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Abstract

The nuclear envelope (NE) physically separates the cytoplasmic and nuclear compartments. While 

this barrier provides advantages, it also presents a challenge for the nuclear export of large 

ribonucleoprotein (RNP) complexes. Decades-old dogma holds that all such border-crossing is via 

the nuclear pore complex (NPC). However, the diameter of the NPC central channel limits the 

passage of large cargos. Here, we review evidence that such large RNPs employ an endogenous 

NE-budding pathway, previously thought to be exclusive to the nuclear egress of Herpes viruses. 

We discuss this and other models proposed, the likelihood that this pathway is conserved, and the 

consequences of disrupting NE-budding for synapse development, localized translation of synaptic 

mRNAs, and laminopathies inducing accelerated aging.

Introduction

Envelopment of genomic material by a double membrane, a hallmark of eukaryotic cells, 

was first described over a hundred years ago [1] and likely first occurred some 3 billion 

years ago. The segregation of the nucleoplasm from the cytosol enabled the spatial-temporal 

separation of translation from transcription [2]. This, in turn, allowed the evolution of 

additional regulatory levels necessary for the development of complex multi-cellular 

organisms, e.g., RNA export and cytoplasmic trafficking, or spatially restricted post-

translational control, such as phosphorylation, ubiquitinylation and sumoylation. The nuclear 

envelope (NE) is composed of an outer nuclear membrane (ONM), which is continuous with 

the endoplasmic reticulum (ER), and an inner nuclear membrane (INM) that faces the 

nucleoplasm. Beneath the INM there is a dense meshwork, the lamina, primarily comprising 

intermediate filament proteins, the Lamins. Far from representing a passive component of 

the nucleoskeleton, the Lamins play dynamic roles in nuclear mechanical stability, 

chromatin organization, regulation of gene expression, genome stability, and cell division 

and differentiation [3]. Lamins often exist in two flavors, A-type Lamins (encoded by the 

LMNA gene in mammals, which generates two isoforms, LMNA and LMNC, and the lamC 
gene in Drosophila), and B-type Lamins (encoded by LMNB1 and LMNB2 in mammals and 
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lamDm0 in flies). While B-type Lamins are expressed from the earliest stages of cellular 

differentiation and are required for cell viability, Atype Lamins are usually present in 

differentiated cells and are not required for cell survival. Indeed, animals such as C. elegans 
lack A-type Lamin, expressing only B-type Lamin. In humans a very large number of 

mutations (300+) in the LMNA gene have been identified, causing tissue-specific 

dystrophies and early aging, and collectively known as laminopathies [4].

Until recently it had been assumed that, except during early phases of mitosis, when the NE 

and lamina break down to be subsequently reassembled during telophase, the Nuclear Pore 

Complex (NPC) was the only gateway in and out of the nucleus. The NPC, first described 

over 50 years ago [5], is a ~125MDa protein complex, with ~3000 of them spanning each 

higher eukaryotic cell NE. It consists of some 500 proteins, primarily multiple copies of ~30 

distinct nucleoporins that form a central channel through which cargo is transported in and 

out of the nucleus in a highly-regulated fashion [6, 7]. Both passive diffusion and facilitated 

transport, enabled by nuclear localization and export sequences within proteins and RNAs, 

as well as NPC-associated elements, are supported by the NPC.

A major problem with postulating the NPC as the sole route of nucleo-cytoplasmic transport 

is the relatively small size of molecular complexes that can transverse through its central 

channel. Studies using gold particles complexed to nuclear-localizing cargo of various sizes, 

used as molecular calipers to measure the size of the NPC central channel, placed its 

diameter at ~39 nm [8]. Moreover, recent structural studies indicate that the NPC channel is 

relatively flexible, being able to stretch up to 52 nm in diameter [9, 10]. There has been, 

however, a significant number of studies in diverse eukaryotic cells and tissues indicating the 

existence of much larger (100–700nm) RNPs in the cytoplasm [11–15]. Given the NPC size 

constrains it has been proposed that these super-large RNPs are assembled in the cytoplasm 

and that RNAs exit the nucleus one by one through the NPC. A potential mechanism to 

explain the nuclear export of RNPs larger than the maximum diameter of the NPC central 

channel has been suggested in the study of Balbiani ring RNPs which are synthesized in the 

nucleus of larval salivary gland cells of the dipteran Chironomus tentans, with a ~50 nm in 

diameter. Within the nucleus, these RNPs form a ribbon which assumes a ring-like 

conformation [16]. During RNP extrusion through the NPC, they adopt an elongated 

conformation, enabling their passage through the NPC [16]. The transit of other “oversized” 

RNPs from the nucleus to the cytoplasm might also be accounted for by the physical 

properties of RNPs, in which components appear to exist in a condensed liquid phase [17], 

enabling a degree of deformability. Thus, flexibility of either NPC and/or granule structure 

allows some larger RNPs to pass through the NPC.

