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Viruses encounter and manipulate almost all aspects of cell structure and metabolism. The nuclear envelope (NE), with central roles in cell structure and genome function, acts and is usurped in diverse ways by different virus. It can act as a physical barrier to infection that must be overcome, as a functional barrier that restricts infection by various mechanisms and must be counteracted or indeed as a positive niche important or even essential for virus infection or production of progeny virions. This review summarizes virus-host protein-protein interactions at the NE, highlighting progress in understanding the replication of viruses including HIV-1, Influenza, Herpes Simplex, Adenovirus and Ebola, and molecular insights into hitherto unknown functional pathways at the NE. 
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Introduction
Enveloped viruses enter cells by fusion at the plasma membrane or from within vesicles after endocytosis, while non-enveloped viruses enter by physical permeation of and transport across host membranes [1].  Whether a virus is membrane-bound and where its genome is replicated within the cell are major factors that drive subsequent events, particularly those involving the NE. After cell entry, virus capsids (or nucleoprotein complexes) are transported to appropriate sites and uncoated to release the virus genome. A coordinated series of events then takes place during which the genome is replicated and new capsids are assembled. Progeny virus are released from the cell, again via complex routing pathways which, depending on the virus, can involve the NE in various ways. Virus interactions with the NE can be generally categorized based on whether they promote early events (e.g., virus entry into the nucleus) or late events (e.g., virus assembly or nuclear exit), or whether they manipulate the NE to facilitate infection at other levels (e.g., control gene expression, signalling, antiviral responses or apoptosis). Virus proteins and their interactions with specific NE proteins or structures are listed comprehensively in Table 1 (online), as context for the recent findings highlighted in this article.

Virus entry and the nuclear envelope
Most studies of virus engagement with the NE have focused on the mechanisms of virus entry through the nuclear pore complex (NPC) [2-5], with notable exceptions (discussed below) involving viruses that cross the NE itself. With one exception (the poxvirus family) all DNA viruses (e.g., herpesviruses, adenoviruses, hepatitis B virus [HBV], parvoviruses, polyomaviruses) must deposit and replicate their genomes within the nucleus. Nuclear entry is also essential for the replication of retroviruses including HIV and certain RNA viruses (e.g., orthomyxoviruses, such as influenza virus). Interestingly certain viruses that replicate outside the nucleus, discussed below, can also modify or perturb the NE and NPC to promote virus replication. Thus, depending upon their class and size, different viruses display several variations on the theme of NPC/NE engagement and genome transport [5-13], four of which are illustrated in Figure 1. Herpesviruses (Figure 1A) are recruited as intact capsids to the NPC and remain largely intact as the genome exits the capsid for transport through the NPC [14-17]. Adenoviruses (Figure 1b) are transported through the cytoplasm after partial disruption and release from the endosome and at the NPC major disassembly occurs coupled with genome transport [18, 19]. Other entities including DNA virus capsids (HBV, parvoviruses), nucleoprotein complexes (HIV) [20, 21] or ribonucleoprotein complexes (influenza) [22-24] are also recruited to the NPC through diverse mechanisms (Figure 1C). Interestingly polyomaviruses, in addition to entering via NPCs, are also proposed to enter by stealth via the shared lumenal space of the ER and NE (Figure 1D). Viruses that enter through NPCs may do so either by binding specific NPC proteins (‘nucleoporins’) or by recruiting soluble nuclear import receptors (importins/karyopherins; Figure 1, see online Table 1). For many viruses, identifying the specific virus and host proteins that mediate nuclear entry, and the mechanisms of entry remain important goals. 

For some viruses, a small set of candidate proteins have been identified (e.g., herpesvirus VP1-2 and pUL25) that may promote NPC engagement [25-28] but the critical entry mechanisms remain unknown. For other viruses such as HIV, nearly every component of the preintegration complex (PIC)— including Vpr, matrix, integrase and even DNA intermediates produced by reverse transcriptase— have reported roles in recruitment to the NPC [13, 29-34]. Influenza virus ribonucleoprotein complexes (RNPs) interact with importin  [22-24], and differential use of specific isoforms (e.g., importin 3 and 7) may contribute to infection and pathogenesis [35]. At least one other importin (1), as well as Nup153 and Nup98, appear to be required for influenza replication [36], although their precise roles remain unknown [36].   

Adenovirus provides one of the best-understood models of virus nuclear entry (Figure 1B) [4, 5]. Adenovirus 2 capsids are partially dissociated during endosome-mediated entry into the cytoplasm; they then recruit the host molecular motors, dynein and kinesin-1, and move toward the NE and NPCs by the predominant activity of the minus end-directed motor complex, dynein/dynactin [19]. Capsids then engage in multivalent interactions linking them simultaneously to the NPC (via hexon binding to Nup214) and to kinesin (via pIX binding to kinesin light chain Klc1/2). Nup214 is also bound to the filament nucleoporin Nup358, which itself interacts with the heavy chain Kif5c.  Kinesin-1 then, while attached to the capsid, attempts to motor away from the NPC. Since the capsid is also attached to the NPC the result effectively rips the capsid apart. This action also dislocates Nup358/Nup214 and Nup62 from the central NPC channel [19]. This remarkable combination of events facilitates adenoviral DNA entry into the nucleus. Further interactions with host proteins are reported to be involved in adenovirus genome entry at the NPC. For example, at least for certain adenovirus subtypes, histone H1 binds to capsids stably docked at the NPC and then recruits import factors importin 7 and importin , to the H1-capsid complex, promoting core disruption and genome import [37]. Other adenovirus proteins (e.g., protein VII) also bind multiple importins; protein VII is specifically proposed to act as an adaptor for the nuclear import of the adenovirus DNA itself [38]. These examples showcase the potential complexity of NPC engagement by other viruses about which much less is known. 
        
Other DNA viruses that replicate in the nucleus, such as HBV, also use their own structural proteins to engage soluble nuclear import receptors that mediate passage through the NPC [11]. However in contrast to larger DNA viruses such as adenovirus and herpesviruses, HBV is thought to be physically small enough to traverse the NPC intact [39]. Indeed HBV capsids appear to traverse the NPC as whole particles until they reach the NPC ‘basket’, where they are proposed to disassemble prior to release into the nucleoplasm [10] (Figure 1C). 

Virus entry via perturbation of NE membranes or nuclear lamina structure
Other small DNA viruses of the parvovirus (parvovirus capsid diameter 18-26 nm) and polyoma class are small enough to pass through the NPC intact, yet they enter the nucleus by disrupting and herniating the NE, promoting transport of the capsids across the disrupted membrane (Figure 1C) [40]. Early studies of the parvovirus AAV2 suggested capsid entry was NPC-independent [41]. However recent studies of the parvovirus H1 indicate that binding to the NPC may be a prerequisite for NE disruption [42]. Capsid engagement with NPC proteins (including Nup358, Nup153 and Nup62) is proposed to trigger a conformational change that exposes virus structural protein VP1, which then penetrates the nearby pore membrane, releasing Ca2+ ions from the NE lumen. This calcium efflux, in turn, is proposed to activate host kinases including PKC (calcium-dependent protein kinase) and thereby trigger events that resemble mitotic disassembly (Figure 1C), including lamin phosphorylation and depolymerisation and dissociation from lamin-binding nuclear membrane proteins [42]. These combined activities promote capsid transport across the disrupted NE.    

