies demonstrating that, besides antigenic stimulation of cytokines, inhibition of KDACs by chemical compounds is sufficient to reactivate HIV and as a consequence to unmask and sensitize a proportion of latently infected cells for killing by ART (Moog et al., 1996; Van Lint et al., 1996; Witvrouw et al., 1997; El Kharroubi et al., 1998; Quivy and Van Lint, 2002; Shirakawa et al., 2013). Further experiments disclosed recruitment of KDACs to the HIV-5′-LTR by transcriptional repressors such as the alpha-globin transcription factor CP2 (TFCP2) or transcriptional repressor protein YY1 (YY1) (Coull et al., 2000). Interestingly, binding of YY1 to the LTR is directly coupled with the T-cell’s activation state as T cell receptor (TCR)-triggered activation causes dissociation of this repressor (Bernhard et al., 2013). Another mechanism of maintaining latency has been discovered for the P50 subunit of RELA. While the P50/P65 heterodimer of RELA is a potent activator of HIV transcription (as discussed earlier), the P50 homodimer serves as an antagonist of transcription. Dimeric P50 recruits HDAC1 to the LTR, promoting chromatin condensation and decreased binding of RNAPII (Williams et al., 2006; Chan and Greene, 2011). The transcriptional repressor recombination binding protein suppressor of hairless (RBPJ, also known as CBF-1) is able to redirect HDAC1 to the RELA binding element, promoting maintenance of latency and a lowered association of RNAPII to the LTR region (Tyagi and Karn, 2007; Bernhard et al., 2013). Further (co-)repressors or TFs that recruit HDAC1 and histone deacetylase 2 (HDAC2) to the LTR and are relevant to establish and endure latency are e.g., B-cell lymphoma/leukemia 11B (BCL11B), transcription factor AP-4 (TFAP4), Myc proto-oncogene protein (MYC) or SP1 (Marban et al., 2005, 2007; Imai and Okamoto, 2006; Jiang et al., 2007; Keedy et al., 2009). More evidence for the importance of KDACs for HIV latency was provided by the Margolis laboratory, which demonstrated that (i) HDACs 1, 2, and 3, but not HDACs 4, 5, 7, and 9 associate with the 5′-LTR in latency model cell lines, (ii) are expressed in the nuclei of resting CD4 T-cells, (iii) and their chemical inhibition by KDAC inhibitors efficiently induces viral outgrowth (Archin et al., 2009; Keedy et al., 2009). Furthermore, nucleosomes that are located to the LTR region, are able to inhibit the movement of RNAPII (Verdin et al., 1993) – though this block can be overcome by activation of the cell. Here, nuc-1, a nucleosome positioned immediately downstream of the HIV transcription site, has been found to undergo deacetylation by interaction with KDACs in order to maintain the transcriptionally silent state (He and Margolis, 2002; Conrad and Ott, 2016).

Another factor involved in latency control is CDK9. Acetylation of CDK9 by KAT2A/ KAT2B reduces the transcriptional activity of PTEFB, which in turn silences transcription of the provirus (Sabò et al., 2008). Notably, in resting and memory CD4 T-cells, PTEFB levels are already intrinsically low (Rice, 2013), which generally supports their latent state.

In cells of the myeloid lineage, Okada and colleagues identified another mechanism for latency regulation, which is based on phosphorylation instead of lysine-acetylation. Here, the endogenous inhibitor of RELA, NF-kappa-B inhibitor alpha (NFKBIA, also known as IκBα), is enhanced by tyrosine-protein kinase (JAK)/ phosphatidylinositol 4,5-bisphosphate 3-kinase (PIK3)-based induction of the host-derived factor COMM domain-containing protein 1 (COMMD1), thereby reinforcing latency (Taura et al., 2015). As phosphorylation is well known for its general impact on transcription (Hunter and Karin, 1992) it is not surprising that additional factors are controlled via this PTM in the course of HIV latency. As an example, it was recently shown that a chemical compound, namely the small molecule activator of protein phosphatase 1 (SMAPP1) induced both, HIV-1 latency reactivation and replication. Treatment of cells with SMAPP1 increased phosphorylation of CDK9 and caused upregulation of PTEFB and PPP1CA-related proteins (Tyagi et al., 2015). Moreover, the phosphorylation of histone H1 (H1) via PTEFB is known to be important for the regulation of chromatin binding. Analysis of a phosphorylation-incompetent H1.1 mutant disrupted TAT transactivation and caused reduction of H1 mobility (O’Brien et al., 2010). Low levels of PTEFB promote the non-mobile condition of H1. Another latency-promoting factor regulated by phosphorylation is the signal transducer and activator of transcription 5 (STAT5). Compound screens revealed that inhibition of a negative feedback loop, that usually sumoylates phosphorylated STAT5, sustained its phosphorylated state. This increases activity and occupancy of the HIV-1 LTR and subsequently causes latency reversal (Bosque et al., 2017).

Other PTMs directly related to HIV latency are protein-methylation and -ubiquitination, which will be discussed only briefly in this review. Trimethylated histones are a well-known modification in repressive heterochromatin (Stewart et al., 2005; Saksouk et al., 2015) and, as expected, have been observed for 5′-LTR associated nucleosomes during latency (du Chéné et al., 2007; Marban et al., 2007; Pearson et al., 2008). Consequently, several accompanied histone methyltransferases (HMTs) have been identified to reside at latent proviral 5′-LTRs. Examples are the histone-lysine N-methyltransferases SUV39H (SUV39H1), EHMT2 (EHMT2) or the EZH2 (EZH2) (du Chéné et al., 2007; Marban et al., 2007; Imai et al., 2010; Friedman et al., 2011; Mbonye and Karn, 2014). Especially EZH2 has been proposed as one of the major regulators of latency, as it not only methylates H3 on lysine K27, but also resembles the catalytic subunit of polycomb repressive complex 2 (PRC2). This complex (together with PRC1) localizes at specific sites called polycomb repressive elements and organizes the chromatin into a repressive structure that is unresponsive to chromatin remodeling factors and basal- and gene-specific transcription factors (Otte and Kwaks, 2003). Moreover, PRC2 has been shown to recruit several repressive chromatin modifiers like DNA (cytosine-5)-methyltransferase 1 (DNMT1) as well as HDAC1 and 2 (Van Der Vlag and Otte, 1999; Tonini et al., 2004; Montgomery et al., 2005).

An example for the involvement of ubiquitination in latency, is the E3 ubiquitin-protein ligase SIAH1 (SIAH1), which has been identified by Zhou and colleagues (Liu et al., 2012) as the E3 ubiquitin ligase for elongation factor for RNA polymerase II 2 (ELL2). ELL2 forms together with ELL1, TAT, CCNT1, CDK9, AF4/FMR2 Family Members 1 and 4 (AFF1/4) and other members the super elongation complex (SEC), which is required for active transcription. SIAH1 causes polyubiquitination and subsequent proteasomal degradation of ELL2 in actively replicating cells and absence of ELL2 strongly inhibits TAT-related gene expression (He et al., 2010). Interestingly, both, activated TAT and the SEC scaffold protein AFF4, prevent degradation of ELL2 leading to a more profound transcription of viral genes (Liu et al., 2012). Taken together, the interplay of several factors – mainly located close to or recruited to the 5′-LTR – is able to promote or prevent latency (Figures 4A,B). Thereby, not only the integration site, but also local protein concentrations together with different PTMs control a positive or negative transcriptional environment for the provirus.

Translation, Assembly, Budding and Final Maturation

At present, insights into the involvement of PTMs during the last steps of the HIV replication cycle are limited. Viruses completely rely on the host protein synthesis machinery – consisting of ribosomes, tRNAs, amino acids and associated factors for translation-initiation, -elongation and -termination. Moreover, innate antiviral restriction factors as well as stress responses have to be circumvented and at the same time the cellular tRNA pool has to be used in an efficient way. Additionally, intracellular transport networks and cofactors have to be exploited for virion assembly and particle maturation, respectively. All these requirements necessitate an interplay of the virus with specific cellular pathways, which are undoubtedly regulated via PTMs (Figure 5). One of these counteractions is based on the production of IFNs upon host’s detection of viral encounters. Expression of IFN in combination with the presence of viral RNAs leads to induction and activation of EIF2AK2, which phosphorylates several substrates including eukaryotic translation initiation factor 2 subunit 1 (EIF2S1). This modification shuts down general synthesis of proteins in order to prevent viral protein production. Here, HIV-1 TAT compromises the function of IFN-inducible double-stranded RNA-dependent protein kinase activator A (PRKRA) to block EIF2AK2 activation and thus, the shut-down of protein translation (Clerzius et al., 2013; Burugu et al., 2014; Chukwurah et al., 2017). At the same time, the viral factor VPR takes over the host CUL4/DDB1/E3 ubiquitin-protein ligase RBX1 (RBX1) complex, finally leading to activation of the Serine/threonine-protein kinases ATR (ATR) and Chk1 (CHEK1) for prevention of cell cycle progression into mitosis and induction of G2/M arrest in HIV infected cells. Furthermore, VPR activates the host crossover junction endonucleases MUS81 (MUS81) and EME1 (EME1) via polyubiquitination of MUS81, which blocks interferon stimulated gene (ISG) expression(Roshal et al., 2003; Laguette et al., 2014; Zhou et al., 2016). Several lines of evidence also demonstrated a selective suppression of mRNA translation in lymphocytes accompanied with VPR-induced cell cycle arrest. The molecular basis for this effect seems to be related to reduced levels of the phosphorylated eukaryotic translation initiation factor 4E (EIF4E) and EIF4E-binding protein 1 (EIF4EBP1) (Sharma et al., 2012) (Figure 5). Interestingly, due to composition of the viral mRNA-ribonucleoprotein complexes, harboring components of the nuclear cap binding complex (CBC), viral protein synthesis is sustained in comparison to suppressed host protein translation (Sharma et al., 2012). After translation of viral proteins, exploitation of the host protein sorting and trafficking pathways becomes crucial for assembly of virions. For this, as in the early steps of infection, the actin-tubulin-network has to be altered (Jolly et al., 2007), which is likely accompanied with acetylation, phosphorylation, and ubiquitination events. Indeed, ubiquitination is involved in the sorting of HIV proteins. For example, the human trans-Golgi network (TGN) associated E3 ubiquitin-protein ligase SH3RF1 (SH3RF1) was identified as an important sorting factor for GAG’s localization to the plasma membrane (Alroy et al., 2005). Further experiments identified programmed cell death 6-interacting protein (PDCD6IP, also known as AIP1), a member of the endosomal sorting complex required for transport (ESCRT) machinery, as substrate of SH3RF1, which is obligatory for HIV-1 release (Votteler et al., 2009). Another E3 ubiquitin ligase that is involved in the regulation of GAG transport to the cell surface is the susceptibility gene 101 protein TSG101 (TSG101) associated E3 ubiquitin-protein ligase LRSAM1 (LRSAM1) (Amit et al., 2004). TSG101 belongs to the ESCRT complex and is engaged by GAG for efficient HIV-1 budding (Figure 5). LRSAM1-mediated ubiquitination of TSG101 inactivates its sorting function. Presumably, by the coordinated action of a DUB, TSG101 gets recycled and a second round of cargo-loading is enabled (Amit et al., 2004). Similarly, GAG interacts with the E3 ubiquitin-protein ligase NEDD4-like (NEDD4L), which stimulates in liaison with TSG101 the release of HIV virions (Chung et al., 2008). Due to technical limitations, the identification of specific DUBs relevant for HIV remains unknown. However, recently, Setz et al. could show that ubiquitin carboxyl-terminal hydrolases 7 (USP7)- and 47 (USP47)-specific inhibitors P22077 and PR-619 are able to impair GAG processing and affect infectivity of released HIV virions, underscoring the importance of DUBs in HIV biology (Setz et al., 2017). Expectedly, cellular countermeasures have evolved utilizing the ubiquitination system to inhibit virus assembly. One example is the E3 ubiquitin-protein ligase MARCH8 (MARCH8), which downregulates several host transmembrane proteins including HLA class II histocompatibility antigen (HLA-II, also known as MHC class II) or T-lymphocyte activation antigen CD86 (CD86). Experiments identified MARCH8 as a new restriction factor that blocks the incorporation of HIV-1 envelope glycoprotein into virus particles by downregulating it from the cell surface (Tada et al., 2015). Other PTMs are also involved in cellular localization of GAG molecules and correct assembly of HIV particles. Using a proteomic approach, phosphorylation of GAG by the PRKC was detected. This phosphorylation event is necessary for the interaction between GAG and VPR and results in the incorporation of VPR into the virions (Kudoh et al., 2014). A second kinase that regulates viral assembly and release via GAG phosphorylation is MAPK1 (Hemonnot et al., 2004). MAPK1 phosphorylates the MA/P17 of HIV and gets itself incorporated into newly formed virions (Jacqué et al., 1998). However, the precise mode of action remains to be explored. Several other serine-threonine kinases are directly incorporated into the virions as well, such as PRKA (Cartier et al., 2003) and serine-threonine kinase 38/38 Like (STK38/STK38L), respectively (Devroe et al., 2005). STK38 and STK38L were found to be proteolytically processed by the viral protease PR in the virions as well as within infected producer cells. Truncation at the PR cleavage site altered subcellular localization of STK38L and inhibited the enzymatic activity of STK38 and STK38L (Devroe et al., 2005). In addition, viral integrase IN binds SAP18 and supports incorporation into progeny viral particles together with other compounds of the SIN3A/HDAC1 complex (Figure 5). Fluorescence-based assays revealed significant KDAC activity of virions and demonstrated a positive effect of HDAC1 for infectivity (Sorin et al., 2009).
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FIGURE 5. Viral protein translation and virus assembly. The interaction network visualizes processes, which are accompanied with the late steps of HIV infection and the formation of new virions. Figure legend as in Figure 2A. More detailed information can be found in the text.