An alternative, NPC-independent mechanism for nuclear exit, has been uncovered from 

studies of the nuclear egress of Herpes viruses (HVs). HV nucleocapsids, themselves large 

nucleoproteins, are assembled in the nucleus and must escape to the cytoplasm for 

maturation and release from the cell. This mechanism, NE-budding, appears to be a 

conserved mechanism for the nuclear export of very large RNPs which are assembled in the 

nucleus.
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HV egress from the nucleus

HVs are clinically-important double-stranded DNA viruses endemic in human and animal 

populations and induce infections such as oral and genital herpes caused by Herpes simplex, 

chicken pox and shingles, caused by Varicella zoster, mononucleosis, caused by Barr-

Epstein virus, and Kaposi’s sarcoma caused by Human herpesvirus 8. As is typical of viral 

replication, both viral and cellular proteins are employed through all phases of infection, 

replication, maturation and shedding from the host cell. Given the large size of HV 

nucleocapsids (~ 125 nm) they escape from the nucleus though a process of NE membrane 

remodelling, involving envelopment and de-envelopment of the nucleocapsid at the NE [18–

24]. A widely accepted model of this process is that nucleocapsids disrupt the nuclear 

lamina, gaining access to the INM. Subsequently, they undergo primary envelopment by 

deforming the INM, thus budding into the perinuclear space (between INM and ONM; Fig. 

1A). In this way, perinuclear nucleocapsids become enveloped by an INM coat. During de-

envelopment, the capsid INM coat fuses with the ONM, liberating a naked capsid into the 

cytoplasm (Fig. 1A) for secondary envelopment at the Golgi and release from the cell.

The so-called Nuclear Egress Complex (NEC), required for primary envelopment at the 

INM, has been well characterized [20, 22–26]. For simplicity, here we use the Herpes 

Simplex Virus-1 (HSV-1) protein nomenclature, although similar viruses encode orthologs 

which may bear different names. The HSV-1 NEC requires a complex of two virally-

encoded proteins, pUL34 and pUL31. In the absence of the NEC, nuclear egress of viral 

particles ceases and capsids in various states of maturity accumulate in the nucleus.

The NEC also recruits viral and cellular kinases which locally phosphorylate INM-

associated lamina proteins, leading to a disruption of the lamina at these sites [22, 23, 26]. 

There is some specificity to the Lamin-kinase interactions, as viral kinases, pUS3 and 

pUL13 primarily phosphorylate the A/C-Lamins, while cellular Protein Kinase C (PKC) 

phosphorylates the A- and B-Lamins [26, 27].

In addition to PKC, the cellularly-encoded AAA+ superfamily member TorsinA (TorA) also 

appears to be involved in HV nuclear egress in some cells [28]. TorA plays roles in 

maintaining NE architecture and ER function [29] and mutations in TorA underlie early 

onset torsion dystonia in humans, a movement disorder [30–32].

Overexpressing wild type TorA in HSV-1-infected cells reduced viral replication leading to 

the accumulation of membrane-bound granules that retain pUL34 [28]. These data indicate 

that TorA might play a role early in the NE-budding process, possibly during the 

invagination of the INM-covered particle into the perinuclear space or in its dissociation 

from the INM. In contrast, complete elimination of the TorA/B coding regions in double 

knockout Hela cell lines resulted in minimal effects on viral production [33]. This 

discrepancy between the overexpression and knockout studies remains to be resolved.