Polyoma viruses such as SV40 (capsid diameter 45 nm) enter the cell by endocytosis involving various types of coated and non-coated endosomes [43-46]. In a complicated and poorly understood pathway, capsids move to the ER from late endosomal compartments either directly or, less likely, via the Golgi complex [46]. During this transport pathway, capsids are partially disassembled (e.g., via isomerisation of disulphide bonds of VP1 structural subunits) exposing capsid proteins VP2 and VP3, which perforate or form pores in the ER membrane. This then releases the reorganised capsid either into the cytoplasm or potentially directly into the nucleus from the ER lumenal space [46-51] (Figure 1D). Transport of partially disrupted capsids across the ER membrane involves cellular chaperones and components of the ER-associated degradation (ERAD) machinery [47]. VP2 and VP3 have nuclear localization signals (NLS) and are generally proposed to target the nucleoprotein complex from the cytoplasm to the NPC for subsequent nuclear entry [52-54]. Challenging this model is a new report suggesting that SV40 may instead enter the nucleus directly from the ER, bypassing the cytoplasm [55]. In this model SV40 promotes capsid entry from the ER lumenal space by inducing modifications or invaginations of the NE, phosphorylation of A-type lamins and caspase-dependent cleavage of lamina proteins, particularly lamins A/C [55]. This model is further supported by the timing of these phenotypes, which correlates with onset of nuclear entry, and the consequences of lamin A/C (LMNA) knockdown, which promotes infection [55]. These effects were not observed in dividing cells, but were restricted to quiescent cells suggesting this pathway is specialised for polyoma virus entry into non-dividing cells [55]. The relative physiological contributions of these two polyomavirus entry pathways (NPC vs exit from ER/NE lumen) are unknown, and both may operate to different degrees depending on cell type and environment.

Certain viruses that replicate in the cytoplasm also modify the structure and/or function of the NE (Figure 1E) or NPC (Figure 1F). For example nuclear import of the reovirus σ1s protein causes the redistribution of NPCs and nuclear lamins and loss of NE integrity (‘herniation’), with proposed links to the progression of infection and potentially disease pathogenesis [56]. Another example is vesicular stomatitis virus (an RNA virus of the Rhabdovirus family), which inhibits host mRNA export via matrix protein interactions with the mRNA export factor Rae1 [57], and Nup98 [58]. Disrupted signal-mediated nuclear import or increased NPC permeability or both are also seen in cells infected by members of the picornavirus family including poliovirus and rhinovirus [59, 60]. Interestingly Ebola virus also targets nuclear import; the Ebola-encoded protein VP24 binds importin α5 and thereby blocks nuclear accumulation of STAT1, thereby inhibiting IFN-α/β and IFN-γ signalling and impairing the IFN-mediated induction of an antiviral state [61]. VP24 interacts specifically with importin α5, and not importins α1, α3 or α4. VP24-mediated inhibition of STAT1 import, and potentially other specific targets, is proposed to be an important determinant of pathogenesis that helps Ebola virus evade antiviral responses. These examples illustrate a few of the many potential strategies by which viruses that replicate in the cytoplasm might benefit by targeting NE integrity or specific NE-dependent pathways. 

Virus assembly/exit pathways and the nuclear envelope
For viruses that assemble within the nucleus, the NE might simply pose a barrier that must be broken down or navigated for successful virus release. However new evidence suggests the NE can remain intact or is actively prevented from more wholesale disruption to benefit virus production, even where viruses have evolved elaborate mechanisms to perturb the NE and NPC.  

Interactions with the NE are perhaps best understood for the herpesvirus family [62-64]. Newly formed capsids must exit the nucleus for subsequent maturation steps. This process is complex. The main accepted route includes disruption and penetration through the lamina [14, 65-69] and capsid budding into the INM to form the primary enveloped particle [63, 70-72] located in the lumenal space between the INM and ONM. This particle, with an envelope derived from the INM, then fuses with the ONM to deliver the capsid into the cytoplasm (Figure 2A). Additional proteins are then recruited onto the capsid, which is transported to the site of final envelopment within a vesicular compartment for delivery outside the cell [73-77]. 

HSV associates with and distorts the INM by causing selective loss of lamins and by increasing the diffusional mobility of LBR (lamin B receptor), a lamin- and heterochromatin-binding INM protein [65, 67, 78]. Other INM proteins including emerin are quantitatively hyper-phosphorylated during infection, likewise increasing their diffusional mobility and reducing localization at the INM [79, 80]. Several distinct pathways are likely involved in HSV exit from the nucleus. However new evidence suggests one critical structure termed the Nuclear Egress Complex (NEC), promoted by two herpesvirus proteins pUL34 and pUL31 or their homologues [66, 68, 81-92], is fundamental for HSV interaction with the NE and delivery to the cytoplasm. pUL34 is an integral membrane protein with a short lumenal tail, whereas pUL31 is an otherwise soluble nuclear protein. These two HSV proteins interact and colocalize at the INM where they can bind directly to A-type and B-type lamins, and recruit or activate kinases encoded by the virus (e.g. US3) and host (e.g., PKC  and PKC) [81, 83, 87, 93, 94]. HCMV encodes a distinct kinase, pUL97, that may function similarly to US3 [95]. The combined action of these kinases in phosphorylating lamins A/C, lamin B, emerin and other NE components promotes INM disruption, herniation and invagination. These changes are necessary for the subsequent interaction of nuclear capsids with specialised, modified sites at the INM. During nuclear egress, pUL34 and pUL31 are themselves recruited onto the budding capsid, along with the INM-derived membrane and accompanying host INM proteins. One striking observation is that pUL34 and pUL31 when co-expressed in uninfected cells in the absence of other viral proteins are sufficient to promote the formation of 130-160 nm-diameter vesicles at the INM [96]. These vesicles include both proteins and resemble primary ‘empty’ virions (no capsid). Thus pUL34 and pUL31 are likely to induce NE modifications and recruit host machinery involved in membrane budding and vesicle formation at specialised sites at the INM.  

Interestingly, new findings indicate that the pUL31/pUL34-dependent NE egress pathway can be circumvented under some circumstances. For example in Pseudorabies virus (PRV), a herpesvirus related to HSV, mutants that lack intact pUL34 or pUL31 replicate extremely poorly, but variants containing additional mutations selected by extended serial passage in culture produced nearly normal levels of infectious virus [97, 98]. The variant lacking intact pUL34 notably grew without a requirement for pUL31 [97]. Restored replication of these pUL34- or pUL31-mutated strains could be explained by their new ability to induce extensive NE breakdown (NEBD), allowing capsid entry into the cytoplasm for subsequent assembly steps. By contrast wild-type viruses do not grossly perturb the NE. Considering that neither the wild-type virus nor the parental pUL34 or pUL31 mutants drive NEBD, the logical implication is that virus replication is normally more efficient when NE disruption is both local and limited. These findings further imply that extensive NEBD, which might otherwise occur, is actively restrained during normal infection and these mutants presumably either lost this activity or alternatively (less likely) gained a novel function. Indeed, mutations in another protein, pUL46, when combined with disruption of pUL34/pUL31 exhibit increased NEBD [97, 98]. The extensive NEBD seen in cells infected by viruses bearing multiple mutations appears to be driven by cellular kinases, since high doses of roscovitine blocked NEBD and profoundly inhibited replication of these mutants while having considerably less effect on wild-type viruses [98, 99]. Whether this ‘aberrant’ NEBD is relevant to the mechanisms of limited, localised NE disruption seen during normal infection, and the precise mechanisms of capsid recruitment to the INM, are open questions.  

