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The determination of asymmetry is one of the
most important events in cell differentiation and
development. Cellular asymmetry in many cases is
essential for normal cellular function, as in the
polarity of neurons that transmit electrical and
chemical signals or the polarity of morphogenetic
gradients in oocytes required for patterning in the
embryo. The asymmetric localization of specific proteins is a distinct feature of morphological asymmetry. An important mechanism to achieve nonuniform
protein distributions is to synthesize specific proteins
at or near their sites of function. Observations that
RNAs can be localized to distinct regions within cells
provided a direct link between gene expression and
cellular asymmetry (reviewed in ref 1). The mechanisms involved in mRNA localization have been
studied over the last decade and have demonstrated
that many localized mRNAs contain noncoding ‘cisacting elements’ or ‘zip codes’ in the 39 UTR that
confer localization of the mRNA (2). Many of these
noncoding sequences have been shown to be necessary and sufficient for mRNA localization, appear to
be unique in each mRNA, and are often present as
multipartite elements that vary in length. Proteins
that bind the cis-acting elements have been identified which may be involved in distinct aspects of the
mRNA localization pathway (2– 4). It has been proposed that these proteins act as trans-acting factors
and are involved in mRNA transport, anchoring,
localized translation, and stability. This review will
highlight recent advances in understanding these
mechanisms, with an emphasis on somatic cells and
conserved features with oocytes.

ASYMMETRIC CELL DIVISION
One newly discovered role for mRNA localization is
the specification of cell fate through asymmetric cell
division. The asymmetric localization of Prospero is
required for differentiation of the early neuroblast
lineage in the development of the nervous system in
Drosophila (5). This sorting is dependent on both
mRNA and protein localization mechanisms (6).
Prospero is a homeodomain transcription factor and
its mRNA is sorted differentially into the nuclei of
the ganglion mother cells (GMC).2 Staufen has
recently been shown to play a role in the asymmetric
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distribution of prospero mRNA, identifying a new role
for this protein in specifying lineage in somatic cells
(7). Staufen interacts with the 39 UTR of prospero
mRNA and is necessary for its transport during
mitosis. Staufen-dependent localization of prospero
mRNA requires intact actin filaments, in contrast to
the requirement for microtubules in the localization
of bcd RNA in Drosophila oocytes, which also involves
Staufen (8). Miranda is another protein involved in
the asymmetric localization of Prospero, and appears
to be a complex with Staufen and Prospero proteins
that forms on the apical side of the sensory organ
precursor cell and is translocated into the GMC
during mitosis (6). The redundant localization machinery in polarized cells, where both mRNA and
protein localization are active, ensures asymmetric
distribution of Prospero protein. This feature will be
noted again in mammalian cells in a later section on
protein sorting to neuronal growth cones.
A similar system of cell fate determination through
asymmetric cell division has been observed in budding yeast, where Ash1 protein, the determinant for
mating type, is localized to the daughter cell (9, 10).
Mating type switching is prevented by the sorting of
Ash1p, which represses transcription of the HO
endonuclease in the daughter cell. Localization of
Ash1p to the daughter cell is achieved by localization
of its mRNA from the mother cell nucleus to the bud
tip (11, 12). This mechanism is distinct from the
asymmetric localization of Prospero protein, which
also occurs by a protein localization mechanism (7).
The mechanism by which ASH1 mRNA moves to the
bud tip involves sequences in the 39 UTR of ASH1
mRNA and five SHE genes that are known to be
required for the asymmetric repression of mating
type switching. She1/Myo4, a type V myosin, and an
intact microfilament were required for ASH1 mRNA
localization (11, 12).
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Figure 1. Localization of ASH1 39 UTR/MS2 fusion mRNAs.
Examples of the reporter mRNA localizing to the bud tip of
living yeast. The mRNA was detected by a GFP-MS2 chimera
that is bound to MS2 sites on LacZ mRNA fused to the ASH1
39 UTR. A ‘particle’ is observed in the mother (D) or
daughter (A–C, E) localizing to the bud tip. Copyright
permission from Cell Press (4).

