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Abstract

L ocalization of mMRNASs to specific destinations within acell or an embryo isimportant for local
control of protein expression. mMRNA localization iswell-known to function in very large and
polarized cells such as neurons, and to facilitate embryonic patterning during early development.
However, recent genome-wide studies have revealed that mRNA localization is more widely
utilized than previously thought to control gene expression. Not only can transcripts be localized
asymmetrically within the cytoplasm, they are often also localized to symmetrically-distributed
organelles. Recent genetic, cytological, and biochemical studies have begun to provide molecular
insight into how cells select RNAs for transport, move them to specific destinations, and control
their tranglation. This review will summarize recent insights into the mechanisms and function of
RNA localization with a specific emphasis on molecular insights into each step in the mRNA
localization process.

1. Introduction

RNA localization is the process by which a cell or organism transports and anchors specific
RNAs at predetermined locations. Studies in avariety of systems have shown that proper
RNA localization is an important feature of early embryonic patterning, neuronal cell
function and various aspects of cell motility and polarization (Martin and Ephrussi, 2009; St
Johnston, 2005). Localization of mMRNA serves several functions, all of which are used by
various cells and organisms. First, localization of an mRNA, which can produce many
copies of protein through repeated rounds of translation, can be more efficient than
tranglating a protein at a random location and relying of transport or diffusion to localize it
to the site of action. Thisrationale for localizing mRNAS is especially important in very
large cells, such as neurons, oocytes, and embryos. Second, MRNA localization can be used
to prevent the accumulation of protein in a place that would be harmful to the cell or
organism because mMRNA localization is tightly coupled to translational repression, such that
MRNAs in transit are trandationally repressed. Third, mRNA localization can alow acell to
respond quickly to a stimulus by activating translation of alocalized transcript. This mode of
cellular response is more rapid than relying on transducing asignal to the nucleus to mount a
transcriptional response. Finally, an underappreciated function of localized RNAs s that
they can serve as a scaffold for assembly of protein complexes and function in a manner
independent of simple protein translation.

Classic studies of mRNA localization have highlighted the importance of localized mMRNASs
in oocytes/early embryos and highly polarized cells (such as neurons)(Du et &., 2007). In
these large cell types, it is hypothesized that diffusion alone would not be sufficient to
localize a protein to the site of action in a reasonable amount of time. These studies provide
us with the greatest understanding of the function of MRNA localization and the
mechanisms that act to target and transport mMRNAS to their destinations. However, many
recent studies have shown that mMRNA localization is not restricted to large, highly
specialized cells, but that it is a common feature of nearly all cell types. Furthermore, many
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genome-wide studies have begun to suggest that the majority of all mMRNAs will have
specific destinations (Blower et &., 2007; Du et &., 2008; Lecuyer et &., 2007; Sharp et 4.,
2011; Shepard ef &., 2003) so that localization of MRNAs isthe rule rather than a
specialized process used by afew mRNAsin afew specialized cell types.

In general, al localized mRNAS require a common set of processes to occur. First, the
MRNA must contain a ¢isacting sequence that targets the mRNA to a specific destination
(commonly referred to as a‘ zipcode' (Jambhekar and Derisi, 2007)). Second, the zipcode
must be recognized by RNA-binding proteins that serve to link the mRNA to the appropriate
transport machinery. Third, the complex of RNA and RNA-binding proteins must be
localized to the appropriate destination, either by diffusion or more commonly through
active transport along the cytoskeleton. Fourth, the RNA must be anchored at the final
destination. Finally, an interconnected theme is that |ocalized mMRNASs are most often

trand ationally repressed during the process of transport and anchoring, so there must be a
mechanism to release the mRNASs from the transport/anchoring complex to allow the mRNA
to be trandlated at the final destination(Oleynikov and Singer, 1998). This review will briefly
summarize the current state of the field for each of these areas, highlight recent studies that
provide exciting new information about each of these topics and point the reader to more
comprehensive reviews on each of theindividual topics. One large class of specifically
localized RNAs that will not be addressed in this review is noncoding RNAsthat are
retained in the nucleus. | point the reader to an excellent recent review on this topic(Wang
and Chang, 2011).

2. Extent and locations of mMRNA localization

Classic studies of mMRNAs localization during oogenesis and embryogenesis have shown that
MRNAs localize to specific places in oocytes and early embryos and that the localization of
these mRNAs isimportant for establishing pattern formation during early development
(Bashirullah et &., 1998). Another very prominent cell type that exhibits dramatic RNA
localization are neurons, where several well-characterized mRNAs are known to localize to
axons and function in neuronal signaling (Holt and Bullock, 2009; Martin and Ephrussi,
2009). These studies have been reviewed is detail el sewhere and will not be discussed in
detail here. However, many of these important early studies lead to the view that localization
of MRNAs was a niche process used only in very specialized cells. Over the past decade the
application of genome-wide technol ogies has changed this view dramatically and suggests
that the majority of the transcriptome is localized to a nonrandom position within the cell.
Below | highlight some of the novel destinations that serve as sites of mRNA localization.

2.1 Endoplasmic reticulum

2.1.1 Co-translational Signal Sequence-dependent mRNA localization—The ER
isalarge, membrane-bound organelle that regul ates protein secretion, aspects of calcium
handling and lipid biosynthesis. The ER is also one of the major cellular sites of protein
tranglation as most transmembrane and secreted proteins are translated on the surface of the
ER. One of the best-understood mechanisms of mRNA localization involves the co-

trand ational localization of mMRNAS encoding N-terminal signal sequences (SS) to the
endoplasmic reticulum (Walter and Blobel, 19813, b; Walter ef 4., 1981). Many mRNAS
encoding transmembrane, lumenal, and secreted proteins contain a N-terminal signal
seguence. When these mRNAS are exported from the nucleus to the cytoplasm, translation
initiates on cytoplasmic ribosomes. Trandation of the signal sequence triggers binding of the
Signal Recognition Particle (SRP) to the SS, which stalls translation and triggers localization
of the mRNA :nascent peptide:ribosome complex to the signal recognition receptor on the
ER surface (Gilmore et &., 1982). Trandlation then restarts and the newly synthesized
peptide is co-trandationally inserted into the lumen of the ER through the Sec61 channel.

Int Rev Céell Mol Biol. Author manuscript; available in PMC 2013 August 19.
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Thisisaclassic case of MRNA localization to the site of action of the coded protein, and
provides the paradigm for co-trandational mMRNA localization.

2.1.2 Translation-independent mRNA localization—The signa sequence hypothesis
suggested that all mMRNAs that are bound to the surface of the ER will contain an N-terminal
signal sequence, will be bound to actively trandating ribosomes, and localizeto the ER in a
trangl ation-dependent manner. However, cotrandational localization of mMRNA to the ER
does not account for all mMRNA localization to the ER(Adesnik ef &., 1976). Additionally,
many mRNASs that do contain signal sequences can localize to the ER in atrandation-
independent manner (de Jong et &l., 2006; Diehn et &., 2000). Furthermore, mutation or
RNAI of components of the SRP does not affect the viability or growth rate of any organism
where it has been studied, suggesting that there are alternative methods to localize mMRNAs
to the ER membrane(Hann et &., 1989; Ren et &l., 2004). Taken together, these studies have
suggested that alternative methods exist to localize mRNAsto the ER. A recent genome-
wide study used biochemical fractionation and sequential detergent extraction to
demonstrate that there is awide range of MRNA association with the ER, from mRNAs
exclusively localized to the ER to mRNASs equally present in the ER and cytosol to mRNASs
exclusively present in the cytosol (Chen et &., 2011). First, many mRNAs encoding
cytosolic or nuclear proteins were associated with the ER, although the overall distribution
of these types of mRNASs was biased towards the cytoplasmic fraction. Second, only
MRNASs encoding secreted proteins showed the expected trand ation-dependent mMRNA
localization to the ER, while mRNASs encoding resident proteins of the endomembrane
system showed a stable and translation-independent association with the ER(Chen et al.,
2011), consistent with a FI SH-based assay of mRNA localization to the ER (Cui et &.,
2012). This study demonstrated that many mRNA-binding proteins are present on the
surface of the ER, and that the p180 protein plays arole in trangl ation-independent mMRNA
localization to the ER (Cui et a., 2012). Taken together, these studies demonstrate that there
are multiple modes of MRNA association with the ER. mMRNAs encoding selected protein
components of the endomembrane system can localize independently of translation(possibly
through the p180 protein or other unidentified receptors). mMRNAs encoding proteins
encoding secreted proteins localize in an SRP-dependent manner, and mRNASs encoding
cytosolic proteins can localize in a currently undefined manner.

