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Abstract

Herpesvirus capsids traverse the nuclear envelope by utilizing an unusual export pathway termed
nuclear egress. In this process, the viral capsid is delivered into the perinuclear space, producing a
vesicular intermediate after fission. After fusion with the outer nuclear membrane, the naked
capsid is released into the cytosol. A recent study now suggests that this pathway might be an
endogenous cellular pathway, co-opted by viruses, that serves to transport cellular cargo
exceeding the size limit imposed by the nuclear pore complex. We propose that one function of
this pathway is to transport nuclear protein aggregates to the cytosolic autophagy machinery. Our
model has implications for our understanding of laminopathies and related diseases affecting
proteins residing at the inner nuclear membrane and nuclear lamina.
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Nuclear egress: A transport pathway for viral capsids

In the late phase of the Iytic cycle of a productive herpesvirus infection, the DNA genomes
of progeny viruses are packaged into viral capsids in the host cell nucleus. The completely
assembled nucleocapsid has a diameter of approximately125 nm and although this number
varies between different members of the herpesvirus family [1], the dimensions of the
nucleocapsid greatly exceed the 39 nm size limit of the nuclear pore complex (NPC) [2]. For
this reason, nuclear export of capsids cannot rely on the canonical machinery that utilizes the
NPC as a conduit to the cytosol. Instead, most if not all herpesviruses follow a pathway
termed nuclear egress (for a recent review, see [3]; Glossary). In the first step of nuclear
egress, designated primary envelopment, the capsid apposes to the inner nuclear membrane
(INM) of the nuclear envelope (NE) and buds into the perinuclear space (PNS) to produce a
vesicular intermediate (Figure 1a). Upon fusion of this intermediate with the outer nuclear
membrane (ONM), the naked capsid is released into the cytosol and has thus crossed the two
membranes that define the borders of the nuclear envelope. What follows is a process
termed secondary envelopment, in which the capsid is enveloped by a double membrane
(Figure 1a). From a topological perspective, we consider this latter process highly
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reminiscent of isolation membrane formation [4] at the onset of autophagy. Finally, the
double membrane closes. Following fusion of the outer membrane with the plasma
membrane, the mature virion is then released from the cell.

A large body of work ([3, 5], and references cited therein) has established the individual
steps that underlie nuclear egress. Initially, the nuclear lamina is dissolved in a process that
requires phosphorylation of lamins and other INMresident proteins, including Emerin, by
recruitment of cellular kinases and via virus-encoded kinases [6-8]. The capsid is then
recruited to the INM via the nuclear egress complex, conserved in all herpesvirus
subfamilies. For human herpesvirus-1 (HSV-1), the egress complex consists of UL31 and
UL34 (Figure 2). Remarkably, UL31/34 can induce NE budding upon transfection into
mammalian cells in the complete absence of a viral infection [9]. Less is known about the
fission events that produce the vesicular intermediate. The degree to which host cell factors
are involved in fission and other egress reactions remains to be established. Once formed,
HSV-1 glycoprotein B presumably acts as a fusion protein to execute the fusion of the
vesicular intermediate with the ONM [10] (Figures 1a, 2). However, similar studies centered
on Pseudorabiesvirus and human Cytomegalovirus do not support an essential function of
glycoprotein B in nuclear egress [11, 12], suggesting that other, possibly cellular, factors
mediate fusion.

Long believed to be a virus-specific pathway, recent evidence now suggests that nuclear
egress might be a cellular pathway that has been co-opted by herpesviruses [13]. As we shall
explain below, we believe that this pathway may fill a major gap in our understanding of
cellular protein quality control.

A pathway for nuclear protein aggregates

The proteome of every living organism is surveyed by an elaborate protein quality control
system which serves to repair or eliminate misfolded proteins before they reach cytotoxic
levels. The major routes for protein turnover in the cytosol of eukaryotes are the ubiquitin-
proteasome system (UPS) and autophagy. While both systems cooperate on many levels,
there is a key difference in selectivity with respect to the physical state of the substrate:
soluble misfolded species are usually targeted to the UPS for degradation, while insoluble
protein aggregates that cannot be handled by the proteasome are engulfed by an isolation
membrane at the onset of autophagy [14]. Following the formation of a double membrane
structure, the contents of the autophagosome are ultimately delivered to the lysosome via
membrane fusion [4] (Figure 1b).