Besides facilitating virion assembly and co-incorporation, viral proteins are also active in depletion or inactivation of antiviral factors, which counteract particle infectivity. During particle generation, the viral protein VIF is found in the cytoplasm to employ different strategies for antagonizing APOBEC3F/3G (Figure 5). In the absence of VIF, APOBEC3G or APOBEC3F become incorporated into budding virions and impede reverse transcription and integration in a newly infected cell (see also uncoating & RT) (Harris et al., 2003; Mangeat et al., 2003; Zhang et al., 2003; Bishop et al., 2004; Liddament et al., 2004; Yu et al., 2004). VIF inhibits APOBEC3G packaging by competing with binding to viral RNA or the nucleocapsid (Kao et al., 2003; Mariani et al., 2003). Furthermore, VIF recruits the cellular E3 ligase cullin-5 (CUL5), elongin B and C (ELOB/ELOC), and RBX1 to form a SCF-like complex for proteasomal degradation of APOBEC3G, a process that is further controlled by phosphorylation events within the complex (Conticello et al., 2003; Marin et al., 2003; Stopak et al., 2003; Yu, 2003; Mehle et al., 2004).

Another factor, playing an important role in viral restriction and being antagonized by a viral factor during assembly is the bone marrow stromal antigen 2 (BST2, also known as tetherin). The interferon-induced protein BST2 impedes detachment of assembling viral particles at the cell surface of the producer cell (Neil et al., 2008; Van Damme et al., 2008). The viral membrane phospho-protein VPU [in some cases also the negative regulatory factor (NEF) or ENV (HIV-2)] hijacks the cellular BST2 trafficking and turnover machinery, thereby facilitating viral release (Neil et al., 2008; Van Damme et al., 2008; Sauter et al., 2009; Hauser et al., 2010; Kluge et al., 2014; Arias et al., 2016) (Figure 5). Under steady-state conditions, BST2 cycles between the plasma membrane, the trans-Golgi Network and endosomes, with a fraction getting sorted to lysosomal degradation via the ESCRT pathway. Studies demonstrated that, mediated by CSK2 phosphorylation (Schubert et al., 1992, 1994), VPU complexes with BST2 and binds to the clathrin-associated adaptor protein complexes 1 (AP1) or 2 (AP2) (Kueck et al., 2015), which restrains BST2 from its mode of action. Moreover, phosphorylated VPU recruits the SCF-F-box/WD repeat-containing protein 1A (BTRC) E3 ligase complex, which leads to ubiquitination of BST2 and thus an enhanced recruitment of BST2 by the ESCRT machinery and subsequent degradation (Douglas et al., 2009; Mangeat et al., 2009; Mitchell et al., 2009; Janvier et al., 2011; Tokarev et al., 2011; Agromayor et al., 2012). Another function of VPU is to block RELA signaling in the late state of the HIV replication cycle, as RELA also regulates the antimicrobial immune response, including the expression of ISGs that protect against viral pathogens (Pfeffer, 2011). It has been shown that while NEF increases RELA activity (as described earlier), VPU stabilizes NFKBIA by preventing its polyubiquitination and degradation via sequestration of the adaptor protein BTRC (Kroll et al., 1999; Akari et al., 2001; Bour et al., 2001; Sauter et al., 2015). Thereby, nuclear translocation of P65 and subsequent RELA activation is impeded (Sauter et al., 2015). To note, it has been reported that BST2 displays an additional innate sensing function, which activates RELA-driven antiviral immune responses and thus being also affected by VPU’s anti-BST2 activity (Cocka and Bates, 2012; Galão et al., 2012; Tokarev et al., 2013).

A further example is the exploitation of the host cell membrane-proteome to avoid detection by the immune system. As production of viral proteins is accompanied by defective ribosomal products (DRiPs) (Yewdell et al., 2001), which can end up as antigenic peptides presented on HLA class I (HLA-I) molecules to report cell infection, viruses have adapted specific mechanisms to circumvent cytotoxic T-cell recognition. In case of HIV, NEF interferes with the normal trafficking pathway of HLA-I and thus reduces recognition and lysis of infected cells by cytotoxic T cells (Wonderlich et al., 2011) (Figure 5). Currently, two models are discussed, which might take place at different times of the replication cycle. In the first model, NEF binds and activates TGN-specific SRC-family kinases, which subsequently trigger PIK3-dependent endocytosis of cell surface HLA-I (Blagoveshchenskaya et al., 2002). In the second model, NEF directly interacts with the cytoplasmic tail of HLA-I for shuttling to the lysosomal compartment (Schaefer et al., 2008). In addition, NEF as well as VPU, target the surface-expressed CD4 molecules for downregulation (Guy et al., 1987; Willey et al., 1992). Thereby, NEF induces endocytosis by linking the cytosolic tail of CD4 to components of the cellular protein trafficking machinery (Chaudhuri et al., 2007). In contrast, VPU targets newly synthesized CD4 for ubiquitination in an Endoplasmic Reticulum associated protein degradation (ERAD)-related pathway at the ER level, which also involves recruitment of the SCF-BTRC E3 ligase complex (Willey et al., 1992; Margottin et al., 1998; Magadán et al., 2010). Downregulation of surface CD4 lowers the risk of superinfection of the cell and promotes viral egress as it prevents retention of newly assembled virions at the cell surface (Ross et al., 1999). All these observations demonstrate the importance of PTMs within the final steps of HIV assembly and release (see also Figure 5). However, a more comprehensive picture of the late molecular steps of the replication cycle requires a further focus on PTM-related processes.

CONCLUSION AND FUTURE OUTLOOK

Given the broad role of PTMs in every step of the HIV replication cycle and by controlling and fine-tuning almost every cellular process, it is likely that many additional interactions will be discovered in future. Recent methodological advances in the field of mass spectrometry-based proteome-wide screens will allow for the first time broad-range and unbiased investigations of changes in the global PTM landscape. Moreover, new and sensitive methods for label-free quantitative interaction-proteomics in primary cells have become available, which permit detection of weak interactors with spatial and temporal resolution. These developments in combination with thorough follow-up studies will hopefully help to identify vulnerable nodes of virus-host interaction, facilitating so far unappreciated therapeutic approaches for the treatment of HIV infected individuals or protection of those at risk of infection. Moreover, many discoveries might be transferable to other scientific fields enabling the generation of new molecular tools for basic research as well as for the treatment of other epidemics. We hope that this review helps to arouse the interest in PTM-related virological research and apologize to all investigators in the field for the arbitrary selection of processes, covering only a small part of important scientific findings.

AUTHOR CONTRIBUTIONS

LC, OK, and CS wrote the manuscript. LC and CS compiled data sets and created the figures.

FUNDING

CS was supported by an Else Kröner-Fresenius-Stiftung research grant (2016-A134).

ACKNOWLEDGMENTS

The authors wish to acknowledge X. Sewald, H. M. Baldauf and M. Stern for their critical reading of the manuscript.

FOOTNOTES

1www.genenames.org

2www.kinase.com

3www.depod.bioss.uni-freiburg.de

REFERENCES

Abbas, W., and Herbein, G. (2014). Plasma membrane signaling in HIV-1 infection. Biochim. Biophys. Acta Biomembr. 1838, 1132–1142. doi: 10.1016/j.bbamem.2013.06.020

Agostini, I., Popov, S., Hao, T., Li, J. H., Dubrovsky, L., Chaika, O., et al. (2002). Phosphorylation of Vpr regulates HIV type 1 nuclear import and macrophage infection. AIDS Res. Hum. Retroviruses 18, 283–288. doi: 10.1089/088922202753472856

Agromayor, M., Soler, N., Caballe, A., Kueck, T., Freund, S. M., Allen, M. D., et al. (2012). The UBAP1 subunit of ESCRT-I interacts with ubiquitin via a SOUBA domain. Structure 20, 414–428. doi: 10.1016/j.str.2011.12.013

Akari, H., Bour, S., Kao, S., Adachi, A., and Strebel, K. (2001). The human immunodeficiency virus type 1 accessory protein Vpu induces apoptosis by suppressing the nuclear factor kappaB-dependent expression of antiapoptotic factors. J. Exp. Med. 194, 1299–1311. doi: 10.1084/jem.194.9.1299

Ako-Adjei, D., Fu, W., Wallin, C., Katz, K. S., Song, G., Darji, D., et al. (2015). HIV-1, Human Interaction database: current status and new features. Nucleic Acids Res. 43, D566–D570. doi: 10.1093/nar/gku1126

Allouch, A., and Cereseto, A. (2011). Identification of cellular factors binding to acetylated HIV-1 integrase. Amino Acids 41, 1137–1145. doi: 10.1007/s00726-009-0444-3

Allouch, A., Di Primio, C., Alpi, E., Lusic, M., Arosio, D., Giacca, M., et al. (2011). The TRIM family protein KAP1 inhibits HIV-1 integration. Cell Host Microbe 9, 484–495. doi: 10.1016/j.chom.2011.05.004

Alroy, I., Tuvia, S., Greener, T., Gordon, D., Barr, H. M., Taglicht, D., et al. (2005). The trans-Golgi network-associated human ubiquitin-protein ligase POSH is essential for HIV type 1 production. Proc. Natl. Acad. Sci. U.S.A. 102, 1478–1483. doi: 10.1073/pnas.0408717102

Amit, I., Yakir, L., Katz, M., Zwang, Y., Marmor, M. D., Citri, A., et al. (2004). Tal, a Tsg101-specific E3 ubiquitin ligase, regulates receptor endocytosis and retrovirus budding. Genes Dev. 18, 1737–1752. doi: 10.1101/gad.294904

Ammosova, T., Berro, R., Jerebtsova, M., Jackson, A., Charles, S., Klase, Z., et al. (2006). Phosphorylation of HIV-1 Tat by CDK2 in HIV-1 transcription. Retrovirology 3:78. doi: 10.1186/1742-4690-3-78

Ammosova, T., Washington, K., Debebe, Z., Brady, J., and Nekhai, S. (2005). Dephosphorylation of CDK9 by protein phosphatase 2A and protein phosphatase-1 in Tat-activated HIV-1 transcription. Retrovirology 2:47. doi: 10.1186/1742-4690-2-47

Archin, N. M., Keedy, K. S., Espeseth, A., Dang, H., Hazuda, D. J., and Margolis, D. M. (2009). Expression of latent human immunodeficiency type 1 is induced by novel and selective histone deacetylase inhibitors. AIDS 23, 1799–1806. doi: 10.1097/QAD.0b013e32832ec1dc

Arias, J. F., Colomer-Lluch, M., von Bredow, B., Greene, J. M., MacDonald, J., O’Connor, D. H., et al. (2016). Tetherin antagonism by HIV-1 group M nef proteins. J. Virol. 90, 10701–10714. doi: 10.1128/JVI.01465-16

Armitage, A. E., Deforche, K., Chang, C. H., Wee, E., Kramer, B., Welch, J. J., et al. (2012). APOBEC3G-induced hypermutation of human immunodeficiency virus type-1 is typically a discrete “all or nothing” phenomenon. PLoS Genet. 8:e1002550. doi: 10.1371/journal.pgen.1002550

Barnitz, R. A., Wan, F., Tripuraneni, V., Bolton, D. L., and Lenardo, M. J. (2010). Protein kinase A phosphorylation activates Vpr-induced cell cycle arrest during human immunodeficiency virus type 1 infection. J. Virol. 84, 6410–6424. doi: 10.1128/JVI.02273-09

Barouch, D. H., Tomaka, F. L., Wegmann, F., Stieh, D. J., Alter, G., Robb, M. L., et al. (2018). Evaluation of a mosaic HIV-1 vaccine in a multicentre, randomised, double-blind, placebo-controlled, phase 1/2a clinical trial (APPROACH) and in rhesus monkeys (NHP 13-19). Lancet 392, 232–243. doi: 10.1016/S0140-6736(18)31364-3

Barrero-Villar, M., Cabrero, J. R., Gordon-Alonso, M., Barroso-Gonzalez, J., Alvarez-Losada, S., Munoz-Fernandez, M. A., et al. (2009). Moesin is required for HIV-1-induced CD4-CXCR4 interaction, F-actin redistribution, membrane fusion and viral infection in lymphocytes. J. Cell Sci. 122, 103–113. doi: 10.1242/jcs.035873