These studies have revealed an unexpected complexity in mRNA localization to the ER, but
many important questions remain unanswered. First, what features in an mRNA direct

trangl ation-independent localization? Analysis of an ER-localized mRNA that contained
both a signal sequence and transmembrane domain revealed that mutation of the reading
frame preserves localization potential (Cui et a., 2012). These data suggest that mMRNA
localization information may be encoded in protein coding sequences. This principle would
be similar to that found for the RNA sequence coding or the signal peptide, which directed
mMRNA export from the nucleus independently of the translated protein (Palazzo ef &.,
2007). Using the mRNA sequence that codes for a specific protein domain to localize the
MRNA to the destination of the protein would be an efficient manner for the cell to encode
two functionally coupled pieces of information into the same RNA segquence. While thisis
an attractive hypothesis with some experimental support, it will need to be tested directly.
Another outstanding question is what proteins are involved in targeting mRNAsto the ER in
atranglation-independent manner. The p180 protein has been implicated in localization of a
subset of MRNASsto the ER, but is not required for all mRNA localization. Furthermore, the
RNA-binding domain in p180 shows no sequence preference (Cui et al., 2012), soitis
unclear how specific mMRNAs would be targeted to the ER. Elucidation of both the ¢is-acting
RNA sequences and frans-acting protein factors will allow a greater understanding of

trangl ation-independent mMRNA localization to the ER.

Int Rev Céell Mol Biol. Author manuscript; available in PMC 2013 August 19.
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2.1.3 Localization of cytosolic mMRNAs to the ER—As stated above, severa studies
have shown that mRNAs encoding cytoplasmic proteins copurify with the ER. Thereis
essentially nothing known about the mechanism that drives these mRNAs to the ER, but a
recent study examining the subcellular location of protein translation has provided a
rationale for MRNA localization to the ER (Reid and Nicchitta, 2012). The recent
development of ‘ribosome profiling’ to measure ribosome protected fragments on mMRNASs
as aproxy for tranglation rate has enabled the rapid, genome-wide analysis of trandationin a
variety of systems (Ingolia, 2010; Ingolia et &., 2009; Ingolia et &/., 2011). A recent study
using ribosome profiling combined with cell fractionation examined the rates of translation
in the cytosol to that on the surface of the ER.(Reid and Nicchitta, 2012). Consistent with
the studies discussed above, this study found that both signal sequence-containing and
cytosolic mMRNASs were actively translated on the ER. Interestingly, this study found that the
density of ribosomes per MRNA was approximately twice as high on the ER asit wasin the
cytosol, suggesting that the surface of the ER is a more efficient environment for protein
trangdlation (Reid and Nicchitta, 2012). More efficient translation could provide arationale
for localization of mMRNAs encoding cytoplasmic proteins to the ER. Although this study has
provided an intriguing rationale for mMRNA localization to the ER, the functional
consequences or mechanism of localization are currently unknown. Important future
questions will involve defining how mRNASs are recruited to the ER for tranglation, and the
how translation on ER-bound ribosomes impacts protein function.

2.1.4 Links to asymmetric cytoplasmic mRNA localization pathways—In
addition to coupling localization of secreted and endomembrane protein mRNASs to ER-
bound ribosomes, localization of MRNAS to the ER has many links to asymmetric
cytoplasmic mRNA localization pathways. In budding yeast, localization of the ASH1
MRNA to the bud tip on actin cables is coincident with movement of the ER (Schmid et &/.,
2006). In Xengpusoocytes, the mMRNA hinding protein Vera cofractionates with the ER and
isimportant for the localization of the Vgl mRNA to the vegetal cortex of the cocyte
(Deshler et al., 1997). Furthermore, the Balbiani Body, which isthe major site of mMRNA
localization in Xeropus, isrich in mitochondriaand ER (Kloc et &., 2004). Finally,
localization of seed storage protein mRNASs in rice endosperm cellsis coupled to the ER
(Choi et al., 2000). Taken together, these studies suggest that the ER may be one of the main
sites of intracellular MRNA localization and that this organelle islikely to control many
different processes in addition to the production of proteins of the endomembrane and
secretory systems. Furthermore, the fact that many asymmetric cytoplasmic mRNA
localization pathways are coupled to the ER suggests that understanding how and why
particular mMRNAs are localized to the ER will be key to understanding the many aspects of
MRNA localization in acell.

2.2 Mitochondria

Mitochondria are the cellular sites of respiration, energy production and some aspects of
calcium handling. Mitochondria are unique organelles as they contain a fraction of the
genetic information required for their maintenance, and must also import many proteins that
are encoded by nuclear DNA (Ernster and Schatz, 1981). Import of proteinsinto the
mitochondria was thought to occur posttranglationally, as proteins translated /n vitroare
capable of import into the mitochondria (Neupert and Herrmann, 2007). However,
ribosomes are present on the surface of yeast mitochondria, suggesting that there may be
cotranglational import of some proteins into the mitochondria (Kellems et &., 1974, 1975).
Genome-wide studies of purified yeast mitochondria have demonstrated that severa
hundred mRNAs copurify with mitochondria-bound ribosomes (Gadir ef &/., 2011; Saint-
Georges et &., 2008). Interestingly, the majority of the mitochondria-localized mRNAs code
for proteins that function in the mitochondria, consistent with arole for co-trandlational
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protein import. Localization of a subset of these mitochondria-localized mRNAS has
revealed that translation of the N-terminal mitochondrial targeting sequence (MTS), aswell
as specific RNA eements both in the coding regions and 3’ UTRs are important for mRNA
targeting to mitochondria (Corral-Debrinski ef &/., 2000).

Globally, the majority of mitochondria-localized transcripts depend on translation to target
to the mitochondria, but asis the case with the ER, there is a class of mRNAs that localize
independently of trandation (Saint-Georges et a., 2008). Two studies have shown the Puf3
RNA-binding protein isimportant for localization of a subset of transcripts to the
mitochondria: Puf3 associates primarily with transcripts that function at the
mitochondria(Gerber et &., 2004) and is required for the localization of these transcriptsto
the organelle (Gadir et al., 2011; Saint-Georges et al., 2008). Interestingly, deletion of
mitochondria targeting elements within the ATP2 mRNA resulted in defectsin
mitochondrial respiration and defects in protein import into the mitochondria, demonstrating
that mMRNA localization to mitochondriais critical for the proper function of the organelle
(Margeot et &., 2002). In addition, arecent study of in Xergpuscultured neurons identified
anuclear protein, Lamin B2, as being translated in the axon. Surprisingly, the axonal pool of
translated LB2 protein localized to mitochondria where it was required for proper
mitochondrial function (Yoon et &., 2012). It will be interesting to determine how some
messages |ocalize independently of translation and what role those messages play in
mitochondrial function.

2.3 Peroxisomes

Peroxisimes are membrane-bound organelles involved in oxygen scavenging and some
aspects of lipid metabolism. Peroxisomes derive from budding of ER-derived vesicles and
import of peroxisosomal proteins (Ma ef &., 2011). A recent study examined the localization
of many mRNASs encoding peroxisomal proteinsin budding yeast and found that a subset of
MRNAs are localized to the peroxisome (Zipor et al., 2009). The peroxisome-localized
mRNAs included both structural peroxisomal proteins and proteins that undergo post-
tranglational import into peroxisomes. Interestingly, a subset of peroxisomal mMRNAs also
localized to the ER, suggesting that the complex biogenesis of peroxisomes may aso be
reflected in complex patterns of MRNA localization. Similar to the localization of MRNAS
to mitochondria, there is a contribution of a ¢is-acting zipcode that functions independently
of protein trangation to localize MRNAS to the peroxisome. For example, localization of the
PEX 14 mRNA was shown to be partially dependent on the RNA-binding protein Puf5.
Surprisingly, localization of the PEX14 mRNA to peroxisomes was not required for protein
function, as apartially localization-deficient construct was able to complement a null
mutation of PEX 14 (Zipor et al., 2009). Localization of mMRNAS to peroxisomes appears to
have many features in common with mRNA localization to mitochondria. Future work will
be required to determine if there are functional consequences to disruption of peroxisimal
MRNA localization and if this phenomenon is conserved in other species.

