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Abstract

Asymmetrical mMRNA localization and subsequent local translation provide efficient mechanisms
for protein sorting in polarized cells. Defectsin mRNA localization have been linked to
developmental abnormalities and neurological diseases. Thus, it iscritical to understand the
machineries mediating and mechanisms underlying the asymmetrical distribution of mRNA and
its regulation. The goal of thisreview isto summarize recent advances in the understanding of
MRNA transport and localization, including the assembly and sorting of transport mMRNP granules,
molecular mechanisms of active mRNP transport, cytoskeletal interactions and regulation of these
events by extracellular signals.
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Asymmetrical mMRNA distribution is a common phenomenon in polarized

cells

Asymmetrical mMRNA localization is a conserved cellular process observed in diverse types
of cells and organisms. Development of refined methods of in situ hybridization led to the
now seminal discovery of MRNA localization in somatic cells, wherein g-actinmRNA was
localized to the leading edge of primary fibroblasts, yet other mRNAS e.g vimentin assumed
aperinuclear localization (1). More recently, mRNASs encoding members of the Arp2/3
complex have been shown localized to the leading edge of fibroblast protrusions (2).
Specific MRNASs can show different localization patternsin different cells. For example,
vimentinmRNA isinitialy enriched in perinuclear areasin devel oping myoblasts, then
eventually localized to costameres in colocalization with vimentin proteins in mature
myotubes (23). In budding yeast Saccharomyces cerevisag, AshI mRNA islocalized to the
bud cortex of daughter cells during late anaphase (3). The local translation of Ashl mRNA
restricts the expression of Ashlp in the daughter cell, which controls mating type switching.
Asymmetrical mMRNA localization during oogenesis and embryonic development is essential
for the establishment of body axes, cell fate specification and patterning (4, 5). In the
Drosgphilaoocyte, bicoid mRNA is localized to the anterior pole, whereas oskar and narnos
MRNAs are localized to the posterior pole (6). A similar phenomenon is also observed in
Xenopusoocytes, inwhich Vg mRNA islocalized to the vegetal pole (7, 8). Specific
targeting of MRNASs s also demonstrated in neurons. /n situhybridization studies revealed
that certain MRNAS are selectively localized to axons and/or dendrites of primary neurons.
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For example, taumRNA is specifically localized to developing axons (9), and C&#7/
calmoaulin-dependent protein kinase lla (CaMKlla), microtubule-associated protein 2
(MAP2) mRNASs were shown to be localized to dendrites (10, 11). S-actinmRNA can be
localized to both devel oping axons and dendrites, where it concentrates in growth cones and
filopodial protrusions (12, 13); whereas its homolog y-actinmRNA islargely restricted to
the cell body. In oligodendrocytes, myelin basic protein (MBF) mRNA islocalized to
processes and the myelin-rich peripheral compartments (14). In many of the above
examples, mMRNAs are localized in the form of particles or granules, which are mMRNP
complexes that contain one or more MRNAS, RNA-binding proteins, trandationa factors,
and in some cases also ribosomes (15).

Genome-wide analyses reveled that asymmetrical mRNA distribution is a common
phenomenon observed for multiple mMRNASs in the same type of cells. An examination of
3370 transcripts in Drosgphilaembryos by high throughput /17 situhybridization revealed
that 71% of them exhibited distinct non-uniform distribution (16). Fractionation of
subcellular compartments coupled with systematic RNA analysis has provided a
comprehensive view of mRNA localization in fibroblast protrusions and neuronal axons.
Mili et al. identified more than 50 transcripts significantly enriched in purified fibroblast
protrusions in response to treatment with lysophosphatidic acid (17). A serial analyses of
axonal mMRNASs revealed that hundreds of transcripts are localized to axons of primary
cortical and sensory neurons (18-22). Interestingly, the pools of mMRNAS present in normal
and injured axons (18, 22), or axons from different developmental stages (20), exhibit
differential composition, revealing that mMRNA localization in neuronsis dynamically
regulated by activities and extracellular stimuli. Of interest, the profile of mMRNAswithin the
axon growth cone differs from the axon process, and is also under developmental control
(21). Recently, a stringent analysis of mRNAs isolated from the hippocampal CA1 neuropil,
a synaptic region containing axons and dendrites, revealed 2550 mRNA species localized in
this brain region (24), amuch larger pool of mMRNA than pervious estimations of less than a
few hundred (25-27). In both fibraoblast protrusions and neuronal processes, proteins
encoded by localized mRNAS play diverse functions, including RNA and/or trand ational
regulation, active transport, cytoskeleton dynamics, signal transduction, and/or synaptic
transmission and regulation in neurons, suggesting that mRNA localization and subsequent
local trandlation are common regulatory mechanisms widely involved in diverse cellular
functions.

Local translation of mRNA provides a mechanism for efficient protein
sorting shaping cell function

Trangdlation of localized mRNASs enables protein production to be concentrated to restricted
locations and allows cells or organisms to generate timely responses to external stimuli or
intrinsic developmental programs. During Drosophilaoogenesis, for example, trandlation of
the anterior pole-localized bicoidmRNA and posterior localized oskar and nanosmRNAS
generate increased levels of encoded proteinsin the anterior and posterior poles, respectively
(6). Diffusion of these proteins resultsin protein gradients, which are essentia for the
establishment of the body axis of Drosgphilaembryos. Since trandation of these mRNAs
will not be activated until they are properly localized, the deleterious effect of ectopic
expression of these proteinsis avoided.

In polarized cells, such as neurons and oligodendrocytes, mRNAS can be targeted to the
location where their protein products are enriched. For example, mMRNASs encoding axonally
enriched proteins e.g. tau can be enriched in axons and MRNAs encoding the dendritically
enriched proteins, MAFZ, CaMKl/a and PSD-95 can be targeted to dendrites and
subsynaptic sites (10, 11, 28). Numerous mMRNAS can be localized to growth cones (21),
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including B-actinand GAP-43(12, 29), where the protein products are enriched. In
oligodendrocytes, MBPmMRNA islocalized to myelinating compartments where MBP is
enriched (14). Although these proteins can be delivered to their target compartments through
protein trafficking, the localization and local trandation of these mMRNAS provides a
molecular basis for efficient protein production, which could be temporally controlled,
particularly for cellsto rapidly respond to extracellular signals.