Benkirane, M., Chun, R. F., Xiao, H., Ogryzko, V. V., Howard, B. H., Nakatani, Y., et al. (1998). Activation of integrated provirus requires histone acetyltransferase: p300 and P/CAF are coactivators for HIV-1 Tat. J. Biol. Chem. 273, 24898–24905. doi: 10.1074/jbc.273.38.24898

Bernhard, W., Barreto, K., Raithatha, S., and Sadowski, I. (2013). An Upstream YY1 Binding Site on the HIV-1 LTR Contributes to Latent Infection. PLoS One 8:e77052. doi: 10.1371/journal.pone.0077052

Bishop, K. N., Holmes, R. K., Sheehy, A. M., Davidson, N. O., Cho, S. J., and Malim, M. H. (2004). Cytidine deamination of retroviral DNA by diverse APOBEC proteins. Curr. Biol. 14, 1392–1396. doi: 10.1016/j.cub.2004.06.057

Blagoveshchenskaya, A. D., Thomas, L., Feliciangeli, S. F., Hung, C. H., and Thomas, G. (2002). HIV-1 Nef downregulates MHC-I by a PACS-1- and PI3K-regulated ARF6 endocytic pathway. Cell 111, 853–866. doi: 10.1016/S0092-8674(02)01162-5

Blazek, D., and Peterlin, B. M. (2008). Tat-SIRT1 tango. Mol. Cell 29, 539–540. doi: 10.1016/j.molcel.2008.02.007

Boehm, D., Conrad, R. J., and Ott, M. (2013). Bromodomain proteins in HIV infection. Viruses 5, 1571–1586. doi: 10.3390/v5061571

Bosque, A., Nilson, K. A., Macedo, A. B., Spivak, A. M., Archin, N. M., Van Wagoner, R. M., et al. (2017). Benzotriazoles reactivate latent HIV-1 through inactivation of STAT5 SUMOylation. Cell Rep. 18, 1324–1334. doi: 10.1016/j.celrep.2017.01.022

Bour, S., Perrin, C., Akari, H., and Strebel, K. (2001). The human immunodeficiency virus type 1 Vpu protein inhibits NF-kappa B activation by interfering with beta TrCP-mediated degradation of Ikappa B. J. Biol. Chem. 276, 15920–15928. doi: 10.1074/jbc.M010533200

Brès, V., Kiernan, R. E., Linares, L. K., Chable-Bessia, C., Plechakova, O., Tréand, C., et al. (2003). A non-proteolytic role for ubiquitin in Tat-mediated transactivation of the HIV-1 promoter. Nat. Cell Biol. 5, 754–761. doi: 10.1038/ncb1023

Brès, V., Tagami, H., Péloponèse, J. M., Loret, E., Jeang, K. T., Nakatani, Y., et al. (2002). Differential acetylation of Tat coordinates its interaction with the co-activators cyclin T1 and PCAF. EMBO J. 21, 6811–6819. doi: 10.1093/emboj/cdf669

Brun, S., Solignat, M., Gay, B., Bernard, E., Chaloin, L., Fenard, D., et al. (2008). VSV-G pseudotyping rescues HIV-1 CA mutations that impair core assembly or stability. Retrovirology 5:57. doi: 10.1186/1742-4690-5-57

Bueno, M. T. D., Garcia-Rivera, J. A., Kugelman, J. R., Morales, E., Rosas-Acosta, G., and Llano, M. (2010). SUMOylation of the lens epithelium-derived growth factor/p75 attenuates its transcriptional activity on the heat shock protein 27 promoter. J. Mol. Biol. 399, 221–239. doi: 10.1016/j.jmb.2010.03.063

Bukrinskaya, A. G., Ghorpade, A., Heinzinger, N. K., Smithgall, T. E., Lewis, R. E., and Stevenson, M. (1996). Phosphorylation-dependent human immunodeficiency virus type 1 infection and nuclear targeting of viral DNA. Proc. Natl. Acad. Sci. U.S.A. 93, 367–371. doi: 10.1073/pnas.93.1.367

Burnette, B., Yu, G., and Felsted, R. L. (1993). Phosphorylation of HIV-1 gag proteins by protein kinase C. J. Biol. Chem. 268, 8698–8703.

Burugu, S., Daher, A., Meurs, E. F., and Gatignol, A. (2014). HIV-1 translation and its regulation by cellular factors PKR and PACT. Virus Res. 193, 65–77. doi: 10.1016/j.virusres.2014.07.014

Campbell, E. M., and Hope, T. J. (2015). HIV-1 capsid: the multifaceted key player in HIV-1 infection. Nat. Rev. Microbiol. 13, 471–483. doi: 10.1038/nrmicro3503

Capalbo, G., Mueller-Kuller, T., Markovic, S., Klein, S. A., Dietrich, U., Hoelzer, D., et al. (2011). Knockdown of ERM Family Member Moesin in Host Cells Increases HIV Type 1 Replication. AIDS Res. Hum. Retroviruses 27, 1317–1322. doi: 10.1089/AID.2010.0147

Cartier, C., Hemonnot, B., Gay, B., Bardy, M., Sanchiz, C., Devaux, C., et al. (2003). Active cAMP-dependent protein kinase incorporated within highly purified HIV-1 particles is required for viral infectivity and interacts with viral capsid protein. J. Biol. Chem. 278, 35211–35219. doi: 10.1074/jbc.M301257200

Cartier, C., Sivard, P., Tranchat, C., Decimo, D., Desgranges, C., and Boyer, V. (1999). Identification of three major phosphorylation sites within HIV-1 capsid. Role of phosphorylation during the early steps of infection. J. Biol. Chem. 274, 19434–19440. doi: 10.1074/JBC.274.27.19434

Cereseto, A., Manganaro, L., Gutierrez, M. I., Terreni, M., Fittipaldi, A., Lusic, M., et al. (2005). Acetylation of HIV-1 integrase by p300 regulates viral integration. EMBO J. 24, 3070–3081. doi: 10.1038/sj.emboj.7600770

Chan, J. K. L., and Greene, W. C. (2011). NF-κB/Rel: agonist and antagonist roles in HIV-1 latency. Curr. Opin. HIV AIDS 6, 12–18. doi: 10.1097/COH.0b013e32834124fd

Chaudhuri, R., Lindwasser, O. W., Smith, W. J., Hurley, J. H., and Bonifacino, J. S. (2007). Downregulation of CD4 by human immunodeficiency virus type 1 nef is dependent on clathrin and involves direct interaction of nef with the AP2 clathrin adaptor. J. Virol. 81, 3877–3890. doi: 10.1128/JVI.02725-06

Chen, H., Li, C., Huang, J., Cung, T., Seiss, K., Beamon, J., et al. (2011). CD4 + T cells from elite controllers resist HIV-1 infection by selective upregulation of p21. J. Clin. Invest. 121, 1549–1560. doi: 10.1172/JCI44539

Cherepanov, P., Maertens, G., Proost, P., Devreese, B., Van Beeumen, J., Engelborghs, Y., et al. (2003). HIV-1 integrase forms stable tetramers and associates with LEDGF/p75 protein in human cells. J. Biol. Chem. 278, 372–381. doi: 10.1074/jbc.M209278200

Chukwurah, E., Handy, I., and Patel, R. C. (2017). ADAR1 and PACT contribute to efficient translation of transcripts containing HIV-1 trans-activating response (TAR) element. Biochem. J. 474, 1241–1257. doi: 10.1042/BCJ20160964

Chun, R. F., Semmes, O. J., Neuveut, C., and Jeang, K.-T. (1998). Modulation of Sp1 phosphorylation by human immunodeficiency virus type 1 tat. J. Virol. 72, 2615–2629.

Chun, T.-W., Engel, D., Berrey, M. M., Shea, T., Corey, L., and Fauci, A. S. (1998). Early establishment of a pool of latently infected, resting CD4+ T cells during primary HIV-1 infection. Proc. Natl. Acad. Sci. U.S.A. 95, 8869–8873. doi: 10.1073/pnas.95.15.8869

Chun, T. W., Stuyver, L., Mizell, S. B., Ehler, L. A., Mican, J. A., Baseler, M., et al. (1997). Presence of an inducible HIV-1 latent reservoir during highly active antiretroviral therapy. Proc. Natl. Acad. Sci. U.S.A. 94, 13193–13197. doi: 10.1073/pnas.94.24.13193

Chung, H.-Y., Morita, E., von Schwedler, U., Müller, B., Kräusslich, H.-G., and Sundquist, W. I. (2008). NEDD4L overexpression rescues the release and infectivity of human immunodeficiency virus type 1 constructs lacking PTAP and YPXL late domains. J. Virol. 82, 4884–4897. doi: 10.1128/JVI.02667-07

Cicala, C., Arthos, J., Censoplano, N., Cruz, C., Chung, E., Martinelli, E., et al. (2006). HIV-1 gp120 induces NFAT nuclear translocation in resting CD4+ T-cells. Virology 345, 105–114. doi: 10.1016/j.virol.2005.09.052

Clerzius, G., Shaw, E., Daher, A., Burugu, S., Gélinas, J.-F., Ear, T., et al. (2013). The PKR activator, PACT, becomes a PKR inhibitor during HIV-1 replication. Retrovirology 10:96. doi: 10.1186/1742-4690-10-96

Cocka, L. J., and Bates, P. (2012). Identification of alternatively translated tetherin isoforms with differing antiviral and signaling activities. PLoS Pathog. 8:e1002931. doi: 10.1371/journal.ppat.1002931

Coiras, M., Bermejo, M., Descours, B., Mateos, E., García-Pérez, J., López-Huertas, M. R., et al. (2016). IL-7 induces SAMHD1 phosphorylation in CD4+ T lymphocytes, improving early steps of HIV-1 life cycle. Cell Rep. 14, 2100–2107. doi: 10.1016/j.celrep.2016.02.022

Col, E., Caron, C., Chable-Bessia, C., Legube, G., Gazzeri, S., Komatsu, Y., et al. (2005). HIV-1 Tat targets Tip60 to impair the apoptotic cell response to genotoxic stresses. EMBO J. 24, 2634–2645. doi: 10.1038/sj.emboj.7600734

Col, E., Caron, C., Seigneurin-Berny, D., Gracia, J., Favier, A., and Khochbin, S. (2001). The histone acetyltransferase, hGCN5, interacts with and acetylates the HIV transactivator, tat. J. Biol. Chem. 276, 28179–28184. doi: 10.1074/jbc.M101385200

Colby, D. J., Trautmann, L., Pinyakorn, S., Leyre, L., Pagliuzza, A., Kroon, E., et al. (2018). Rapid HIV RNA rebound after antiretroviral treatment interruption in persons durably suppressed in Fiebig I acute HIV infection. Nat. Med. 24, 923–926. doi: 10.1038/s41591-018-0026-6

Conrad, R. J., and Ott, M. (2016). Therapeutics targeting protein acetylation perturb latency of human viruses. ACS Chem. Biol. 11, 669–680. doi: 10.1021/acschembio.5b00999

Conticello, S. G., Harris, R. S., and Neuberger, M. S. (2003). The Vif protein of HIV triggers degradation of the human antiretroviral DNA deaminase APOBEC3G. Curr. Biol. 13, 2009–2013. doi: 10.1016/j.cub.2003.10.034

Cooper, A., García, M., Petrovas, C., Yamamoto, T., Koup, R. A., and Nabel, G. J. (2013). HIV-1 causes CD4 cell death through DNA-dependent protein kinase during viral integration. Nature 498, 376–379. doi: 10.1038/nature12274

Cosnefroy, O., Jaspart, A., Calmels, C., Parissi, V., Fleury, H., Ventura, M., et al. (2013). Activation of GCN2 upon HIV-1 infection and inhibition of translation. Cell. Mol. Life Sci. 70, 2411–2421. doi: 10.1007/s00018-013-1272-x

Coull, J. J., Romerio, F., Sun, J. M., Volker, J. L., Galvin, K. M., Davie, J. R., et al. (2000). The human factors YY1 and LSF repress the human immunodeficiency virus type 1 long terminal repeat via recruitment of histone deacetylase 1. J. Virol. 74, 6790–6799. doi: 10.1128/JVI.74.15.6790-6799.2000.Updated

Creaven, M., Hans, F., Mutskov, V., Col, E., Caron, C., Dimitrov, S., et al. (1999). Control of the histone-acetyltransferase activity of Tip60 by the HIV-1 transactivator protein, Tat. Biochemistry 38, 8826–8830. doi: 10.1021/bi9907274

Cribier, A., Descours, B., Valadão, A. L. C., Laguette, N., and Benkirane, M. (2013). Phosphorylation of SAMHD1 by cyclin A2/CDK1 regulates its restriction activity toward HIV-1. Cell Rep. 3, 1036–1043. doi: 10.1016/j.celrep.2013.03.017

Crooks, A. M., Bateson, R., Cope, A. B., Dahl, N. P., Griggs, M. K., Kuruc, J. A. D., et al. (2015). Precise quantitation of the latent HIV-1 reservoir: implications for eradication strategies. J. Infect. Dis. 212, 1361–1365. doi: 10.1093/infdis/jiv218