A flurry of recent structural studies of the different NECs have provided mechanistic 

insights as to how pUL34 and pUL31 interact with each other, the immature virion and the 

lamina to effect NE-budding [34–42]. Together with earlier work, they support a model 

where tightly-interacting pUL34 and pUL31dimers bind simultaneously to the surface of the 
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nucleocapsid and an unknown partner(s) on the nucleoplasmic side of the INM, to dock the 

capsid. These dimers multimerize, eventually completely coating the capsid, and inducing 

the changes in INM curvature required for budding into the perinuclear space. Strikingly, 

expression of the two NEC components in uninfected cells results in the formation of 

“empty”, but correctly sized, vesicles in the perinuclear space, between the IMN and ONM 

[43, 44]. This indicates that at least the initial steps of NE-budding do not require docking of 

a viral particle. Similarly, studies using artificial membranes or liposomes show that pUL31 

and pUL34 are sufficient to deform membranes to induce vesiculation (reviewed in [23]). In 

a giant unilamellar vesicle in vitro model, pUL34, which has been shown to recruit pUL31 

to the membrane, facilitates membrane budding and abscission [45]. The requirement for 

pUL34 can be bypassed by tethering pUL31 to the membrane, suggesting that membrane-

localized pUL31 alone is sufficient for budding and abscission.

The Fz2 nuclear import pathway and the nuclear egress of large RNPs

The first clues suggesting the presence of an endogenous cellular NE-budding pathway 

similar to HV nuclear egress came from an unexpected direction: the study of the roles of 

trans-synaptic Wnt signalling at the developing Drosophila neuromuscular junction (NMJ). 

Wnts are secreted glycoproteins, with myriad of roles in development throughout the animal 

kingdom, which bind and signal through various receptors, including the Frizzled (Fz) 

family of receptors [46].

Wingless (Wg; mammalian Wnt-1 ortholog) is secreted by motor-neuron presynaptic 

terminals and binds to Fz2 receptors on the opposing muscle membrane [47, 48], a ruffled 

membrane called the subsynaptic reticulum (SSR; Fig. 2A, B). Reductions in signalling 

through this pathway result in aberrant NMJ growth, and incomplete differentiation of 

synaptic boutons (components of the NMJ that carry out neurotransmission), particularly the 

differentiation of postsynaptic structures. These processes rely on the so-called Frizzled 

Nuclear Import (FNI) Wg pathway. In the FNI pathway, Fz2 is endocytosed from the muscle 

cell surface and proteolytically-cleaved to yield a small cytoplasmic carboxyterminal 

fragment (Fz2C), which is imported into the muscle nuclei and incorporated into large 

nuclear Fz2C foci [47]. Fz2 endocytosis and proteolysis was suggested to be constitutive, 

while the nuclear translocation of Fz2C required Wg [47], the multiple PDZ domain adaptor, 

GRIP [49] and two members of the importin family [50], adaptors involved in importing 

proteins through the NPC.

Examination of nuclear Fz2C foci by confocal microscopy followed by image reconstruction 

through deconvolution software revealed that the foci were composed of individual Fz2C 

granules associated with the NE, and were usually present in clusters. These Fz2C granules 

did not appear to colocalize with NPCs as determined both by light and electron microscopy 

(EM). However, the morphological criteria utilized in this study do not preclude the function 

of specific NPC components in forming the granules at the NE. The above studies also 

demonstrated that Fz2C granules were localized at the perinuclear space, between the INM 

and the ONM, were surrounded by membrane and a coat of lamC. They were also enriched 

in poly-adenylated RNAs, and sometimes contained Poly(A)-binding protein 2 (PABP2) 

[51]. Formation of these perinuclear RNPs required the phosphorylation of LamC by 
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atypical-PKC (aPKC), similar to the requirement for cellular and viral Lamin-targeted 

kinases during HV nuclear egress [51]. The presence of Fz2C granules at the perinuclear 

space was also demonstrated by the lack of accessibility of fluorescent dextran of molecular 

mass above the NPC size cut-off injected into the muscle cytoplasm [51]. Thus, Fz2C 

granules appear to transiently reside at the perinuclear space, similar to HV nucleocapsids 

during their nuclear egress (Fig. 3).