The regulation and function of mMRNA localization and local translation has been well
established in neurons. In cultured primary neurons, the localization of S-actinmRNA and
local synthesis of p-actin protein mediate chemo-attractive growth cone turning induced by
brain-derived neurotrophic factor (BDNF) or Netrin-1 (30-33). In the developing nervous
system, axon guidance is an essential targeting process for the formation of functional
neuronal circuitsthat is mediated by growth cone steering responses to both chemo-
attractant and chemo-repulsive guidance cues. Recent studies showed that the disruption of
B-actin mRNA transport and localization with an antisense oligonucleotides against its
localization elements abolished BDNF-induce axonal turning (30) and neutrophin-3-induced
axon growth (34). In DRG sensory neurons, the local translation of P#6 mRNA playsarole
in nerve growth factor- induced axon elongation (35). Here, the Jaffrey lab has used
microfluidic chambers to isolate axons and directly perturb axonal translation, providing
definitive proof for the function of local translation in axons (35). Translation of growth
cone-localized mRNASs can a so be activated by chemo-repul sive guidance cues, such as Slit
and Sema3A. Piper et al. showed that Slit incubation triggers the protein synthesis
dependent enrichment of cofilin protein prior to the collapse of growth cones of retinal
ganglia neurons (36), suggesting a possible local translation of cofilin or associated proteins.
Wu et al. demonstrated that Sema3A treatment of dorsal root ganglia neurons induces the
local trandation of RhoA in axons; this event appears necessary for Sema3A-induced
growth cone collapse (37). Both cofil/inand RhoA mRNAs are localized to growth cones of
developing axons (36, 37). With regard to dendritic protein synthesis, the seminal discovery
of polyribosomes in dendritic spines (Steward and Levy, 1982), stimulated decades of
research. These numerous studies have revealed that mechanisms of local translation in
dendrites and their postsynaptic compartments plays essential rolesin synaptic plasticity,
which further demonstrates the importance of mRNA localization to modify protein
composition in a spatially restricted manner in polarized cells (38, 39).

Direct interaction of localization/zipcode elements and RNA-binding

proteins

The active transport and asymmetrical distribution of mMRNAs rely on the intrinsic mMRNA
targeting elements, also known as zipcode sequences, first described for g-actinmRNA (40),
which are frequently located within the 3"UTR of alocalized transcript and occasionaly the
5’UTR and coding regions. Multiple cis-acting elements are often observed in alocalized
MRNA (41). In many cases, the presence of multiple localization elements provides stronger
localization capability. As demonstrated in budding yeast, four cis-acting elements, E1,
E2A, E2B and E3 within the coding region and the 3"UTR of As7Z mRNA, were identified
by their ability to localize Ashl reporter transcripts (42). Although each element aloneis
sufficient to localize Ashl reporter transcripts, the presence of four elements dramatically
increases the efficiency of localization. In Drosgphilaoocytes, four cis-acting elements were
identified for the posterior pole localization of namosmRNA. Similar to yeast Ash mRNA,
each individual naroslocalization element possesses only weak mRNA localization ability
and the existence of four localization elements provides enhanced localization strength (43).
The anterior pole localization of bicoid MRNA is determined by several bicoid localization
elements (BLESs) within a625nt long region of the 3’UTR, which forms 5 stem-loop
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structures (44, 45). The presence of multiple localization elements allow bico/dmRNA to be
properly localized through a few developmental stages of the whole process of oogenesis.

The redundancy of mRNA localization elements has also observed in vertebrate cells. Two
conserved zipcode sequences were identified within the 3"UTR of B-actinmRNA: a 54nt
zipcode sequence and a 43nt zipcode sequence (40). Both elements are sufficient to localize
chimeric mRNA reportersto the leading lamellipodia of primary fibroblasts, although the
43nt zipcode exhibited weaker capability to localize areporter mMRNA in comparison to the
54nt zipcode (40). In mature neurons, CamK//a mRNA istargeted to dendrites of mature
neurons and trandlated locally (11) and genetic deletion of the CamKlla 3’UTR in vivo
abolished dendritic localization of CamKlla mRNA and resulted in reduced levels of
CamKlla protein at postsynaptic sites (46). At least four cis-acting targeting elements have
been identified up to now, including a 94nt element after the stop codon, a 1200nt long
stretch at the 3" end, a cytoplasmic polyadenylation element (CPE), and G-quartet structures
(47-50). All four targeting elements are sufficient to direct mMRNASs to dendrites. However,
how these localization elements may cooperate during the localization and regulation of
CaMKIlla mRNA needs to be further investigated.

The physiological importance for the presence of multiple localization elements needs
further study. Although the presence of multiple localization elementsin some mRNAs
provide stronger localization strength, it isaso likely that each cis-acting element may
encode different information within a multistep localization pathway to enable fine
modulation of MRNA localization. In addition, multiple localization elements might be
important for cells to differentially respond to different stimuli. However, these models
remain to be further tested in biological systems.

Theinformation encoded by mRNA localization elements can be in the form of primary
seguence and/or secondary structures. For examples, the cytoplasmic polyadenylation
element bears the conserved minimal nucleotide sequence UUUAUU, which is sufficient for
the dendritic localization of CaMK//a mRNA in mature neurons (49); and the conserved
RNA sequence GGCAAGGAGCC serves as hnRNP-A2 response element (A2RE) for the
binding of hnRNP-A2 to localize MBPmMRNA in oligodendrocytes (51). In contrast, the
localization of AshZ mRNA in budding yeast depends on secondary stem-loop structures
formed by localization elements (52). Mutations in the stem region disrupting the stem loop
structure abolish the localization of AshZ mRNA; whereas rebuilding of the stem loop
structure by mutating the compensatory bases successfully restores AshZ mRNA
localization. Similarly, Drosophila bicoid mRNAS carrying mutations of the primary
seguence of BLEs which do not affect stem-loop structures are properly localized (53).