Because the autophagy machinery is confined to the cytosol in interphase cells (in a neuron,
for example, no nuclear envelope breakdown occurs for decades), it is difficult to envision
how the cytoplasmic machinery for autophagy can gain access to the nucleoplasm, separated
from it by the nuclear envelope. How protein aggregates are handled in the nucleus — the
largest organelle by far in many cell types — is therefore largely unknown.

We hypothesize that nuclear protein aggregates bud into the intermembrane space of the
nuclear envelope, followed by fusion with the outer nuclear membrane for cytosolic release.
Once inside the cytosol, aggregates are cleared by means of autophagy (Figure 1b).

This postulated mechanism, which we designate egress of nuclear aggregates (EGNA),
derives support from the following considerations: (i) The autophagic machinery is confined
to the cytosol and there is no known mechanism that accounts for removal of protein
aggregates in the nucleus. Specifically, a potent nuclear disaggregating activity, which
would be required to disassemble nuclear aggregates, has not been described in mammalian
cells. (ii) The nuclear pore complex does not allow for the passage of structures greater than
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39 nm in diameter [2], suggesting that aggregated protein structures must exit via alternative
mechanisms. Nuclear inclusions that exceed the transport limit have been reported in
trinucleotide repeat disorders ([15] and references cited therein), and in response to missense
mutations [16]. (iii) Perinuclear autophagosomes and an upregulation of autophagy markers
are present in cells that express pathogenic alleles encoding the INM/lamina proteins Emerin
and Lamin A [17]. (iv) A profound thickening of the nuclear lamina is a hallmark of cells
from patients with progeria syndromes [18, 19]. This phenomenon may be caused by
aberrant protein deposition - visible as electron-dense material in electron micrographs of
those cells - although for the moment this remains speculative. (v) In yeast, nucleus-vacuole
(NV) junctions are assembled via membrane budding, fission and fusion events, allowing
for the delivery of nuclear components to the vacuole in a process termed piecemeal
microautophagy of the nucleus [20, 21]. One may therefore entertain the idea that
herpesviruses did not establish this pathway de novo. We hypothesize that nuclear egress
represents a conserved cellular pathway, subverted by herpesviruses to their own advantage.
Indeed, blebbing-related nuclear transport pathways have been considered [13, 22, 23], but
not as part of cellular quality control.

Export of RNA granules resembles nuclear egress: lessons from
Drosophila

A recent discovery lends credence to the idea of nuclear aggregate egress: It was reported
that ribonucleoprotein (RNP) granules in the neuromuscular junction of Drosophila exit the
nucleus in a manner similar to the nuclear egress of HSV-1 capsids [13]. These specific
RNP granules experience a size predicament similar to that of virus nucleocapsids, in that
they exceed the size limit for exit via nuclear pores. In studying the Frizzled nuclear import
pathway, the authors discovered that D-Frizzled2 (DFz2) foci in the nucleus colocalized
with RNA and the Drosophila A-type LaminC (LamC). By electron microscopy these foci
corresponded to membrane-enclosed granular intermediates within the perinuclear space.
Some of these granules were present immediately outside of the nucleus, implying that they
can be translocated across the membrane. LamC and an atypical protein kinase C (PKC)
isoform are required for the formation of these foci. However, it remains to be established
whether RNP export is entirely independent from NPC-dependent transport. Given that PKC
is required in HSV-1 nuclear egress as well, and that both pathways rely on vesicles as
transport intermediates in the perinuclear space, one may speculate that HSV-1 hijacks a
cellular pathway to leave the nucleus [13].

We argue that aggregated nuclear proteins would likewise be too large to exit the nucleus
via nuclear pores. Instead, utilization of a budding pathway through the nuclear envelope
would allow access to the cytoplasm and the known mechanisms of autophagy. Given that
cytosolic protein aggregates are actively transported to a perinuclear site [24, 25], the
transport routes of cytosolic and nuclear protein aggregates might converge at such a site,
followed by their sequestration into autophagosomes (see Figure 1b for a hypothetical
model).