Cujec, T. P., Okamoto, H., Fujinaga, K., Meyer, J., Chamberlin, H., Morgan, D. O., et al. (1997). The HIV transactivator TAT binds to the CDK-activating kinase and activates the phosphorylation of the carboxy-terminal domain of RNA polymerase II. Genes Dev. 11, 2645–2657. doi: 10.1101/gad.11.20.2645

Daniel, R., Kao, G., Taganov, K., Greger, J. G., Favorova, O., Merkel, G., et al. (2003). Evidence that the retroviral DNA integration process triggers an ATR-dependent DNA damage response. Proc. Natl. Acad. Sci. U.S.A. 100, 4778–4783. doi: 10.1073/pnas.0730887100

del Pino, J., Jiménez, J. L., Ventoso, I., Castelló, A., Muñoz-Fernández, M.Á, de Haro, C., et al. (2012). GCN2 has inhibitory effect on human immunodeficiency virus-1 protein synthesis and is cleaved upon viral infection. PLoS One 7:e47272. doi: 10.1371/journal.pone.0047272

Deng, J., Mitsuki, Y., Shen, G., Ray, J. C., Cicala, C., Arthos, J., et al. (2016). HIV envelope gp120 alters t cell receptor mobilization in the immunological synapse of uninfected CD4 T cells and augments T cell activation. J. Virol. 90, 10513–10526. doi: 10.1128/JVI.01532-16

Deng, L., Ammosova, T., Pumfery, A., Kashanchi, F., and Nekhai, S. (2002). HIV-1 Tat interaction with RNA polymerase II C-terminal domain (CTD) and a dynamic association with CDK2 induce CTD phosphorylation and transcription from HIV-1 promoter. J. Biol. Chem. 277, 33922–33929. doi: 10.1074/jbc.M111349200

Deng, L., de la Fuente, C., Fu, P., Wang, L., Donnelly, R., Wade, J. D., et al. (2000). Acetylation of HIV-1 Tat by CBP/P300 increases transcription of integrated HIV-1 genome and enhances binding to core histones. Virology 277, 278–295. doi: 10.1006/viro.2000.0593

Despras, E., Sittewelle, M., Pouvelle, C., Delrieu, N., Cordonnier, A. M., and Kannouche, P. L. (2016). Rad18-dependent SUMOylation of human specialized DNA polymerase Eta is required to prevent under-replicated DNA. Nat. Commun. 7:13326. doi: 10.1038/ncomms13326

Devroe, E., Silver, P. A., and Engelman, A. (2005). HIV-1 incorporates and proteolytically processes human NDR1 and NDR2 serine-threonine kinases. Virology 331, 181–189. doi: 10.1016/j.virol.2004.10.023

Dingwall, C., Ernberg, I., Gait, M. J., Green, S. M., Heaphy, S., Karn, J., et al. (1990). HIV-1 tat protein stimulates transcription by binding to a U-rich bulge in the stem of the TAR RNA structure. EMBO J. 9, 4145–4153.

Dochi, T., Nakano, T., Inoue, M., Takamune, N., Shoji, S., Sano, K., et al. (2014). Phosphorylation of human immunodeficiency virus type 1 capsid protein at serine 16, required for peptidyl-prolyl isomerase-dependent uncoating, is mediated by virion-incorporated extracellular signal-regulated kinase 2. J. Gen. Virol. 95, 1156–1166. doi: 10.1099/vir.0.060053-0

D’Orso, I., and Frankel, A. D. (2009). Tat acetylation modulates assembly of a viral-host RNA-protein transcription complex. Proc. Natl. Acad. Sci. U.S.A. 106, 3101–3106. doi: 10.1073/pnas.0900012106

Douglas, J. L., Viswanathan, K., McCarroll, M. N., Gustin, J. K., Früh, K., and Moses, A. V. (2009). Vpu directs the degradation of the human immunodeficiency virus restriction factor BST-2/Tetherin via a {beta}TrCP-dependent mechanism. J. Virol. 83, 7931–7947. doi: 10.1128/JVI.00242-09

du Chéné, I., Basyuk, E., Lin, Y. L., Triboulet, R., Knezevich, A., Chable-Bessia, C., et al. (2007). Suv39H1 and HP1γ are responsible for chromatin-mediated HIV-1 transcriptional silencing and post-integration latency. EMBO J. 26, 424–435. doi: 10.1038/sj.emboj.7601517

Duan, G., Li, X., and Köhn, M. (2015). The human DEPhOsphorylation database DEPOD: a 2015 update. Nucleic Acids Res. 43, D531–D535. doi: 10.1093/nar/gku1009

El Kharroubi, A., Piras, G., Zensen, R., and Martin, M. A. (1998). Transcriptional activation of the integrated chromatin-associated human immunodeficiency virus type 1 promoter. Mol. Cell. Biol. 18, 2535–2544. doi: 10.1128/MCB.18.5.2535

Endo-Munoz, L., Warby, T., Harrich, D., and McMillan, N. A. J. (2005). Phosphorylation of HIV Tat by PKR increases interaction with TAR RNA and enhances transcription. Virol. J. 2, 17. doi: 10.1186/1743-422X-2-17

Eriksson, S., Graf, E. H., Dahl, V., Strain, M. C., Yukl, S. A., Lysenko, E. S., et al. (2013). Comparative analysis of measures of viral reservoirs in HIV-1 eradication studies. PLoS Pathog. 9:e1003174. doi: 10.1371/journal.ppat.1003174

Estaquier, J., Zaunders, J., and Laforge, M. (2013). HIV integrase and the swan song of the CD4 T cells? Retrovirology 10:149. doi: 10.1186/1742-4690-10-149

Fassati, A., and Goff, S. P. (2001). Characterization of intracellular reverse transcription complexes of human immunodeficiency virus type 1. J. Virol. 75, 3626–3635. doi: 10.1128/JVI.75.8.3626-3635.2001

Faust, T. B., Li, Y., Jang, G. M., Johnson, J. R., Yang, S., Weiss, A., et al. (2017). PJA2 ubiquitinates the HIV-1 Tat protein with atypical chain linkages to activate viral transcription. Sci. Rep. 7:45394. doi: 10.1038/srep45394

Fernandez, J., Portilho, D. M., Danckaert, A., Munier, S., Becker, A., Roux, P., et al. (2015). Microtubule-associated proteins 1 (MAP1) promote human immunodeficiency virus type I (HIV-1) intracytoplasmic routing to the nucleus. J. Biol. Chem. 290, 4631–4646. doi: 10.1074/jbc.M114.613133

Finzi, D., Blankson, J., Siliciano, J. D., Margolick, J. B., Chadwick, K., Pierson, T., et al. (1999). Latent infection of CD4+T cells provides a mechanism for lifelong persistence of HIV-1, even in patients on effective combination therapy. Nat. Med. 5, 512–517. doi: 10.1038/8394

Flory, E., Weber, C. K., Chen, P., Hoffmeyer, A., Jassoy, C., and Rapp, U. R. (1998). Plasma membrane-targeted Raf kinase activates NF-kappaB and human immunodeficiency virus type 1 replication in T lymphocytes. J. Virol. 72, 2788–2794.

Folks, T., Powell, D. M., Lightfoote, M. M., Benn, S., Martin, M. A., and Fauci, A. S. (1986). Induction of HTLV-III/LAV from a nonvirus-producing T-cell line: implications for latency. Science 231, 600–602. doi: 10.1126/science.3003906

Friedman, J., Cho, W.-K., Chu, C. K., Keedy, K. S., Archin, N. M., Margolis, D. M., et al. (2011). Epigenetic silencing of HIV-1 by the histone H3 lysine 27 methyltransferase enhancer of zeste 2. J. Virol. 85, 9078–9089. doi: 10.1128/JVI.00836-11

Furia, B., Deng, L., Wu, K., Baylor, S., Kehn, K., Li, H., et al. (2002). Enhancement of nuclear factor-κB acetylation by coactivator p300 and HIV-1 Tat proteins. J. Biol. Chem. 277, 4973–4980. doi: 10.1074/jbc.M107848200

Gabuzda, D. H., Ho, D. D., de la Monte, S. M., Hirsch, M. S., Rota, T. R., and Sobel, R. A. (1986). Immunohistochemical identification of HTLV-III antigen in brains of patients with AIDS. Ann. Neurol. 20, 289–295. doi: 10.1002/ana.410200304

Galão, R. P., Le Tortorec, A., Pickering, S., Kueck, T., and Neil, S. J. D. (2012). Innate sensing of HIV-1 assembly by tetherin induces NFκB-dependent proinflammatory responses. Cell Host Microbe 12, 633–644. doi: 10.1016/j.chom.2012.10.007

Gallay, P., Swingler, S., Aiken, C., and Trono, D. (1995). HIV-1 infection of nondividing cells: c-terminal tyrosine phosphorylation of the viral matrix protein is a key regulator. Cell 80, 379–388. doi: 10.1016/0092-8674(95)90488-3

Gao, D., Wu, J., Wu, Y.-T., Du, F., Aroh, C., Yan, N., et al. (2013). Cyclic GMP-AMP synthase is an innate immune sensor of HIV and other retroviruses. Science 341, 903–906. doi: 10.1126/science.1240933

Gao, T., Liu, Z., Wang, Y., Cheng, H., Yang, Q., Guo, A., et al. (2013). UUCD: a family-based database of ubiquitin and ubiquitin-like conjugation. Nucleic Acids Res. 41, D445–D451. doi: 10.1093/nar/gks1103

Garber, M. E., Wei, P., and Jones, K. A. (1998). HIV-1 Tat interacts with cyclin T1 to direct the P-TEFb CTD kinase complex to TAR RNA. Cold Spring Harb. Symp. Quant. Biol. 63, 371–380. doi: 10.1101/sqb.1998.63.371

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

Goncalves, J., and Santa-Marta, M. (2004). HIV-1 Vif and APOBEC3G: multiple roads to one goal. Retrovirology 1:28. doi: 10.1186/1742-4690-1-28

Guy, B., Kieny, M. P., Riviere, Y., Le Peuch, C., Dott, K., Girard, M., et al. (1987). HIV F/3’ orf encodes a phosphorylated GTP-binding protein resembling an oncogene product. Nature 330, 266–269. doi: 10.1038/330266a0

Harada, S., Haneda, E., Maekawa, T., Morikawa, Y., Funayama, S., Nagata, N., et al. (1999). Casein kinase II (CK-II)-mediated stimulation of HIV-1 reverse transcriptase activity and characterization of selective inhibitors in vitro. Biol. Pharm. Bull. 22, 1122–1126. doi: 10.1248/bpb.22.1122

Harris, R. S., Bishop, K. N., Sheehy, A. M., Craig, H. M., Petersen-Mahrt, S. K., Watt, I. N., et al. (2003). DNA deamination mediates innate immunity to retroviral infection. Cell 113, 803–809. doi: 10.1016/S0092-8674(03)00423-9

Harrod, R., Nacsa, J., Van Lint, C., Hansen, J., Karpova, T., McNally, J., et al. (2003). Human immunodeficiency virus type-1 Tat/co-activator acetyltransferase interactions inhibit p53Lys-320 acetylation and p53-responsive transcription. J. Biol. Chem. 278, 12310–12318. doi: 10.1074/jbc.M211167200

Hauser, H., Lopez, L. A., Yang, S. J., Oldenburg, J. E., Exline, C. M., Guatelli, J. C., et al. (2010). HIV-1 Vpu and HIV-2 Env counteract BST-2/tetherin by sequestration in a perinuclear compartment. Retrovirology 7:51. doi: 10.1186/1742-4690-7-51

He, G., and Margolis, D. M. (2002). Counterregulation of chromatin deacetylation and histone deacetylase occupancy at the integrated promoter of human immunodeficiency virus type 1 (HIV-1) by the HIV-1 repressor YY1 and HIV-1 activator Tat. Mol. Cell. Biol. 22, 2965–2973. doi: 10.1128/MCB.22.9.2965-2973.2002

He, N., Liu, M., Hsu, J., Xue, Y., Chou, S., Burlingame, A., et al. (2010). HIV-1 Tat and host AFF4 recruit two transcription elongation factors into a bifunctional complex for coordinated activation of HIV-1 transcription. Mol. Cell 38, 428–438. doi: 10.1016/j.molcel.2010.04.013

Hemonnot, B., Cartier, C., Gay, B., Rebuffat, S., Bardy, M., Devaux, C., et al. (2004). The host cell MAP kinase ERK-2 regulates viral assembly and release by phosphorylating the p6gag protein of HIV-1. J. Biol. Chem. 279, 32426–32434. doi: 10.1074/jbc.M313137200

Herrmann, C. H., and Rice, A. P. (1993). Specific interaction of the human immunodeficiency virus Tat proteins with a cellular protein kinase. Virology 197, 601–608. doi: 10.1006/viro.1993.1634

Hilditch, L., and Towers, G. J. (2014). A model for cofactor use during HIV-1 reverse transcription and nuclear entry. Curr. Opin. Virol. 4, 32–36. doi: 10.1016/j.coviro.2013.11.003