A common feature of cis-acting mMRNA localization elementsis that each of them provides a
unique platform to recruit specific trans-acting protein factors for the assembly of transport
MRNP granules, despite the diverse sequence and structural information they carry. Current
studies suggest that the specific interaction of trans-acting RNA binding proteins with
MRNA localization elementsis essential for proper MRNA localization. One early and well
characterized example is that the 54nt zipcode sequence of S-actinmRNA, which plays a
major rolein S-actinmRNA localization, specifically interacts with the RNA binding
protein, zipcode binding protein 1 (Zbpl) (54). A recent crystallographic study revealed that
the KH3 and KH4 domains of Zbpl form an anti-parallel pseudodimer binding to the
bipartite element (5"-GGACU-3" and 5'-ACA-3") within the 54nt zipcode (55). Treatment
of cells with anti-sense oligonucleotide against zipcodes abolished S-actin mMRNA
localization in both primary fibroblasts and primary neurons (34, 40). The stem loop
structures of bicoidmRNA recruit the double-strand RNA binding protein, Staufen, which
has been demonstrated to be important for the posterior localization of bicoidmRNA (53).
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She2p directly interacts with AshZ mRNA localization elements and mediates its
localization (56, 57). Fragile X mental retardation protein (FMRP) can bind to its target
mMRNAs through G-quartet structures formed by G-rich sequences (58, 59). The G-quartet
structure was recently demonstrated as a localization element to target mMRNAS to dendritic
compartment (50). FMRP plays an essential role in dendritic localization of its associated
MRNASs in response to activation of group 1 metabotropic glutamate receptors (mGIuRs); in
neurons cultured from Amr2 knockout mice, amouse model of Fragile X syndrome, mGluR-
induced dendritic MRNA localization is diminished (60). The cytoplasmic polyadenylation
element binding protein (CPEB) was a so shown to facilitate dendritic mRNA localization
through the interaction with CPEs (49).

MRNA-binding proteins as adaptors for molecular motors for active mRNA

transport

Numerous studies have demonstrated that mMRNA localization is a transport activity
mediated by molecular motors in a cytoskel eton-dependent manner (61, 62). Three classes
of molecular motors have been shown to be involved in mMRNA transport, namely
microtubul e-dependent motors, kinesin and dynein, and the microfilament-dependent
motors, myosins. In fact, analyses of single mMRNA molecules revealed that alarger portion
of localized MRNA granules exhibit directional movement versus a non-localized control.
Fusco et al. showed that about 20% of L acZ-B-actin chimeric mRNA bearing B-actin3'UTR
exhibit directional movement versus 2-4% for non-localized mRNA (LacZ without B-actin
mRNA 3’UTR) (63). This unique feature of localized mMRNAS suggests that the presence of
alocalization element in an mMRNP complex with its trans-acting factors may potently
engage machineries for active transport. RNA-binding proteins may serve as adaptors to
directly, or indirectly through additional factors, recruit motor proteins to form mRNP
transport granules.

Such amodel was well demonstrated in budding yeast for the localization of AsZ mRNA.
A protein complex named “locasome” was identified, including Shelp/Myo4p, She?2p and
She3p (56, 64, 65). She2p isan RNA binding protein that shuttles between the nucleus and
cytoplasm and forms mRNP granules with AshZ mRNA by direct interaction with its cis-
acting elements; Shelp/Myodp isatype V myosin (myosin V) which exerts actin filament-
mediated transport; She3p acts as an adaptor mediating the association of She2p/Ashl
MRNA complexes with Shelp/Myo4p (Figure 1A). The tethering of AshI mRNA to She3p
is abolished by the loss of She2p, and both She2p and She3p are required for the recruitment
of Shelp/Myodp to AshI MRNA and AshI mRNA localization (56).

The apical localization of mMRNASs in Drosgphilasyncytical blastoderm embryo is mediated
by the microtubule minus end-directed transport process. Factors involved in the apical
mMRNA localization include Bic-D, Egl, dynein and dynactin. Dienstbier et al. reported that
protein complexes composed of Egl and Bic-D couple the mRNA Transport and
Localization Signal (TL S) to dynein motors in Drosophila embryos (66) (Figure 1B).
Previously, both Egl and Bic-D were shown to associate with dynein light chain and Bic-D
associates with dynactin aswell (67, 68). Dienstbier et al. demonstrated that Egl is a non-
canonical RNA-binding protein, which contains no known RNA binding domain, but can
recognize 7L S The authors further showed that the Egl and Bic-D are the only two proteins
exhibiting specific affinity to several different 7. S and suggest that Egl and Bic-D ina
complex link 7L Sto dynein motors for microtubule minus end-directed transport.

Early observations of mMRNA localization and active transport in neurons demonstrated a
microtubul e-dependent mechanism for neuronal mRNA localization (69, 70), suggesting the
involvement of microtubule-dependent motors. The involvement of kinesin in neuronal
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MRNA transport was further tested by an attempt to identify proteins associated with the
KIF5 cargo binding domain. Results from this studies revealed that mRNP granules are
cargos of conventional kinesin (71). RNA binding proteinsidentified include several well-
characterized examples involved in mRNA transport, such as hnRNP-A2, Staufen and
FMRP. Overexpression of wild-type or a dominant-negative form of KIF5 promoted or
suppressed the transport ability of mMRNP granules, respectively, and further demonstrate the
direct involvement of kinesin in mRNA transport (71).

Although both mRNAs and RNA binding proteins are co-purified with the cargo-binding
domain of conventional kinesin, it remains unclear how mRNAs are directly coupled to
kinesin motorsin mammalian cells. A recent study showed that the loss of FMRP reduces
the coupling efficiency of FMRP target mRNAS to the conventional kinesin heavy chain and
subsequently leads to reduced dendritic localization of FMRP target mRNAS upon mGIuR
receptor activation (60) (Figure 1C). The mRNA localization defects caused by the loss of
FMRP may partly underlie dendritic developmental defects associated with Fragile X
Syndrome, an inherited form of intellectual disability caused by the silencing of FMRP
protein expression (72). The function of RNA-binding proteins in coupling mRNAS to
molecular motors may not be unique to FMRP in mammalian cells. As one additional
example, CPEB, which regulates dendritic localization and translation of cytoplasmic
polyadenylation element-containing MRNAS, was shown to interact with kinesin and dynein
aswell (49). However, whether CPEB isinvolved in the coupling of its target mMRNASto
molecular motors needs to be further investigated.