Fusion mechanisms during herpesvirus nuclear egress
Another fascinating question is how primary enveloped particles in the NE lumen are released into the cytoplasm, a process termed de-envelopment [64, 100]. De-envelopment is generally accepted to involve fusion between the INM-derived membrane of the primary particle and the outer nuclear membrane (ONM). Current evidence indicates this fusion mechanism is related but distinct from the fusion event between the mature virus envelope and the host cell membrane that characterizes initial infection. At least two HSV-1 glycoproteins (gB and gH) that are essential during initial entry are also involved in de-envelopment of the primary lumenal particle. Deletion of both glycoproteins results in expansion of the lumenal space between the INM and ONM, a block to de-envelopment and the accumulation of primary virions in the lumen [101-103]. De-envelopment was normal when only one (gH or gB) was missing, suggesting either glycoprotein can promote membrane fusion of primary particles to the ONM. Since both proteins are required for fusion of the mature virion to the host plasma membrane during initial infection, these two fusion pathways must be molecularly distinct.   

The HSV-1 kinase, pUS3, promotes de-envelopment at least in part by phosphorylating gB, which promotes gB fusogenic activity during de-envelopment [102, 103]. Considering the overall similarities between the alpha herpesviruses HSV and PRV, one might expect a similar mechanism for PRV de-envelopment. However PRV de-envelopment requires neither gB nor gH: double-deletion of both glycoproteins caused no lumenal accumulation of primary virions and had no effect on PRV capsid egress from the nucleus or cytoplasmic delivery of capsids [104]. Deleting other glycoproteins in various combinations had little effect on PRV nuclear egress, and none of these candidate glycoproteins were detected by immuno-electron microscopy on primary envelopes in the NE lumen [104]. These distinct glycoprotein requirements may point to different mechanisms of primary particle fusion at the ONM. PRV and HSV also show morphological differences in their primary particles in the NE lumenal space and mature virions, with respect to the virus membrane and internal tegument layer [14, 69, 105]. These morphological differences may reflect significant differences in their repertoire of proteins and their functions in primary and mature particles. Clearly much remains to be learned about this distinctive phase of herpesvirus replication.  

Intriguingly, metazoan cells use a similar NE egress pathway to deliver natural cargo to the cytoplasm. In Drosophila, a cleaved fragment of the plasma membrane receptor (DFz2) is first imported into the nucleus, and then co-localizes in discrete foci with the A-type lamin (lamin C) in large RNP complexes near the NE. These complexes, which contain mRNAs encoding postsynaptic proteins, exit the nucleus by INM budding and fusion at the ONM [106]. Thus herpesviruses may exploit a newly recognized host cell mechanism for cargo exit from the nucleus. Further studies of these host components, including those co-opted during herpesvirus exit, will describe a fundamentally new mechanism of intracellular communication [64].  

Other viruses: NE interactions during assembly and exit 
As noted above several other viruses, especially parvoviruses and polyoma viruses, have profound effects on the integrity and function of the NE but to date most interpretation has emphasized consequences for initial virus entry. NE herniation or permeability could also provide exit routes for viruses later in infection (Figure 2B). This route would be blocked, and other exit pathways would be needed, if NE damage were rapidly repaired by the cell. Indeed transient NE invaginations and large gaps in the lamina are seen in cells infected with the parvovirus MVM; however normal lamin A/C morphology is restored at later stages [40, 107]. For many viruses that replicate and assemble capsids in the nucleus, and must therefore exit the nucleus, there are still large gaps in knowledge about specific virus-directed pathways relevant to nuclear exit. Many viruses induce certain apoptotic events while simultaneously attempting to usurp or suppress other apoptotic events [108, 109]. It has been assumed that apoptosis and accompanying NE disruption allow certain viruses to exit the nucleus [109]. Although this idea is both reasonable and likely, the herpesvirus mutants discussed above raise the possibility that extensive NEBD might be detrimental to efficient production of infectious progeny. Much remains to be learned about virus exit mechanisms that specifically involve the NE.

On the other hand, there has been reasonable progress in understanding how viruses perturb NPCs and import-export control [110]. Examples include poliovirus, which profoundly alters nuclear transport and mislocalizes host nuclear proteins during infection [59, 60], and HIV, which distinctly alters both the NE and NPC during infection [9, 111]. Although specific virus proteins and mechanisms are beginning to be better understood, and in certain cases there is evidence that these mechanisms contribute to virus replication, many questions remain about their specificity and direct relevance to virus production.

Conclusions
One consistent theme in the battle between virus replication and cellular countermeasures is that viruses attempt not only to overcome or negate physical and functional barriers, but also redeploy them to favor the virus. As we understand more about the structure, composition and diverse functional and regulatory roles of the NE, we gain insight into new barriers (and susceptibilities) to virus replication that require explanation. Exciting examples include SUN-domain proteins and KASH-domain proteins (‘nesprins’), which control the spacing of the INM and ONM and mechanically link the nucleoskeleton and cytoskeleton [112, 113] (see Razafsky and Hodzic; this issue). Indeed human cytomegalovirus targets SUN-domain proteins and severely disrupts NE spacing, nuclear lamina organization and ultrastructural links to the cytoplasmic motor dynein [114]. Another new frontier for virus-NE interactions involves the hundreds of novel INM proteins, many of which are expressed only in specific tissues, identified in proteomic studies (see Worman and Schirmer; this issue). A better understanding of virus-host interactions at the NE and NPC will advance our understanding of NE function in cell division, gene expression, metabolism, cell death and immunity and, importantly, can be exploited to develop novel therapeutics to combat virus infection.


Figure Legends
Figure 1. Examples of mechanisms used by viruses to achieve capsid/genome entry into the nucleus (A, B, C, D), or to disrupt the NE (E) or NPCs (F) at early stages of infection. (A) Pathway used by herpesviruses, in which the capsid remains intact during genome exit. (B) Pathway used by adenoviruses; the capsid is disrupted during genome exit. (C) Pathway used by HBV, parvoviruses, influenza and retroviridae, all of which traffic to the NPC; parvovirus entry also involves NE disruption. (D) Pathway(s) used by polyoma viruses, with two potentially distinct routes involving either direct access from shared ER/NE lumen across the INM, or release into the cytoplasm (‘Cyt’) followed by import via NPCs. Small open circles in cytoplasm indicate nuclear import receptors (‘importins’). (E) Early disruptions of the NE and lamina, as induced by reovirus. (F) Early disruption of NPCs that disrupts nuclear import and export, as induced by picornaviruses. Virus proteins and complexes are indicated by large open or coloured circles. Specific examples are discussed in the text. 