Myosin could be involved either directly in RNA
localization on microfilaments or indirectly by transporting other proteins that would anchor the ASH1
RNA to the bud cortex (11, 12). The ability to
distinguish between these mechanisms required an
approach to visualize RNA movements in living cells.
Fluorescent in situ hybridization was not adequate to
address mechanisms of RNA movement because it
lacked the temporal resolution to obtain precise
kinetic measurements. Real time RNA movement in
living yeast cells was monitored by coexpressing a
GFP-MS2 fusion protein and an ASH1 RNA reporter
fused to MS2 binding sequences (13). Since the
ASH1 RNA sequences were capable of interacting
with the localization machinery, it was possible to
visualize these events by the binding of the GFP-MS2
protein, which merely provided a fluorescent tag.
The directionality and speed of particle localization
suggested that the reporter mRNA was transported
by a myosin motor and that localization from the
mother to the bud tip occurred within a few minutes
(Fig. 1). One conclusion from this analysis was that
the transport events occurred via a macromolecular
complex, a particle whose existence and localization
was dependent on specific nucleotides in a stem-loop
region of the ASH1 39 UTR. Localization of the ASH1
RNA particle was consistent with a mechanism of
active transport by motor.
Several proteins were identified that may be involved in the assembly and localization of the ASH1
RNA particle. She3p may be involved in the associa448
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tion of the particle with a myosin motor. This was
suggested by the observation that She3p and She1p/
Myo4p colocalized with the ASH1 RNA particle.
She3p and She1p also colocalized during anaphase
to the bud tip (9), but this association was only
transient and may involve delivery of the mRNA to
the bud tip. She5p was localized to the bud tip and
may have a role in polarizing the actin cytoskeleton
(14). She2p and She4p were suggested to be required for the assembly of ASH1 RNA particles.
She1, a specific myosin motor (15), was believed to
transport the ASH1 mRNA reporter, as the rate and
direction was consistent with an actin-based motor
(16). The reporter was not localized into the bud in
mutations in She1/Myo4, suggesting that SHE1p/
Myo4p was directly involved in the active transport of
the ASH1 reporter. Another interpretation is that
She1 was indirectly involved in ASH1 RNA localization through transport of other components to the
bud tip, which could anchor the mRNA. However, it
would be difficult to envision a mechanism that
would be selective for the ASH1 RNA particle movement without direct interaction. Analysis of particle
movements suggests that the polarity of the actin
filaments on which She1 transported ASH1 RNA
were with the barbed end pointed toward the bud
tip. The specific interaction of the ASH1 RNA localization sequences with proteins required for particle
assembly and transport suggests a structural entity
specialized for this function, termed the locusome. It
is analogous to the ‘ribosome’ and ‘spliceosome’,
which also contain RNA within a supramolecular
RNA–protein that is specialized for a particular
function.