Nuclear initiation of mMRNA transport

Severd lines of evidence suggest that mMRNA transport initiates in the nucleus whereit is
coupled to transcription. This model was well demonstrated for the localization of AshZ
MRNA in budding yeast. Shen et al. showed that the nuclear localization of She2p and the
subsequent interaction with AshZ mRNA in the nucleus are essential for the proper
localization of AshI mRNA (73). The nuclear interaction between She2p and AshZ mRNA
is mediated by type Il RNA polymerase elongation factors, Spt4—-Spt5/DSIF, and coupled to
AshImRNA transcription (74). Although the nuclear localization of She2p is not required
for itsinteraction with As7Z mRNA localization elements, the abolishment of its nuclear
localization by mutating the She2p NL S completely eliminatesits function for AshZ mRNA
localization as demonstrated in arescue experiment in a She2p null background (73). The
initial binding of She2p to AshZ mRNA during transcription may trigger the stepwise
recruitment of other factors and eventually lead to the assembly of AshZ mRNP granules
with localization capability. Indeed, She2p recruits Loclp and Pufép to AsfiZ mRNA in the
nucleus, both Loclp and Puf6p were known to be required for AshZ mRNA localization and
the binding of these factors resultsin AshZ mRNA translational repression (75, 76).

Similar to yeast She2p, many, if not all, mMRNA-binding proteins are nuclear-cytoplasmic
shuttling proteins containing both nuclear localization signals and nuclear export signals.
Zbpl is one of the well-characterized examples. Although it is not clear whether the binding
of Zbp1l to B-actinmRNA is coupled to transcription, studies have shown that Zbplis
localized to B-actin transcription loci in the nucleus and interacts with B-actinmRNA at the
B-actin transcription sites (77). Thisinteraction is facilitated by the initial binding of a
predominantly nuclear RNA binding protein, Zbp2, to the nascent S-actinmRNA during
transcription (78). The depletion of Zbp2 by RNAI resultsin reduced Zbpl and g-actin
MRNA association (78).

Theinvolvement of exon-junction complexesin mMRNA localization provides another piece
of evidence in support of the nuclear initiation of mMRNA transport. The EJC, containing
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Barentsz, Mago, Y 14 and el F4Alll, is deposited onto mRNA about 20nt upstream of the
exon junction during splicing (79). In Drosophilaoocytes, the splicing of the first intron and
subsequent deposition of an EJC are essential for the posterior pole localization of oskar
MRNA (80, 81). Thirdly, nuclear mRNA cap binding proteins CBP20/80 are in complexes
with mRNAs localized to dendritic compartments and anchored to locations close to
dendritic spinesin response to stimulation (82). CBP20/80 complexes associate with newly
transcribed mRNA and are replaced by a cytoplasmic cap-binding protein, el FAE, during the
pioneer round of tranglation (83, 84), suggesting these localized MRNASs are trandlationally
quiescent. In addition, biochemical analysis revealed that CBP20/80 are only associated with
mMRNAs loaded with exon-junction complexes (84), further suggesting that these CBP20/80
bound mRNAs are translational repressed. However, whether the binding of nuclear CBPs
and association with EJC is a common requirement for general mRNA transport and
localization remain to be tested. At least in mature neurons, el F4Al Il is colocalized with
dendritic mMRNP granules and associates with dendritic localized Arc mRNA, athough its
functionin ArcmRNA localization is unclear (85).

Cooperation of mMRNA-binding proteins in mRNA localization

The specific localization of an mMRNA is unlikely achieved by a single trans-acting factor,
given that the complex process of mMRNA transport involves multiple steps, which may
require different combinations of trans-acting factors. In fact, the existence of multiple RNA
localization elements may allow the binding of multiple RNA-binding proteins. These
targeting elements, by recruiting trans-acting factors, thus provide afoundation for the
assembly and maintenance of transport mMRNP granules, the efficient recruitment of
transport machineriesto regulate local translation. These trans-acting RNA binding proteins
may play different roles during during the multistep transport process of an mRNA.

Some well understood examples are trans-acting factors involved in oskar mRNA
localization to the posterior pole of the Drosgphilaoocyte (6). In an elegant study from St.
Johnson and colleagues, /n vivoimaging combined with mutational analysis of oskar mMRNA
transport demonstrated that mutations of each factor leads to different phenotypes on oskar
MRNA distribution or transport capability. These data suggest that oskar mRNA-binding
proteins play different functions for oskar mRNA localization, athough all binding factors
arerequired for proper oskar mRNA localization (86). For example, the mutation of HRP48,
a Drosophila hnRNP-A/B homolog, leads to diffuse distribution of oskar mRNA and the
disappearance of GFP-Staufen granules, suggesting a possible role for HRP48 in the
assembly of oskar mRNP granules (86). In contrast, |0ss of exon-junction proteins, Mago
and Btz, had no effect on the formation of visible oskarmRNA and GFP-staufen granules,
but led to reduced number of actively transporting granules. In addition, loss of Mago and
Btz led to reversed directional net movement of oskar mRNA toward the anterior pole; and
in these mutants, oskar mRNA distributes as a gradient extended away from the anterior
pole (86). Such aterations in the dynamics and distribution of oskar mMRNA suggest that
EJC may play arolein the coupling of oskar mRNA with kinesin, the molecular motor
mediating oskar MRNA localization in the cytoplasm of oocytes. Alternatively, EJC proteins
may play aroleininhibiting the activity of dynein complexes, which mediate the export of
mMRNAs from nurse cells. Staufen seems to play a major role in coupling oskar mRNP with
kinesin, asin Staufen mutants, oskar mMRNA is mainly restricted to the anterior pole with a
small portion properly localized to the posterior pole (86). Live cell imaging analysis
revealed that oskar mMRNA granulesin Staufen mutants exhibit reduced frequency of fast
directional movement, suggesting that Staufen plays arole in coupling oskar mRNA to
kinesin or regulates kinesin activity. For the small proportion of oskar mMRNA exhibiting fast
movement, Staufen mutation does not affect posterior bias for proper oskar mMRNA
localization, indicating additional factors may also mediate the association of oskar MRNA
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with kinesin for proper localization. However, the above-mentioned hypothetical functions
for these trans-acting factors remain to be further tested. Nevertheless, these results indicate
that, to ensure proper mRNA localization, multiple trans-acting factors and associated
motors are involved, either playing roles cooperatively or in different transport stepsto bias
the localization of oskar mMRNA.