Figure 2. Examples of capsid exit pathways. (A) Herpesviruses cross the NE by disrupting the nuclear lamina, budding via the INM into the NE lumen, and fusing with the ONM to deliver the capsid into the cytosol. (B) Other viruses discussed in the text and Table 1 (online) cross the NE either by disrupting/perforating the nuclear lamina and NE, or by modifying NPCs to facilitate transport of assembled capsid particles. Open circles indicate virus-encoded proteins. Coloured shapes indicate soluble or INM host proteins that interact with or are modified by the virus.  

Acknowledgements
Work in the author’s laboratory has been supported by MCCC (P27976) and the Wellcome Trust. We apologize to colleagues whose work could not discussed due to space constraints.



References and recommended reading
Papers of particular interest, are highlighted
•  of special interest
•• of outstanding interest

[bookmark: _ENREF_1][1] Flint SJ, Enquist LW, Krug RM et al. Principles of Virology. Washington DC: ASM Press; 2009.
[bookmark: _ENREF_2][2] Cohen S, Etingov I, Pante N. Effect of viral infection on the nuclear envelope and nuclear pore complex. International review of cell and molecular biology 2012; 299:117-159.
[bookmark: _ENREF_3][3] Kobiler O, Drayman N, Butin-Israeli V, Oppenheim A. Virus strategies for passing the nuclear envelope barrier. Nucleus 2012; 3:526-539.
[bookmark: _ENREF_4][4] Greber UF, Puntener D. DNA-tumor virus entry--from plasma membrane to the nucleus. Seminars in cell & developmental biology 2009; 20:631-642.
[bookmark: _ENREF_5][5] Greber UF, Fornerod M. Nuclear import in viral infections. Current topics in microbiology and immunology 2005; 285:109-138.
[bookmark: _ENREF_6][6] Whittaker GR, Kann M, Helenius A. Viral entry into the nucleus. Annual review of cell and developmental biology 2000; 16:627-651.
[bookmark: _ENREF_7][7] Greber UF, Fassati A. Nuclear import of viral DNA genomes. Traffic 2003; 4:136-143.
[bookmark: _ENREF_8][8] Zhou L, Sokolskaja E, Jolly C et al. Transportin 3 promotes a nuclear maturation step required for efficient HIV-1 integration. PLoS pathogens 2011; 7:e1002194.
[bookmark: _ENREF_9][9] Monette A, Pante N, Mouland AJ. HIV-1 remodels the nuclear pore complex. The Journal of cell biology 2011; 193:619-631.
•• HIV-1 causes retention of certain nucleocytoplasmic shuttling and RNA-binding proteins in the cytoplasm. This is dependent on nuclear export of the viral genomic RNA and changes in localization and expression of Nup62. Proteomic analysis revealed extensive changes in NE protein composition including a marked decrease in the abundance of Nups. Electron microscopy showed that Nups were translocated into the cytoplasm. Nup62 was identified as a component of purified HIV; siRNA knockdown revealed an important role for Nup62 in virus gene expression and replication.

[bookmark: _ENREF_10][10] Rabe B, Delaleau M, Bischof A et al. Nuclear entry of hepatitis B virus capsids involves disintegration to protein dimers followed by nuclear reassociation to capsids. PLoS pathogens 2009; 5:e1000563.
••  Hepatitis B virus capsid entry was studied in digitonin-permeabilized cells, which support nuclear capsid entry and genome release. This evidence suggests that HBV capsids open and close reversibly.  In the absence of RNA, capsids remain disintegrated and enter the nucleus as protein dimers or irregular polymers. Cellular RNA promotes capsid re-assembly in the nucleus. This reversible genome release mechanism of HVB differs from that of other viruses, where capsids dissociate irreversibly during genome uncoating and delivery.

[bookmark: _ENREF_11][11] Kann M, Sodeik B, Vlachou A et al. Phosphorylation-dependent binding of hepatitis B virus core particles to the nuclear pore complex. The Journal of cell biology 1999; 145:45-55.
[bookmark: _ENREF_12][12] Levin A, Loyter A, Bukrinsky M. Strategies to inhibit viral protein nuclear import: HIV-1 as a target. Biochimica et biophysica acta 2011; 1813:1646-1653.
[bookmark: _ENREF_13][13] Cohen S, Au S, Pante N. How viruses access the nucleus. Biochimica et biophysica acta 2011; 1813:1634-1645.
[bookmark: _ENREF_14][14] Peng L, Ryazantsev S, Sun R, Zhou ZH. Three-dimensional visualization of gammaherpesvirus life cycle in host cells by electron tomography. Structure 2010; 18:47-58.
•• The first 3D visualization of virus-NE interactions at different stages of the life cycle of a murine gammaherpesvirus by dual-axis electron tomography. These authors visualised transient events as capsids injected viral DNA through NPCs, and showed that the ONM and INM both invaginate during nuclear egress of herpesvirus capsids. These results provide the structural basis for a mechanistic description of NE/NPC interactions during the herpesvirus life cycle.

[bookmark: _ENREF_15][15] Granzow H, Klupp BG, Mettenleiter TC. Entry of pseudorabies virus: an immunogold-labeling study. J. Virol. 2005; 79:3200-3205.
[bookmark: _ENREF_16][16] Dohner K, Sodeik B. The role of the cytoskeleton during viral infection. Current topics in microbiology and immunology 2005; 285:67-108.
[bookmark: _ENREF_17][17] Ojala PM, Sodeik B, Ebersold MW et al. Herpes simplex virus type 1 entry into host cells: reconstitution of capsid binding and uncoating at the nuclear pore complex in vitro. Molecular and cellular biology 2000; 20:4922-4931.
[bookmark: _ENREF_18][18] Greber UF, Suomalainen M, Stidwill RP et al. The role of the nuclear pore complex in adenovirus DNA entry. The EMBO journal 1997; 16:5998-6007.
[bookmark: _ENREF_19][19] Strunze S, Engelke MF, Wang IH et al. Kinesin-1-mediated capsid disassembly and disruption of the nuclear pore complex promote virus infection. Cell host & microbe 2011; 10:210-223.
•• Adenovirus is transported to the NPC in a multi-stage operation involving molecular motors and transport proteins. At the NPC, virus particles are subject to opposing physical forces that restrain the capsid at the NPC, while also attempting to motor the capsid outward via microtubules. The result is progressive disruption of the capsid presenting the genome for yet further interactions involved in transport across the NPC.