RNA PARTICLES IN OTHER SYSTEMS
The particle described here in yeast may have some
similarity to the particles observed in other systems.
In the localization of bcd mRNA in Drosophila (8), the
39 UTR of the mRNA induces the formation of a
particle containing Staufen protein by forming a
multimolecular complex through RNA–RNA interactions. Staufen protein is a dsRNA binding protein
required for the anchoring of the RNA late in
localization at the anterior pole of the oocyte, presumably on the spindle microtubule (8). The early
phase of bcd mRNA localization from the nurse cell
into the oocyte may also involve particles (17). In the
first application of green fluorescent protein (GFP)
technology to study mRNA localization, Hazelrigg
(17) has shown that GFP-Exu (exuperantia) forms
particles that are moving through the ring canals.
More recently, Hazelrigg and Therkauf (18) have
identified three types of movements, two of which
are microtubule dependent. The first example of
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RNA particle movements in somatic cells was from
the Carson lab (19) showing that fluorescently labeled MBP (myelin basic protein) mRNA microinjected into oligodendrocytes formed granules that
were translocated into processes at approximately
0.2 mm/s. The intensity of fluorescence within granules formed by microinjection of MBP RNA labeled
with a single fluorochrome suggested that the granules contained multiple mRNA molecules (19). MBP
mRNA granules colocalized with arginyl-tRNA synthetase, elongation factor 1a(EF1a), and rRNA, suggesting the presence of a translational unit (20).
MBP RNA granules were estimated to have a radius
between 0.6 and 0.8 mm, suggesting that RNA granules represent a supramolecular complex that could
contain several hundred ribosomes (20). These
granules colocalized with microtubules (19), and
microtubule-disrupting drugs inhibited MBP RNA
localization (21). Kinesin or kinesin-like proteins
may be the motor involved, as antisense oligonucleotides to kinesin resulted in decreased localization of
MBP mRNA (21). The transport of MBP mRNA
granules requires a 21 nt sequence within the 39
UTR called the RTS (RNA transport sequence) (22).
This sequence was sufficient to transport MBP
mRNA into processes; however, an additional element was responsible for localization of MBP mRNA
within the myelin compartment (22). A complex of
six proteins has been identified which interact with
the RTS, the most abundant being the RNA binding
protein hnRNPA2 (23).
mRNA transport into neuronal processes has been
studied by the Kosik lab (24) using the vital dye
SYTO14. RNA granules were observed that contained ribosomes and elongation factors. RNA granules were translocated into processes at a rate of 0.1
mm/s, which was blocked by microtubule depolymerization. A subset of RNA granules contained b-actin
mRNA, suggesting that the active transport of mRNA
may play a role in the targeting of newly synthesized
actin into neuronal processes. Correlative fluorescence and electron microscopic observations of RNA
granules labeled with SYTO14 dye have shown that
granules correspond ultrastructurally to large clusters of ribosomes (24). RNA granules have now been
identified in a number of cell types such as neurons,
oligodendrocytes and oocytes and are proposed to
represent a supramolecular complex that is transported directly with translational components (20,
24, 25).

CONSERVED MECHANISMS ACROSS SPECIES
During the early characterization of RNA– cytoskeletal interactions in different systems, it became apparent that microtubules were involved predomimRNA TRAVELS

nantly in the mechanism of mRNA localization in
oocytes, whereas somatic cells such as fibroblasts
used microfilaments for mRNA localization (26). For
example, bcd RNA localization in Drosophila oocytes
and Vg1 RNA localization in Xenopus oocytes could
be disrupted by microtubule-depolymerizing drugs
(27, 28). In contrast, b-actin mRNA localization to
the leading edge of chick fibroblasts required actin
filaments (29). However, observations that neurons
also used microtubules to localize mRNAs suggested
similarities between transport mechanisms in oocytes
and highly polarized somatic cells (25, 30). A dual
role for microfilaments and microtubules in the
RNA localization pathway within a single cell was
suggested by observations that Vg1 RNAs might also
interact with actin filaments at the vegetal cortex
once they were localized (28). Recent evidence indicates that some of the protein components involved
in mRNA localization can participate in both microtubule and actin-dependent localization pathways.
Isolation of proteins that binds the b-actin zip code
in chick fibroblasts (zip code binding protein 1, or
ZBP-1) and Vg1 RNA localization sequences in Xenopus oocytes revealed an identity in their amino acid
sequence and structural organization of KH domains
and RNA recognition motifs (32, 33). The proteins
binding Vg1 mRNA (Vg RBP or Vera) in Xenopus
oocytes were believed to be a possible orthologue to
ZBP. Since Vera/Vg RBP and ZBP-1 act in very
different mRNA localization pathways in different
cellular milieu, these results suggested a conserved
protein which may mediate interactions between
microfilaments and microtubules.
Evidence to support the idea that a specific mRNA
can interact with both microfilaments and microtubules is noted by observations that the localization of
b-actin mRNA to the fibroblast leading edge requires
microfilaments (29), yet b-actin mRNA localization
to neuronal growth cones requires microtubules (see
Fig. 2). The protein responsible for b-actin mRNA
localization in fibroblasts, ZBP-1 (31), may be involved in the localization of b-actin mRNA particles
between microtubules and microfilaments. Cell typespecific proteins that interact with ZBP could promote the preferential usage of one filament system
over another (Fig. 3).
Further support for the idea that an RNA binding
protein involved in mRNA localization may interact
with different filaments is noted by observations that
Staufen, which is involved in the microtubule-dependent localization of mRNAs in oocytes (8), is also
required for the actin-dependent localization of
prospero RNA (7). It therefore seems likely that the
RNA binding proteins recognize different zip codes
and transport the RNAs, perhaps switching from one
cytoskeletal element system to the other in the
process. These proteins may be bifunctional, having
449