Cooperative interactions between mRNA binding proteinsinvolved in mRNA localization
have been observed in mammalian cells, including fibroblasts and neurons. Taking B-actin
MRNA as an example, besides Zbpl and Zbp2, which were first shown to beinvolved in g-
actinmRNA localization by directly interacting with the 54nt zipcode (54, 87), several other
RNA-binding proteins have been shown to play rolesin the localization of g-actinrmRNA in
neurons, including hnRNP-R (88), Staufen2 (89), and polypyrimidine tract-binding protein
(90). Although the detailed working mechanisms for each RNA binding protein in g-actin
MRNA localization has not been revealed in detall, it does suggest a more complex
composition of factors that are involved to regulate the assembly and sorting of localized 8-
actinmRNA granules.

As one example of a disease connection, the axonal and growth cone localization of g-actin
MRNA isimpaired in motor neurons cultured from a mouse model of spinal muscular
atrophy (SMA) (91). Spinal Muscular Atrophy (SMA) is an autosomal recessive
neurodegenerative disease specifically affecting motor neurons in the lower spinal cord.

SMA is caused by low level of the survival of motor neuron protein (SMN) (91), suggesting
apossible link between SMN and the RNA binding proteins involved in mRNA localization.
Accumulated evidence suggests that the function of SMN in MRNA localization can be
beyond g-actinmRNA, and SMN islikely a genera factor involved in the localization of
other mMRNAs in motor neuron axons (92). Firstly, recombinant fluorescent protein tagged
SMN exhibits bidirectional movement in motor neuron axons (92); secondly, axonal SMN
interacts with a number RNA binding proteins in granules containing mRNAS (92-96);
thirdly, the acute loss of SMN induced by RNAI leads to reduced axonal localization of
poly(A) mRNAS, suggesting a broad range of mMRNAs that are regulated by SMN (92).
Although the precise function of SMN in mRNA localization remains unclear, a plausible
model may be to facilitate MRNP assembly. SMN, in complexes containing Gemin proteins
and additional factors, facilitates the assembly of transport mMRNP granules (97). Whileiit
has been well-established that SMN complexes function as a platform for the assembly of
small nuclear RNP spliceosomes, increasing support suggests a non-canonical functionin
MRNP assembly and/or trafficking (98, 99).

The dendritic localization of CaMK//a mRNA in neurons also likely involves multiple
RNA-binding proteins. Besides CPEB, which interacts with the CPE of CaV/K//a mRNA,
the possibility for involvement of other factors is an open question. One immediate
candidate is FMRP, which binds to the G-quartet structure, a known binding element for
FMRP (58). In line with this prediction, Dictenberg et al. showed that the localization of
CamK/la mRNA in response to group | mGluR activation was abolished in neurons lacking
FMRP (60). CanKl/a mRNA isadirect target of FMRP (100), and both are colocalized in
dendrites, where FMRP is required to regulate mGluR-induced translation of CaMKlla
protein (28).

Co-transport versus single mRNA transport

One important topic in mRNA transport research is to decipher the molecular composition
of transport mMRNP granules. A few proteomic attempts have been made to identify the
protein composition of MRNP granules (71, 101, 102), yet components of asingle mMRNP
granule have not been well understood, particularly the mRNA composition of asingle
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transport MRNP granule. Several studies have described large mRNP granules in neuronal
dendrites (71, 103). These large mRNP granules contain mRNAS, RNA binding proteins,
trandlational factors, and ribosomes, with an S value over 1000 (71). These type of mRNP
granules can be directly visualized by electron microcopy by negative staining (103). Given
the large size of these granules, presumably one granule contains multiple species or copies
of MRNAs and these MRNASs may be co-transported into neuronal processesin the same
transport MRNP granules. Gao et a. provided supportive evidence for this model by
investigating the colocalization and co-transport of CaMK//a, neurograninand Arc mRNA
using microinjection of labeled RNAS (104). The data suggest that these mMRNAs were
packed into the same transporting mMRNA granules by the A2RE localization el ements
through the interaction with hnRNP-A2 (104). These mRNA granules do not contain S-actin
MRNA which has no A2RE, further suggesting the functional sorting of mRNAs into
different types of granules. Y et, whether hnRNP-A2 containing dendritic mRNPs, observed
by microscopic visualization, represents the large mRNP granules that have been
biochemically characterized is still unclear. An apparent advantage for mRNA co-packaging
and co-transport in large MRNA granulesisto alow the co-regulation of the transport and
tranglation of these mMRNASs in polarized cells. In principle, the RNA granules could
represent translational units that make specific proteins on demand within a
microenvironment, such as a dendritic spine.