What might be the function of large RNPs that exit the nucleus through NE-budding? Some 

of the first indications were derived from the observation that Fz2C RNPs contained 

transcripts encoding the scaffolding proteins Par6, MAGI as well as 4 other proteins that are 

normally enriched at the postsynaptic region of the NMJ, and thus likely locally translated at 

synaptic sites. Blocking NE-budding by downregulating or eliminating LamC as well as by 

mutations in Torsin (see below) eliminated the synaptic enrichment of par6 and/or magi 
RNA, suggesting that NE-budding serves as a pathway for the nuclear export of mRNAs that 

are localized at postsynaptic sites. Whether the large RNPs contain multiple RNA species or 

multiple copies of a single species remains to be determined.

Similar to its possible involvement in HV nuclear egress, NE-budding of large RNPs 

required the TorA ortholog Torsin, the sole Torsin member in Drosophila [52]. Treatment of 

Drosophila cultured S2 cells, which recapitulate many, if not all, aspects of the FNI/NE-

budding pathway, with dsRNA targeting Torsin, or expressing mutant Torsin forms modelled 

after dystonia patients, resulted in perinuclear space accumulation of RNP granules. These 

granules appeared surrounded by INM, but were still tethered to the INM by a dense 

structure forming a neck (Fig. 3E). Notably, a very similar structure was observed at the 

perinuclear space of HV-infected cells when overexpressing TorA [28]. Expressing a Torsin 

substrate trap mutant (TorsinE→Q) led to an accumulation of the mutant protein at the neck 

of the budding granule, suggesting that the neck is the site of Torsin action. This led to the 

proposal that Torsin is likely involved in some aspect of the scission of the INM during 

primary envelopment of large RNPs. Finally, confirming and extending the previously 

mentioned observation that there are at least some localized transcripts within Fz2C-RNPs, 

postsynaptic levels of par6 and magi, were significantly reduced when Torsin action was 

blocked [52].

Together, these studies point to the existence of an endogenous cellular pathway that 

transports large RNPs to the cytoplasm via NE-budding. The similarity between NE-budding 

of RNPs and HV nuclear egress is striking and likely indicates that HVs have, once again, 

taken advantage of a host cell pathway to further their propagation. Is NE-budding 

conserved across species? Does it have tissue-specificity? So far observations in Drosophila 
indicate the presence of Fz2C RNPs in salivary gland epithelial cell nuclei, S2 cells derived 

from a macrophage cell lineage [51], somatic muscle cells, glial cells, and developing 

oocytes (V. Johki, S. Speese and V. B., unpublished), indicating that NE-budding is widely 

used in different tissue types. Large RNPs present between the INM and ONM have also 

been observed in neurons of young mice (Fig. 3), as well as in skeletal and cardiac muscle 

(J. Ashley, B. Ding and V. B., unpublished). As expected from large RNPs that exit the 

nucleus via NE-budding, these perinuclear granules are enriched in poly(A) RNA and often 

contain a mammalian Fz2 homolog, Fz8. NE-budding, however, appears to be transiently 
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utilized during specific stages of cell differentiation, making it difficult to study. For 

example, only 10–30% of the cells of a given type that utilize NE-budding appear to contain 

large RNPs at the perinuclear space at any one time. Nevertheless, blocking NE-budding at 

specific stages (e.g., through mutations in Torsin) can result in the accumulation of RNPs 

between the two nuclear membranes in esssentially 100% of the cells. Together with the 

reports that similar structures are observed at the perinuclear space in both plants and 

animals [11–15], it seems probable that NE-budding of large RNPs is a widely-used 

eukaryotic strategy.

Given the key role played by A-type Lamin during NE-budding, we anticipate that at least 

some of the laminopathies resulting from mutations in LMNA might be the consequence of 

defective NE-budding. This is supported by unpublished studies modelling LMNA 

mutations in LamC after progeroid syndrome-causing LMNA mutations in the fly also result 

in premature aging in the fly (Y. Li and V. B., in preparation).

Finally, it has been observed that perinuclear vesicles in the conditional Torsin-deficient 

mouse, resembling those that contain RNA granules in the perinuclear space, contain 

polyubiquitinated proteins [53]. This has led to the suggestion that NE-budding might also 

serve in the disposal of large, obsolete, nuclear material [53, 54]. Although polyubiquitin 

aggregates have not been observed in perinuclear granules at the NMJ (S. Speese and V. B., 

unpublished), a multifunctional role for NE-budding to export both large RNPs and large 

protein aggregates is conceivable.