Figure 2. Localization of b-actin mRNA in
fibroblast lamellae and neuronal growth
cones. A) b-Actin mRNA (red), detected by in
situ hybridization, localizes to the leading
edge of fibroblasts as granules. F-actin is labeled by fluorescein-phalloidin (green). Nuclei are stained with DAPI. Disruption of microfilaments, but not microtubules, resulted
in delocalization of the mRNA (not shown).
Figure supplied by Edward Kisluaskis. Copyright permission obtained from Cell Press (4).
B) b-Actin mRNA (red) localized to neuronal
growth cones were present as granules that
were aligned along microtubules (see also ref
25). Disruption of microtubules, but not microfilaments, resulted in delocalization of the
mRNA (not shown). Copyright permission
from Cell Press (4).

distinct binding motifs for either actin- or microtubule-based motors that allow the cargo or ‘granule’
to move on either cytoskeletal filament system.
RNA LOCALIZATION TO CELLULAR
PROCESSES
Besides serving to segregate determinants during
cell division, mRNA localization may also provide a

Figure 3. Schematic illustration of how mRNA granules may
switch filament systems (A) and how RNA granules may
assemble (B). A) b-Actin mRNA is localized by two zip code
sequences (54 and 43 nt sequences), which may form stemloops. Zip code binding proteins (ZBPs) may be involved in
conferring binding of the mRNA to either microtubules or
microfilaments. It is unclear whether ZBPs bind the filament
directly or indirectly. Both ZBP-1 (69 kDa) and ZBP-2 (95
kDa) bind the 54 nt zip code. We speculate that there may be
adaptor proteins (AP) that bind ZBPs and influence filament
binding. MT, microtubule; MF, microfilament; MB, protein
binding to microtubule; AB, protein binding to actin. B)
Hypothetical model showing how dimerization of ZBPs at two
zip codes could result in cross-linking of multiple mRNAs
within a particle.
450
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means of generating asymmetry in terminally differentiated cells (22, 34 –37). A classic example of this
can be found in oligodendrocytes, which are involved in myelination of neurons. Myelin basic protein mRNA is localized to the peripheral processes in
oligodendrocytes (19) where myelination occurs.
However, it remains to be proved that the localization of the mRNA is necessary for MBP protein
accumulation and myelination. It also remains to be
established that loss of mRNA localization will disrupt MBP localization and result in defective myelination. So, while it has been well established in
oocytes that mRNA localization is in fact essential for
cell polarity, direct evidence in somatic cells has
been lacking.
Neurons, like oligodendrocytes, also differentiate
long processes. An additional challenge faced by
neurons is that they elaborate two types of processes,
axons and dendrites, which differ in protein composition. Neurons must localize proteins specifically to
either axons or dendrites as well as to spatially
distinct compartments within the process, i.e.,
growth cone and synapse. It is unknown whether
mRNA localization mechanisms are an essential feature of neuronal polarity and function. One of the
problems in identifying a function for mRNA localization in neuronal processes has been that protein
localization mechanisms also seem to be involved,
hence perturbation of the mRNA localization might
not completely abolish protein localization and produce an obvious cellular phenotype. The dual role
for both protein and mRNA localization mechanisms
is appreciated in lower systems, such as the localization of prospero mRNA and protein in dividing neuroblasts in Drosophila (7). In differentiated neurons,
it has been well documented that cytoskeletal proteins can be transported into processes posttranslationally by a slow transport mechanism (38). How-
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ever, this mechanism remains ill defined, and it is
unclear whether the transport of proteins from the
cell body is sufficient to respond to the changing
needs of the growing process.
It has been proposed that transport of mRNAs into
processes and growth cones may provide an additional mechanism for the localization of newly synthesized cytoskeletal proteins (25, 39). Localized
mRNAs could be translated at their site of localization, which would be more efficient than having to
transport each protein molecule from the perikarya.
Contemporary models for cytoskeletal transport
have not considered this alternative mechanism (40,
41). However, evidence continues to emerge that
documents the localization and translation of mRNAs within neuronal processes. The microtubuleassociated protein MAP2 has its mRNAs within dendrites (42, 43); tau mRNA, which encodes an axonal
MAP, has its mRNA localized to the proximal segment of the axon (44). The localization of tau
mRNAs requires a 1300 nt sequence within the 39
UTR. The targeting of tau mRNAs to this axonal
compartment involves microtubules (44) and may be
mediated by interactions between the 39 UTR sequences and proteins that bind the mRNA to the
microtubule (45). The mechanism of tau mRNA
localization may share certain features with the localization of Vg1 RNA in Xenopus oocytes (46). Tau
mRNA localization sequences injected into oocytes
are localized to the vegetal cortex. Vg1 RNA transport to the vegetal cortex may involve a 69 kDa
microtubule-associated protein (47). Tau RNA sequences contain a binding site for Vg1 RNA binding
protein and suggest conserved mechanisms of RNA
localization between oocytes and neurons.
Specific mRNAs and translational components are
localized within growth cones. Using a micropipet to
sever the neurite and remove cytoplasm from growth
cones, a heterogeneous population of mRNAs was
identified that included MAP2, along with intermediate filament proteins (48). Translation of these
mRNAs within growth cones was demonstrated by
transfection of mRNA encoding an epitope tag and
immunofluorescence localization. b-actin (25) and
tropomyosin mRNAs (49, 50) are also localized to
developing processes and growth cones. Axonal
preparations from rat sympathetic neurons were
shown to be enriched for b-actin mRNAs, whereas
tubulin mRNAs were confined to the cell body,
suggesting a sequence specific sorting mechanism
(51). We have also shown that b-actin mRNAs extend
into processes and growth cones of developing rat
cortical neurons, whereas g-actin mRNAs were confined to the cell body (25). b-Actin mRNA, ribosomal proteins, and EF1a were present as granules
within growth cones (25). These growth cones contained morphologically identifiable polyribosomes
mRNA TRAVELS

