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Intracellular trafficking and dynamics of P bodies
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RNAs are exported from the nucleus to the cytoplasm, where
they undergo translation and produce proteins needed for the
cellular life cycle. Some mRNAs are targeted by different RNA
decay mechanisms and thereby undergo degradation. The 5'—3'
degradation machinery localizes to cytoplasmic complexes termed
P bodies (PBs). They function in RNA turnover, translational
repression, RNA-mediated silencing, and RNA storage. A quan-
titative live-cell imaging approach to study the dynamic aspects
of PB trafficking in the cytoplasm revealed that PB movements
are rather confined and dependent on an existing microtubule
network. Microtubule depolymerization led to a drastic decrease in
PB mobility, as well as a release of regulation on PB assembly and
a dramatic increase in PB numbers. The different aspects of PB
trafficking and encounters with mRNA molecules in the cytoplasm
are discussed.

The gene expression pathway begins in the nucleus with the acti-
vation of genes, that in turn produce messenger RNAs (mRNAs).
mRNAs are processed in the nucleus, then to be packaged as an
mRNA-protein complex, termed the mRNP, destined for the cyto-
plasm. Following mRNA export, these molecules may face a number
of cytoplasmic fates. Typically, an mRNA will be translated into a
functional protein by the ribosomal translation machinery, while
in some cases mRNAs might be maintained in a translationally
repressed state. In parallel, mRNAs undergo systematic check-up to
ensure that they contain the correct protein coding sequence and
that they were not aberrantly formed during nuclear transcription.
Several such quality control mechanisms exist, thereby regulating the
accuracy of the gene expression process. mRNAs that have reached
the end of their term in the life cycle of a cell or aberrant mRNAs
are subjected to degradation, referred to as mRNA decay. mRNAs
are linear molecules of nucleic acids and therefore several mecha-
nisms that tackle the ends of mRNA molecules exist to guarantee the
removal of mRNAs, and are orchestrated by a number of nucleic-
acid degrading enzymes called exonucleases. mRNA degradation can
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commence from the 5' cap end, the 3' polyA tail, or even from within
the transcript. In eukaryotes, mRNA 3" deadenylation usually initi-
ates the degradation process, and then either of two major pathways
is utilized. A large protein complex, the exosome, degrades mRNAs
from the 3'>5" direction, whereas other proteins are involved in the
5'—3" degradation pathway. In this case the action of a decapping
enzyme (Dcp2) is first required, followed by an exonuclease termed
Xrnl.! Cap removal irreversibly marks the mRNA for degradation.

Most cytoplasmic organelles and structures have been known and
well studied for years and therefore the rather recent discovery that
the proteins of the 5'—3' degradation machinery localize in previ-
ously unidentified cytoplasmic bodies, was intriguing. First it was
shown by fluorescence microscopy that the Xrn1 exonuclease localizes
in discrete cytoplasmic foci within mammalian cells.? Thereafter, the
Dcp2 decapping enzyme was identified in the same bodies.?-> These
cytoplasmic complexes are a topic of much interest and research.
They are referred to as P bodies (PBs), processing bodies, Dcp-bodies,
mRNA-decay foci and GW182 bodies. The protein inventory of P
bodies now is quite large exceeding ~25 different factors. P bodies
exist naturally in the cytoplasm of yeast cells were they were first func-
tionally recognized® and in mammalian cells.” They are thought to be
cytoplasmic centers in which mRNA decapping and 5'—3" degrada-
tion can occur.® Aside of these functions, further evidence associates
PBs with additional regulatory processes such as translational repres-
sion, RNA-mediated silencing and mRNP storage.?!!

P bodies are protein-RNA complexes that form in the cyto-
plasm. They are not defined as an organelle since they are not
membrane bound.!? Electron microscopy studies showed P bodies
to be composed of aggregates of electron dense fibrils (8-10 nm in
diameter) 100-300 nms in diameter.!? In mammalian cells, most
cells contain between 3-9 distinct PBs, although these numbers can
differ between cells. Smaller PBs probably also exist as seen from
immunofluorescent staining performed with antibodies to different
PB components. Yet, the significance of these size differences remains
unknown. The variation in PB numbers and sizes between cells
are dependent on the stage of the cell cycle, and correlate with the
proliferation ratio of the cell, and the availability of nutrients.!> A
variety of treatments can cause cither the disassembly or assembly,
or an increase in the size of PBs. In yeast (S. cerevisiae), depriva-
tion of glucose leads to a stress response that includes the assembly
of PBs. On the other hand, the inhibition of translation elonga-
tion dissociates PBs.®!>14 In mammalian cells, the shutdown of
mRNA transcription or translation culminates in the disassembly
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Hoechst

A Endogenous Dcpila

B Endogenous Dcpla + Noc

Figure 1. Endogenous PBs were stained with an anti-Depla antibody (red). The nucleus was counterstained with Hoescht (blue) and cells were also imaged
in DIC (grey). (A) Normal distribution of PB in human cells. (B) Disruption of the microtubule network using nocodazole (noc) led to an increase in PB

numbers. (Bar, 20 um).

of PBs.”!>16 These observations indicate that PBs are dynamic
structures whose structural integrity responds to a variety of meta-
bolic cues. For instance during certain stress responses, cells can
assemble another set of cytoplasmic bodies, termed stress granules
(SGs). These large structures accumulate stalled translational pre-
initiation mRNA-ribosome complexes'” and are spatially associated
with PBs. It is proposed that mRNAs can cycle between ribosomal
polysomes, PBs and SGs, depending on the integrity of the mRNA
and the translational status of the cell.”