Ho, Y. C., Shan, L., Hosmane, N. N., Wang, J., Laskey, S. B., Rosenbloom, D. I. S., et al. (2013). XReplication-competent noninduced proviruses in the latent reservoir increase barrier to HIV-1 cure. Cell 155, 540–551. doi: 10.1016/j.cell.2013.09.020

Hofmann, H., Logue, E. C., Bloch, N., Daddacha, W., Polsky, S. B., Schultz, M. L., et al. (2012). The Vpx lentiviral accessory protein targets SAMHD1 for degradation in the nucleus. J. Virol. 86, 12552–12560. doi: 10.1128/JVI.01657-12

Hulme, A. E., Perez, O., and Hope, T. J. (2011). Complementary assays reveal a relationship between HIV-1 uncoating and reverse transcription. Proc. Natl. Acad. Sci. U.S.A. 108, 9975–9980. doi: 10.1073/pnas.1014522108

Hunter, T., and Karin, M. (1992). The regulation of transcription by phosphorylation. Cell 70, 375–387. doi: 10.1016/0092-8674(92)90162-6

Huo, L., Li, D., Sun, X., Shi, X., Karna, P., Yang, W., et al. (2011). Regulation of Tat acetylation and transactivation activity by the microtubule-associated deacetylase HDAC6. J. Biol. Chem. 286, 9280–9286. doi: 10.1074/jbc.M110.208884

Idriss, H., Kawa, S., Damuni, Z., Thompson, E. B., and Wilson, S. H. (1999). HIV-1 reverse transcriptase is phosphorylated in vitro and in a cellular system. Int. J. Biochem. Cell Biol. 31, 1443–1452. doi: 10.1016/S1357-2725(99)00097-7

Imai, K., and Okamoto, T. (2006). Transcriptional repression of human immunodeficiency virus type 1 by AP-4. J. Biol. Chem. 281, 12495–12505. doi: 10.1074/jbc.M511773200

Imai, K., Togami, H., and Okamoto, T. (2010). Involvement of histone H3 lysine 9 (H3K9) methyltransferase G9a in the maintenance of HIV-1 latency and its reactivation by BIX01294. J. Biol. Chem. 285, 16538–16545. doi: 10.1074/jbc.M110.103531

Iordanskiy, S., Berro, R., Altieri, M., Kashanchi, F., and Bukrinsky, M. (2006). Intracytoplasmic maturation of the human immunodeficiency virus type 1 reverse transcription complexes determines their capacity to integrate into chromatin. Retrovirology 3:4. doi: 10.1186/1742-4690-3-4

Iwatani, Y., Chan, D. S. B., Wang, F., Maynard, K. S., Sugiura, W., Gronenborn, A. M., et al. (2007). Deaminase-independent inhibition of HIV-1 reverse transcription by APOBEC3G. Nucleic Acids Res. 35, 7096–7108. doi: 10.1093/nar/gkm750

Izumi, T., Takaori-Kondo, A., Shirakawa, K., Higashitsuji, H., Itoh, K., Io, K., et al. (2009). MDM2 is a novel E3 ligase for HIV-1 Vif. Retrovirology 6:1. doi: 10.1186/1742-4690-6-1

Jacqué, J. M., Mann, A., Enslen, H., Sharova, N., Brichacek, B., Davis, R. J., et al. (1998). Modulation of HIV-1 infectivity by MAPK, a virion-associated kinase. EMBO J. 17, 2607–2618. doi: 10.1093/emboj/17.9.2607

Jacques, D. A., McEwan, W. A., Hilditch, L., Price, A. J., Towers, G. J., and James, L. C. (2016). HIV-1 uses dynamic capsid pores to import nucleotides and fuel encapsidated DNA synthesis. Nature 536, 349–353. doi: 10.1038/nature19098

Janvier, K., Pelchen-Matthews, A., Renaud, J. B., Caillet, M., Marsh, M., and Berlioz-Torrent, C. (2011). The ESCRT-0 component HRS is required for HIV-1 Vpu-mediated BST-2/tetherin down-regulation. PLoS Pathog. 7:e1001265. doi: 10.1371/journal.ppat.1001265

Jaspart, A., Calmels, C., Cosnefroy, O., Bellecave, P., Pinson, P., Claverol, S., et al. (2017). GCN2 phosphorylates HIV-1 integrase and decreases HIV-1 replication by limiting viral integration. Sci. Rep. 7:2283. doi: 10.1038/s41598-017-02276-0

Jiang, G., Espeseth, A., Hazuda, D. J., and Margolis, D. M. (2007). c-Myc and Sp1 contribute to proviral latency by recruiting histone deacetylase 1 to the human immunodeficiency virus type 1 promoter. J. Virol. 81, 10914–10923. doi: 10.1128/JVI.01208-07

Jiménez-Baranda, S., Gómez-Moutón, C., Rojas, A., Martínez-Prats, L., Mira, E., Ana Lacalle, R., et al. (2007). Filamin-A regulates actin-dependent clustering of HIV receptors. Nat. Cell Biol. 9, 838–846. doi: 10.1038/ncb1610

Jolly, C., Mitar, I., and Sattentau, Q. J. (2007). Requirement for an intact T-cell actin and tubulin cytoskeleton for efficient assembly and spread of human immunodeficiency virus type 1. J. Virol. 81, 5547–5560. doi: 10.1128/JVI.01469-06

Jones, K. A., Kadonaga, J. T., Luciw, P. A., and Tjian, R. (1986). Activation of the AIDS retrovirus promoter by the cellular transcription factor. Sp1. Science 232, 755–759. doi: 10.1126/science.3008338

Jordan, A., Bisgrove, D., and Verdin, E. (2003). HIV reproducibly establishes a latent infection after acute infection of T cells in vitro. EMBO J. 22, 1868–1877. doi: 10.1093/emboj/cdg188

Juszczak, R. J., Turchin, H., Truneh, A., Culp, J., and Kassis, S. (1991). Effect of human immunodeficiency virus gp120 glycoprotein on the association of the protein tyrosine kinase p56lck with CD4 in human T lymphocytes. J. Biol. Chem. 266, 11176–11183.

Kadonaga, J. T., Tjian, R., and Alberts, B. M. (1986). Affinity purification of sequence-specific DNA binding proteins (DNA-agarose affinity chromatography/competitor DNA/transcription factor Spl/synthetic oligodeoxynucleotides). Biochemistry 83, 5889–5893.

Kao, S., Khan, M. A., Miyagi, E., Plishka, R., Buckler-White, A., and Strebel, K. (2003). The human immunodeficiency virus type 1 Vif protein reduces intracellular expression and inhibits packaging of APOBEC3G (CEM15), a cellular inhibitor of virus infectivity. J. Virol. 77, 11398–11407. doi: 10.1128/JVI.77.21.11398-11407.2003

Keedy, K. S., Archin, N. M., Gates, A. T., Espeseth, A., Hazuda, D. J., and Margolis, D. M. (2009). A limited group of class I histone deacetylases acts to repress human immunodeficiency virus type 1 expression. J. Virol. 83, 4749–4756. doi: 10.1128/JVI.02585-08

Kiernan, R. E., Vanhulle, C., Schiltz, L., Adam, E., Xiao, H., Maudoux, F., et al. (1999). HIV-1 tat transcriptional activity is regulated by acetylation. EMBO J. 18, 6106–6118. doi: 10.1093/emboj/18.21.6106

Kinet, S., Bernard, F., Mongellaz, C., Perreau, M., Goldman, F. D., and Taylor, N. (2002). gp120-mediated induction of the MAPK cascade is dependent on the activation state of CD4+ lymphocytes. Blood 100, 2546–2553. doi: 10.1182/blood-2002-03-0819

Kluge, S. F., Mack, K., Iyer, S. S., Pujol, F. M., Heigele, A., Learn, G. H., et al. (2014). Nef proteins of epidemic HIV-1 group O strains antagonize human tetherin. Cell Host Microbe 16, 639–650. doi: 10.1016/j.chom.2014.10.002

Kroll, M., Margottin, F., Kohl, A., Renard, P., Durand, H., Concordet, J. P., et al. (1999). Inducible degradation of IκBα by the proteasome requires interaction with the F-box protein h-βTrCP. J. Biol. Chem. 274, 7941–7945. doi: 10.1074/jbc.274.12.7941

Kubo, Y., Yoshii, H., Kamiyama, H., Tominaga, C., Tanaka, Y., Sato, H., et al. (2008). Ezrin, Radixin, and Moesin (ERM) proteins function as pleiotropic regulators of human immunodeficiency virus type 1 infection. Virology 375, 130–140. doi: 10.1016/j.virol.2008.01.047

Kudoh, A., Takahama, S., Sawasaki, T., Ode, H., Yokoyama, M., Okayama, A., et al. (2014). The phosphorylation of HIV-1 Gag by atypical protein kinase C facilitates viral infectivity by promoting Vpr incorporation into virions. Retrovirology 11:9. doi: 10.1186/1742-4690-11-9

Kueck, T., Foster, T. L., Weinelt, J., Sumner, J. C., Pickering, S., and Neil, S. J. D. (2015). Serine phosphorylation of HIV-1 Vpu and its binding to tetherin regulates interaction with clathrin adaptors. PLoS Pathog. 11:e1005141. doi: 10.1371/journal.ppat.1005141

Kwon, H. S., Brent, M. M., Getachew, R., Jayakumar, P., Chen, L. F., Schnolzer, M., et al. (2008). Human immunodeficiency virus type 1 Tat protein inhibits the SIRT1 deacetylase and induces T cell hyperactivation. Cell Host Microbe 3, 158–167. doi: 10.1016/j.chom.2008.02.002

Laguette, N., Brégnard, C., Hue, P., Basbous, J., Yatim, A., Larroque, M., et al. (2014). Premature activation of the slx4 complex by vpr promotes g2/m arrest and escape from innate immune sensing. Cell 156, 134–145. doi: 10.1016/j.cell.2013.12.011

Laguette, N., Sobhian, B., Casartelli, N., Ringeard, M., Chable-Bessia, C., Ségéral, E., et al. (2011). SAMHD1 is the dendritic- and myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. Nature 474, 654–657. doi: 10.1038/nature10117

Lahouassa, H., Daddacha, W., Hofmann, H., Ayinde, D., Eric, C., Dragin, L., et al. (2013). SAMHD1 restricts HIV-1 by reducing the intracellular pool of deoxynucleotide triphosphates. Nat. Immunol. 13, 223–228. doi: 10.1038/ni.2236.SAMHD1

Landry, S., Halin, M., Lefort, S., Audet, B., Vaquero, C., Mesnard, J. M., et al. (2007). Detection, characterization and regulation of antisense transcripts in HIV-1. Retrovirology 4:71. doi: 10.1186/1742-4690-4-71

Lee, G. Q., and Lichterfeld, M. (2016). Diversity of HIV-1 reservoirs in CD4+ T-cell subpopulations. Curr. Opin. HIV AIDS 11, 383–387. doi: 10.1097/COH.0000000000000281

Len, A. C. L., Starling, S., Shivkumar, M., and Jolly, C. (2017). HIV-1 activates T cell signaling independently of antigen to drive viral spread. Cell Rep. 18, 1062–1074. doi: 10.1016/j.celrep.2016.12.057

Leng, J., Ho, H. P., Buzon, M. J., Pereyra, F., Walker, B. D., Yu, X. G., et al. (2014). A cell-intrinsic inhibitor of HIV-1 reverse transcription in CD4 + T cells from elite controllers. Cell Host Microbe 15, 717–728. doi: 10.1016/j.chom.2014.05.011

Lewinski, M. K., Bisgrove, D., Shinn, P., Chen, H., Hoffmann, C., Hannenhalli, S., et al. (2005). Genome-wide analysis of chromosomal features repressing human immunodeficiency virus transcription. J. Virol. 79, 6610–6619. doi: 10.1128/JVI.79.11.6610-6619.2005

Lewis, P., Hensel, M., and Emerman, M. (1992). Human immunodeficiency virus infection of cells arrested in the cell cycle. EMBO J. 11, 3053–3058.