by electron microscopy and probes to b-actin mRNA
colocalized with translational components in growth
cones (25). These studies support the presence of an
mRNA localization mechanism in axons, but further
work is needed to understand its function in neuronal polarity and process outgrowth (49).

REGULATION OF mRNA LOCALIZATION
The regulated localization of mRNA can influence
cellular morphogenesis during development by providing locally elevated concentrations of proteins
that are needed in the assembly of protein complexes specialized for a particular function. The
active transport of b-actin mRNA to the fibroblast
lamella is induced by serum and platelet-derived
growth factor (52, 53), and this induction is in fact
required to obtain maximal rates of cell motility (53,
54). This is strong evidence for a function of mRNA
localization in a somatic cell, i.e., the assembly of
protein complexes involved in polymerization and
motility. Signaling of mRNA localization between
integrin receptors and the extracellular matrix may
also be involved in the assembly of focal adhesion
complexes (55).
The regulated synthesis of mRNA localization
within neurons could similarly influence the assembly of macromolecular complexes involved in process outgrowth. Evidence in support of regulation
was suggested by the observation that the amount of
mRNA within growth cones was dependent on the
stage of development and varied for each mRNA
species (48). Collapse of growth cones with the
calcium ionophore A23187 promoted transport of
mRNAs encoding intermediate filaments into
growth cones, further suggesting that local synthesis
may be regulated (48). The specific signal transduction pathways involved in the regulation of mRNA
localization to growth cones are unclear. We have
observed that treatment of cultures with db-cAMP
can induce the transport of b-actin mRNA into
processes and growth cones (25), which suggests that
activation of cAMP dependent protein kinase A
could be involved in the regulation of mRNA localization. Recent evidence indicates that the neurotrophin NT-3 can promote the anterograde localization
of RNA granules within processes (56), and we have
observed that b-actin mRNAs are transported to
growth cones after NT-3 (57).