The dynamic nature of PB integrity raises the issue of PB traf-
ficking within the cytoplasm. The questions at hand are whether
PBs freely roam the cytoplasm, or are PBs physically interacting
with other cytoplasmic structures? If some mRNAs are able to enter
PBs, how and where do the PB and mRNP complexes meet? Does
the cell expend energy in a cytoplasmic scanning mechanism for
mRNAs destined for degradation, or are such encounters left to their
own devices?

The study of the dynamic properties of PBs must take place in
a living cell by use of time-lapse microscopy. Using fluorescently
tagged proteins that are components of PBs it is possible to detect
these structures in living cells and to follow their kinetics. Typically,
green fluorescent protein (GFP) or red fluorescent protein (RFP)
fusions are used. In our study, we wished to follow the dynamic
aspects of PBs in human cells.'® We therefore tagged three PB
components, Dcpla, Dcplb and Dcp2. The Dcp proteins are
conserved PB components in yeast, C. elegans, Drosophila and
mammalian cells.'®192! As aforementioned, Dcp2 is the decap-
ping enzyme that removes the 5' cap from the mRNA destined for
degradation. Dcpla and Deplb proteins share 30% homology and
are encoded by two different genes.> These proteins are thought
to have a stimulatory effect on Dcp2 decapping activity. We made
stable cell lines harboring each of these proteins fused to an XFP
protein (Fig. 1A) and then followed the trafficking of PBs in single
cells using live-cell imaging techniques performed on a fluorescent
microscope. Live-cell conditions can allow for long imaging periods
of many hours or days, pending the use of low levels of light exposure
to avoid cytotoxic effects.
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While it might be expected that PBs roam the cytoplasm in
pursuit of RNAs destined for degradation, the contrary is shown
by following the paths of PBs in living cells. PBs were identified
in time-lapse movies, and single PBs were tracked frame by frame.
PB movements were rather spatially confined, suggesting that their
targets must find their own way to these sites. More specifically,
rapid imaging showed erratic PB movement within small sized
regions, and imaging for long periods during interphase demon-
strated that most PBs tended to remain within the same cytoplasmic
region throughout the cell cycle. Quantification of such movements
showed that PB mobility portrayed a restricted diffusional pattern.
Diffusion coefficients, which are values that describe the relative
speed at which a particle moves within a defined area, were in a range
that is similar to other cytoplasmic organelles (10 to 102 um?/
sec). For instance: mitochondria (5 x 1074 um?/sec),?? neutrophilic
vesicles (2.5 x 102 um?/sec),? secretory vesicles (3.9 x 1040 7.4 x
10 um?/sec),%4 chromaffin granules (3 x 107 um?/sec).?> Slow
diffusion and restricted movements of cytoplasmic organelles are
known phenomena and are attributed to the non-homogeneity of the
cytoplasm and to the effects that crowding, obstruction and exclu-
sion have on cytoplasmic transport.?® On a cellular level this implies
that long-range delivery of cargo within the cytoplasm must depend
on mechanisms of active transport and require energy investment by
the cell.

Confined motion was the major type of PB dynamics observed.
Yet, few PBs were completely stationary while few others moved
in a rapid and directional manner. Specifically, the latter were also
observed moving along the outer rim of the nuclear membrane.
This could imply a mechanism of patrolling of the nuclear periphery
for association with exported mRNAs, as it has been suggested
that aberrant mRNAs destined to degradation are dealt with as
they emerge in the cytoplasm. In other cases, PBs traveled on a
straight track for up to ten microns, and could be seen translocating
rapidly from one region of the cell to the other (measured speeds
of 0.5-1.1 um/sec). All the above suggested that PBs are anchored
to a cytoplasmic structure, namely the cytoskeleton. In order to
visualize the cytoskeleton in living cells, GFP fusions of f-actin
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or tubulin proteins that integrate into the cytoskeleton were used.
When a green cytoskeleton was imaged with red PBs, the cytoskel-
etal association was clearly demonstrated. The dynamic but confined
movements of PBs were seen in association with microtubules,
whereas stationary PBs were associated with actin bundles. PB
mobility was in fact a result of the type of fiber it was attached to.
Since actin bundles are rigid structures, no movement of PBs was
seen on them. However, microtubules exhibit continual swaying
motion and this is the reason for the confined erratic movement of
the PBs. As for directional movement, microtubule tracks marked
with GFP-tubulin showed that some PBs could translocate on
microtubules, reach microtubule interscetions and change tracks.
Together with the measured speeds of directional PBs it stands to
reason that some PBs can be associated with a motor protein that
provides translocation services to PBs. Another possibility is that PBs
hitchhike on other moving organelles that are known to commute on
the microtubule highways in the cytoplasm.