[bookmark: _ENREF_20][20] Woodward CL, Chow SA. The nuclear pore complex: a new dynamic in HIV-1 replication. Nucleus 2010; 1:18-22.
[bookmark: _ENREF_21][21] Ambrose Z, Aiken C. HIV-1 uncoating: connection to nuclear entry and regulation by host proteins. Virology 2014; 454-455:371-379.
[bookmark: _ENREF_22][22] Wu WW, Sun YH, Pante N. Nuclear import of influenza A viral ribonucleoprotein complexes is mediated by two nuclear localization sequences on viral nucleoprotein. Virology journal 2007; 4:49.
[bookmark: _ENREF_23][23] Cros JF, Garcia-Sastre A, Palese P. An unconventional NLS is critical for the nuclear import of the influenza A virus nucleoprotein and ribonucleoprotein. Traffic 2005; 6:205-213.
[bookmark: _ENREF_24][24] Wang P, Palese P, O'Neill RE. The NPI-1/NPI-3 (karyopherin alpha) binding site on the influenza a virus nucleoprotein NP is a nonconventional nuclear localization signal. Journal of virology 1997; 71:1850-1856.
[bookmark: _ENREF_25][25] Abaitua F, Hollinshead M, Bolstad M et al. A Nuclear localization signal in herpesvirus protein VP1-2 is essential for infection via capsid routing to the nuclear pore. Journal of virology 2012; 86:8998-9014.
• VP1-2 is an essential protein, conserved in all herpesviruses and required for early entry into the nucleus. VP1-2 is tightly bound to the capsid. This work identifies a NLS in VP1-2 required for capsid engagement with the NPC. The NLS is required after transport to the MTOC but before engagement with the NPC, suggesting the capsid might recruit additional components that target it to an NPC near the MTOC. Given its conservation the NLS is almost certainly critical for all classes of herpesviruses to enter the nucleus. 

[bookmark: _ENREF_26][26] Abaitua F, Daikoku T, Crump CM et al. A single mutation responsible for temperature sensitive entry and assembly defects in the VP1-2 protein of HSV. Journal of virology 2011; 85:2024-2036.
[bookmark: _ENREF_27][27] Newcomb WW, Brown JC. Time-dependent transformation of the herpesvirus tegument. Journal of virology 2009; 83:8082-8089.
[bookmark: _ENREF_28][28] Pasdeloup D, Blondel D, Isidro AL, Rixon FJ. Herpesvirus capsid association with the nuclear pore complex and viral DNA release involve the nucleoporin CAN/Nup214 and the capsid protein pUL25. Journal of virology 2009; 83:6610-6623.
[bookmark: _ENREF_29][29] Bukrinsky MI, Haggerty S, Dempsey MP et al. A nuclear localization signal within HIV-1 matrix protein that governs infection of non-dividing cells. Nature 1993; 365:666-669.
[bookmark: _ENREF_30][30] von Schwedler U, Kornbluth RS, Trono D. The nuclear localization signal of the matrix protein of human immunodeficiency virus type 1 allows the establishment of infection in macrophages and quiescent T lymphocytes. Proceedings of the National Academy of Sciences of the United States of America 1994; 91:6992-6996.
[bookmark: _ENREF_31][31] Jenkins Y, McEntee M, Weis K, Greene WC. Characterization of HIV-1 vpr nuclear import: analysis of signals and pathways. The Journal of cell biology 1998; 143:875-885.
[bookmark: _ENREF_32][32] Depienne C, Mousnier A, Leh H et al. Characterization of the nuclear import pathway for HIV-1 integrase. The Journal of biological chemistry 2001; 276:18102-18107.
[bookmark: _ENREF_33][33] Le Rouzic E, Mousnier A, Rustum C et al. Docking of HIV-1 Vpr to the nuclear envelope is mediated by the interaction with the nucleoporin hCG1. The Journal of biological chemistry 2002; 277:45091-45098.
[bookmark: _ENREF_34][34] Zennou V, Petit C, Guetard D et al. HIV-1 genome nuclear import is mediated by a central DNA flap. Cell 2000; 101:173-185.
[bookmark: _ENREF_35][35] Gabriel G, Klingel K, Otte A et al. Differential use of importin-alpha isoforms governs cell tropism and host adaptation of influenza virus. Nature communications 2011; 2:156.
••  Cross-species transmission of influenza virus requires adaptation of the viral polymerase to importin-α, as shown in importin-α-silenced cells and importin-α-knockout mice. Virus polymerase subunit PB2 and the nucleoprotein (NP) of avian viruses required importin-α3, whereas PB2 and NP of mammalian viruses showed importin-α7 specificity. Differences in importin-α specificity affected flu host range underlining the importance of the nuclear envelope in interspecies transmission.

[bookmark: _ENREF_36][36] Watanabe T, Watanabe S, Kawaoka Y. Cellular networks involved in the influenza virus life cycle. Cell host & microbe 2010; 7:427-439.
[bookmark: _ENREF_37][37] Trotman LC, Mosberger N, Fornerod M et al. Import of adenovirus DNA involves the nuclear pore complex receptor CAN/Nup214 and histone H1. Nature cell biology 2001; 3:1092-1100.
[bookmark: _ENREF_38][38] Wodrich H, Cassany A, D'Angelo MA et al. Adenovirus core protein pVII is translocated into the nucleus by multiple import receptor pathways. Journal of virology 2006; 80:9608-9618.
[bookmark: _ENREF_39][39] Pante N, Kann M. Nuclear pore complex is able to transport macromolecules with diameters of about 39 nm. Molecular biology of the cell 2002; 13:425-434.
[bookmark: _ENREF_40][40] Cohen S, Behzad AR, Carroll JB, Pante N. Parvoviral nuclear import: bypassing the host nuclear-transport machinery. The Journal of general virology 2006; 87:3209-3213.
[bookmark: _ENREF_41][41] Hansen J, Qing K, Srivastava A. Infection of purified nuclei by adeno-associated virus 2. Molecular therapy : the journal of the American Society of Gene Therapy 2001; 4:289-296.
[bookmark: _ENREF_42][42] Porwal M, Cohen S, Snoussi K et al. Parvoviruses cause nuclear envelope breakdown by activating key enzymes of mitosis. PLoS pathogens 2013; 9:e1003671.
••  Parvoviruses induce NE disintegration independent of soluble cytoplasmic factors, with mitosis-like sudden-onset kinetics indicating a catastrophic event. The order of events suggests initial direct binding of parvovirus capsids to specific NPC proteins, followed by structural rearrangement of capsids to expose new domains of capsid protein(s) that promote calcium ion efflux from the NE lumen, activating PKC, cdk-2 and caspase-3 to promote NE disassembly in otherwise quiescent cells. 