Recent quantitative studies using single molecule imaging has modified the concept of co-
transport mechanism that involves obligatory packaging of multiple functionally related
mRNAs into single granules, and provide evidence for transport as individual mRNAs or in
small copy numbers. A study by Mikl et al. provided evidence in fixed and live cells that
MAPZ, CaMKI!l a and B -actinmRNAs are sorted in different mMRNA granules containing
only alow copy number of each mRNA (105). Detection of endogenous mRNAS by in situ
hybridization using antisense probes with labeled with different fluorophores retrieved was
consistent with the presence of few mRNA molecules (105). Using single molecule
multiplex detection of endogenous MRNAs in fixed cells, Batish et al. revealed no
colocalization among the eight MRNASs examined (106). These studies suggest that many
MRNAs are likely transported in neuronal dendritesin mRNP granules containing only a
single mMRNA molecule. More work still needs to be done, and it remains an open question if
MRNASs might be sorted in higher copy numbers under certain conditions, such asin
response to activity or neuronal stimulation. Although high copy numbers of mMRNAS may
not be transported in the same granules, the assembly and sorting of mRNP granules seems
likely to be a highly selective process. Tubing et al. showed that a much larger fraction of
Septin7 mMRNA is colocalized with CaV/K//a mRNA (36%) over MAPZmRNA (14%) in
dendrites (107). Interestingly, apparent colocalization was frequently observed for the same
transcripts, either for Sgotin7and MAPZmMRNAS, when each co-injected mRNAs was
labeled /n vitrowith different fluorophores. It remains unclear how specific sorting of
mRNAs to distinct granules is achieved to enable differential mMRNA composition e.g.
multiple mRNA copies. One speculated mechanism could be through RNA-binding protein
dimerization, a process which can bring mRNAs with similar or the same localization
element into the same granules. Recent, a cell free system has been established to artificialy
nucleate the assembly of multiple mRNAs into high order RNA granules, which involves
the RNA binding protein, FUS, and its low complexity (LC) RNA binding domain; of
interest, the phosphorylation of the LC seemed to inhibit granule assembly (108). Further
work is needed to validate this proposed model for RNA granule assembly in cells. It will be
important to assess more precisely the circumstances and mechanisms by which mRNAs are
sorted and/or transported in low versus high copy number RNA granules. Stress granules
provide an example of a higher order structure whereby mRNASs appear to be packaged into
larger structures, which are distinct from RNA transport granules (15). It islikely that RNA
granules exist along a continuum, which are heterogeneous in size and molecular
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composition, and serve multiple functions to regulate mMRNA metabolism, sorting and
trafficking.

The impact of polarized cytoskeletal networks and coordinated role for
multiple motors on mRNA localization

The localization of mMRNA requires proper assembly of mMRNP granules and their coupling
with molecular motors. There has been much interest to define the structural basis for
asymmetrical mRNA distribution. Recent studies suggest that the polarized organization of
cytoskeletal networks is an important contributing factor. Live cell imaging analysis of
endogenous fluorescently labeled oskar mMRNA by GFP-MS2 or GFP-Staufen, a protein
marker for oskar mMRNA granules, revealed that the posterior localization of oskar mRNA in
Drosophilaoocyte is determined by a dightly biased directional transport of oskar mMRNA
granules on aweakly polarized microtubule network with more plus ends pointing toward
the posterior pole (86). Oskar mMRNPs exhibit bidirectional fast movement along the
microtubule network, with alarger population localized toward the posterior pole of the
oocyte. In Xengpusembryos, Vg mRNA islocalized to the vegetal pole of embryosvia
kinesins through a population of microtubules with plus ends mostly pointing toward the
vegetal pole, and interactions between kinesin-1 and kinesin-2 (130). Although studies
imply that mMRNA localization is an active and directed process, more recent studies suggest
that asymmetrical mMRNA distribution may also be a passive effect of asymmetrical
orientation of cytoskeletal structures as a means to bias motors. During the process of
MRNA localization, the intrinsic targeting elements of localized mMRNAs may provide for
the assembly of transport competent mRNP granules that can couple to molecular motors.
The asymmetric organization of microtubules would then influence whether thereis net
accumulation of RNA in one part of the cell versus ancther. Y et, whether thisis ageneral
mechanism for mRNA in other types of célls still remains unclear.

Asymmetrical localization of mMRNA is a common phenomenon of most polarized cells,
which possess highly oriented cytoskeletal filaments. For example, neurons extend highly
differentiated processes, axons and dendrites. In axons, microtubules are oriented with plus-
end uniformly pointing toward growth cones; whereas in the mid-region of dendrites, equal
proportions of microtubule plus-ends point toward and away from the cell body (109, 110).
The differential microtubule cytoskeleton in axons and dendrites suggests that the transport
machineries underlying mRNA localization in these functionally distinct neuronal processes
may be different. A common feature of both axonal and dendritic mRNP transport is that
mMRNP granules exhibit bidirectional movement as examined by fluorescently-labeled
MRNA or RNA binding proteins. However, the detailed mechanism for motor-mediated
MRNA transport in neurons largely remains elusive. Given that axonal microtubules are
uniformly oriented, the bidirectional transport of mRNP granulesin axons suggests that both
dynein and kinesin associate with mRNP granules. As an example, GFP-tagged ZBPL1, the
RNA-binding protein mediating S-actin mRNA transport in developing axons, exhibits
bidirectional fast movement in axons (33, 34). One assumption derived from such studiesis
that the specific enrichment of S-actinZbpl mRNPsin the growth cone may be a
conseguence of unbalanced anterograde and retrograde forces generated by kinesin and
dynein, respectively. Y et, how the activity of dynein and kinesin in transporting mRNP
granulesis coordinated remains to be studied. There is aso the interesting possibility that
myosin motors may trap or anchor RNA granules on cortical actin along the neuronal
process, as an additional means to compete or influence long distance transport of RNA on
microtubules. One likely role for myosinsis to promote docking or traffic of mMRNAsin
periphera actin-rich compartments, such as growth cones and spines. Myosin |1 was shown
to mediate B-actinmRNA localization in fibroblasts in response to serum stimulation, and
Myosin V was shown to be involved in the anchoring of mMRNP granulesin dendritic spines
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(111, 112). Thus, a microtubul e-dependent motor to microfilament-dependent motor relay
may occur locally that allows the enrichment of S-actinmRNA in growth cones or spines.

A similar mechanism may underlie the localization of Translocated in Liposarcoma (TLS)
protein containing mMRNPs. TLS isan RNA binding protein localized to distal dendrites and
dendritic spines of mature hippocampal neurons, and the accumulation of TLSin dendritic
spineis mediated by myosin V (112, 113). Perturbation of myosin V function disruptsthis
specific enrichment of TLSin spines. In addition to myosinVV, TLSisalso found in
neuronal transport mMRNP granules associated with kinesin (KIF5 (71)). In addition, the
disruption of either microtubules or actin networks abolished the localization of TLSto
dendrites (112). For these observations, at least two possible mechanisms underlying TLS
localization can be proposed. First, microtubule- and microfilament-mediated TL S transport
aretwo parallel processes requiring kinesin and myosin V, respectively. Second,
microtubule-mediated and microfilament-mediated TL S transport and localization may be
two sequential steps for proper TLS localization in dendrites, in which, TLS isfirstly
transported to distal dendrites by kinesin through microtubules and then translocated or
anchored to actin filaments to maintain the localization of TLS by myosin V.