The microtubule and actin networks are also used for RNA
trafficking in cells. A classic example is the process of RNA localiza-
tion,?”>?8 specifically the motor driven movement of f-actin mRNA
to the leading edge of moving cells.?’ It is therefore plausible that
mRNAs and PB encounters occur during movement on microtubules.
In neuronal cells that contain long cell extremities, the microtubule
system is utilized for the trafficking of mRNAs in the form of large
mRNP granules. A recent study has examined whether PBs and
mRNPs are transported together.?? Using a neuronal mRNP marker
called Staufen (Stau), mRNDPs were tagged in vivo (using GFP-Stau)
together with PBs (RFP-Dcpl). Live-cell microscopy of neurons
showed that mRNPs and PBs moved independently of each other.
Half of the PBs moved unidirectionally both in the anterograde and
retrograde direction, while the other half moved in a bidirectional
manner, and showed rapid switches in direction. Interestingly, in
about 50% of the cases PBs were found adjacent to mRNPs as if the
two entities were docked to each other. In this study?” and in our
study,'® PBs were not found associated with other organelles such
as mitochondria, endoplasmatic reticulum and peroxisomes, but did
associate with stress granules that are also RNA-containing struc-
tures. Chemical synaptic stimulation of neurons led to a substantial
decrease in dendritic PBs, which returned to normal levels after a 30
minute period. This study implies that dendritically localized mRNPs
might be stored in PBs to be released after synaptic activation.

The above study suggests that mRNPs and PBs can meet on the
microtubule network of neurons. In non-neuronal cells we found
PB association with microtubules, with marginal directional move-
ments. Although mRNP-PB encounters might take place by way of
use of the microtubule network, a more random mechanism might
be occurring. Cytoplasmic mRNDPs diffuse a 100 fold faster than PBs
and other cytoplasmic vesicles (0.1 pm?/sec)® and are at least 1,000
times more abundant,?! thereby providing the probability of interac-
tions between RNAs and PBs based on the random movement of
both. This might explain why the 5'—3' RNA decay machinery is
not membrane bound, in order to facilitate rapid RNA-PB interac-
tions. RNA fluorescent in situ hybridization (FISH) has shown RNA
encircling the P body, indicating that interactions are occurring at the
PB periphery.3? Yeast and mammalian studies have shown that PBs
have a role in the storage of mRNAs in an untranslated state.>14:33
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Thus, a non-membranous structure allows the robust exchange of
mRNPs in and out of the PBs in response to cellular cues.

It is of interest that the 5'—3" degradation pathway resides within
PBs, while the 3'=5" exosomal proteins portray a diffuse cytoplasmic
distribution. Such spatial compartmentalization of the two processes
might be a means for obtaining different levels of regulation of RNA
degradation.!! Indeed, when microtubule depolymerizing agents
were used an increase in PB numbers was observed (Fig. 1B), and a
similar effect has been seen in yeast cells.>* This means that a diffuse
cytoplasmic pool of PB components exits. However, these two pools
are constantly exchanging as shown by kinetic quantification of PB
component dynamics performed by photobleaching experiments.
Fluorescence recovery after photobleaching (FRAP) has shown that
most PB components are constantly exchanging between PBs and

the cytoplasm,!¢:17:35

except for the decapping enzyme Dcp2 that
did not exchange.!® This suggests that Dcp2 is a core component of
PBs. However, when there is no microtubule network, this control is
overrun and most of the Dcp proteins can now assemble into large
PBs. It is possible that the microtubules themselves act in the restric-
tion of PB size under normal conditions.>4

On the other hand, when no microtubule network was avail-
able—PB diffusion was reduced. We suggest that this slow diffusion
ensures that when PBs detach from microtubules, they remain in
the vicinity to re-attach, while anchoring to microtubules increases
the probability of colliding with RNAs since the latter move on
and in the volumes between microtubules that are not occupied by
other cytoplasmic organelles. We therefore conclude that the relative
mobility of the microtubule network is necessary for increasing the
volumes that PBs probe and the targets that they encounter.

Future studies will reveal the kinetic aspects of RNA interac-
tions with PBs, and will help in understanding the real function
underlying PB structures.3® We still do not understand the cellular
decision-making in targeting mRNAs to PBs or SGs for either RNA
decay or storage. The significance of the microscopic PBs we detect
also requires further investigation, namely why are there different
sized PBs and do these differences reflect levels of functionality. Since
the disassembly of large PBs during different treatments probably
does not inhibit mRNA decay, then it remains to be seen if PB func-
tion can take place diffusely throughout the cytoplasm or whether
small-sized PBs are the sites of PB action. Or in other words, does
the 5'—>3" decay machinery require a large protein structure for its
catalytic action, or can these particular biochemical reactions occur
anywhere in the cytoplasm. A combination of live-cell microscopy
and biochemical studies will shed light on these types of questions
that involve PB structure and function.
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