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Introduction

Sorting of mRNA to specific compartments of the cell
determines cell asymmetry. This sorting occurs in oocytes
and embryos as well as somatic cells such as fibroblasts and
neurons (for reviews see [1-6]). Translation of localized
mRNAs spatially directs protein synthesis. The cellular signals
that direct specific RNA sequences to particular cellular
compartments have recently been examined in fibroblasts,
neurons, and Drosophila embryos. This chapter examines
the regulation of mRNA localization through signal trans-
duction pathways in organisms and their tissues.

Growth Factors Induce mRNA Localization

In chicken embryo fibroblasts (CEFs), B-actin mRNA has
been shown to be localized toward the leading edge where it
plays a role in cell motility and asymmetry [7.8]. A specific
sequence in the 3’ untranslated region (UTR) of the B-actin
mRNA, termed the zipcode [9]. is necessary for the local-
ization of the mRNA and specific trans-acting factors,
termed zipcode binding proteins [10]. Growth factors can
affect the site of synthesis of B-actin in the cytoplasm by
inducing rapid localization of B-actin mRNA toward the
leading edge in CEFs [11,12]. This localization can be
induced after serum starvation by serum as well as growth
factors such as LPA and PDGF and is inhibited by tyrosine
kinase inhibitors herbimycin and genistein [11].

-Actin mRNA localization can also be induced in growth
cones of forebrain neurons by neurotrophin-3 (NT-3),
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forskolin, or db-cAMP [13]. Growth factors can act on growth
cones to induce path finding in neuronal development
[14]. In another study, NT-3 also induced localization of
mRNA granules into dendrites and was inhibited by
K252a, an inhibitor of tyrosine kinase receptors [I5].
Brain-derived neurotrophic factor (BDNF) induced den-
dritic mRNA localization and translation of a reporter GFP
with the 5" and 3'UTR of CAMKII-c [16]. Growth factors
such as NT-3 and BDNF may induce the movement of
mRNAs into dendrites and induce the localized translation
of these mRNAs at their target cellular compartment and
affect changes in actin cytoskeletal reorganization within
growth cones.

Tetanic stimulation of hippocampal neurons induces an
increase in the concentration of CaMKII-o in the dendrites
of postsynaptic neurons within 5 min after a tetanus [17].
This is the result of local synthesis on CaMKII mRNA
within dendrites rather than the slower transport of CaMKII
protein and was blocked by protein synthesis inhibitors
[17-19]. In the case of Arc mRNA being targeted to active
synapses, NMDA receptor activation is necessary for this
localization [18.20]. The expression of Arc mRNA was
induced by electroconvulsive seizure, and newly synthe-
sized Arc mRNA was targeted to synapses in the dentate
gyrus, but not when NMDA receptor antagonists were pres-
ent [20]. Ca’* signaling may be also be involved in locali-
zation and subsequent translation as binding of the growth
factors to their receptors induced tyrosine phosphorylation
[21] and subsequent increase in intracellular Ca®* [22].
Increased [Cal*] may induce stability of some mRNAs and
subsequent translation [23,24].
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In Drosophila oogenesis the localization of mRNA
when translated is a signal to surrounding cells. Gurken
mRNA is localized in the posterior oocyte cortex and then
translated into an EGF similar growth factor, which then
induces the follicle cells to form the polarity of the egg
chamber [25,26]. This localization of Gurken mRNA is
necessary for signaling via the EGF receptor pathway,
as maelstrom mutants that do not localize the mRNA
develop follicle cells with anterior rather than posterior fates
[27]. A similar localization of the mRNA of wingless deter-
mines the apical localization of the signaling protein
[28.29].

Signaling from the Extracellular Matrix Induces
mRNA Localization

Another cellular signaling system is that from the extracel-
lular matrix, usually integrins [30]. A study using microbeads
coated with focal adhesion complex (FAC) proteins such as 3,
integrin talin, vinculin, and the RGD peptide induced *halos”
of poly (A)* RNA and ribosomes within a few minutes [31].
These are presumably the mRNAs of FAC proteins although
this was not determined. These halos also formed when
tension was exerted on adhered beads.

mRNAs Localized via
the Cytoskeleton

Numerous investigations have examined which cytoskeletal
components are involved in localizing mRNA. In fibroblasts
it appears that the actin cytoskeleton is involved in localiz-
ing B-actin mRNA. Early work demonstrated that B-actin
mRNA was not localized in the presence of cytochalasin D,
but was localized with colchicine [32]. More recently the
rapid (<5min) localization induced by serum or growth
factors was shown to be inhibited by cytochalasin D, but not
nocodazole [33]. Conversely, in neurons, mRNA localiza-
tion is predominantly microtubule based and is inhibited by
colchicine but not cytochalasin D [4].

mRNA Granule Movement in Neurons

Movement of mRNA in neurons was first tracked with
3H-uridine in pulse-chase experiments [34]. More recently
a membrane-permeable nucleic acid stain, SYTO-14, has
been used to track mRNA movement in living cells [35].
Messenger RNA granules move into neurites within 15 min
after NT-3 stimulation [15]. These granules are enriched in
the RNA binding protein Staufen [36,37] and are complexed
with polyribosomes [38]. After depolarization, mRNAs shift
to a less dense granule fraction but are not translationally
competent [38]. The movement of mRNA granules is
responsive to neurotrophins in neurons [39] and growth fac-
tors in fibroblasts [11,12].