[bookmark: _ENREF_43][43] Kartenbeck J, Stukenbrok H, Helenius A. Endocytosis of simian virus 40 into the endoplasmic reticulum. The Journal of cell biology 1989; 109:2721-2729.
[bookmark: _ENREF_44][44] Ewers H, Romer W, Smith AE et al. GM1 structure determines SV40-induced membrane invagination and infection. Nature cell biology 2010; 12:11-18; sup pp 11-12.
[bookmark: _ENREF_45][45] Tsai B, Gilbert JM, Stehle T et al. Gangliosides are receptors for murine polyoma virus and SV40. The EMBO journal 2003; 22:4346-4355.
[bookmark: _ENREF_46][46] Engel S, Heger T, Mancini R et al. Role of endosomes in simian virus 40 entry and infection. Journal of virology 2011; 85:4198-4211.
[bookmark: _ENREF_47][47] Geiger R, Andritschke D, Friebe S et al. BAP31 and BiP are essential for dislocation of SV40 from the endoplasmic reticulum to the cytosol. Nature cell biology 2011; 13:1305-1314.
[bookmark: _ENREF_48][48] Magnuson B, Rainey EK, Benjamin T et al. ERp29 triggers a conformational change in polyomavirus to stimulate membrane binding. Molecular cell 2005; 20:289-300.
[bookmark: _ENREF_49][49] Rainey-Barger EK, Magnuson B, Tsai B. A chaperone-activated nonenveloped virus perforates the physiologically relevant endoplasmic reticulum membrane. Journal of virology 2007; 81:12996-13004.
[bookmark: _ENREF_50][50] Daniels R, Rusan NM, Wadsworth P, Hebert DN. SV40 VP2 and VP3 insertion into ER membranes is controlled by the capsid protein VP1: implications for DNA translocation out of the ER. Molecular cell 2006; 24:955-966.
[bookmark: _ENREF_51][51] Giorda KM, Hebert DN. Viroporins customize host cells for efficient viral propagation. DNA and cell biology 2013; 32:557-564.
[bookmark: _ENREF_52][52] Nakanishi A, Clever J, Yamada M et al. Association with capsid proteins promotes nuclear targeting of simian virus 40 DNA. Proceedings of the National Academy of Sciences of the United States of America 1996; 93:96-100.
[bookmark: _ENREF_53][53] Nakanishi A, Li PP, Qu Q et al. Molecular dissection of nuclear entry-competent SV40 during infection. Virus research 2007; 124:226-230.
[bookmark: _ENREF_54][54] Nakanishi A, Shum D, Morioka H et al. Interaction of the Vp3 nuclear localization signal with the importin alpha 2/beta heterodimer directs nuclear entry of infecting simian virus 40. Journal of virology 2002; 76:9368-9377.
[bookmark: _ENREF_55][55] Butin-Israeli V, Ben-nun-Shaul O, Kopatz I et al. Simian virus 40 induces lamin A/C fluctuations and nuclear envelope deformation during cell entry. Nucleus 2011; 2:320-330.
••  SV40 is a member of the polyoma virus class. This study identified the NE as a major hurdle to infection, since most viral DNA remained trapped in the ER. Cells with reduced levels of A-type lamins were more susceptible to infection. SV40 disrupted the NE and NPCs, and caused lamin A/C dephosphorylation and leakage to the cytoplasm. Intriguingly these deformations were transient, and NE structure was restored after capsid entry into the nucleus. NE deformation and lamin  dephosphorylation involved caspase-6 cleavage of lamin A/C. The results suggest nuclear entry of the SV40 genome involves targeting of the nuclear lamina. 

[bookmark: _ENREF_56][56] Hoyt CC, Bouchard RJ, Tyler KL. Novel nuclear herniations induced by nuclear localization of a viral protein. Journal of virology 2004; 78:6360-6369.
[bookmark: _ENREF_57][57] Faria PA, Chakraborty P, Levay A et al. VSV disrupts the Rae1/mrnp41 mRNA nuclear export pathway. Molecular cell 2005; 17:93-102.
[bookmark: _ENREF_58][58] Rajani KR, Pettit Kneller EL, McKenzie MO et al. Complexes of vesicular stomatitis virus matrix protein with host Rae1 and Nup98 involved in inhibition of host transcription. PLoS pathogens 2012; 8:e1002929.
[bookmark: _ENREF_59][59] Belov GA, Lidsky PV, Mikitas OV et al. Bidirectional increase in permeability of nuclear envelope upon poliovirus infection and accompanying alterations of nuclear pores. Journal of virology 2004; 78:10166-10177.
••  Infection by certain picornaviruses including Poliovirus causes subsets of presynthesized nuclear proteins to exit the nucleus and mislocalize in the cytoplasm. A bar-like barrier structure in the central channel of NPCs, seen in EM micrographs of uninfected cells, was lost in infected cells. Expression of poliovirus 2A protease alone triggered release of test nuclear proteins. Export of a test protein (3xEGFP-NLS) was inhibited by elastase inhibitors, a caspase inhibitor and certain protease inhibitors, suggesting the poliovirus protease 2A elicits nuclear efflux, possibly in cooperation with a host protease. 

[bookmark: _ENREF_60][60] Gustin KE, Sarnow P. Effects of poliovirus infection on nucleo-cytoplasmic trafficking and nuclear pore complex composition. The EMBO journal 2001; 20:240-249.
[bookmark: _ENREF_61][61] Reid SP, Leung LW, Hartman AL et al. Ebola virus VP24 binds karyopherin alpha1 and blocks STAT1 nuclear accumulation. Journal of virology 2006; 80:5156-5167.
• This work shows that one Ebola virus structural protein, VP24, specifically binds importin α5 (not  importin α1, α3 or α4) and thereby blocks the nuclear accumulation of STAT1 (and likely other host cell proteins). Since STAT 1 is an important mediator of IFN-α/β and IFN-γ signalling, this block impairs the IFN-mediated induction of an antiviral state, and is likely one of several mechanisms by which Ebola virus evades antiviral responses and is so pathogenic.  