Future directions

While much remains to be understood about the endogenous NE-budding pathway 

employed by eukaryotic cells and likely co-opted by HVs, here we highlight several 

fundamental questions which, in our opinion, are current priorities to be addressed. First and 

foremost, what are the cellular orthologs of the virally-encoded NEC proteins? Proteomic 

study of isolated budding RNPs and screens for genes whose mutation block the early stages 

of nuclear egress should prove useful in answering this question. Secondly, what 
mechanisms control nuclear RNP formation and composition? Thirdly, how are post-
budding RNPs targeted to their destinations? Finally, what additional cellular processed 
utilize NE-budding as a strategy to export cargo out of the nucleus?

More generally, further comparative studies of the common steps during HV vs RNP nuclear 

egress might be critical to our knowledge about a) which aspects of viral nuclear budding 

can be therapeutically targeted for the treatment of HV infections?, b) how localized 

translation of RNPs might be controlled, at least in part, by regulation of RNP nuclear 

budding rates or differential cargo loading? and c) What are the precise cargoes whose 

diminished export possibly underlies normal aging and/or laminopathies in general?
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Figure 1. Nuclear egress of HV nucleocapsids
A diagrammatic representation of the envelopment and de-envelopment process at the NE 

(A). Secondary envelopment of capsids in the cytoplasm and release of mature viral particles 

are also shown. Transmission electron micrographs of different stages of HV nuclear egress, 

showing nucleocapsid docking (B), primary envelopment at the INM (C, D, E), residence at 

the perinuclear space (F), de-envelopment at the ONM (G–I) and escape to the cytoplasm 

(J). Panels A and B–J are from Figure 1C and Figure 2, respectively, from [21] and are used 

with permission. The numbers shown in (B–J) correspond to the stages similarly numbered 

in (A).
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Figure 2. The Frizzled Nuclear Import pathway and NE-budding at the Drosophila NMJ
A high magnification view of the corresponding box in (B) schematically showing the 

release of Wg via exosomes by presynaptic boutons and the binding of Wg to Fz2 receptors 

at the ruffled surface of the muscle cell (the subsynaptic reticulum; SSR) is shown (A). The 

FNI pathway, in which Fz2 receptors are endocytosed at the SSR of the muscle, a 

cytoplasmic fragment of the receptor (DFz2C) is cleaved, and this fragment is imported into 

the nucleus (B). A schematic representation of the proposed endogenous NE-budding model, 

based on EM observations in Drosophila and mouse (C). DFz2C fragments are imported 

into the nucleus by a mechanism that require nucleoporins and become associated with large 

RNPs. These RNPs dock at the NE and disrupt the nuclear lamina though a mechanism 

involving aPKC. Subsequent remodeling of the INM and the ONM, either by pathway 1 

(indicated in grey; arrow up) or by pathway 2 (arrow down). The key to the different 

proteins and structures depicted is shown below panels A–C. MVBs are multivesicular 

bodies and PSD is the postsynaptic density.
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Figure 3. Similarities between nuclear HV egress and cellular RNP NE-budding
An HSV-1-infected Vero cell, displaying nucleocapsids in the perinuclear space (pseudo-

colored in green) is shown (A). The cytoplasmic region and the nucleoplasm are pseudo-

colored in blue and red, respectively. Note that both a cluster of nucleocapsids and a single 

nucleocapsid are seen in the perinuclear space. Nucleocapsids and large RNP clusters are 

often seen in convoluted enlargements of the perinuclear space. An RNP cluster localized at 

the perinuclear space of a S2 cell (B), resembling the nucleocapsids cluster is shown in (A). 

A single RNP observed in the perinuclear space of a mouse neuron (C). Nucleocapsids at the 

perinuclear space of an HSV-1-infected PC6-3 cell in which TorA is overexpressed (D). 

RNPs accumulating at the perinuclear space of an S2 cell treated with Torsin-dsRNA (E). 

Note the electron dense structures observed at the “necks” of RNPs which tether the RNPs 

to the INM resembling the nucleocapsids shown in (D). Also note the widely expanded 

perinuclear space. The calibration bar shown in (E) is 250 nm for all panels. Panel A is from 

Fig. 3E of [55], Panel D is from Fig. 2F of [28], Panel 3 is from Figure 2B from [52] and all 

are used with permission. Panels B and C are VB’s unpublished data.
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