Li, Z., Wu, S., Wang, J., Li, W., Lin, Y., Ji, C., et al. (2012). Evaluation of the interactions of HIV-1 integrase with small ubiquitin-like modifiers and their conjugation enzyme Ubc9. Int. J. Mol. Med. 30, 1053–1060. doi: 10.3892/ijmm.2012.1088

Liddament, M. T., Brown, W. L., Schumacher, A. J., and Harris, R. S. (2004). APOBEC3F properties and hypermutation preferences indicate activity against HIV-1 in vivo. Curr. Biol. 14, 1385–1391. doi: 10.1016/j.cub.2004.06.050

Lin, C.-W., and Engelman, A. (2003). The barrier-to-autointegration factor is a component of functional human immunodeficiency virus type 1 preintegration complexes. J. Virol. 77, 5030–5036. doi: 10.1128/JVI.77.8.5030-5036.2003

Liu, M., Hsu, J., Chan, C., Li, Z., and Zhou, Q. (2012). The ubiquitin ligase Siah1 controls ELL2 stability and formation of super elongation complexes to modulate gene transcription. Mol. Cell 46, 325–334. doi: 10.1016/j.molcel.2012.03.007

Llano, M., Delgado, S., Vanegas, M., and Poeschla, E. M. (2004a). Lens epithelium-derived growth factor/p75 prevents proteasomal degradation of HIV-1 integrase. J. Biol. Chem. 279, 55570–55577. doi: 10.1074/jbc.M408508200

Llano, M., Vanegas, M., Fregoso, O., Saenz, D., Chung, S., Peretz, M., et al. (2004b). LEDGF/p75 determines cellular trafficking of diverse lentiviral but not murine oncoretroviral integrase proteins and is a component of functional lentiviral preintegration complexes. J. Virol. 78, 9524–9537. doi: 10.1128/JVI.78.17.9524-9537.2004

Lorenzo-Redondo, R., Fryer, H. R., Bedford, T., Kim, E. Y., Archer, J., Kosakovsky Pond, S. L., et al. (2016). Persistent HIV-1 replication maintains the tissue reservoir during therapy. Nature 530, 51–56. doi: 10.1038/nature16933

Lukic, Z., Dharan, A., Fricke, T., Diaz-Griffero, F., and Campbell, E. M. (2014). HIV-1 uncoating is facilitated by dynein and kinesin 1. J. Virol. 88, 13613–13625. doi: 10.1128/JVI.02219-14

Lusic, M., Marcello, A., Cereseto, A., and Giacca, M. (2003). Regulation of HIV-1 gene expression by histone acetylation and factor recruitment at the LTR promoter. EMBO J. 22, 6550–6561. doi: 10.1093/emboj/cdg631

Maddon, P. J., Dalgleish, A. G., McDougal, J. S., Clapham, P. R., Weiss, R. A., and Axel, R. (1986). The T4 gene encodes the AIDS virus receptor and is expressed in the immune system and the brain. Cell 47, 333–348. doi: 10.1016/0092-8674(86)90590-8

Magadán, J. G., Pérez-Victoria, F. J., Sougrat, R., Ye, Y., Strebel, K., and Bonifacino, J. S. (2010). Multilayered mechanism of CD4 downregulation by HIV-1 Vpu involving distinct ER retention and ERAD targeting steps. PLoS Pathog. 6:e1000869. doi: 10.1371/journal.ppat.1000869

Malikov, V., Da Silva, E. S., Jovasevic, V., Bennett, G., De Souza Aranha Vieira, D. A., Schulte, B., et al. (2015). HIV-1 capsids bind and exploit the kinesin-1 adaptor FEZ1 for inward movement to the nucleus. Nat. Commun. 6:6660. doi: 10.1038/ncomms7660

Malikov, V., and Naghavi, M. H. (2017). Localized phosphorylation of a kinesin-1 adaptor by a capsid-associated kinase regulates HIV-1 motility and uncoating. Cell Rep. 20, 2792–2799. doi: 10.1016/j.celrep.2017.08.076

Manganaro, L., Lusic, M., Gutierrez, M. I., Cereseto, A., Del Sal, G., and Giacca, M. (2010). Concerted action of cellular JNK and Pin1 restricts HIV-1 genome integration to activated CD4+ T lymphocytes. Nat. Med. 16, 329–333. doi: 10.1038/nm.2102

Mangeat, B., Gers-Huber, G., Lehmann, M., Zufferey, M., Luban, J., and Piguet, V. (2009). HIV-1 Vpu neutralizes the antiviral factor tetherin/BST-2 by binding it and directing its beta-TrCP2-dependent degradation. PLoS Pathog. 5:e1000574. doi: 10.1371/journal.ppat.1000574

Mangeat, B., Turelli, P., Caron, G., Friedli, M., Perrin, L., and Trono, D. (2003). Broad antiretroviral defence by human APOBEC3G through lethal editing of nascent reverse transcripts. Nature 424, 99–103. doi: 10.1038/nature01709

Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S. (2002). The protein kinase complement of the human genome. Science 298, 1912–1934. doi: 10.1126/science.1075762

Marban, C., Redel, L., Suzanne, S., Van Lint, C., Lecestre, D., Chasserot-Golaz, S., et al. (2005). COUP-TF interacting protein 2 represses the initial phase of HIV-1 gene transcription in human microglial cells. Nucleic Acids Res. 33, 2318–2331. doi: 10.1093/nar/gki529

Marban, C., Suzanne, S., Dequiedt, F., De Walque, S., Redel, L., Van Lint, C., et al. (2007). Recruitment of chromatin-modifying enzymes by CTIP2 promotes HIV-1 transcriptional silencing. EMBO J. 26, 412–423. doi: 10.1038/sj.emboj.7601516

Margottin, F., Bour, S. P., Durand, H., Selig, L., Benichou, S., Richard, V., et al. (1998). A novel human WD protein, h-βTrCP, that interacts with HIV-1 Vpu connects CD4 to the ER degradation pathway through an F-box motif. Mol. Cell 1, 565–574. doi: 10.1016/S1097-2765(00)80056-8

Mariani, R., Chen, D., Schröfelbauer, B., Navarro, F., König, R., Bollman, B., et al. (2003). Species-specific exclusion of APOBEC3G from HIV-1 virions by Vif. Cell 114, 21–31. doi: 10.1016/S0092-8674(03)00515-4

Marin, M., Rose, K. M., Kozak, S. L., and Kabat, D. (2003). HIV-1 Vif protein binds the editing enzyme APOBEC3G and induces its degradation. Nat. Med. 9, 1398–1403. doi: 10.1038/nm946

Matreyek, K. A., and Engelman, A. (2013). Viral and cellular requirements for the nuclear entry of retroviral preintegration nucleoprotein complexes. Viruses 5, 2483–2511. doi: 10.3390/v5102483

Mbonye, U., and Karn, J. (2014). Transcriptional control of HIV latency: cellular signaling pathways, epigenetics, happenstance and the hope for a cure. Virology 45, 328–339. doi: 10.1016/j.virol.2014.02.008

McCarthy, S. D. S., Jung, D., Sakac, D., and Branch, D. R. (2014). c-Src and Pyk2 protein tyrosine kinases play protective roles in early HIV-1 infection of CD4+ T-cell lines. J. Acquir. Immune Defic. Syndr. 66, 118–126. doi: 10.1097/QAI.0000000000000105

McDonald, D., Vodicka, M. A., Lucero, G., Svitkina, T. M., Borisy, G. G., Emerman, M., et al. (2002). Visualization of the intracellular behavior of HIV in living cells. J. Cell Biol. 159, 441–452. doi: 10.1083/jcb.200203150

McDougal, J. S., Nicholson, J. K., Cross, G. D., Cort, S. P., Kennedy, M. S., and Mawle, A. C. (1986). Binding of the human retrovirus HTLV-III/LAV/ARV/HIV to the CD4 (T4) molecule: conformation dependence, epitope mapping, antibody inhibition, and potential for idiotypic mimicry. J. Immunol. 137, 2937–2944.

Medvar, B., Raghuram, V., Pisitkun, T., Sarkar, A., and Knepper, M. A. (2016). Comprehensive database of human E3 ubiquitin ligases: application to aquaporin-2 regulation. Physiol. Genomics 48, 502–512. doi: 10.1152/physiolgenomics.00031.2016

Mehle, A., Goncalves, J., Santa-Marta, M., McPike, M., and Gabuzda, D. (2004). Phosphorylation of a novel SOCS-box regulates assembly of the HIV-1 Vif-Cul5 complex that promotes APOBEC3G degradation. Genes Dev. 18, 2861–2866. doi: 10.1101/gad.1249904

Mettling, C., Desmetz, C., Fiser, A.-L., Réant, B., Corbeau, P., and Lin, Y.-L. (2008). Gαi protein-dependant extracellular signal-regulated kinase-1/2 activation is required for HIV-1 reverse transcription. AIDS 22, 1569–1576. doi: 10.1097/QAD.0b013e32830abdaf

Miller, M. D., Farnet, C. M., and Bushman, F. D. (1997). Human immunodeficiency virus type 1 preintegration complexes: studies of organization and composition. J. Virol. 71, 5382–5390.

Misumi, S., Inoue, M., Dochi, T., Kishimoto, N., Hasegawa, N., Takamune, N., et al. (2010). Uncoating of human immunodeficiency virus type 1 requires prolyl isomerase Pin1. J. Biol. Chem. 285, 25185–25195. doi: 10.1074/jbc.M110.114256

Mitchell, R. S., Katsura, C., Skasko, M. A., Fitzpatrick, K., Lau, D., Ruiz, A., et al. (2009). Vpu antagonizes BST-2-mediated restriction of HIV-1 release via β-TrCP and endo-lysosomal trafficking. PLoS Pathog. 5:e1000450. doi: 10.1371/journal.ppat.1000450

Montgomery, N. D., Yee, D., Chen, A., Kalantry, S., Chamberlain, S. J., Otte, A. P., et al. (2005). The murine polycomb group protein Eed is required for global histone H3 lysine-27 methylation. Curr. Biol. 15, 942–947. doi: 10.1016/j.cub.2005.04.051

Moog, C., Kuntz-Simon, G., Caussin-Schwemling, C., and Obert, G. (1996). Sodium valproate, an anticonvulsant drug, stimulates human immunodeficiency virus type 1 replication independently of glutathione levels. J. Gen. Virol. 77(Pt 9), 1993–1999. doi: 10.1099/0022-1317-77-9-1993

Mousnier, A., Kubat, N., Massias-Simon, A., Segeral, E., Rain, J.-C., Benarous, R., et al. (2007). von Hippel Lindau binding protein 1-mediated degradation of integrase affects HIV-1 gene expression at a postintegration step. Proc. Natl. Acad. Sci. U.S.A. 104, 13615–13620. doi: 10.1073/pnas.0705162104

Mulder, L. C. F., Chakrabarti, L. A., and Muesing, M. A. (2002). Interaction of HIV-1 integrase with DNA repair protein hRad18. J. Biol. Chem. 277, 27489–27493. doi: 10.1074/jbc.M203061200

Mulder, L. C. F., and Muesing, M. A. (2000). Degradation of HIV-1 integrase by the N-end rule pathway. J. Biol. Chem. 275, 29749–29753. doi: 10.1074/jbc.M004670200

Murray, A. J., Kwon, K. J., Farber, D. L., and Siliciano, R. F. (2016). The latent reservoir for HIV-1: how immunologic memory and clonal expansion contribute to HIV-1 persistence. J. Immunol. 197, 407–417. doi: 10.4049/jimmunol.1600343

Nabel, G., and Baltimore, D. (1987). An inducible transcription factor activates expression of human immunodeficiency virus in T cells. Nature 326, 711–713. doi: 10.1038/326711a0

Naghavi, M. H., Valente, S., Hatziioannou, T., De Los Santos, K., Wen, Y., Mott, C., et al. (2007). Moesin regulates stable microtubule formation and limits retroviral infection in cultured cells. EMBO J. 26, 41–52. doi: 10.1038/sj.emboj.7601475

Napolitano, L. A., Grant, R. M., Deeks, S. G., Schmidt, D., De Rosa, S. C., Herzenberg, L. A., et al. (2001). Increased production of IL-7 accompanies HIV-1-mediated T-cell depletion: implications for T-cell homeostasis. Nat. Med. 7, 73–79. doi: 10.1038/83381

Neil, S. J. D., Zang, T., and Bieniasz, P. D. (2008). Tetherin inhibits retrovirus release and is antagonized by HIV-1 Vpu. Nature 451, 425–430. doi: 10.1038/nature06553

Nishimura, Y., and Martin, M. A. (2017). Of Mice, Macaques, and Men: broadly Neutralizing Antibody Immunotherapy for HIV-1. Cell Host Microbe 22, 207–216. doi: 10.1016/j.chom.2017.07.010

O’Brien, S. K., Cao, H., Nathans, R., Ali, A., and Rana, T. M. (2010). P-TEFb kinase complex phosphorylates histone H1 to regulate expression of cellular and HIV-1 genes. J. Biol. Chem. 285, 29713–29720. doi: 10.1074/jbc.M110.125997

Ocwieja, K. E., Sherrill-Mix, S., Mukherjee, R., Custers-Allen, R., David, P., Brown, M., et al. (2012). Dynamic regulation of HIV-1 mRNA populations analyzed by single-molecule enrichment and long-read sequencing. Nucleic Acids Res. 40, 10345–10355. doi: 10.1093/nar/gks753

Ohtsuki, K., Maekawa, T., Harada, S., Karino, A., Morikawa, Y., and Ito, M. (1998). Biochemical characterization of HIV-1 Rev as a potent activator of casein kinase II in vitro. FEBS Lett. 428, 235–240. doi: 10.1016/S0014-5793(98)00538-9

Ott, M., Schnölzer, M., Garnica, J., Fischle, W., Emiliani, S., Rackwitz, H. R., et al. (1999). Acetylation of the HIV-1 tat protein by p300 is important for its transcriptional activity. Curr. Biol. 9, 1489–1492. doi: 10.1016/S0960-9822(00)80120-7

Otte, A. P., and Kwaks, T. H. J. (2003). Gene repression by Polycomb group protein complexes: a distinct complex for every occasion? Curr. Opin. Genet. Dev. 13, 448–454. doi: 10.1016/S0959-437X(03)00108-4

Pagans, S., Pedal, A., North, B. J., Kaehlcke, K., Marshall, B. L., Dorr, A., et al. (2005). SIRT1 regulates HIV transcription via Tat deacetylation. PLoS Biol. 3:e0030041. doi: 10.1371/journal.pbio.0030041

Patterson, S., and Knight, S. C. (1987). Susceptibility of human peripheral blood dendritic cells to infection by human immunodeficiency virus. J. Gen. Virol. 68, 1177–1181. doi: 10.1099/0022-1317-68-4-1177

Pearson, R., Kim, Y. K., Hokello, J., Lassen, K., Friedman, J., Tyagi, M., et al. (2008). Epigenetic silencing of Human Immunodeficiency Virus (HIV) transcription by formation of restrictive chromatin structures at the viral long terminal repeat drives the progressive entry of HIV into latency. J. Virol. 82, 12291–12303. doi: 10.1128/JVI.01383-08

Perez-Caballero, D., Hatziioannou, T., Zhang, F., Cowan, S., and Bieniasz, P. D. (2005). Restriction of human immunodeficiency virus type 1 by TRIM-CypA occurs with rapid kinetics and independently of cytoplasmic bodies, ubiquitin, and proteasome activity. J. Virol. 79, 15567–15572. doi: 10.1128/JVI.79.24.15567-15572.2005

Peterson, C. W., and Kiem, H. P. (2017). Cell and gene therapy for HIV cure. Curr. Top. Microbiol. Immunol. doi: 10.1007/82_2017_71 [Epub ahead of print].