[bookmark: _ENREF_62][62] Lee CP, Chen MR. Escape of herpesviruses from the nucleus. Reviews in medical virology 2010; 20:214-230.
[bookmark: _ENREF_63][63] Mettenleiter TC, Klupp BG, Granzow H. Herpesvirus assembly: an update. Virus research 2009; 143:222-234.
[bookmark: _ENREF_64][64] Mettenleiter TC, Muller F, Granzow H, Klupp BG. The way out: what we know and do not know about herpesvirus nuclear egress. Cellular microbiology 2013; 15:170-178.
[bookmark: _ENREF_65][65] Scott ES, O'Hare P. Fate of the inner nuclear membrane protein lamin B receptor and nuclear lamins in herpes simplex virus type 1 infection. J. Virol. 2001; 75:8818-8830.
[bookmark: _ENREF_66][66] Muranyi W, Haas J, Wagner M et al. Cytomegalovirus recruitment of cellular kinases to dissolve the nuclear lamina. Science 2002; 297:854-857.
[bookmark: _ENREF_67][67] Simpson-Holley M, Baines J, Roller R, Knipe DM. Herpes Simplex Virus 1 UL31 and UL34 Gene Products Promote the Late Maturation of Viral Replication Compartments to the Nuclear Periphery. Journal of virology 2004; 78:5591-5600.
[bookmark: _ENREF_68][68] Bjerke SL, Roller RJ. Roles for herpes simplex virus type 1 UL34 and US3 proteins in disrupting the nuclear lamina during herpes simplex virus type 1 egress. Virology 2006; 347:261-276.
[bookmark: _ENREF_69][69] Granzow H, Klupp BG, Fuchs W et al. Egress of alphaherpesviruses: comparative ultrastructural study. Journal of virology 2001; 75:3675-3684.
[bookmark: _ENREF_70][70] Mettenleiter TC, Minson T. Egress of alphaherpesviruses. J. Virol. 2006; 80:1610-1611 
[bookmark: _ENREF_71][71] Enquist LW, Husak PJ, Banfield BW, Smith GA. Infection and spread of alphaherpesviruses in the nervous system. Adv. Virus Res. 1998; 51:237-347.
[bookmark: _ENREF_72][72] Skepper JN, Whiteley A, Browne H, Minson A. Herpes simplex virus nucleocapsids mature to progeny virions by an envelopment --> deenvelopment --> reenvelopment pathway. Journal of virology 2001; 75:5697-5702.
[bookmark: _ENREF_73][73] Hollinshead M, Johns HL, Sayers CL et al. Endocytic tubules regulated by Rab GTPases 5 and 11 are used for envelopment of herpes simplex virus. The EMBO journal 2012; 31:4204-4220.
[bookmark: _ENREF_74][74] Crump CM, Yates C, Minson T. Herpes simplex virus type 1 cytoplasmic envelopment requires functional Vps4. Journal of virology 2007; 81:7380-7387.
[bookmark: _ENREF_75][75] Turcotte S, Letellier J, Lippe R. Herpes simplex virus type 1 capsids transit by the trans-Golgi network, where viral glycoproteins accumulate independently of capsid egress. Journal of virology 2005; 79:8847-8860.
[bookmark: _ENREF_76][76] Remillard-Labrosse G, Mihai C, Duron J et al. Protein kinase D-dependent trafficking of the large Herpes simplex virus type 1 capsids from the TGN to plasma membrane. Traffic 2009; 10:1074-1083.
[bookmark: _ENREF_77][77] Henaff D, Radtke K, Lippe R. Herpesviruses exploit several host compartments for envelopment. Traffic 2012; 13:1443-1449.
[bookmark: _ENREF_78][78] Simpson-Holley M, Colgrove RC, Nalepa G et al. Identification and functional evaluation of cellular and viral factors involved in the alteration of nuclear architecture during herpes simplex virus 1 infection. J Virol. 2005; 79:12840-12851.
[bookmark: _ENREF_79][79] Morris JB, Hofemeister H, O'Hare P. Herpes simplex virus infection induces phosphorylation and delocalization of emerin, a key inner nuclear membrane protein. J. Virol. 2007; 81:4429-4437.
[bookmark: _ENREF_80][80] Leach N, Bjerke SL, Christensen DK et al. Emerin is hyperphosphorylated and redistributed in herpes simplex virus type 1-infected cells in a manner dependent on both UL34 and US3. J. Virol. 2007; 81:10792-10803.
• Emerin belongs to the LEM (LAP2-emerin-MAN1)-domain class of INM proteins. Emerin binds numerous nuclear proteins and has diverse roles including nuclear structure, chromatin tethering, gene regulation and signaling. This work shows that emerin is completely modified during HSV infection by cellular kinases with additional regulation by the US3 viral kinase, which also functions during HSV nuclear egress. Phosphorylation dramatically reduces emerin localization at the INM and likely reflects virus-induced dismantling of the lamina-INM for capsid association and budding through the INM.

[bookmark: _ENREF_81][81] Reynolds AE, Wills EG, Roller RJ et al. Ultrastructural localization of the herpes simplex virus type 1 UL31, UL34, and US3 proteins suggests specific roles in primary envelopment and egress of nucleocapsids. Journal of virology 2002; 76:8939-8952.
[bookmark: _ENREF_82][82] Roller RJ, Zhou Y, Schnetzer R et al. Herpes simplex virus type 1 U(L)34 gene product is required for viral envelopment. Journal of virology 2000; 74:117-129.
[bookmark: _ENREF_83][83] Reynolds AE, Ryckman BJ, Baines JD et al. U(L)31 and U(L)34 proteins of herpes simplex virus type 1 form a complex that accumulates at the nuclear rim and is required for envelopment of nucleocapsids. Journal of virology 2001; 75:8803-8817.
[bookmark: _ENREF_84][84] Klupp BG, Granzow H, Mettenleiter TC. Primary envelopment of pseudorabies virus at the nuclear membrane requires the UL34 gene product. Journal of virology 2000; 74:10063-10073.
[bookmark: _ENREF_85][85] Fuchs W, Klupp BG, Granzow H et al. The interacting UL31 and UL34 gene products of pseudorabies virus are involved in egress from the host-cell nucleus and represent components of primary enveloped but not mature virions. Journal of virology 2002; 76:364-378.
[bookmark: _ENREF_86][86] Milbradt J, Auerochs S, Marschall M. Cytomegaloviral proteins pUL50 and pUL53 are associated with the nuclear lamina and interact with cellular protein kinase C. The Journal of general virology 2007; 88:2642-2650.
• These results suggest a role for the HCMV homologues of pUL34 (pUL50) and pUL31 (pUL53) in recruiting PKC to the INM. This work shows a direct interaction between pUL50 and PKC as well as re-localisation of PKC. pUL50 was also phosphorylated, consistent with it being a substrate for the associated PKC. This work supports a conserved mechanism whereby these two proteins recruit viral and host kinases to modify the INM with resultant distortions, herniations and disruptions required for capsid transport across the membrane. 

[bookmark: _ENREF_87][87] Milbradt J, Auerochs S, Sticht H, Marschall M. Cytomegaloviral proteins that associate with the nuclear lamina: components of a postulated nuclear egress complex. The Journal of general virology 2009; 90:579-590.
[bookmark: _ENREF_88][88] Farina A, Feederle R, Raffa S et al. BFRF1 of Epstein-Barr virus is essential for efficient primary viral envelopment and egress. Journal of virology 2005; 79:3703-3712.
[bookmark: _ENREF_89][89] Granato M, Feederle R, Farina A et al. Deletion of Epstein-Barr virus BFLF2 leads to impaired viral DNA packaging and primary egress as well as to the production of defective viral particles. Journal of virology 2008; 82:4042-4051.
[bookmark: _ENREF_90][90] Buser C, Walther P, Mertens T, Michel D. Cytomegalovirus primary envelopment occurs at large infoldings of the inner nuclear membrane. Journal of virology 2007; 81:3042-3048.
[bookmark: _ENREF_91][91] Camozzi D, Pignatelli S, Valvo C et al. Remodelling of the nuclear lamina during human cytomegalovirus infection: role of the viral proteins pUL50 and pUL53. The Journal of general virology 2008; 89:731-740.
[bookmark: _ENREF_92][92] Neubauer A, Rudolph J, Brandmuller C et al. The equine herpesvirus 1 UL34 gene product is involved in an early step in virus egress and can be efficiently replaced by a UL34-GFP fusion protein. Virology 2002; 300:189-204.
[bookmark: _ENREF_93][93] Roller RJ, Zhou Y, Schnetzer R et al. Herpes simplex virus type 1 U(L)34 gene product is required for viral envelopment. Journal of virology 2000; 74:117-129.
[bookmark: _ENREF_94][94] Shiba C, Daikoku T, Goshima F et al. The UL34 gene product of herpes simplex virus type 2 is a tail-anchored type II membrane protein that is significant for virus envelopment. The Journal of general virology 2000; 81:2397-2405.
[bookmark: _ENREF_95][95] Marschall M, Marzi A, aus dem Siepen P et al. Cellular p32 recruits cytomegalovirus kinase pUL97 to redistribute the nuclear lamina. The Journal of biological chemistry 2005; 280:33357-33367. Epub 32005 Jun 33323.
[bookmark: _ENREF_96][96] Klupp BG, Granzow H, Fuchs W et al. Vesicle formation from the nuclear membrane is induced by coexpression of two conserved herpesvirus proteins. Proc. Natl. Acad. Sci. USA 2007; 104:7241-7246.
••  Two herpesvirus proteins, pUL31 and pUL34, are critical for primary envelopment at the INM. Cells transfected with pUL31 and pUL34 formed vesicles in the NE lumen that resembled primary enveloped particles without a nucleocapsid. These vesicles contain pUL31 and pUL34 and are derived from the nuclear envelope. Thus these two conserved herpesvirus proteins are sufficient to induce the formation of vesicles from the nuclear membrane.