Cellular factors implicated in nuclear egress

A mechanistic understanding of this type of nuclear egress is in its infancy, and many
crucial players await identification. The use of viruses as tools has illuminated many cellular
transport pathways [26]. Herpesviruses may therefore prove helpful in dissecting both
cellular and viral aspects of nuclear egress. By analogy to viral manipulation of the nuclear
envelope, the cellular egress pathway may consist of the following steps (Figure 2): (i) local
dissolution of nuclear lamina, (ii) recognition of cargo by a receptor at the INM, (iii)
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budding into the PNS, (iv) fission to yield a vesicular intermediate, and lastly (v) fusion with
the ONM.

While cargo receptors remain elusive, the viral nuclear egress complex interacts with the
Lamin B receptor indirectly leading to its relocalization [27] [28]. The functional
implications of this observation remain to be established. More is known about the action of
kinases, which function in a manner analogous to NE breakdown during mitosis [29]: PKC-
type kinases are involved in lamin phosphorylation to facilitate egress [6] [13]. The
mechanism that ensures that those kinases only act locally to prevent the bulk vesiculation
of the NE are not known, but likely involve recruitment to egress sites defined by specific,
INMresident receptors.

Which cellular components aid in membrane curvature, fission, and fusion, and how is the
transport process energized? Topologically, the budding reaction is similar to formation of a
multivesicular body (MVB) in endosomes (Glossary), responsible for the formation of
intralumenal vesicles [30] [31]. CHMP1, a member of the Snf7 family required for MVB
formation, was first identified as a nuclear protein [32]. Manipulation of the MVB
machinery compromises HSV-1 production [33, 34], but whether MVB components affect
only secondary envelopment in the cytosol or serve another function during nuclear egress is
not known.

Many AAA+ (ATPases associated with a variety of cellular activities) ATPases [35] play
important roles in membrane remodeling; examples include VPS4, a critical component of
the MVB machinery [30] [31], and NSF, which disassembles SNARE proteins after
membrane fusion [36]. There are several reasons why Torsin AAA+ ATPases are likely to
be functionally important (four are encoded in the human genome: TorsinA, TorsinB,
Torsin2A, Torsin3A). First, to our knowledge they are the only AAA+ ATPases found in the
perinuclear space. Second, vesicular structures in the PNS resembling viral egress
intermediates are visible in electron micrographs derived from mouse models of DYT1
dystonia, a disorder caused by a mutation in the TOR1A gene, as well as in primary cells of
primary dystonia patients [37-41]. TorsinA - the product of the TOR1A gene - and possibly
other Torsins may therefore play a major role in the formation or resolution of these
vesicular structures [13, 42]. Consistent with this idea, expression of dominant negative
alleles of Torsin A and B potently reduce HSV-1 production [43].

Apart from the nuclear lamina, another obstacle to nuclear egress that must be modulated is
the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex. This complex serves as a
molecular ruler to restrict the width of the perinuclear space to approximately 40 nm. It
consists of a trimeric SUN (Sad1/UNCB84) protein that spans the INM and binds the lamin
network with its Nterminus, while binding Nesprin/KASH (Klarsicht, ANC-1, SYNE1
Homology) proteins in the perinuclear space [44-46]. These Nesprin proteins, which are the
second component, span the outer nuclear membrane and attach to the cytoskeleton with
their N-termini [45, 47]. While the precise number and density of LINC complexes in the
nuclear membrane is unknown, it is likely that the LINC complex would need to be
modulated (i.e. degraded, dissociated, or relocalized) to permit the formation of vesicular
intermediates, the size of which exceed the typical width of the PNS by a factor of
approximately three. Indeed, Sun2 is degraded during HCMV infection [48], indicating that
herpesviruses are capable of manipulating these complexes. The LINC complex might
otherwise play an active role in the nuclear egress pathway, for example by connecting
exported cargo to cytoskeletal motor proteins for subsequent transport to their final
destination.
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The fact that TorsinA physically interacts with nesprin-3 and affects the localization of Sun2
suggests that Torsins may manipulate the LINC complex [49] [50]. The precise function of
Torsins remains to be defined, but likely involves at least one of the following: disassembly
of the LINC complex, disassembly/recycling of fusion proteins analogous to NSF [36], a
role in membrane fission, or imposition of membrane curvature. Ultimately, an /n vitro
reconstitution of the egress reaction will be critical for distinguishing among these
possibilities. A prerequisite to this approach is that the identities of most components must
be known, which is a major limitation at this point. That many of these components are
likely membrane proteins, which are often difficult to purify in their native state, will likely
be another complication. Of note, multivesicular body formation, a similarly complicated
and topologically related process, was successfully reconstituted /n vitro [51], suggesting
that a biochemical reconstitution lies within the realm of possibilities.