2.4 Endo/Lysosomes

Endosomes are formed by the invagination of the plasma membrane and are triggered by the
activation of cell surface receptors (Hurley, 2008). Endosomes control the sorting of
activated cell surface receptors either to the plasma membrane for further use or to the
lysosome for degradation. Several studies have found an unexpected link between
lysosomes and RNA regulation. For example, two recent studies have linked components of
the MultiVesicular Body (MVB) biogenesis pathway and RNAi-mediated gene repression
(Gibbings et a., 2009; Lee et &., 2009). Both studies found that components of the RNAi
machinery associate with endosomes/MVBs and that depleting components of the endosome
machinery impair the ability of the cell to silence transcripts containing miRNA target

Int Rev Céell Mol Biol. Author manuscript; available in PMC 2013 August 19.
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sequences. Although it was not examined directly, these results strongly suggest that
MRNAS targeted for repression will be localized to endosomes/MV Bs. Another study found
that components of endosomes col ocalize with markers of cytoplasmic P-bodies (Gibbings
et a., 2009), which are thought to be sites of MRNA storage or degradation. Taken together,
these studies demonstrate that endosomal membranes are sites of MRNA storage and
processing for degradation.

Thelink of RNASs to endosomes has several exciting implications. First, mMRNAs and
miRNAs have recently been found to be excreted from cells in microvesicles/exosomes
(Skog et al., 2008; Valadi et a., 2007), and it was recently demonstrated that the core
components of the machinery required for MV B formation are also required for the
formation of exosomes (Baietti ef &, 2012). Therefore, RNA-binding proteins present on
endosomes/MVBs could play arole in determining which RNASs are selected for inclusion
into exosomes and secretion outside of the cell. Another exciting possibility isthat MRNAs
linked to endosomes could couple activation of a cell surface receptor to atransational
response. One study found that stimulation of neuronal cells with nerve growth factor
triggered axonal trandlation of the transcriptional -activator CREB. Newly synthesized
CREB was then transported to the nucleus on endosomes and was important for the
transcriptional response to the stimulus (Cox et &., 2008). This suggests that |ocalization of
the CREB mRNA to distal axons, perhaps in the context of endosomes, could serve to poise
the mRNA to increase axon-localized translation in response to activation of an extracellular
receptor.

Another interesting link of endosomes to mRNA transport has come from studies of two
more established systems of mRNA localization, localization of the bicoidmRNA in
Drosophilaoocytes, and transport of mMRNAs in the hyphae of Ustilago maydis(Baumann et
al., 2012; Irion and St Johnston, 2007). A visual genetic screen for mutants that influence the
localization of the bicoildmMRNA identified a component of the ESCRT-II complex, a
complex that is part of the machinery required for MV B formation, as being required for
bicoidmRNA localization (Irion and St Johnston, 2007). The authors further demonstrated
that all members of ESCRT-II are required for bicoid|ocalization, while components of
ESCRT-I and ESCRT-III are not required for this process. This suggests that ESCRT-II has
arolein RNA localization that isindependent of itsrolein MVB formation. The
filamentous fungus U. maydisrepresents a very different system of RNA transport, where
MRNASs are transported bidirectionally in the hyphae through the action of both dynein and
kinesin motors, yet endosomes were similarly required for mMRNA localization. The majority
of mMRNA transport is mediated by the Rrm4 protein (Becht ef &., 2006). A recent study
demonstrated that motile mMRNASs colocalize with shuttling endosomes and that endosome
biogenesisis required for efficient mMRNA movement (Baumann et a., 2012). These results
are similar to the observation that the Drosgphi/laRabl11 protein, which is a marker for
recycling endosomes, colocalizes with the oskar RNA at the posterior pole of oocytes
(Dollar et a., 2002). Furthermore, the genomic RNAs of retroviruses are localized to
endosomes en route to the plasma membrane for viral budding (Basyuk et &., 2003).

Taken together, these studies suggest that endosomes are likely to be major sites of mMRNA
localization and control. Linkage of endosomes to the RNAIi pathway suggests that
endosomes are likely to be sites of storage for trandationally-repressed mRNAS. Since
endosomes have many well-documented connections to cytoskeletal transport pathways
(Scitaand Di Fiore, 2010), the cell may use the well-established endosome transport
pathways to move mRNAs along with endosomes. The fact that endosomes are the site of
activated cell surface receptors provides the cell with a mechanism to link the translation of
localized mRNASsto extracellular signals. Finally, the link of endosomes/MV Bs with

Int Rev Céell Mol Biol. Author manuscript; available in PMC 2013 August 19.
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exosomes suggests that the cell may aso use endosomes to compartmentalize specific
mMRNAs into exosomes for the purpose of cell-to cell communication.

2.5 Actin cytoskeleton

Although the actin cytoskeleton is not a membrane-bound organelle such as those previously
discussed, it is a prominent site of mRNA localization. Indeed, the mRNA encoding chicken
B-actin mRNA was shown to localize to cell protrusions and to the leading edge of motile
fibroblasts (Lawrence and Singer, 1986). Furthermore, impairment of p-actin mRNA
localization was shown to interfere with the speed and directionality of cell motility
(Kislauskis et &., 1994, 1997), which are actin-dependent processes. Several recent studies
have augmented our understanding of mRNA localization to the actin cytoskeleton. One
hypothesis for the importance of MRNA localization is that co-tranglation of al members of
amultiprotein complex could facilitate the assembly of that complex. This hypothesis was
confirmed for the actin-nucleating Arp2/3 complex, asthe mRNAs for all members of the
complex localize to cell protrusions (Mingle et &., 2005). Interestingly, knockdown of one
member of the complex resulted in changes in the speed and direction of cell migration.
These changes in motility could be rescued by a properly localized mRNA, but not
completely restored by an mRNA that was targeted to another cellular compartment,
demonstrating that the localization of one of the mRNAs of the Arp2/3 complex isimportant
for the function of the complex (Liao ef &., 2011). In addition, a recent genome-wide study
of mMRNAs associated with actin-rich cell protrusions demonstrated that ~50 mMRNAs were
enriched in these protrusions and that a subset of these MRNAs were localized to the cell
protrusions in a microtubul e-dependent manner that required the APC protein (Mili et &.,
2008). Altogether, studies of actin-localized mRNAS suggest that mMRNAS present on the
actin cytoskeleton are likely to be involved in control of actin dynamics and other processes
related to cell motility.

2.6 Microtubule cytoskeleton

Microtubules are used for the majority of long-distance transport within cells. Microtubules
are important for the localization of the mgjority of known localized mRNAs (with the
notable exception of localized MRNASs in Saccharomyces cerevisiae, which require actin-
based transport) through the action of various motor proteins. However, severa studies
suggest that microtubules are not just a highway for transporting mRNAS, but can also serve
adestination for some localized transcripts (Martin and Ephrussi, 2009). Purification of
microtubules from avariety of organisms (sea urchin, frog, human) has demonstrated that
hundreds of mMRNASs co-purify with microtubules (Blower et al., 2007; Hamill et &., 1994;
Rodriguez et al., 2005; Sharp et al., 2011; Suprenant, 1993; Suprenant et &/., 1993;
Suprenant et al., 1989). The majority of microtubule-localized mMRNASs code for proteins that
appear to function in cell cycle and microtubule-related processes. Our group recently tested
thisideadirectly by knocking down the mRNAs for 10 uncharacterized microtubul e-
localized transcripts in HeL a cells. We found that the majority of these mMRNAS coded for
proteins required for proper microtubule organization during both interphase and mitosis
(Sharp et al., 2011). Work in Xengpusoocytes has also found that both spindle localization
and trandational control of a subset of MRNASs are important for completion of both meiotic
divisions, highlighting the link between mRNA localization and trandlational control
(Eliscovich et al., 2008).

In addition to containing MRNAS that control the microtubule cytoskeleton, microtubules
also contain anumber of transcripts that appear to be translationally repressed and are likely
to be passive cargo on the spindle rather than active participantsin controlling microtubul e-
related events (Blower et al., 2007). Thisideais consistent with recent work looking at RNA
localization in early cell divisions of the snail //yanassa obsoleta(Lambert and Nagy, 2002;

Int Rev Céell Mol Biol. Author manuscript; available in PMC 2013 August 19.
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Rabinowitz and Lambert, 2010). In this work, the authors used RNA FISH to examine
several mMRNAs important for early development. Some of these transcripts show an unequal
distribution during cell division by selectively associating with one of the two centrosomes
of adividing blastomere. This suggests that unequal segregation of important devel opmental
MRNAS by the mitotic spindle could be an important mechanism for the establishment of
early patterning asymmetries. While many mRNASs are known to localize to meiotic and
mitotic microtubules, little is known about the sequences or proteinsinvolved in this
process. Thereis aso nothing known about the functional consequences of disrupting
MRNA localization to microtubules. These will al be important future areas of research.

2.7 Summary

Taken together, there is an enormous diversity in the destinations of localized mRNASs.
However, several common themes are evident. First, mMRNAs tend to localize to the site of
action of the coded protein. Second, many types of mMRNA localization appear to require a
combination of cis-acting RNA sequences and co-translational mRNA targeting. Finally,
intracellular membranes are one of the most common destinations for localized mRNAS,
suggesting that the cell may use well-established membrane sorting machinery to shuttle
mMRNAs to different destinations within the cell.