Regulation of mRNA Localizing Proteins

Many proteins necessary for localization of mRNAs such
as ZBP1 [10], ZBP2 [40] in fibroblasts and neurons, and
Egalitarian (Egl) and BicaudalD (Bic D) in Drosophila [41]
may be targets of signal transduction pathways regulating
mRNA localization. These proteins may be directly phosphor-
ylated through signaling pathways or through their interac-
tions with motor molecules such as myosins, dyneins, or
kinesins. One such protein, zipcode binding protein 1, is
required for the localization of P-actin mRNA to growth
cones [39]. Neurons transfected with EGFP-ZBP exhibited
rapid bidirectional movements of granules that required
ZBPI binding to RNA.

GTPase Signals Regulating Actomyosin Interactions
Are Involved in mRNA Localization

B-Actin mRNA localization near the leading edge in
CEFs is dependent on the actin cytoskeleton and not the
microtubule-based cytoskeleton [32]. Similarly the rapid
induction of B-actin mRNA localization by serum and growth
factors is also dependent on actin and not microtubules [33].
Consistent with the Rho GTPases regulation of the actin
cytoskeleton [42,43], B-actin mRNA localization at the leading
edge has been shown to be regulated by the Rho GTPase [33].
This signaling pathway goes through the Rho-associated
kinases, because the specific inhibitorY-27632 inhibited
localization and transfected Rho-kinase constructs induced
localization. Because -actin mRNA localization can lead to
the development of cell polarity [7,44], this would allow for
signaling regulation of cell polarity. Similarly in Drosophila,
Rho-associated kinase (Drock) regulates planar cell polarity
through the actin cytoskeleton [45]. Also in Drosophila, Rho
regulatory proteins such as rhoGEF may play a role in the
cytoskeletal changes during development [46] and may be
involved in mRNA localization. The Rho signaling pathway
may involve the formin protein pl40mDia [47]. Because
mDia can regulate the cytoskeleton through stabilization of
microtubules [48] and the actin stress fibers [49,50] it could
participate in mRNA localization on either actin or micro-
tubules perhaps via anchoring of RNA by EFlo [51].

Cytoskeletal motors involved in mRNA localization have
been demonstrated during development in Xenopus [52],
and Drosophila and more recently a myosin V has been
found to be involved in ASH ] mRNA localization in budding
yeast [53-58]. Some studies using pharmacological inhibi-
tion of myosin showed inhibition of B-actin mRNA local-
ization to the leading edge [33], and the inhibition of
poly(A)* RNA movement into “halos™ around integrin-
coated beads with myosin ATPase inhibitor BDM [31] and
the myosin light chain kinase inhibitor ML-7 [33]. Because
Rho and Rho-kinase can regulate myosin phosphatase by
inhibiting the phosphatase in the presence of ongoing
myosin light chain kinase (MLCK) activity [59,60], the
induction of mRNA localization by activation of this
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pathway acts through myosin. Recently mouse embryo
fibroblasts (MEFs) from myosin IIB knock-out mice were
shown to be deficient in localizing B-actin mRNA to the
leading edge [33]. MEFs from homozygous knock-out mice
showed no movement of B-actin mRNA to the leading edge,
whereas wild-type and the heterozygous MEFs responded
within minutes [33]. The two-headed myosin II filaments
can translocate on polarized bundles of actin filaments or stress
fibers toward the leading edge associated with an mRNA
complex that can bind the myosin. These actin bundles have
a polarity with barbed ends increasingly directed toward the
lamellipodium and thus could constrain activated myosin II-B
movement only toward the leading edge [61,62]. Rho kinase
can lead to phosphorylation of the light chains internally
near the nucleus, where myosin filament assembly, stress
fiber formation, and motility occur [63]. Growth cones from
IIB knock-out mice neurons have been analyzed and showed
differences in growth cone shape, actin organization, and
reduced filipodial traction force [64], as does a localized
knockout of myosin IIB using lazer inactivation.

Conclusion

There is no question now that motors move localized
RNAs to their ultimate destination in the periphery of the
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Figure 1 Model for how mRNA may move 1n response to a signal trans-
duction mechanism on polarized actin bundles, associated with myosin II-B
in fibroblasts (top) or with kinesin in neurons (bottom). Incoming signals
(arrow) binding receptors (1) activate the RhoA cascade (2) through
Rho-kinase (3), which activates myosin I1-B light chains and myosin assem-
bly with an mRNA complex. (4) The complex moves over polarized actin
bundles to disassemble toward the leading edge as a result of heavy chamn
phosphorylation (5) and the RNA then anchors (6). The speed of myosin
movement predicts that the mRNA would only be transported for 20 sec
before 1t becomes anchored. Hence the steady-state distribution of the
mRNA population would be at the lamella [33]. For neurons, an analogous
cascade would be initiated by neurotrophins, possibly leading to the activa-
tion of the kinesin light chains. Kinesin would then move the ZBP1-RNA
complex down the process and then onto microfilament bundles in the
growth cone where myosin would take over [39].

polarized cell. This then allows proteins to be sorted asym-
metrically to the specific region of the cell where they can
exert their functionality. But this movement of the RNA is in
response to the polarized nature of the asymmetric cell and
is not causal for the asymmetry. The synthesis of specific
protein components at the periphery enhances and stabilizes
the polarity of the cell. How this polarity all gets established
is a result of the signaling molecules impinging on the cell
directionally from the outside. The transduction of these sig-
nals into polarity, through actin polymerization, for instance,
provides a substrate for the trafficking of the RNA. In this
way, the extracellular environment determines the distribution
of specific protein synthesis within the cell. Figure 1 sum-
marizes this process for asymmetric cells.
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