Pfeffer, L. M. (2011). The role of nuclear factor κB in the interferon response. J. Interferon Cytokine Res. 31, 553–559. doi: 10.1089/jir.2011.0028

Pinzone, M. R., Cacopardo, B., Condorelli, F., Di Rosa, M., and Nunnari, G. (2013). Sirtuin-1 and HIV-1: an overview. Curr. Drug Targets 14, 648–652. doi: 10.2174/1389450111314060005

Piperno, G., LeDizet, M., and Chang, X. J. (1987). Microtubules containing acetylated alpha-tubulin in mammalian cells in culture. J. Cell Biol. 104, 289–302. doi: 10.1083/jcb.104.2.289

Pope, M., Betjes, M. G. H., Romani, N., Hirmand, H., Cameron, P. U., Hoffman, L., et al. (1994). Conjugates of dendritic cells and memory T lymphocytes from skin facilitate productive infection with HIV-1. Cell 78, 389–398. doi: 10.1016/0092-8674(94)90418-9

Quivy, V., and Van Lint, C. (2002). Diversity of acetylation targets and roles in transcriptional regulation: the human immunodeficiency virus type 1 promoter as a model system. Biochem. Pharmacol. 64, 925–934. doi: 10.1016/S0006-2952(02)01152-8

Raghavendra, N. K., Shkriabai, N., Graham, R. L. J., 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

Reece, B. J. C., Handley, A. J., Anstee, E. J., Morrison, W. A., Crowe, S. M., Cameron, P. U., et al. (1998). HIV-1 selection by epidermal dendritic cells during transmission across human skin. J. Exp. Med. 187, 1623–1631. doi: 10.1084/jem.187.10.1623

Rice, A. P. (2013). P-TEFb as a target to reactivate latent HIV: two Brds are now in hand. Cell Cycle 12, 392–393. doi: 10.4161/cc.23309

Rice, A. P. (2016). Cyclin-dependent kinases as therapeutic targets for HIV-1 infection. Expert Opin. Ther. Targets 20, 1453–1461. doi: 10.1080/14728222.2016.1254619

Roshal, M., Kim, B., Zhu, Y., Nghiem, P., and Planelles, V. (2003). Activation of the ATR-mediated DNA damage response by the HIV-1 viral protein R. J. Biol. Chem. 278, 25879–25886. doi: 10.1074/jbc.M303948200

Ross, T. M., Oran, A. E., and Cullen, B. R. (1999). Inhibition of HIV-1 progeny virion release by cell-surface CD4 is relieved by expression of the viral Nef protein. Curr. Biol. 9, 613–621. doi: 10.1016/S0960-9822(99)80283-8

Rossi, A., Mukerjee, R., Ferrante, P., Khalili, K., Amini, S., and Sawaya, B. E. (2006). Human immunodeficiency virus type 1 Tat prevents dephosphorylation of Sp1 by TCF-4 in astrocytes. J. Gen. Virol. 87, 1613–1623. doi: 10.1099/vir.0.81691-0

Sabò, A., Lusic, M., Cereseto, A., and Giacca, M. (2008). Acetylation of conserved lysines in the catalytic core of cyclin-dependent kinase 9 inhibits kinase activity and regulates transcription. Mol. Cell. Biol. 28, 2201–2212. doi: 10.1128/MCB.01557-07

Sabo, Y., Walsh, D., Barry, D. S., Tinaztepe, S., de Los Santos, K., Goff, S. P., et al. (2013). HIV-1 induces the formation of stable microtubules to enhance early infection. Cell Host Microbe 14, 535–546. doi: 10.1016/j.chom.2013.10.012

Sáez-Cirión, A., Hamimi, C., Bergamaschi, A., David, A., Versmisse, P., Mélard, A., et al. (2011). Restriction of HIV-1 replication in macrophages and CD4+ T cells from HIV controllers. Blood 118, 955–964. doi: 10.1182/blood-2010-12-327106

Saksouk, N., Simboeck, E., and Déjardin, J. (2015). Constitutive heterochromatin formation and transcription in mammals. Epigenetics Chromatin 8:3. doi: 10.1186/1756-8935-8-3

Sapountzi, V., Logan, I. R., and Robson, C. N. (2006). Cellular functions of TIP60. Int. J. Biochem. Cell Biol. 38, 1496–1509. doi: 10.1016/j.biocel.2006.03.003

Sauter, D., Hotter, D., Van Driessche, B., Stürzel, C. M., Kluge, S. F., Wildum, S., et al. (2015). Differential regulation of NF-κB-mediated proviral and antiviral host gene expression by primate lentiviral nef and vpu proteins. Cell Rep. 10, 586–599. doi: 10.1016/j.celrep.2014.12.047

Sauter, D., Schindler, M., Specht, A., Landford, W. N., Münch, J., Kim, K. A., et al. (2009). Tetherin-driven adaptation of Vpu and Nef function and the evolution of pandemic and nonpandemic HIV-1 strains. Cell Host Microbe 6, 409–421. doi: 10.1016/j.chom.2009.10.004

Schaefer, M. R., Wonderlich, E. R., Roeth, J. F., Leonard, J. A., and Collins, K. L. (2008). HIV-1 Nef targets MHC-I and CD4 for degradation via a final common β-cop-dependent pathway in T cells. PLoS Pathog. 4:e1000131. doi: 10.1371/journal.ppat.1000131

Schubert, U., Henklein, P., Boldyreff, B., Wingender, E., Strebel, K., and Porstmann, T. (1994). The human immunodeficiency virus type 1 encoded Vpu protein is phosphorylated by casein kinase-2 (CK-2) at positions ser52 and ser56 within a predicted α-helix-turn-α-helix-motif. J. Mol. Biol. 236, 16–25. doi: 10.1006/jmbi.1994.1114

Schubert, U., Schneider, T., Henklein, P., Hoffmann, K., Berthold, E., Hauser, H., et al. (1992). Human-immundeficiency-virus-type-1-encoded Vpu protein is phosphorylated by casein kinase II. Eur. J. Biochem. 204, 875–883. doi: 10.1111/j.1432-1033.1992.tb16707.x

Seamon, K. J., Bumpus, N. N., and Stivers, J. T. (2016). Single-stranded nucleic acids bind to the tetramer interface of SAMHD1 and prevent formation of the catalytic homotetramer. Biochemistry 55, 6087–6099. doi: 10.1021/acs.biochem.6b00986

Setz, C., Friedrich, M., Rauch, P., Fraedrich, K., Matthaei, A., Traxdorf, M., et al. (2017). Inhibitors of deubiquitinating enzymes block HIV-1 replication and augment the presentation of gag-derived MHC-I epitopes. Viruses 9:222. doi: 10.3390/v9080222

Sharma, A., Yilmaz, A., Marsh, K., Cochrane, A., and Boris-Lawrie, K. (2012). Thriving under stress: selective translation of HIV-1 structural protein mRNA during Vpr-mediated impairment of eiF4E translation activity. PLoS Pathog. 8:e1002612. doi: 10.1371/journal.ppat.1002612

Shirakawa, K., Chavez, L., Hakre, S., Calvanese, V., and Verdin, E. (2013). Reactivation of latent HIV by histone deacetylase inhibitors. Trends Microbiol. 21, 277–285. doi: 10.1016/j.tim.2013.02.005

Siliciano, J. D., Kajdas, J., Finzi, D., Quinn, T. C., Chadwick, K., Margolick, J. B., et al. (2003). Long-term follow-up studies confirm the stability of the latent reservoir for HIV-1 in resting CD4+T cells. Nat. Med. 9, 727–728. doi: 10.1038/nm880

Smith, J. A., and Daniel, R. (2006). Following the path of the virus: the exploitation of host DNA repair mechanisms by retroviruses. ACS Chem. Biol. 1, 217–226. doi: 10.1021/cb600131q

Smith, J. A., Yeung, J., Kao, G. D., and Daniel, R. (2010). A role for the histone deacetylase HDAC4 in the life-cycle of HIV-1-based vectors. Virol. J. 7, 237. doi: 10.1186/1743-422X-7-237

Sorin, M., Cano, J., Das, S., Mathew, S., Wu, X., Davies, K. P., et al. (2009). Recruitment of a SAP18-HDAC1 complex into HIV-1 virions and its requirement for viral replication. PLoS Pathog. 5:e1000463. doi: 10.1371/journal.ppat.1000463

Spear, M., Guo, J., and Wu, Y. (2012). The trinity of the cortical actin in the initiation of HIV-1 infection. Retrovirology 9:45. doi: 10.1186/1742-4690-9-45

Stewart, M. D., Li, J., and Wong, J. (2005). Relationship between histone H3 lysine 9 methylation, transcription repression, and heterochromatin protein 1 recruitment. Mol. Cell. Biol. 25, 2525–2538. doi: 10.1128/MCB.25.7.2525-2538.2005

Stolp, B., and Fackler, O. T. (2011). How HIV takes advantage of the cytoskeleton in entry and replication. Viruses 3, 293–311. doi: 10.3390/v3040293

Stopak, K., De Noronha, C., Yonemoto, W., and Greene, W. C. (2003). HIV-1 Vif blocks the antiviral activity of APOBEC3G by impairing both its translation and intracellular stability. Mol. Cell 12, 591–601. doi: 10.1016/S1097-2765(03)00353-8

Sze, A., Olagnier, D., Lin, R., Van Grevenynghe, J., and Hiscott, J. (2013). SAMHD1 host restriction factor: a link with innate immune sensing of retrovirus infection. J. Mol. Biol. 425, 4981–4994. doi: 10.1016/j.jmb.2013.10.022

Tada, T., Zhang, Y., Koyama, T., Tobiume, M., Tsunetsugu-Yokota, Y., Yamaoka, S., et al. (2015). March8 inhibits HIV-1 infection by reducing virion incorporation of envelope glycoproteins. Nat. Med. 21, 1502–1507. doi: 10.1038/nm.3956

Takeuchi, H., Saito, H., Noda, T., Miyamoto, T., Yoshinaga, T., Terahara, K., et al. (2017). Phosphorylation of the HIV-1 capsid by MELK triggers uncoating to promote viral cDNA synthesis. PLoS Pathog. 13:e1006441. doi: 10.1371/journal.ppat.1006441

Taura, M., Kudo, E., Kariya, R., Goto, H., Matsuda, K., Hattori, S., et al. (2015). COMMD1/Murr1 reinforces HIV-1 latent infection through IκB-α stabilization. J. Virol. 89, 2643–2658. doi: 10.1128/JVI.03105-14

Terreni, M., Valentini, P., Liverani, V., Gutierrez, M. I., Di Primio, C., Di Fenza, A., et al. (2010). GCN5-dependent acetylation of HIV-1 integrase enhances viral integration. Retrovirology 7:18. doi: 10.1186/1742-4690-7-18

Thakur, B. K., Chandra, A., Dittrich, T., Welte, K., and Chandra, P. (2012). Inhibition of SIRT1 by HIV-1 viral protein Tat results in activation of p53 pathway. Biochem. Biophys. Res. Commun. 424, 245–250. doi: 10.1016/j.bbrc.2012.06.084

Tokarev, A., Suarez, M., Kwan, W., Fitzpatrick, K., Singh, R., and Guatelli, J. (2013). Stimulation of NF- B Activity by the HIV Restriction Factor BST2. J. Virol. 87, 2046–2057. doi: 10.1128/JVI.02272-12