3. Mechanisms of mRNA localization

3.1 Cis-acting mRNA localization signals

A basic principle of mMRNA localization is that some mMRNAS contain sequence elements,
termed ‘ zipcodes , that are recognized by specific protein factors that link them to the
transport machinery. Zipcodes can range from afew nucleotides (5-6) to hundreds of base
pairs. With afew notable exceptions, there is no consensus sequence for an RNA zipcode.
Further, localization activity of an mRNA can be conferred by many low specificity
seguence elements acting in concert. There are several excellent reviews covering the state
of thefield of ¢isacting sequence elements (Jambhekar and Derisi, 2007) and frans-acting
proteins (Martin and Ephrussi, 2009; St Johnston, 2005), so | will not go into any detail on
these topics here, but will highlight some recent studies that have reveal ed unexpected
complexity in types of zipcodes.

3.1.1 Splicing dependent localization of oskar—For the majority of localized
MRNASs examined to date, all of the information necessary to recapitul ate localization is
present in the RNA sequence. Thisis demonstrated by the ability of fluorescently-labeled, /n
vitro synthesized mRNAs to localize to the correct destination when injected into the
appropriate system. However, there are several notable exceptions, and one of the best-
understood examplesis the oskar RNA in Drosgphilaoogenesis. Initial work on localization
of oskar mapped the localization activity of the transcript to the 3"UTR and showed that
these sequences were sufficient to localize a transcript when fused to a reporter RNA
(Gunkel et al., 1998; Kim-Ha et al., 1993). However, when the oskar 3’ UTR was assayed
for localization activity in amRNA null mutant, it was not sufficient to confer full
localization activity (Hachet and Ephrussi, 2004), which led the authors to propose that the
3’ UTR localized by “hitchhiking” with endogenous transcripts (presumably through
3’UTR mediated dimerization of oskar mRNA molecules). Mutagenesis experiments
revealed arequirement for splicing of the first oskarintron in concert with the 3’UTR to
confer full localization activity, demonstrating that the nuclear history of atranscript can be
important for the localization of the RNA in the cytoplasm. A recent study from the
Ephrussi lab has now provided a very detailed mechanistic explanation for the requirement
for mRNA splicing (Ghosh et &, 2012). Splicing of the first intron creates a stem-loop
structure that is absolutely required for oskarlocalization, but is not sufficient to localize
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intronless versions of the RNA, indicating that other factors are required for localization.
Previous genetic evidence had indicated that components of the Exon Junction Complex
(EJC) were required for oskarlocalization, and using an /n vitro system, it was shown that
all the components of the EJC are deposited just upstream of the first exon:exon junction
created by splicing. These results suggested that formation of the stem-loop must work in
concert with deposition of the EJC to effect localization. Taken together these studies
suggest that some transcripts will require avery complex series of processing events, and
that sequential assembly of trans-acting factors may be required to achieve proper mRNA
localization.

3.1.2 Dimerization dependent mRNA localization—While most mRNA localization
signals function entirely in ¢isby recruiting specific proteins to promote localization,
another class of zipcodes promote intermolecular mMRNA dimerization to achieve RNA
localization. The Drosophila bicoid mRNA is one of the best-characterized localized
mMRNAs and is known to localize to the anterior of the Drosgpfi/aoocyte in a microtubule-
dependent manner. The localization of bicoidis dependent on alarge section of the 3’UTR
that is predicted to form a series of stem-loop structures and long regions of double-stranded
RNA (dsRNA; (MacDonald, 1990; Macdonald and Kerr, 1998; Macdonald ef &., 1993;
Macdonald and Struhl, 1988). Localization of bicoidis dependent on a number of proteins
including the dsRNA-binding protein Staufen (Ferrandon ef &., 1994; St Johnston et &/.,
1991). While studying the interactions of bicoidwith Staufen, it was observed that unpaired
loops on the bicoid 3" UTR were important for localization, and that these loops had the
potential to pair in transwith other bicoid molecules (Ferrandon ef &., 1997). Mutation of
bases in the loops abolished localization, but could be restored by complementary mutations
in other bicoidmolecules. Bicoid also demonstrated the ability to dimerize /n vitro, and
dimerization ability correlated with localization activity /n vivo. Although the dimerization
ability of bicoidRNA isimportant for recruitment of Staufen in embryos and for
localization of biocidmRNA to the apical side of early embryos and to embryonic mitotic
spindles, it is not required for localization to the anterior of the Drosophilaoocyte (Snee et
dl., 2005). Another recent study has also highlighted the use of RNA dimerization motifsto
promote RNA localization. Oskar RNA (described above) is known to be packaged into
large RNA granules containing many molecules of oskar RNA (Glotzer et &/., 1997);, and as
described above, the 3"UTR of oskar RNA can hitchhike to the posterior of the oocyte using
the endogenous transcript. To determine if oskar hitchhiking and oligimerization requires
RNA:RNA base pairing, the authors investigated the base pairing of oskar in vitro (Jambor
et al., 2011). They found that oskar was able to form oligomers /n vitrothat depended on
unpaired bases present in aloop in the 3"UTR, similar to the mechanism used by bicoid. The
authors then demonstrated that pairing between different oskar molecules is necessary for
the hitchhiking behavior of the oskar 3"UTR. Interestingly, mutation of basesinvolved in
transpairing did not affect the localization of afull length oskartranscript, demonstrating
that dimerization is not absolutely necessary for localization /n vivo. While the localization
of neither oskarnor bicoidis dependent on dimerization activity, it is possible that
dimerization facilitates packaging into higher order particles for more efficient transport or
trandlational control. Another interesting possibility is that pairing of other (as yet unknown)
RNAs with the dimerization elementsin bicoidor oskar could facilitate their localization
within the oocyte..

3.2 Assembly of active RNA localization complexes

In order for an RNA to localize to the correct destination, it must contain the correct ¢/s-
acting sequence elements that are processed in a defined temporal and spatial manner as
discussed above. In addition to processing of the zipcodes, proteins must be loaded onto the
localizing RNA to facilitate assembly of alocalization-competent RNP. While studiesin a
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number of genetically-tractable model systems, most notably S cerevisiaeand D.
méanogaster, have provided lists of proteins required for the localization of specific
MRNASs, a clearly defined understanding of how alocalization competent RNP is formed
has been lacking. In addition, when the interaction of genetically-identified localization
factors with mRNAs is examined /n vitro, it has been difficult to reconstitute the exquisite
specificity of the interaction (Dienstbier ef &, 2009; Du et a., 2008). A biochemical and
structural study of the assembly of the ASH1 localization complex has begun to provide the
first clear picture of how a series of modest affinity and specificity interactions can act
synergistically to promote the high affinity and high specificity interactions observed /n vivo
(Muller et &, 2011).

In S carevisag the ASHI mRNA istransported to the bud tip of the daughter cell through
myosin-driven transport along actin cables. Once in the daughter cell, ASHI represses
mating-type switching in the daughter cell. Studies from a number of labs have found that
ASH1 contains a dispersed localization sequence consisting of four elements, E1, E2A, E2B
and E3 that are implicated in transport of the mRNA.. /n vivo, the E3 element can mediate
efficient transport, suggesting that this some of the localization sequences serve redundant
functions (Heym and Niessing, 2012). A series of proteins have also been implicated in
MRNA transport: She2? an, a RNA-binding protein that contacts ASHZ in the nucleus; She3,
an adaptor for myosin driven transport; and Myo4, the motor for transport(Heym and
Niessing, 2012). Additionally, the RNA-binding proteins Puf6, Khd1 and Locl are part of
the localization complex and required for efficient ASHI transport, but their roles are less
well-defined than She2, She3 and Myo4. Although a nearly complete set of players was
known for ASH1 mRNA localization it was not clear until recently how these proteins
functioned together for generate a high specificity RNP.