[bookmark: _ENREF_97][97] Klupp BG, Granzow H, Mettenleiter TC. Nuclear envelope breakdown can substitute for primary envelopment-mediated nuclear egress of herpesviruses. Journal of virology 2011; 85:8285-8292.
[bookmark: _ENREF_98][98] Grimm KS, Klupp BG, Granzow H et al. Analysis of viral and cellular factors influencing herpesvirus-induced nuclear envelope breakdown. Journal of virology 2012; 86:6512-6521.
[bookmark: _ENREF_99][99] Schulz KS, Liu X, Klupp BG et al. Pseudorabies virus pUL46 induces activation of ERK1/2 and regulates herpesvirus-induced nuclear envelope breakdown. Journal of virology 2014; 88:6003-6011.
[bookmark: _ENREF_100][100] Mettenleiter TC, Klupp BG, Granzow H. Herpesvirus assembly: a tale of two membranes. Curr. Opin. Microbiol. 2006; 9:423-429.
[bookmark: _ENREF_101][101] Farnsworth A, Wisner TW, Webb M et al. Herpes simplex virus glycoproteins gB and gH function in fusion between the virion envelope and the outer nuclear membrane. Proceedings of the National Academy of Sciences of the United States of America 2007; 104:10187-10192.
[bookmark: _ENREF_102][102] Wisner TW, Wright CC, Kato A et al. Herpesvirus gB-induced fusion between the virion envelope and outer nuclear membrane during virus egress is regulated by the viral US3 kinase. Journal of virology 2009; 83:3115-3126.
[bookmark: _ENREF_103][103] Wright CC, Wisner TW, Hannah BP et al. Fusion between perinuclear virions and the outer nuclear membrane requires the fusogenic activity of herpes simplex virus gB. Journal of virology 2009; 83:11847-11856.
•  This fusion event promoting herpesvirus capsid exit from the lumenal space of the nuclear envelope is absolutely required for infection to proceed, but is poorly understood. These authors develop and analyse viruses with more subtle mutant forms of gB with single amino acid substitutions in hydrophobic fusion loops thought to directly mediate membrane fusion by insertion into cellular membranes. Viruses expressing gB with any one of four fusion loop mutations could not enter cells (ie fusion by virons for initial infection was blocked). These viruses also exhibited defects in nuclear egress; enveloped virions accumulated in herniations and in the perinuclear space. This suggests that in HSV, gB directly mediates fusion between perinuclear virus particles and the ONM.  

[bookmark: _ENREF_104][104] Klupp B, Altenschmidt J, Granzow H et al. Glycoproteins required for entry are not necessary for egress of pseudorabies virus. J. Virology 2008; 82:6299-6309.
• HSV and PRV are highly related alpha herpesviruses, and might be expected to share fundamental aspects of replication. However this paper, in contrast to reference 103, suggests they are distinct. In PRV, simultaneous deletion of combinations of glycoproteins including gB had no detectable effect on PrV egress from the nucleus, implying that none of the PRV glycoproteins is required either singly or in combination. They also failed to detect any viral glycoproteins at the INM or in primary virions in the lumenal space. These results strongly suggest that different fusion mechanisms are active during virus entry into the cell, versus egress from the nucleus, and potentially, since no viral glycoproteins are present on the primary envelope, that fusion at the ONM is mediated by a fundamentally distinct mechanism possibly involving host cell factors. 

[bookmark: _ENREF_105][105] Miranda-Saksena M, Boadle RA, Armati P, Cunningham AL. In rat dorsal root ganglion neurons, herpes simplex virus type 1 tegument forms in the cytoplasm of the cell body. J. Virol. 2002; 76:9934-9951.
[bookmark: _ENREF_106][106] Speese SD, Ashley J, Jokhi V et al. Nuclear envelope budding enables large ribonucleoprotein particle export during synaptic Wnt signaling. Cell 2012; 149:832-846.
[bookmark: _ENREF_107][107] Cohen S, Marr AK, Garcin P, Pante N. Nuclear envelope disruption involving host caspases plays a role in the parvovirus replication cycle. Journal of virology 2011; 85:4863-4874.
• This work investigates the mechanisms by which the parvovirus, minute virus of mice (MVM), transiently disrupts the NE. Anticipating potential involvement of a viral protein, the authors show instead that the virus usurps host cell caspases to promote nuclear membrane disruption. Blocking caspase-3 activity prevented virus-induced nuclear lamin cleavage and NE disruption, and correspondingly reduced both capsid entry into the nucleus and viral gene expression. The work shows that instead of hyper-activating caspase 3, the virus promotes its re-localisation to the nucleus and thereby mimics, at least in part, caspase 3 involvement in apoptosis with associated lamin cleavage and NE disruption.  

[bookmark: _ENREF_108][108] Kvansakul M, Hinds MG. Structural biology of the Bcl-2 family and its mimicry by viral proteins. Cell death & disease 2013; 4:e909.
[bookmark: _ENREF_109][109] Upton JW, Chan FK. Staying alive: cell death in antiviral immunity. Molecular cell 2014; 54:273-280.
[bookmark: _ENREF_110][110] Fulcher AJ, Jans DA. Regulation of nucleocytoplasmic trafficking of viral proteins: an integral role in pathogenesis? Biochimica et biophysica acta 2011; 1813:2176-2190.
[bookmark: _ENREF_111][111] Monette A, Pante N, Mouland AJ. Examining the requirements for nucleoporins by HIV-1. Future microbiology 2011; 6:1247-1250.
[bookmark: _ENREF_112][112] Ketema M, Sonnenberg A. Nesprin-3: a versatile connector between the nucleus and the cytoskeleton. Biochemical Society transactions 2011; 39:1719-1724.
[bookmark: _ENREF_113][113] Tzur YB, Wilson KL, Gruenbaum Y. SUN-domain proteins: 'Velcro' that links the nucleoskeleton to the cytoskeleton. Nature reviews. Molecular cell biology 2006; 7:782-788.
[bookmark: _ENREF_114][114] Buchkovich NJ, Maguire TG, Alwine JC. Role of the endoplasmic reticulum chaperone BiP, SUN domain proteins, and dynein in altering nuclear morphology during human cytomegalovirus infection. Journal of virology 2010; 84:7005-7017.
••  Infection with human cytomegalovirus (HCMV) radically alters the NE, particularly near the cytoplasmic assembly compartment, disrupting the ONM and nuclear lamina organization and making the nucleus permeable to large molecules. The loss of tethering between the INM and ONM was related to reduced levels of SUN-domain proteins.  