mRNA LOCALIZATION AND SYNAPTIC
PLASTICITY
It has been known for many years that polyribosomes are localized beneath synapses, and more
451

recent quantitative ultrastructural analysis has
shown that .80% of dendritic polyribosomes are
localized within or at the base of spines (58). This
observation led to a hypothesis of synapse-specific
gene expression in which local synthesis would
provide a mechanism to target gene products to
the proper spines, allowing for precise spatial and
temporal control of synaptic structure and
strength (59). Several studies have shown that new
protein synthesis is required for long-lasting modifications of synaptic strength (60, 61) and appears
to be essential to maintain a late phase of longterm potentiation (62). Local synthesis of synaptic
proteins could be achieved by the translational
regulation of mRNAs already present at synapses
and/or the transport of specific mRNAs to subsynaptic locations.
Several mRNAs have been localized within dendrites, including the microtubule-associated protein
MAP2 (42, 43), the a subunit of calcium/calmodulin-dependent protein kinase II (CaMKIIa) (63), the
activity-related cytoskeletal protein ArC (64, 65),
glutamate receptor subunits (66, 67), cAMP response element binding protein (39), and the RNA
polymerase III transcript BC1 (68). Glycine receptor
mRNAs have been localized to postsynaptic specializations within dendrites of spinal neurons (69).
Poly(A) mRNAs are concentrated at the base of
dendritic spines in rat hippocampus (70), yet it is
unknown whether these mRNAs encode proteins
involved in synaptic plasticity and memory. An attractive candidate is CaMKII, a neuronal serine-threonine protein kinase that is a major component of the
postsynaptic density at glutamatergic synapses (71)
and is required for long-term potentiation and spatial learning (72). CaMKIIa mRNA localization into
dendrites is increased after induction of long-term
potentiation (73).
Cis-acting elements within the mRNA sequence
may be involved in dendritic mRNA localization. The
dendritic targeting signal of calcium/calmodulindependent protein kinase II mRNA is within the 39
UTR and may be required for the localization of
CaMKII protein within dendritic spines (74). A cisacting targeting element is required for BC1 RNA
localization to neuronal dendrites (75). The transport of Arc mRNA into dendrites and activated
synapses is also dependent on the mRNA sequence
(76, 77). Synaptic activity is required for the dendritic localization of BC1 RNA localization during
development, suggesting a mechanism to regulate
localized protein synthesis and synaptic function
(78). Future work may reveal trans-acting factors
involved in dendritic mRNA localization that may be
essential for localized protein synthesis and synaptic
function.
452
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FUTURE DIRECTIONS
A number of laboratories have identified the presence of RNA particles or granules, which may represent a novel cytoplasmic organelle capable of localizing specific mRNAs and the necessary translational
machinery along cytoskeletal filament systems so as
to maintain an asymmetric distribution of proteins.
In cells that localize mRNAs by actin filaments (11,
29) or microtubules (24, 25, 30), granules appear to
be a universal and conserved feature for transporting
and/or anchoring these mRNAs (20, 24).
Direct proof that any of the particles or granules
contain multiple copies of mRNA is still lacking, and
further technological development is needed to determine the stoichiometry of RNA within these particles. Although the data suggest that mRNAs are
packaged into larger particles, it is not yet known
whether single mRNAs can be transported individually. Single mRNAs have been identified within the
nucleus (79); hence, it may be possible to use this
technology to address the number of mRNAs within
a cytoplasmic particle. Also, it is not known how
mRNAs are held together within a granule, though
RNA binding proteins and cytoskeletal associated
proteins are likely candidates. Additional work is
needed to define the molecular components involved in the assembly of mRNA particles or granules, their transport and anchoring on cytoskeletal
filaments, and translational regulation (Fig. 3).
Work is in progress to identify RNA binding proteins that may bridge the mRNA sequence to microtubule or microfilament associated motor molecules.
It would be interesting to know whether cell typespecific cis-acting elements and/or binding proteins
exist for localization of mRNA over long distances.
Microtubules may represent the ‘highways’ for
mRNA localization over long distances, whereas microfilaments are used for movement of mRNAs over
shorter distances. In some cell types or compartments, it is also possible that mRNA granules may
switch filament systems (Fig. 3). Future work may
reveal interactions of both actin and microtubulebased motor molecules at the surface of RNA granules. Once the mechanisms for mRNA targeting are
defined, it will be important to perturb it and assess
the consequences on cell polarity and function.
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