To understand how She2, She3, Puf6 interact with each other and the ASHZ mRNA
localization element to generate alocalization complex, the interactions of purified proteins
with the ASHI E3 RNA sequence were examined /n vitro(Muller et a., 2011). Consistent
with previous results, She2 interacted directly with the ASH1 E3 element (Niessing et &/.,
2004), but only showed a modest preference for ASH1 E3 compared to nonlocalizing RNAs
(~2-10-fold higher affinity than for localizing RNAS). In contrast, the Puf6 protein bound
RNAs with amodest affinity and specificity, showing little preference for RNAs containing
a Puf6 consensus binding sequence. When assayed in tandem, She2 and Puf6 exhibited no
synergism for RNA binding, but were able to form a trimeric complex mediated by RNA as
ascaffold. In contrast, She2 and She3 interact directly with one another and also with RNA
to form a stoi chiometric complex. Although there was no previous indication that She3 was
an RNA-binding protein, it bound RNA with a modest affinity and no specificity /n vitro.
When the affinity and specificity of She2 and She3 were assayed with ASHI localization
elements, it revealed that the complex of She2/She3 has a dramatically higher affinity for
RNA containing zipcodes compared to control RNAs This demonstrates conclusively that
high affinity and specific recognition of a zipcode requires the concerted action of two low
affinity RNA-binding proteins, which is likely to be a paradigm relevant to many other
zipcode-binding proteins. Consistent with the previous results, when the She3 surfaces that
interact with both She2 and ASHZ RNA were identified and mutated /17 vivo, they disrupted
RNA transport of ASHZ mRNA. This study leads to the first nearly complete mechanistic
model for how a transport-competent RNP isformed. First, ASHZ istranscribed in the
nucleus where it is bound by She2, Puf6, and Locl. Following export to the cytoplasm, the
interaction of She2 and She3 with each other and with the zipcode drives mRNP remodeling
to form avery stable, highly specific mRNP that is competent to interact with Myo4 and be
transported to the bud neck. Two important ideas emerge from this study. First, it will be
important to obtain nearly complete lists of the factors that interact with localizing mMRNAs
to understand mMRNP complex assembly, and it will be important to use /n vitro studies to
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understand how each factor interacts with the others to promote high affinity and specific
zZipcode binding. Second, the identification of She3 as adirect RNA binding protein suggests
that the proteins that interact directly with localizing mRNAs will not be limited to proteins
that have well-known and annotated RNA-binding domains, but will likely encompass a
much wider range of proteins. Thisidea has been confirmed by two recent studies using
poly-A purification to identify proteins that interact directly with mRNAs. Both studies
found that hundreds of proteins that have no known RNA-binding domains directly contact
MRNAs (Baltz et &., 2012; Castello et &., 2012). It will be interesting to extend this type of
analysisto localized mRNAs.

4. Motor-driven directed transport of localization competent mRNPs

In order to achieve localization of an mRNA to a distinct cytoplasmic location, an assembled
RNP is generally transported along the cytoskeleton by molecular motors. While there are
some examples of MRNA localization through diffusion and entrapment or selective
protection against degradation, these are the exceptions and most examples of MRNA
localization are driven by active transport along the cytoskeleton (Martin and Ephrussi,
2009). Several questions about motor-driven mRNA transport have been addressed by
recent studies. First, is the direction of transport determined by the polarity of the

cytoskel eton? Second, is the directionality of transport determined by the number and type
of motor proteins associated with the RNP? What is the fate of a transport particle and
associated motor protein once it has reached its destination?

4.1 Role of cytoskeletal polarity in mRNA localization

In many cell typesthat utilize mRNA localization, there is awell-defined polarity to the
cytoskeleton that facilitates transport of mMRNPs to one end of the cytoskel etal filaments. For
example, in neuronal cells, the centrosome is located in the cell body near the nucleus, and
the microtubul e plus ends extend into the axons and dendrites. Thus, kinesin motor proteins
are used for transport of cargo to the distal portions of the cell (anteriograde transport) and
dynein motors are used to transport cargo back to the cell body (retrograde transport).
Another system with awell-defined cytoskeletal polarity isthe early Drosgphilaembryo,
where the centrosome is located at the surface of the embryo and the plus ends of
microtubules extend into the interior of the embryo. In this system, dynein motors are used
to transport MRNP cargo to the surface of the embryo (Gaspar, 2011). However, many
systems that utilize mRNA localization do not have a defined polarity of the cytoskeleton,
which raises the question as to how directiona transport is achieved on a nonpolarized
cytoskeleton.

While the Drosgphilacocyte is aclassic system for the study of mRNA localization it is also
asystem that has avery poorly defined cytoskeletal polarity (Cooley and Theurkauf, 1994).
During stages 8-10 of oogenesis, when many mRNAs are known to localize, the oocyte has
agradient of microtubules with the majority of microtubules nucleated from the anterior of
the oocyte. Consistent with thisidea, transport of mMRNASs from the nurse cells to the oocyte
is driven by the dynein motor and associated factors (Gaspar, 2011). An open question in the
field of RNA transport has been to determine how transcripts that localize to the posterior of
the oocyte achieve this localization. Mutation of the kinesin heavy chain resultsin aloss of
oskar mRNA from the posterior (Brendza et &/., 2002; Cha et 4., 2002), supporting the idea
that oskarlocalization is driven by kinesin-mediated transport on a polarized cytoskeleton
from the anterior to the posterior of the oocyte. However, direct measurement of oskar
transport had not been observed until recently.

Movement of oskarlocalization particlestracked by live imaging revealed a small portion
(~15 %) of oskartranscripts moving in a manner consistent with motor driven transport.
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Interestingly, oskar particles appeared to be moving in all different directions rather than
showing a concerted, directed transport to the posterior of the oocyte. However, anaysis of
hundreds of particles revealed that there was aweak biasin the directionality of transport,
with ~57% of al transport particles moving towards the posterior of the oocyte.
Furthermore, these movements were almost entirely towards the plus ends of microtubules
and were dependent on the action of kinesin. Various mutants known to affect the
localization of oskarwere found to affect different steps of the localization process, with
some proteins involved in establishing the net directionality of transport and others involved
in affecting the rate. The conclusion from this study is that over time, an accumulation of
mMRNA can occur through the use of very small differencesin the net direction of transport
on aweakly polarized cytoskeleton. The results from this study will likely be applicable to
transport of other mMRNASs in the Drosophilaoocyte as well as RNA transport in other oocyte
systems. A notable example of another oocyte system that has a very poorly defined
cytoskeletal organization is the Xengpusoocyte. Although many mRNAS are transported to
each hemisphere of these oocytes two studies using different methodol ogies have argued for
very different polarity of the oocyte cytoskeleton(Messitt ef &/., 2008; Pfeiffer and Gard,
1999), which will impact models of how directiona transport of mMRNAsis achieved. Live
imaging of specific MRNAswill likely be required to help define how transport operatesin
this system.

4.2 Influence of transport complex composition on transport direction

In the ssimplest case, alocalized mRNA will become incorporated into a transport complex
that is linked to one molecular motor and will localize to its destination on a cytoskel eton
with awell-defined polarity. While thisis the case for some localized mMRNAS (such as
ASHI), localization of an MRNA is usually much more complicated, asillustrated above. A
recent study examining the composition and function of the ASH1 localization complex has
discovered some unexpected complexity in the assembly of the complex /7 vivo (Chung and
Takizawa, 2010). As discussed above, localization of ASHI depends on She2, She3 and
Myo4. However, Myo4 is a nonprocessive motor protein and would not be expected to
mediate transport of a cargo as a monomer (Reck-Peterson ef &., 2001). Purification of a
transport competent ASHZ mRNP revealed that the transport complex contained four copies
of Myo4 and She2, suggesting arole for protein (or RNA) oligomerization in assembly of a
transport competent MRNP and providing a molecular explanation for the processive
movement of the ASH1 mRNP. Interestingly, using an artificial reporter system that could
recruit a defined number of Myo4 motorsto a RNA, demonstrated that recruitment of more
motor proteins leads to a greater efficiency of mMRNA transport, atheme that is consi stent
with the results discussed below.

As mentioned in the preceeding section, one of the great challenges to understanding the
specificity of mMRNA transport is that the exact composition and biochemical activity of
most transport complexes is not known. Reconstitution of mRNA binding complexes has
provided amajor insight into recognition of MRNA zipcodes. However, assembly of full
transport complexes is considerably more complicated asit requires the inclusion of
molecular motors, which are technically challenging to work with /n vitro. In Drosophila
embryos, certain transcripts (e.g. hairy, fushi tarazu, K10) localize to the apical centrosome
of the embryo, and this behavior can be recapitulated by fluorescently labeled transcripts
injected into the embryo (Bullock and Ish-Horowicz, 2001). Analysis of injected wild-type
and localization-deficient transcripts /n vivo demonstrated that both classes of transcripts
exhibit fast bidirectional movement along microtubules, consistent with motor-driven
transport(Bullock et al., 2006; Bullock et &., 2003). However, localization-competent RNAs
exhibited more frequent and longer movements to the minus ends of microtubules, which
may result in the net accumulation of the localized mMRNA at the minus ends of microtubules
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(Bullock et al., 2006). In addition, mutation or overexpression of the localization factors
Egalitarian and Bicaudal D led to slower or faster RNA transport respectively, suggesting
that recruitment of a different number of motor proteins could be responsible for the
different relative transport activities (Bullock et a., 2006). However, in these experiments it
was not possible to directly visualize the motor proteinsinvolved, and as aresult it was not
possible to prove that differencesin motor number account for differencesin motility.