Both microtubule- and microfilament-based transport may also be involved in oskar mMRNA
localization to the posterior pole of Drosgphilaoocytes. While this specific localization of
oskar MRNA and its associating RNA binding protein, staufen, is largely mediated by
kinesin through microtubules (86), Krauss et a. observed that myosin V only associates with
staufen at the posterior cortex of the Drosophila oocyte (114). Mutations of myosin V and
disruption of myosin V function by expressing dominant negative myosin V proteins result
in compromised localization of staufen protein, amarker for oskar mRNA, with a portion
mislocalized to the center of oocyte (114). This study implies that myosin V regulates the
localization of oskarmRNA in the later transport stages, such as local rearrangement or
anchorage of oskar MRNPs and further suggest that an intact cytoskeleton composed of
microtubule and microfilaments network is necessary for the efficient mMRNA transport and
localization.

Signaling pathways regulating mRNA localization and mRNA binding

proteins

In polarized somatic cells, mRNA localization is actively regulated by extracellular stimuli.
In fibroblasts, serum stimulation induces the redistribution of g-actinmRNA to the leading
edge of starved cells (115). Mechanistic studies revealed that serum-induced S-actin mRNA
localization is mediated through RhoA signaling, which induces both actin filament
rearrangement and activation of myosin Il (111). The localization of S-actinmRNA to the
leading edge can regulate directional cell motility (116, 117). In developing neurons, BDNF
and netrin-1 stimulation augments growth cone accumulation of g-actinmRNA aswell as
the asymmetrical distribution of S-actinmRNPs to the side of the growth cone near the
source of BDNF and netrin-1 (30, 31). The asymmetrical distribution and subsequent
translation of S-actinmRNA within a single growth cone are required for BDNF and
netrin-1 induced growth turning. Zbpl is necessary for local translation of B-actin and
growth cone steering (33). Neurons cultured from Zbpl KO mice have impaired recruitment
of B-actinmRNA into growth cones following neuronal stimulation, absence of netrin-
mediated local protein synthesis, and loss of growth cone steering toward a netrin gradient
(33). The molecular interaction between Zbpl and the zipcode is required for S-actinmRNA
localization in fibroblasts and neurons (34, 54). Translation of S-actinmRNA is believed to
be repressed during transport, which can be deprepressed in the growth cone by Src
mediated phosphorylation of Zbpl (32). Since phosphorylation of Zbpl by Src releases
Zbpl from gB-actinmRNA (118), the regulated phosphorylation in response to receptor
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signaling is believed to provide a switch to activate local protein synthesis from
trangdlationally quiescent RNA granules. Beyond the role of local trandation in axon
guidance during development of the nervous system, mRNA localization also playsarolein
adult axons in response to injuries, which represent another type of external stimuli having
complex effects on mRNA localization (18, 119). Most recently, Willis et a. provided
evidence showing that both peripheral axotomy and spinal cord injuries can induce the
localization of GFP-B-actinmRNA reporters into regenerating axonsin vivo (120). The
ability to deliver g-actinmRNA and other mMRNAS into mature axons and augment nerve
regeneration was impaired in Zbpl heteroygous mice or transgenic mice expressing a
dominant interfering B-actin 3’ UTR reporter (121). Taken together, these studies underscore
the requirement of one important MRNA binding protein and its regulation in response to
physiological signals.

Summary and perspective

Exciting research progress has identified factors involved in and mechanisms underlying
MRNA transport and localization, and has allowed the formation of multistep models of
MRNA localization (Figure 2). In general, mRNA localization may initiate from the
assembly of transport mRNP granules within the nucleus, likely coupled to transcription and
splicing. However, the requirement of a nuclear step is by no means obligatory, as shown in
several model systems and experimental paradigms. The assembly and sorting of transport
MRNP granules rely on the internal localization elements residing within mRNA sequences
and their specific interaction with trans-acting factors. These trans-acting protein factors
provide the molecular bases for the trandational status of transporting mRNAs and their
tethering to molecular motors, which mediate directional active transport and local
anchoring through interactions with the cytoskeleton. In addition, mRNA localization isa
highly regulated process, which can be affected by both intracellular microenvironment,
such as the asymmetrical organization of the cytoskeleton, and extracellular signaling events
which impinge on the trans-acting factors to modulate RNA granule assembly, sorting,
transport, anchoring and local translation. It should be noted that although this model
summarized above has been well tested in multiple organisms, it is certainly not the solo
mechanism by which mRNASs are asymmetrically localized. For example, mMRNAS encoding
cytosolic proteins may also be directed to their target |ocations through a cis-acting RNA
element-independent mechanism. In budding yeast S cerevisiag ABPI40mMRNA is
localized to the distal pole of the mother cells (122) in contrast to As7Z mRNA whichis
targeted to the budding cortex of the daughter cell. The localization of ABPI40mMRNA
relies on the tranglation of N-terminal peptide of ABP140 protein rather than specific RNA
zipcode sequences as observed in Ashl mRNA (122). The N-termina motif of partially
translated ABP140 tethers ABPI40mRNA and its associated ribosomes to actin filaments
for distal pole localization (122). Similarly in fibroblast, D/ial mRNA islocalized to the
endoplasmic reticulum (ER), this localization processis also mediated by the nascent Dial
peptide undergoing trandation through its direct interaction with GTP-bound RhoA (123).
These emerging novel mechanisms for mRNA localization underscore our still limited
understanding on the integration of mMRNA |ocalization mechanisms and encourage further
studies.