Implication for laminopathies and related diseases affecting nuclear
envelope morphology

There are many examples of diseases caused by mutations in INM proteins or their
interacting partners, collectively designated nuclear envelopathies or laminopathies [52, 53].
Among the most severe manifestations are progeria (premature aging) syndromes and
muscular dystrophies. Autosomal dominant (AD) Emery-Dreifuss muscular dystrophy
(EDMD) is caused by distinct lamin A mutations, whereas X-linked EDMD is caused by
mutations in the emerin (EMD) gene, an integral protein of the nuclear envelope. AD-
EDMD is more common than X-EDMD and is often more severe, with earlier onset, often in
very early childhood. Both forms are similar in that they present with muscle weakness and
wasting, early contractures of the elbow, the achilles tendons and the spine. Eventually,
cardiac conduction defects can lead to complete heart block and death in EDMD patients
[54].

Previous studies of laminopathies focused on alterations in gene expression, mechanical
stability of the nucleus, or cell-cycle regulation. However, the underlying molecular
mechanisms that give rise to pathology remain poorly understood [55]. Several pathogenic
alleles that cause laminopathies act as dominant negatives to yield protein aggregates when
overexpressed, and aberrant intranuclear foci have been observed in primary cells from
patients [53, 55, 56]. Lamin A-deficient mouse models do not show obvious phenotypes
[57], suggesting a gain-of-function mechanism, possibly through proteotoxicity.
Proteinaceous deposits are a hallmark of many neurodegenerative diseases induced by
proteotoxic - and often dominant - variants that create structures resistant to the cellular
machinery responsible for repair and turnover of damaged proteins [58, 59]. There may be a
link between these diseases and the LINC complex. Mice lacking nesprin-1, a KASH protein
in the outer nuclear membrane, display an EDMD-like phenotype [60]. Mutants causing
both forms of EDMD and progeria bind Sunl and/or Sun2 less tightly [61, 62]. Sunl is
upregulated in mouse models of AD-EDMD and in primary cells of progeria patients, and
genetic ablation of Sunl from these animals reduces the toxicity of the disease alleles [63].

Thus, the aforementioned diseases deserve scrutiny from the perspective of nuclear egress.
The recent seminal findings [13] provide compelling evidence for interference of RNP
granule export caused by an aberrant Lamin C allele, and thus establish the idea that the
toxicity exerted by laminopathy-associated alleles may be attributed at least in part to
interference with the nuclear egress pathway [13]. Whether this also applies to the turnover
of nuclear protein aggregates remains to be established. It is possible that the wide variety of
symptoms manifested in different laminopathies is due to differential effects of the
mutations in question on the nuclear egress of various types of cargo from the nucleus.
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Concluding remarks

By analogy to nuclear transport via the nuclear pore complex, nuclear egress may be a
versatile transport mechanism with the added advantage of an increased cargo size limit. An
interdisciplinary effort will be required to identify the underlying machinery, and to
determine if viral and cellular pathways indeed overlap substantially with respect to
mechanistic underpinnings and shared components. It will also be interesting to explore
additional biological functions of this unusual transport route. A complementary approach to
classical genetics could entail scrutinizing the interactions of viral proteins with as yet
unknown host cell proteins (Box 1). Determining the functional consequences of
manipulating these interactions, for example by RNA interference, will aid in the
identification and validation of key players in the nuclear egress machinery (Box 1).
Suitable nuclear model substrates that can be tracked biochemically and via live cell
imaging will have to be established to validate the existence of nuclear aggregate egress
(Box 1). The breakdown of these substrates should be insensitive to nuclear export
inhibitors, but sensitive to inhibitors of the autophagy pathway. Future work will reveal
whether these criteria are matched, which would strongly support the idea of a functional
link between the nucleus and autophagy machinery. The basic components of the egress
machinery may constitute novel drug targets and present therapeutic opportunities for
treatment of viral infections and laminopathies.
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Glossary