A recent study using partially purified mRNPs from Drosgphilaembryos has begun to
provide insight into how directional transport of mMRNPs is achieved (Amrute-Nayak and
Bullock, 2012). From the above results, it was possible that recruitment of more molecules
of dynein or an increased activity of dynein could result in the increased minus end directed
processivity observed /11 vivo. In aclever experiment to study the behavior of localization-
competent mMRNPs at a single molecule level, mMRNAs were incubated with Drosophila
embryo extract, selected for microtubule binding, and then analyzed at a single molecule
level using TIRF microscopy. Remarkably, behavior of single molecules of the localization-
competent and incompetent versions of the KZORNA /n vitrowas consistent with
movement of the RNASs /17 vivo. Both RNAs exhibited fast movement to both the plus and
minus ends of microtubules, with the localization competent RNA exhibiting an increased
frequency and longer runs toward the minus ends. Furthermore, GFP-tagged dynein or a
subunit of the dynein accessory dynactin complex was co-visualized with fluorescent
MRNA /n vitro. Sequential photobleaching was used to measure the number of motors
associated with each transport particle and was found to differ by ~50% between a
localization-competent RNA and a localization-incompetent RNA. These data confirm the
idea that recruitment of more motor proteinsis responsible for increased processivity
towards the minus end.

Another open question is to determine how many mRNA molecules are present in each
MRNP transport particle. Work on oskar|ocalization complexes (Glotzer et al., 1997) and
purification of kinesin associated RNPs from neuronal cells (Kanai et al., 2004) suggests
that many molecules of RNA may be present in localization complexes, but this has not
been tested rigorously. Using sequentia photobleaching, the authors showed that each
transport complex contains only one molecule of mMRNA (Amrute-Nayak and Bullock,
2012). Furthermore, this was confirmed by FISH in Drosgphilaembryos for two mRNAs
that both localize to the apical side of the embryo: #and evemRNASs do not colocalize,
suggesting that transport particles only contain single mMRNA molecules. Thisresult is
consistent with arecent FISH study in neurons demonstrating little colocalization between
different mMRNASs in transport complexes (Mikl ef &., 2011). Taken together, the single
molecule studies of KZOmRNA localization complexes demonstrate that localization
complexes can consist of asingle MRNA that recruits multiple motor proteins. Interestingly,
localization-incompetent mMRNAS can also recruit motor proteins, and the role of the
localization sequence is to increase the recruitment of one particular type of motor protein to
achieve abiasin the directionality of transport. This demonstrates that very subtle changes
in protein complex composition can result in dramatic localization changes /n vivo. It will be
important to extend these studies to determine what other motors are recruited to the RNP
(kinesin?) and how many copies of each of the accessory proteins are recruited. A long-term
goal will be to understand the molecular mechanism by which alocalization element results
in the recruitment of additional copies of motor proteins to an mRNA.

4.3 RNA anchoring

Once atransported RNA reaches its destination, the RNA must be anchored in order to
retain the localized distribution. In many organisms that localize mRNASs via transport along
the microtubule cytoskeleton, the function of RNA anchoring is served by the actin
cytoskeleton. However, we understand very little about the molecular mechanisms that
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transfer an RNA from the microtubul e cytoskeleton to actin cytoskeleton. Another
mechanism of RNA anchoring is to change the activity of the motor proteinsinvolved in the
transport RNP from active motors to static anchors. Two studies of RNA locaizationin
Drosophilahave provided clear evidence for this mechanism and begun to shed light on the
molecular details of the process (Delanoue and Davis, 2005; Delanoue ef &., 2007).

As described above in several previous sections, one of the major types of mRNA transport
in Drosophilaembryos is the movement of mMRNASs involved in developmental pattern
formation to the apical centrosome. Movement of these MRNASs occursin adynein-
dependent manner and requires Egl and BicD for transport. However, little was known about
the mechanism of RNA anchoring at the centrosome. It was shown that disruption of the
actin cytoskeleton had no effect on RNA transport or anchoring, while disruption of
microtubules dramatically delocalized the transported RNA (Delanoue and Davis, 2005).
Interestingly, dynein was shown to colocalize with localized, anchored RNAs. In addition,
interference with dynein function through a blocking antibody completely disrupted RNA
that was already anchored at the cortex. Surprisingly, inhibition of dynein motor activity, but
not the dynein complex, blocked active transport but retained RNA anchoring. These results
show that incorporation into an RNP can change dynein from an active motor protein to a
static anchor once it has reached its destination at the microtubule minus ends. A follow-up
study examining the role of dynein in localization of the gurkennRNA in the Drosophila
oocyte reached a similar conclusion (Delanoue et a., 2007). Interestingly, mutation of the
Squid protein, an hnRNP, resultsin an inability of dynein to change to a static anchor at the
destination. However, the molecular details of how mRNPs can change the motor activity of
dynein remain unknown. One interesting implication from these studies is that mMRNA
transport complexes do not necessarily function solely as passive cargo on the cytoskeleton,
but have the potential to feedback and change the activity of factors that influence the
cytoskeleton, atheme that will be discussed in the last section of this review.

5. Formation and structure of RNA granules

One of the most distinctive features of localized RNAs istheir ability to form cytologically
visible cytoplasmic structures termed RNA granules (Anderson and Kedersha, 2006). RNA
granules are most obviously visible in the germ line of most model organisms (P-granulesin
C. élegans, polar granules in Drosophila and germina granulesin Xerngpus). These granules
are composed of RNAs and RNA-binding proteins that are known to control the formation
of germ cells in the devel oping embryos and were one of the first recognized sites of mMRNA
localization. Germ Cell Granules (GCG) share many similarities with other types of RNA
granules found in somatic cells, such as stress granules and P-granules (Anderson and
Kedersha, 2006). Stress granules are large cytoplasmic aggregates of mRNAs and RNA-
binding proteins that accumulate upon cellular stress (e.g. heat shock or arsenite treatment)
and are thought to function as sites of mMRNA storage during cellular response to stress. P-
bodies are also visible sites of MRNAs and RNA-binding proteins, but because of the
protein composition of P-bodies they are linked to RNA decapping, deadenylation and RNA
destruction (Balagopal and Parker, 2009). One common feature of all RNA granulesis that
they are higher order assemblies of many RNAs and RNA-binding proteins that appear to
function in temporary or long term storage of MRNAS. Although RNA granules are visible
cytoplasmic structures very little was known about the mechanisms of formation or
functions of these structures until recently.

5.1 Mechanisms of RNA granule formation

Insight into the physical properties and formation of RNA granules has come from careful
analysis of the composition and behavior of C. eegansP-granules. In an important study,
live cell imaging was used to examine the behavior of the C. e/egansP-granule component
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PGL-1 in the gonad and early embryo (Brangwynne et &., 2009). Interestingly, PGL-1
exhibited behavior consistent with aliquid droplet, such as dissolution, condensation and
various flow behaviors. Measurement of the viscosity of P-granules suggested that they have
aviscosity comparable to glycerol (~1000 times that of water) and colloida liquids. One of
the most interesting propertiesis regulated dissolution and condensation. At high component
concentrations, PGL-1 condensed to form P-granules, but when the effective protein
concentration was lowered the granules dissolved. These results suggested that weak
interactions between P-granule components might be important for their formation.

The molecular interactions that lead to the liquid-like behavior of P-granules was addressed
by two recent studies that explored the molecular requirements for the formation of P-
granules (Updike et &., 2011; Updike and Strome, 2009; Voronina and Seydoux, 2010).
Both studies made the important observation that several proteins present in P-granules (the
Vasarelated proteins GHL-1, GHL-2 and GLH-3) contain repeats of the amino acids
phenylalanine and glycine, and these were required in GLH-1 for granule formation (Updike
et al., 2011). Thiswas informative because FG-repeats are one of the prominent features of
the proteins that line the central channel of the nuclear pore (Weis, 2003). It has been
hypothesized that weak interactions between the FG-contai ning nucleoporins are responsible
for creating a selective hydrogel-like barrier between the nucleus and the cytoplasm. In fact,
it was recently demonstrated that very concentrated solutions of FG-repeats from the yeast
nucleoporin Nsplp form a solid hydrogel through hydrophobic interactions (Frey et &.,
2006), which allows only proteins with appropriate characteristics to pass through (Frey and
Gorlich, 2007). Although nucleoporins exhibit hydrogel-like properties at high
concentrations, while P-granules exhibit liquid-like properties /n vivo, the properties of
homotypic interaction and selective permeability appeared to suggest a common mechanism.
Consistent with alink between the nuclear pore and P-granules, P-granules exhibited asize
exclusion of fluorescent dextrans, similar to the nuclear pore (Updike et al., 2011). In
addition, RNAI against a subset of nuclear pore proteins disrupted P-granule formation
(Voroninaand Seydoux, 2010). Furthermore, GFP-fusions of several nuclear pore proteins
colocalized with P-granules, and mutation of the C. eegarnsNup98 homolog disrupted P-
granule formation. Interestingly, the mouse Nup98 a so interacted with the mouse Vasa
homolog in mouse testes extract, suggesting that nucleoporins and nucleoporin-like
interactions may be important for GCG formation in other systems(V oronina and Seydoux,
2010). Taken together, these results suggest that GCG exhibit many properties of nuclear
pores and that regulated, homotypic interactions between FG-repeats are important for
granule coalessence.

