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ell-division-cycle protein 48

(CDC48) is an essential, conserved
ATP-driven chaperone in eukaryotic
cells that functions in diverse cellu-
lar processes, including the targeting
of misfolded and aggregated proteins
for degradation via proteasomal and
aggresomal-autophagic pathways.
We recently demonstrated that plant
CDC48 localizes to and interacts with
Tobacco mosaic virus (TMV) move-
ment protein (MP) in ER-associated
viral protein inclusions. Our data sug-
gest that CDC48 participates in the
clearance of these viral protein inclu-
sions in an ER-assisted protein degrada-
tion (ERAD)-like mechanism. As TMV
MP-inclusions formed at late infection
stages resemble aggresomes, we here pro-
pose that TMV MP enters both ERAD-
like and aggresomal pathways in its host
cells and that CDC48 coordinates these
processes. Moreover, as viruses often
exploit host pathways for replication and
spread, we propose a model in which
CDC48 functions in the degradation
pathway of overaccumulating viral pro-
tein and also actively participates in the
regulation of TMV replication and cell-
to-cell movement.

TMYV is an RNA virus that replicates in
association with ER membranes."? The
MP of this virus is required for intercellular
spread of the viral RNA (VRNA) through
plasmodesmata (PD) and localizes to PD
and small mobile ER-associated particles
at the cell cortex during early infection
and to aggresome-like, ER-associated
inclusions and microtubules during late
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infection.”” We recently provided evidence
for CDC48-mediated extraction of MP
from ER-inclusions into the cytosol lead-
ing to accumulation of the protein along
microtubules and to degradation of MP.6
We suggested that this process represents
primarily a defense response of the plant
to remove MP from the ER-transport
CDC48-mediated

extraction of MP from inclusions may also

pathway. However,

represent a viral strategy to switch func-
tions of multifunctional viral proteins.
CDC48-mediated retrotranslocation of
mammalian retroviral Rem protein from
the ER as a prerequisite for expression and
nuclear export of viral RNA, for example,
has been previously reported.”

As CDC48 has been shown to function
in proteasomal and aggresomal-autoph-
agic pathways,® and protein inclusions
formed at late stages of TMV infection
resemble aggesomes,” we here propose that
TMV MP enters both, ERAD-like and
aggresomal pathways upon infection. We
discuss possible advantages of inclusion
formation and microtubule association of
TMYV MP during infection and propose a
model in which CDC48 function in the
retrotranslocation of MP from viral pro-
tein inclusions contributes to the regula-
tion of TMV replication and cell-to-cell
movement.

Plant Viral Protein Inclusions
Resemble Aggresomes and May
Compartmentalize Viral
Replication

It has been suggested that viral protein
inclusions are reminiscent of aggresomes

€22865-1

Do not distribute.

I0Science.

©2013 Landes B



and serve as platforms for the generation
of viral replication sites.'"'? Aggresomes
are perinuclear deposits for terminally
misfolded proteins in mammalian cells,
which are eventually cleared by autoph-

agy.”
formed by viral proteins during infec-

Such specialized compartments

tion could protect the host from possible
cytotoxic effects of viral proteins. That
aggresomes have a cytoprotective role has
been demonstrated in yeast." In addition,
viral protein inclusions could increase
viral replication efficiency by concentrat-
ing viral components and by facilitating
the recruitment of host factors. Moreover,
such compartments could shield viral
RNA and proteins from recognition by
host immune responses such as RNA
silencing or receptor-mediated defense.
Indeed, the ER-associated, aggresome-like
inclusions formed at late stages of TMV
infection harbor viral replication com-
plexes (VRCs),"* thus suggesting a role of
TMV inclusions in compartmentalization
of viral replication. Also the highly orga-
nized structure of inclusions formed by
triple gene block protein 1 during Pozato
virus X infection suggests a role of these
structures in the compartmentalization
of the virus replication cycle leading to
increased production of progeny virus.”
aggresome-like
formed during Cauliflower mosaic virus

Moreover, inclusions

infection were shown to function in facili-
tating vector transmission of the virus.'*"”
Thus, it appears likely that plant viral pro-
tein inclusions serve a function beneficial

for infection.