Autophagy Cellular degradation pathway that degrades large structures such as
aggregated proteins and organelles by engulfing the structure in an
isolation membrane and targeting it to the lysosome for degradation.

I solation Double-membrane structure that elongates to engulf proteins or

membrane organelles destined to be degraded by the lysosome.

Laminopathies Designation for a large number of diseases such as Emery-Dreifuss
Muscular Dystrophy and progeria caused by mutations in nuclear
lamins and proteins associated with the lamina.

L ysosome Cellular organelle of low pH that is capable of degrading cellular
components regardless of size.

Multi-vesicular Endosomes containing numerous vesicles formed by ESCRT

body (MVB) (endosomal sorting complex required for transport) proteins
containing proteins to be degraded. MVBs eventually fuse with the
lysosome and the vesicles with their cargo are degraded.

Nuclear egress The process by which herpesvirus capsids are transported from the

nucleus to the cytoplasm. This requires vesiculation of the inner
nuclear membrane and formation of a vesicular intermediate in the
perinuclear space that fuses with the outer nuclear membrane to
allow naked capsids access to the cytoplasm.
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Primary Acquisition by HSV1 of a membrane envelope derived from the
envelopment inner nuclear membrane upon nuclear egress. This envelope is lost

upon fusion with the outer nuclear membrane.

RNP granule Dense ribonucleoprotein structure composed of RNA and protein
shown to traffic from the nucleus to the cytoplasm via a membrane
budding pathway that takes it through the nuclear envelope.

Secondary Acquisition by HSV1 of a double-membrane envelope. The interior

envelopment membrane is the final viral membrane envelope that includes
glycoproteins required for subsequent host cell entry, while the
exterior membrane of this structure will fuse with the plasma
membrane to release the mature virion from the cell.

Ubiquitin Cellular degradation pathway that utilizes ubiquitin as a tag to signal

proteasome degradation of small soluble and membrane-bound proteins. Proteins

system (UPS) marked for degradation by ubiquitin are targeted to the proteasome,
a large protein complex that proteolyzes the target protein.
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Egress of herpesvirus capsids from the nucleus: A paradigm for the delivery of nuclear
protein aggregates to the cytosolic autophagy machinery? (a). Herpesvirus capsids are
assembled in the nucleus and bud into the perinuclear space to form a membrane-enveloped
intermediate, which then fuses with the outer nuclear membrane (ONM) to release the naked
capsid into the cytosol, where the glycoprotein coat is acquired. (b). Using the same route,
nuclear aggregates may be transported to the autophagic machinery that is confined to the
cytosol (note that secondary envelopment, depicted in a, is topologically equivalent to
isolation membrane formation at the onset of autophagy, depicted in b). The link to

Trends Cell Biol. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rose and Schlieker

Page 12

autophagy is at present hypothetical and awaits experimental validation (see main text and
Box 1).
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LINC complex
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Figure2.

Manipulation of the nuclear envelope during viral egress. Dissolution of the nuclear lamina
by local phosphorylation of nuclear lamins via kinases (i) enables the capsid to gain access
to the inner nuclear membrane, and to dock onto the nuclear egress complex (ii). Budding
(iif) and fission (iv) produce a vesicular intermediate, which fuses the outer nuclear
membrane in a reaction that may involve gB (v). Lmn, Lamins; LBR, Lamin B receptor;
PKC, protein kinase C; gB, Glycoprotein B. Cellular proteins are depicted in blue, viral
proteins in red/orange. Note that the capsid is not drawn to scale: its diameter is
approximately three times the width of the perinuclear space (PNS).
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