Biochemical insight into the mechanism of RNA granule formation recently came from two
studies analyzing a compound causing cellular differentiation (Han et &., 2012; Kato et &,
2012). While analyzing proteins that bound to a differentiation-inducing drug, the authors
noticed that the addition of this compound to cellular extracts caused the aggregation and
precipitation of many cellular proteins. Identification of the precipitated proteins revealed
that a substantial fraction were known RNA-binding proteins. Furthermore, analysis of the
coprecipitated RNAs from cellular extracts identified alarge number of mMRNAs known to
exhibit distinct subcellular localizations, suggesting that regulated protein aggregation may
have a physiological role. Mapping the aggregation-promoting activity of precipitated RNA-
binding proteins identified low complexity (L C) sequence domains that were both necessary
and sufficient for protein aggregation. The low complexity regions contained repeats of
tyrosine, serine and glycine, similar to the FG repeats found in nuclear pore proteins. Also
similar to the FG-repeats found in nucleoporins, the LC domains of RNA-binding proteins
were able to form hydrogels in very concentrated solutions /n vitro. Interestingly, hydrogels
could recruit RNAs as fusion proteins and from cellular extracts, demonstrating that L C-
based sequence aggregation can be used to concentrate RNA and RNA-binding proteinsinto
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granules. Importantly, mutation of serine residues within the LC sequences blocked
hydrogel formation and also blocked localization of the proteinsto stress granules formed in
tissue culture cells (Kato et a ., 2012). Analysis of the interaction of LC regions from
various RNA binding proteins revealed that homotypic interactions were favored, but that
there were also differing degrees of heterotypic affinities between L C regions from different
proteins. This gradient of affinities could suggest a possible mechanism for generating RNA
granules of mixed compositions, containing different RNAs and RNA-binding proteins.

While these studies were preformed primarily /n vitro, the parallels with P-granule
formation suggest a compelling model for RNA granule formation. RNA binding proteins
bound to target RNASs interact with one another via homotypic interactions between
repetitive low complexity sequences. These interactions are promoted by high local protein
concentrations that might be facilitated by transport of many copies of RNPs to a specific
destination. Once the proteins are aggregated, they are relatively static and likely prevent
trang ation of the RNASs present within the granules. Importantly, RNPs can be released from
the granules either by lowering effective protein concentration, a mechanism known to occur
in C. eegans(Brangwynne et a., 2009), or by phosphorylation of the self-association
domains (Han et al., 2012). While thisis a compelling model that fits with /n7 vivo evidence
from many different model systems, these ideas will al need to be tested /17 vivo.

5.2 Function of RNA granules

While the vast majority of evidence from avariety of model systems supports the model that
RNA granules are sites of mMRNA storage, several studies of the cytoplasmic
polyadenylation binding protein (CPEB) from Aplysia californiciasuggest that sites of RNA
granules could also be sites of high enzymatic activity that promote protein translation.
CPEB proteins are proteins that recognize the Cytoplasmic Polyadenylation Element (CPE)
in the 3"UTR of mRNAs under posttranscriptional control (Richter, 2007). CPEB proteins
are implicated in both repression of MRNAs and activation of the mRNA through extension
of poly-A tail length in response to asignaling cue (Pique et &., 2008). In Aplysia the
CPEB protein contains an unusual N-terminal extension that has some similarity to prion
forming domains from yeast (S et &/, 2003). The N-terminus of CPEB behavesasaprionin
yeast and appears to form amyloid-like aggregates. Interestingly, aggregation of Aplysa
CPEB isrequired for full CPEB activity when expressed in yeast, and blocking prion-like
aggregates when expressed in neurons interferes with synaptic function (Si ef &., 2010).
These results suggest that there is arole for regulated aggregation in promoting the CPEB-
mediated cytoplasmic polyadenylation (Si et a., 2003). It will be important to determine if
regulated aggregation of other RNA-binding proteins plays arole in the activation of other
RNA processing enzymes, or if the majority of RNA granules are sites of RNA storage.
Interestingly, amyloid-like aggregation of other RNA-binding proteins has been observed,
but in these cases it has been associated with loss of function of the aggregated proteins.
These data suggest that amyloid-like aggregation of RNA-binding proteins could contribute
to neurodegenerative diseases (Sun ef &, 2011). In the future, it will be important to
distinguish between regulated aggregation of RNA-binding proteins, such as that observed
invitroandin C. éegansP-granules, and the irreversible, prion-like protein aggregation that
could result in del eterious consequences to the organism.

6. Translational regulation of localized mRNAs

Once an mMRNA has been localized and anchored at a specific destination, it needs to be
activated for trandation in response to an external, internal or developmental signaling cue.
Trandational control of localized mMRNAS has recently been discussed in an excellent and
comprehensive review (Besse and Ephrussi, 2008) and will not be covered here in detail.
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However, | will summarize one study to illustrate one of the best-understood examples of
tranglational control of alocalized mRNA.

One of the first examples of alocalized MRNA is the -actin transcript from chick
fibroblasts. The transcript was shown to localize to the leading edge of motile fibroblasts
and the localization activity mapped to a small region of the 3’ UTR termed the zipcode. The
zipcode of B-actin mRNA is bound by the ZBP-1 protein that is required for mMRNA
localization. Interference with mRNA localization has been shown to affect cell migration,
but it was not understood how the interaction of the zipcode with ZBP-1 controlled p-actin
trand ation (Condeelis and Singer, 2005). ZBP-1 acts as a zipcode-dependent translational
repressor /n vitroin rabbit reticulocyte lysate and /7 vivoin neuronal cells (Huttelmaier ef
al., 2005). RNA interference.

Interestingly, ZBP-1 contains a tyrosine residue near one of the RNA-binding domains that
resides within a consensus sequence for the Src protein kinase, and ZBP-1 isin fact
phosphorylated by Src /n vitroand in vivo. Phosphorylation of this residue reduced binding
of ZBP-1 to the B-actin transcript, demonstrating that phosphorylation by Src can serve asa
signal to trigger tranglational activation. Consistent with this model, knockdown of ZBP-1in
neuronal cell culture resulted in a decrease in neuronal outgrowth, which could be rescued
by wild type ZBP-1, but not by a non-phosphorylatable ZBP-1 variant. Taken together, these
results suggest that ZBP-1 associates with p-actin transcripts in the nucleus during
transcription, and remains bound to the transcript during transport in the cytoplasm. Once in
the cytoplasm, ZBP-1 suppresses the trandation of p-actin mMRNA until asignal to release
the RNA isreceived in the form of phosphorylation by the Src tyrosine kinase. Importantly,
both premature trandation induced by ZBP-1 RNAi and failure to relieve trand ational
inhibition result in failures of neuronal outgrowth. This study demonstrates that temporal
and spatial coupling of MRNA localization to translational control is critical for the function
of the encoded protein (Huttelmaier et al., 2005). The paradigm of signaling-induced mRNA
release is likely to be applicable to other RNA-binding proteins, and also fits well with the
observation that phosphorylation of serine residuesin L C regions can release RNA-binding
proteins from RNA granules. It will be important to understand the signaling pathways and
proteins that contribute to release of RNA from mRNP transport complexes to fully
understand local translational control.

7. Noncoding roles of localized RNAs

This review has been based on the idea that most localized RNAs are mRNAs and that the
primary function of restricting the localization of the mRNA isto control the temporal and
spatial expression pattern of the protein. However, there isincreasing evidence that some
localized mRNAs function as RNA rather than or in addition to serving as atemplate for
protein production. This topic has recently been reviewed (Kloc et 4., 2011) and will be
discussed briefly to highlight the additional possible roles of localized RNAs.