The Formation of Plant Viral Pro-
tein Inclusions Depends
on Microtubules and Shares
Similarities with the Formation
of Aggresomes

In mammalian and yeast cells the transport
of proteins to the aggresome is dependent
on microtubules and tubulin-associated
factors. Notably, the CDC48-interacting,
tubulin-associated histone deacetylase 6
and microtubules are involved in gather-
ing and transport of aggregated proteins
to the aggresome located at the microtu-
bule organizing center (MTOC).!>181
There is some evidence indicating
that microtubules are also involved in
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the dissolution and formation of plant
viral protein inclusions. For example,
Cauliflower mosaic virus P2 and P3 appear
to be exported from multiple, electron
dense inclusions to microtubules during
infection, and intact microtubules are
important for subsequent formation of
an electron lucent, aggresome-like trans-
mission body containing P2 and P3.' In
addition, the formation of aggresome-like
structures formed by Potato leafroll virus
MP upon inhibition of the 26S protea-
some appeared to depend on intact micro-
tubules.? During TMV infection small,
mobile, ER-associated, microtubule proxi-
mal MP complexes presumably containing
vRNA?!" are formed early after infection,
fuse into larger inclusions as infection pro-
gresses and become immobile when MP
starts to accumulate along microtubules.?
As no single microtubule organizing center
exists in plants, and microtubules nucleate
at existing microtubules** anchoring sites
of MP inclusions might represent sites of
microtubule nucleation, and correspond
to the MTOC anchoring the aggresome in
mammalian cells. Consistently, MP inter-
acted with microtubule nucleation sites in
mammalian cells,?*?* and with the micro-
tubule assembly factors EB1:GFP® and
y-tubulin® in plants. Thus, in analogy to
the formation of aggresomes in mamma-
lian cells, transport of plant viral protein
for the formation of aggresome-like inclu-
sions appears to involve microtubules.

CDC48 as a Regulator of TMV
Infection

We discussed above that many plant
viral proteins form inclusions resembling
aggresomes upon infection and that micro-
tubule dynamics appears to be important
for intracellular transport of viral protein
and the formation of aggresome-like inclu-
sions. Moreover, CDC48 has been pro-
posed to mediate the delivery of proteins to
the proteasome or the aggresome, respec-
tively, depending on the proteostatic state
of the cell.? As a platform for substrate
binding and substrate processing cofactors
such as ubiquitin E3 ligases and deubiq-
uitinating enzymes,”” it is well possible
that CDC48 and its cofactors dictate pro-
teins into distinct degradation pathways.
Based on our recent finding that CDC48
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extracts the TMV MP from ER-associated
inclusions into the cytosol to promote MP
degradation as well as association of MP
with microtubules, where it interferes with
microtubule dynamics, we here propose a
model for CDCA48 function in the regula-
tion of TMV infection (Fig. 1).

Early after infection of a new cell
MP-vRNA complexes possibly also con-
taining replicase diffuse along the ER
toward PD'"** (Fig. 1A).

complexes  anchor  at

membrane
MP-vRNA
ER-microtubule attachment sites, where
misfolded MP is extracted by CDC48 for
degradation by the 26S proteasome.®*
At early infection stages, only litctle MP
is present and only little MP is misfolded
and extracted. Microtubule polymeriza-
tion leads to release of MP-vRNA com-
plexes from these attachment sites and
resumed diffusion along the ER. Some
of these MP-vRNA complexes eventually
arrive at PD and move to neighboring
cells.” Thus, at early infection stages, the
equilibrium between ER-associated and
microtubule-associated MP supports virus
movement.

Atlater infection stages, more misfolded
MP is extracted from MP-complexes,
the 26S proteasome becomes saturated
and increased amounts of MP accumu-
late along microtubules. Stabilization of
microtubules by MP immobilizes the
MP-vRNA complexes, hinders further
transport of the MP-vRNA complexes
along the ER and into neighboring cells
and forms a scaffold for further accu-
mulation of MP, vRNA and replicase at
microtubule-anchored sites. This process
leads to the formation of large, aggresome-
like, ER-associated inclusions, the late
VRCs (Fig. 1B). Extraction of MP from
ER-inclusions by CDC48 may render the
RNA translatable and consequently assist
further replication of the virus. Consistent
with this hypothesis, it has been shown
that TMV vRNA is untranslatable in
MP-vRNA complexes in vitro, and that
translatability depends on the affinity of
the MP to the RNA.?*3 Moreover, it has
been shown that CDC48 genetically inter-
acts with ribonucleoproteins involved in
translational regulation in Drosophila.>
In agreement with our hypothesis that
CDC48 removes MP from vRNA dur-
ing infection, the authors suggested that
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Figure 1. Model for a role of CDC48 in the regulation of TMV replication and cell-to-cell movement. (A) At early infection stages, the equilibrium
between ER-associated and microtubule-associated MP supports virus movement. (B) At late infection stages, CDC48 function interferes with further
virus movement and supports the massive production of progeny virus. ER, endoplasmic reticulum; CW, cell wall.

CDC48 extracts proteins from these ribo-
nucleoprotein complexes.*

In conclusion, while CDC48 function
may represent a host defense response to
remove MP from the ER-transport path-
way by recognizing the protein as mis-
folded and targeting it for degradation
in an ERAD-like pathway, it may, at the
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same time, be exploited by the virus to
increase replication efficiency, and to limit
virus movement behind the infection
front. In future work, it will be interesting
to test whether CDC48 function is indeed
required for the switch between the trans-
port and replication form of the virus dur-
ing infection.
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