Although tremendous progress has been made in recent years, many interesting issues
remain to be further addressed. It isimportant to further determine the molecular
composition of transport mMRNP granules, define the mechanisms that regulate their
heterogeneity and elucidate the functional significance of diverse RNA sorting mechanisms
for the polarized cell. In light of the complex composition of MRNP granules, it seems likely
that there are machineries involved to ensure the proper assembly of granules with transport
capability, but these machineries remain unclear. The continued development and
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applications of endogenous MRNA labeling systems, such as MS2 and A-N22 systems, will
continue to elucidate and further characterize mechanisms of mMRNA sorting and trafficking
(124, 125). Severa M S2 transgenic animal models have been successfully generated to
enable the visualization of endogenous mRNA (86, 126). With the MS2-mRNA labeling
system, the endogenous mRNA can be purified to characterize the protein and mRNA
compositionsin detail (127). By analyzing the composition of mMRNA granules of agiven
MRNA, mechanisms underlying development regulation of mRNA localization may also be
better understood. In addition, such studies may help to identify the molecular motors
mediating the transport of a specific mMRNA and, possibly, mechanisms and conditions
whereby mRNPs are directly and/or indirectly coupled to motors.

It will be important to continue to advance technology for visualization of endogenous
mMRNAs without the need for expression of transgenic reporters. The use of multiply labeled
tetravalent RNA imaging probes (MTRIPs) has allowed visualization of native mRNA in
live cells, including B-actinmRNA (128). Recently, this method was used to visualize
microtubul e dependent transport of single B-actinmRNA moleculesin live cells (129). The
opportunity for multiplex applications should shed further light on the sorting, copy number
and heterogeneity of native RNA granules.

Further work is needed to understand the cytoskel etal basis for directed mRNA transport,
and the role of asymmetric cytoskeletal organization. One important observation made
recently isthat the posterior pole localization of oskar mRNA in the Drosgphilaoocyteis
mediated through slightly biased microtubules (86). Similarly, the vegetal |ocalization of
VgI mRNA in Xengpusoocyte is mediated by distinct kinesins through a group of
microtubules with plus ends oriented toward the vegetal pole (130). Beyond oskarand Vg1
MRNASs, whether the polarized cytoskeleton constitutes a general mechanism for mMRNA
asymmetrical distribution remains as afurther question to be addressed. Particularly in
neurons, how the organization of microtubules contributes to the differential mMRNA
transport in axons and dendritesis unclear.

As an exciting topic, recent studies demonstrate that miRNAs and RNA-induced silencing
complexes are selectively localized to dendritic compartments and distal axons and
presumably regulate local protein synthesis (131-134). In neuronal dendrites, miR-134
colocalizes with its target L/mkZ mRNA in discrete dendritic granules (135) and miR-125a
isin association with PSD-95mRNA in dendritic compartments (136), suggesting the
presence of localized mMRNA/mMiRNA complexes. These observations raise an interesting
hypothesis that miRNAs are components of localized mRNA granules and may regulate
MRNA localization by repressing mRNA tranglation. It remains unclear whether miRNAs
are co-transported bound with their target mMRNAS, or could traffic independently (133). One
possible mode could be for microRNASs to sort with P-bodies, which have been described in
dendrites to dynamically interact with RNA transport granules (137). The interrel ationships
between mRNA transport granules and microRNAS that regulate local translation remain to
be further investigated.

Further work is needed to understand how extracellular signaling actively regul ates the
localization of MRNAS. Especially in neurons, stimulation with neurotransmitters and
neurotrophic factors can selectively facilitate the localization of certain mRNAS. In mature
axons that have limiting supplies of mRNA, injury can surely reactivate this biological
process, and promote the localization of MRNAS to regenerating axons. The basis
underlying extracellular signaling induced mRNA localization remains an area of great
interest. Activity-dependent mRNA localization plays an important role in neuronal
differentiation, survival and neural circuit formation (39). The defectsin mRNA localization
have been linked to a number of neurological disorders, such as Fragile X syndrome (72),
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amyotrophic lateral sclerosis and frontotemporal dementia (138, 139) and Spinal Muscular
Atrophy (98). Proteins encoded by these disease causing genes, including FMRP, TDP-43,
FUS and SMN, are components of transport mRNP granules and likely play important roles
in mMRNA granules assembly, sorting and/or mRNA localization. The continued study of
MRNA localization and the function of local protein synthesiswill further benefit our
understanding of human development, disease mechanism and contribute to the discovery of
therapeutic strategies that modulate mRNA localization and local trandlation.
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Figure 1. mRNA-binding proteins couple mRNAsto molecular motorsfor activetransport

A, Y east mMRNA-binding protein She2p in a complex with She3p recruits myosin (Myo4/
Shelp) onto Ashl mRNA. B, Drosophilanon-canonical RNA-binding protein, Egl1, and
Bic-D interact with dynein and dynactin complexes, respectively, to couple 7L Scontaining
MRNASs to dynein for microtubule minus-end directed mRNA transport. C, FMRP facilitates
the localization of itstarget mMRNAS to dendritic compartments in mammalian neuronsin
response gpl mGIuR activation. FMRP may directly (left) or indirectly (right) interact with
kinesin light chain (KLC) to couple mRNASs to conventional kinesin motors for mRNA
localization.
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Figure 2. A schematic view of the multistep process for mRNA localization

Mechanistic studiesin different model systemsreveal that mMRNA localization is a multi-
step process involving the assembly of mMRNP granules, engagement of transport molecular
motors and subsequent active transport and anchorage of mRNPs at the destination. (1)
Assembly of transport mMRNP granules can initiate from the nucleus, coupled to transcription
and splicing. The binding of mMRNA-binding proteins to nascent pre-mRNAs may help to
maintain mature MRNASs in atrandational quiescent state. EJCs are loaded onto mature
mRNAs following the incision of introns. (2) mMRNPs are exported into the cytoplasm. (3)
MRNA-binding proteins interacting with zipcode elements recruit transport machineries by
direct or indirect interaction with molecular motors including myosin, kinesin and dynein/
dynactin complexes for microfilament or microtubule-mediated cargo transport. (4)
Molecular motors couple mRNPs to microfilaments or microtubules for active transport.
Molecular motor-mediated mRNA transport and localization requires intact cytoskeletal
structures. (5) mRNPs are anchored to their destination. (6) Properly targeted and repressed
MRNAs are released for local trangation in response to local signaling events.
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