One of the first hints for non-protein coding roles for localized RNAs came from the
characterization of the Xlsirst (Xengpus laevisshort interspaced repeats) family of RNAsin
Xenopus. Xlsirst are afamily of ~80 bp repeats that are highly transcribed during oogenesis.
Interestingly, sense strand versions of this repeat are localized to the Balbiani Body and
vegetal cortex of the oocyte in pattern nearly indistinguishable form other well-characterized
localized mRNASs (e.g. Vgl and Xcat2; (Kloc et a., 1993). When the function of the Xlsirts
was explored by removal using antisense deoxyoligonuclectides (ODN) it was found that
Xlsirts were required for the proper localization of the Vgl transcript to the vegetal cortex of
the oocyte (Kloc and Etkin, 1994). Since Xlsirts are atandemly repeated RNAS that lack
protein coding capacity this was a direct demonstration that localized, noncoding RNAs
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could serve afunction, in this case to promote the localization of a protein-coding RNA. The
ideathat localized RNAs can function as RNA rather than as a protein gained further
support from study of the Xengpuslocalized mRNA VegT (Heasman ef &., 2001). VegT is
another MRNA that is localized to the vegetal cortex of the oocyte and encodes a T-box
transcription factor important for development (Zhang ef &., 1998). Interestingly,
destruction of the VegT RNA by injection of ODN resulted in delocalization of a number of
mRNAs from the vegetal cortex (including Vgl), but blocking protein production from the
mMRNA did not result in the same phenotype. These data demonstrate that in addition to
Xlsirts, the VegT mRNA also playsarolein promoting mRNA localization, independently
of protein coding capacity.

Insight into how Xlsirts and VegT could function to promote mRNA localization has come
from a careful analysis of the cytoskeleton in oocytes. In Xergpus, many mRNAs that are
localized to the vegetal cortex are anchored at the cortex by association with either the actin
or keratin cytoskeletons. Destruction of Xlsirt and VegT revealed that the cortical
cytokeratin cytoskeleton was affected, while actin remained unaffected(Kloc ef &., 2005).
Consistent with this result, both mRNAs localized to the vicinity of cytokeratin filaments,
suggesting that they may act directly to promote proper keratin assembly. Thus, RNASs can
act to influence mRNA localization through modulation of cytoskeletal structure.

Additional support for the idea of a structural role for RNA in cytoskeletal assembly has
come from study of the mitotic and meictic spindle. Using Xenopus lacvisegg extracts to
study meiosis |1 spindles, it was demonstrated that proper assembly of the spindle was
dependent on the presence of RNA (Blower ef &., 2005). RNaseA treatment of extracts
resulted in dramatic changes to spindle microtubule organization, while inhibition of
tranglation using a variety of trandation inhibitors did not change spindle morphology,
demonstrating that RNA plays a structural role in microtubule assembly. Interestingly,
immunodepletion of Rael, a protein component of an RNA complex, also resulted in
dramatic defects in spindle assembly /n vitro, perhaps providing a starting point to
understand how RNA can promote spindle assembly. The structural role of RNA in spindles
assembly has also been confirmed in a permeabilized cell assay using human cells (Hussain
et a., 2009), suggesting that a structural role for RNA in mediating microtubule assembly is
likely to be conserved in many organisms.

Although these studies suggest that localized RNAswill play direct, protein coding-
independent roles, the molecular details of these processes remain unclear. In the case of
Xlsirtsand VegT, we know which RNASs act to promote cytokeratin assembly, but we do not
know how these RNAs exert their effects, which proteins they bind, or how they affect
cytokeratin assembly and maintenance. In the case of the role of RNA in microtubule
assembly: we know only that RNA is required for spindle assembly, but we do not know
which RNAs promote microtubule assembly or whether proteins other than the Rael
complex are involved. In both casesit will be important to understand the RNAs that are
required for each of these events, and the RNA-binding proteins that are affected. This
knowledge will need to be integrated with an understanding of how the RNA-binding
proteins affect cytoskeletal dynamics.

Onefinal example of a protein coding-independent role of alocalized RNA comes from
study of the aoskar RNA in Drosgphila During Drosphilaembryogenei's, the oskar proteinis
required for proper segmentation patterning. However, the classic genetic alleles of oskar
were loss of protein alleles, but did not lead to loss of the mMRNA. Analysis of new alleles of
oskarthat completely lacked mRNA production showed stronger phenotypes, with -null
animals not producing eggs and exhibiting an early oogenesis arrest (Jenny et &., 2006).
Interestingly, this oogenesis arrest could be rescued by a protein null allele, or by the oskar
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3’ UTR, suggesting that the oskar mRNA plays a tranglation-independent role early in
oogenesis. Thereis currently no understanding of how the oskar 3'UTR functions to
promote early oogenesisin the absence of protein.

Taken together, these studies support the notion that localization of RNAs (both coding and
noncoding) can serve functionsin addition to the well-documented spatial and temporal
control of protein synthesis. Given the recent discovery of thousands of noncoding RNAs
(Wang and Chang, 2011) and the fact that both mRNAs and ncRNAs can play structural
roles, it seems likely that many new functions of localized RNAs that are independent of
protein coding capacity are yet to be discovered.

8. Perspective

As detailed above, the localization of an MRNA to a specific destination within acell or
embryo isawidely utilized mechanism for the spatial and temporal control of protein
expression. Mechanistically, it is an extremely complicated processinvolving
cotranscriptional processing, linkage to transport complexes, anchoring at a destination and
ultimately relief of trandational inhibition. While genetics and cytology in severa
prominent model organisms have provided a basic picture of how mRNA localizationis
regulated many open questions remain. Below | have highlighted several interesting
guestions that will be addressed in the future.

8.1 Cis-acting localization sequences

As described in the preceding section, many individual c¢is-acting sequences have been
described that direct mMRNAS to specific destinations. However, many of the localization
seguences that have been discovered are large and poorly defined. In addition, there are very
few cases where there is obvious homology between defined localization sequences, which
has dramatically limited understanding the logic of zipcodes that sort mMRNAs within acell.
A technical aspect that has hampered the field is that mapping of localization elementsis a
labor intensive process that is generally accomplished one mRNA at atime. In order to
achieve better predictive ability for defining zipcodes computationally, we will need much
larger datasets of localization elements. Given the recent advances in identification of
protein binding sites within RNAs by high throughput sequencing (Darnell, 2010) it is
possible that these technologies can be applied to localized mRNASs to identify a much
larger set of zipcodes. This, coupled with improved methods of RNA structure
determination and structural homology prediction (Parisien and Major, 2008) may lead to
dramatic increasesin our ability to detect and predict mRNA localization elements.

8.2 Biochemical reconstitution of mMRNA localization complexes

Genetic and cell biological studiesin awide range of model organisms have provided alist
of localized RNAs and proteins that are likely to interact with these RNAs, however we lack
adetailed understanding of the molecular interactions that select certain RNAs from
transport and the mechanisms that achieve selective transport. The past year has seen several
studies that have begun to provide biochemical insight into both RNA recognition and
biased directional transport. Future studies will likely continue to try to understand how
combinations of low specificity interactions lead to high specificity RNA binding and how
subtle biases in transport complex composition lead to dramatic biasesin RNA distribution
inacell or embryo. Finaly, the ability to reconstitute certain aspects of RNA granule
formation /n vitro should provide the ability to understand the regulated self-association of
RNA-binding proteins that will provide a platform for exploring the functional implications
of these interactions for RNA transport, translational control and RNA anchoring /n vivo.
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8.3 Noncoding functions of localized RNAs

Recent studies of the transcriptomes of a number of organisms have discovered hundredsto
thousands of RNAs with little to no protein coding capacity (Ulitsky ef &., 2011). Current
research has focused on the hypothesis that many/most of these noncoding RNAs will
regulate nuclear processes (Wang and Chang, 2011), although there has been no systematic
study of the localization of these RNASs. Given the studies of RNASs such as Xlsirts it seems
likely that many ncRNAs will have cytoplasmic functions and many may function through
localization to specific compartments of the cell. Future studies will likely focus on which
ncRNAs are localized to specific compartments within the cell and how they function. It will
be important to understand which proteins bind to ncRNAs and how RNA-binding changes
the activity of the bound protein or complex. Given that some mRNAS also appear to
function in atranglation-independent manner it will also be important to differentiate
between RNA and protein-coding functions of localized mRNAs.
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Figure 1. Sites of intracellular mRNA localization

Cartoon of atypical eukaryotic cell depicting sites with identified localized mRNAS.
Tranglation-dependent localization is depicted as a mMRNA associated with aribosome at a
destination, while trand ation-independent localization is depicted as MRNA localization in
the absence of aribosome.
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