Tokarev, A. A., Munguia, J., and Guatelli, J. C. (2011). Serine-threonine ubiquitination mediates downregulation of BST-2/tetherin and relief of restricted virion release by HIV-1 Vpu. J. Virol. 85, 51–63. doi: 10.1128/JVI.01795-10

Tonini, T., Bagella, L., D’Andrilli, G., Claudio, P. P., and Giordano, A. (2004). Ezh2 reduces the ability of HDAC1-dependent pRb2/p130 transcriptional repression of cyclin A. Oncogene 23, 4930–4937. doi: 10.1038/sj.onc.1207608

Topper, M., Luo, Y., Zhadina, M., Mohammed, K., Smith, L., and Muesing, M. A. (2007). Posttranslational acetylation of the human immunodeficiency virus type 1 integrase carboxyl-terminal domain is dispensable for viral replication. J. Virol. 81, 3012–3017. doi: 10.1128/JVI.02257-06

Tyagi, M., Iordanskiy, S., Ammosova, T., Kumari, N., Smith, K., Breuer, D., et al. (2015). Reactivation of latent HIV-1 provirus via targeting protein phosphatase-1. Retrovirology 12:63. doi: 10.1186/s12977-015-0190-4

Tyagi, M., and Karn, J. (2007). CBF-1 promotes transcriptional silencing during the establishment of HIV-1 latency. EMBO J. 26, 4985–4995. doi: 10.1038/sj.emboj.7601928

Valenzuela-Fernández, A., Alvarez, S., Gordon-Alonso, M., Barrero, M., Ursa, A., Cabrero, J. R., et al. (2005). Histone deacetylase 6 regulates human immunodeficiency virus type 1 infection. Mol. Biol. Cell 16, 5445–5454. doi: 10.1091/mbc.E05-04-0354

Valera, M.-S., de Armas-Rillo, L., Barroso-González, J., Ziglio, S., Batisse, J., Dubois, N., et al. (2015). The HDAC6/APOBEC3G complex regulates HIV-1 infectiveness by inducing Vif autophagic degradation. Retrovirology 12:53. doi: 10.1186/s12977-015-0181-5

Van Damme, N., Goff, D., Katsura, C., Jorgenson, R. L., Mitchell, R., Johnson, M. C., et al. (2008). The interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by the viral Vpu protein. Cell Host Microbe 3, 245–252. doi: 10.1016/j.chom.2008.03.001

Van Der Vlag, J., and Otte, A. P. (1999). Transcriptional repression mediated by the human polycomb-group protein EED involves histone deacetylation. Nat. Genet. 23, 474–478. doi: 10.1038/70602

Van Lint, C., Emiliani, S., Ott, M., and Verdin, E. (1996). Transcriptional activation and chromatin remodeling of the HIV-1 promoter in response to histone acetylation-iB/tat/TNF-a/trapoxin/trichostatin A. EMBO J. 15, 1112–1120. doi: 10.1002/j.1460-2075.1996.tb00449.x

Vasiliver-Shamis, G., Cho, M. W., Hioe, C. E., and Dustin, M. L. (2009). Human immunodeficiency virus type 1 envelope gp120-induced partial T-cell receptor signaling creates an F-actin-depleted zone in the virological synapse. J. Virol. 83, 11341–11355. doi: 10.1128/JVI.01440-09

Verdin, E., Paras, P., and Van Lint, C. (1993). Chromatin disruption in the promoter of human immunodeficiency virus type 1 during transcriptional activation. EMBO J. 12, 3249–3259.

Viard, M., Parolini, I., Rawat, S. S., Fecchi, K., Sargiacomo, M., Puri, A., et al. (2003). The role of glycosphingolipids in HIV signaling, entry and pathogenesis. Glycoconj. J. 20, 213–222. doi: 10.1023/B:GLYC.0000024253.48791.d9

Votteler, J., Iavnilovitch, E., Fingrut, O., Shemesh, V., Taglicht, D., Erez, O., et al. (2009). Exploring the functional interaction between POSH and ALIX and the relevance to HIV-1 release. BMC Biochem. 10:12. doi: 10.1186/1471-2091-10-12

Weinberg, J. B., Matthews, T. J., Cullen, B. R., and Malim, M. H. (1991). Productive human immunodeficiency virus type 1 (HIV-1) infection of nonproliferating human monocytes. J. Exp. Med. 174, 1477–1482. doi: 10.1084/jem.174.6.1477

Willey, R. L., Maldarelli, F., Martin, M. A., and Strebel, K. (1992). Human immunodeficiency virus type 1 Vpu protein induces rapid degradation of CD4. J. Virol. 66, 7193–7200.

Williams, S. A., Chen, L. F., Kwon, H., Ruiz-Jarabo, C. M., Verdin, E., and Greene, W. C. (2006). NF-κB p50 promotes HIV latency through HDAC recruitment and repression of transcriptional initiation. EMBO J. 25, 139–149. doi: 10.1038/sj.emboj.7600900

Witvrouw, M., Schmit, J. C., Van Remoortel, B., Daelemans, D., Este, J. A., Vandamme, A. M., et al. (1997). Cell type-dependent effect of sodium valproate on human immunodeficiency virus type 1 replication in vitro. AIDS Res. Hum. Retroviruses 13, 187–192. doi: 10.1089/aid.1997.13.187

Wonderlich, E. R., Leonard, J. A., and Collins, K. L. (2011). HIV immune evasion disruption of antigen presentation by the HIV Nef protein. Adv. Virus Res. 80, 103–127. doi: 10.1016/B978-0-12-385987-7.00005-1

Wu, Y., and Yoder, A. (2009). Chemokine coreceptor signaling in HIV-1 infection and pathogenesis. PLoS Pathog. 5:e1000520. doi: 10.1371/journal.ppat.1000520

Wu, Y., Yoder, A., Yu, D., Wang, W., Liu, J., Barrett, T., et al. (2008). Cofilin activation in peripheral CD4 T cells of HIV-1 infected patients: a pilot study. Retrovirology 5:95. doi: 10.1186/1742-4690-5-95

Yamaguchi, Y., Takagi, T., Wada, T., Yano, K., Furuya, A., Sugimoto, S., et al. (1999). NELF, a multisubunit complex containing RD, cooperates with DSIF to repress RNA polymerase II elongation. Cell 97, 41–51. doi: 10.1016/S0092-8674(00)80713-8

Yang, X., Herrmann, C. H., and Rice, A. P. (1996). The human immunodeficiency virus Tat proteins specifically associate with TAK in vivo and require the carboxyl-terminal domain of RNA polymerase II for function. J. Virol. 70, 4576–4584.

Yewdell, J. W., Schubert, U., and Bennink, J. R. (2001). At the crossroads of cell biology and immunology: DRiPs and other sources of peptide ligands for MHC class I molecules. J. Cell Sci. 114, 845–851.

Yoder, A., Yu, D., Dong, L., Iyer, S. R., Xu, X., Kelly, J., et al. (2008). HIV envelope-CXCR4 signaling activates cofilin to overcome cortical actin restriction in resting CD4 T Cells. Cell 134, 782–792. doi: 10.1016/j.cell.2008.06.036

Youn, G. S., Cho, H., Kim, D., Choi, S. Y., and Park, J. (2017). Crosstalk between HDAC6 and Nox2-based NADPH oxidase mediates HIV-1 Tat-induced pro-inflammatory responses in astrocytes. Redox Biol. 12, 978–986. doi: 10.1016/j.redox.2017.05.001

Youn, G. S., Ju, S. M., Choi, S. Y., and Park, J. (2015). HDAC6 mediates HIV-1 tat-induced proinflammatory responses by regulating MAPK-NF-kappaB/AP-1 pathways in astrocytes. Glia 63, 1953–1965. doi: 10.1002/glia.22865

Yu, Q., König, R., Pillai, S., Chiles, K., Kearney, M., Palmer, S., et al. (2004). Single-strand specificity of APOBEC3G accounts for minus-strand deamination of the HIV genome. Nat. Struct. Mol. Biol. 11, 435–442. doi: 10.1038/nsmb758

Yu, X. (2003). Induction of APOBEC3G ubiquitination and degradation by an HIV-1 Vif-Cul5-SCF complex. Science 302, 1056–1060. doi: 10.1126/science.1089591

Zaikos, T. D., and Collins, K. L. (2014). Long-lived reservoirs of HIV-1. Trends Microbiol. 22, 173–175. doi: 10.1016/j.tim.2014.02.015

Zamborlini, A., Coiffic, A., Beauclair, G., Delelis, O., Paris, J., Koh, Y., et al. (2011). Impairment of human immunodeficiency virus type-1 integrase SUMOylation correlates with an early replication defect. J. Biol. Chem. 286, 21013–21022. doi: 10.1074/jbc.M110.189274

Zhang, H., Yang, B., Pomerantz, R. J., Zhang, C., Arunachalam, S. C., and Gao, L. (2003). The cytidine deaminase CEM15 induces hypermutation in newly synthesized HIV-1 DNA. Nature 424, 94–98. doi: 10.1038/nature01707

Zhang, L., Qin, J., Li, Y., Wang, J., He, Q., Zhou, J., et al. (2014). Modulation of the stability and activities of HIV-1 Tat by its ubiquitination and carboxyl-terminal region. Cell Biosci. 4:61. doi: 10.1186/2045-3701-4-61

Zheng, Y., Ao, Z., Wang, B., Jayappa, K. D., and Yao, X. (2011). Host protein Ku70 binds and protects HIV-1 integrase from proteasomal degradation and is required for HIV replication. J. Biol. Chem. 286, 17722–17735. doi: 10.1074/jbc.M110.184739

Zhou, M., Deng, L., Kashanchi, F., Brady, J. N., Shatkin, A. J., and Kumar, A. (2003). The Tat/TAR-dependent phosphorylation of RNA polymerase II C-terminal domain stimulates cotranscriptional capping of HIV-1 mRNA. Proc. Natl. Acad. Sci. U.S.A. 100, 12666–12671. doi: 10.1073/pnas.1835726100

Zhou, M., Halanski, M. A., Radonovich, M. F., Kashanchi, F., Peng, J., Price, D. H., et al. (2000). Tat modifies the activity of CDK9 to phosphorylate serine 5 of the RNA polymerase II carboxyl-terminal domain during human immunodeficiency virus type 1 transcription. Mol. Cell. Biol. 20, 5077–5086. doi: 10.1128/MCB.20.14.5077-5086.2000

Zhou, X., DeLucia, M., and Ahn, J. (2016). SLX4-SLX1 protein-independent down-regulation of MUS81-EME1 protein by HIV-1 viral protein R (Vpr). J. Biol. Chem. 291, 16936–16947. doi: 10.1074/jbc.M116.721183

Zhou, Y., and Ratner, L. (2000). Phosphorylation of human immunodeficiency virus type 1 Vpr regulates cell cycle arrest. J. Virol. 74, 6520–6527. doi: 10.1128/JVI.74.14.6520-6527.2000

Conflict of Interest Statement: 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 © 2018 Chen, Keppler and Schölz. 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/fmicb-09-02131-g003.jpg
viral RNA

Apoptosis

\ - CpsipT) —





OPS/images/fmicb-09-02131-g004.jpg
A Apopftosis
A Pro-inflammatory

genes
A
fiDACE
R
//)&,\(\\/ 1
S

vir\; l, transcription
/ ti
replication (elongation)

KAT
U 2A/2B
X ) latency






OPS/images/fmicb-09-02131-g005.jpg
v’
®—. PRKRA>- TN <-@q &
STK38

%\ i p'lif:.nzﬁ J Y
e / ‘\4\@/ *csoraTRS

@@ OM @
cell cycle arrest

host mRNA
TITYY TR AT






OPS/images/fmicb-09-02131-g001.jpg
Kinase Q%) )538

Phosphatase 5%) D227
KAT 8%) D40

KDAC/sirtuin Q) D18
E3 ligase g% )377

DUB 17%) 0103

Capsid
@O®) (CA/P24)

E3 Ligase

KAT
Kinase
~Bl

Phosphatase DUB
@O®@®) Integrase KDAC/sirtuin
(IN)
(. @) I -
@@ Matr nteractions
p’ | 90
, >100 41 -50
ol wT
81-90 21-30
[@@@) Protease 71-80 11-20
988 - 61-70 1-10
(PR) 51-60 0

[@@@®) \ucleocapsid
@0® «\C)





OPS/images/fmicb-09-02131-g002.jpg
Lok 2

¥ N
@D +o)

oo
F-actin ©8" flux
depletion

3

ik ! Cell adhesion MAPK1/3
prodiction Microtubuli

stabilization Cell survival/

T-cell facilitated RT
activation

polymerization

o) — @D S 1.2\

Uncoating

Y
Premature

j uncoating

Immune response
nuclear

import

Reverse transcription <





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Microbiology

Post-translational
Modification-Based Regulation of
HIV Replication









OPS/images/logo.jpg
, frontiers
in Microbiology





