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Abstract
Recent data indicate that local translation in growth cones is critical for axon guidance. Evidence
from the Drosophila midline axon guidance system suggests that the F-actin-microtubule cross-
linker Short stop (Shot) might link the translation machinery to the cytoskeleton in the growth
cone. The identification of a complex of translation factors attached to the actin and microtubule
networks points to a mechanism by which cytoskeletal dynamics regulate translation in axons and
vice versa.

Protein synthesis is often localized to a specific region of a cell. This process, known as
local translation, can be achieved by targeting mRNAs to subcellular sites and provides cells
with a mechanism to control the repertoire of proteins found in a particular cellular
compartment (1). Over the past decade, it has become evident that local translation also
plays a role in neural development and functions such as axon guidance, synaptic plasticity,
and the formation of long-term memory (2, 3). The cytoskeleton plays a critical role in
maintaining the structural integrity and function of the protein synthetic machinery for
global translation processes (4); however, the mechanisms linking local translation to the
cytoskeleton are largely unknown. A recent paper by Lee et al. (5) provides new insight into
how these two processes might be coupled in Drosophila commissural neurons. The authors
demonstrated that the F-actin-microtubule cross-linker protein Shot forms a platform for the
translation of proteins important for midline axon guidance.

During development of the nervous system, growing axons are guided to their correct
synaptic targets by their motile tip, the growth cone. Axonal growth cones respond to
chemoattractive and chemorepulsive signals in the microenvironment and transduce these
signals, through intracellular signaling, into directed movements that steer them along the
correct pathway (6, 7). Several families of axon guidance molecules exist and some,
including the Slits, the Semaphorins, and the Netrins, elicit rapid local protein synthesis that
is required for directional steering (8–10). For example, blocking axonal translation inhibits
Semaphorin- and Slit-induced repulsive turning of cultured Xenopus retinal axons (9).

Growth cones contain F-actin–rich filopodia and lamellipodia, and polarized arrays of
microtubules. Steering requires the precise coordination of actin and microtubule dynamics,
which is regulated by various actin- and microtubule-binding proteins (11). Drosophila
Short stop (Shot) is a neuronally expressed rodlike protein that binds both F-actin and
microtubules and belongs to the plakin family, which links cytoskeletal structures together
(12, 13). Lee et al. (5) have now identified a novel Shot-interacting protein called Krasavietz
(Kra) and used Drosophila mutants to demonstrate that Shot and Kra play a role in midline
axon guidance, a process that depends on repulsive signaling by Slit through the Robo
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receptor. In embryos with loss-of-function mutations in Shot and Kra, ipsilateral
commissural axons that would normally avoid the midline ectopically crossed the midline.
Shot and Kra appeared to act synergistically and, moreover, Shot and Kra phenotypes were
enhanced in a Robo or Slit heterozygous background. These findings indicate that Shot and
Kra are part of the midline axon-repellent Slit-Robo pathway.

Kra contains a W2 domain, a motif found in translation initiation factors such as eIF2Bε and
eIF5, which regulate the activity of eukaryotic initiation factor-2 (eIF2). eIF2 is a
heterotrimeric GTP binding protein that, in its GTP-bound form, recruits the initiator tRNA
to the small (40S) ribosomal subunit at the start codon on the mRNA to initiate translation.
eIF2Bε and eIF5 mediate GDP-GTP exchange and GTP hydrolysis, respectively, and are
therefore required for eIF2 activity (14). Lee et al. (5) found that Kra cosedimented with 40S
ribosomal subunits and interacted with the β subunit of eIF2 (eIF2β) through its W2 domain.
In vitro, Kra inhibited global translation, which suggests that Kra might compete with
eIF2Bε or eIF5 or both for binding to eIF2β, thereby inhibiting initiator tRNA recruitment
and initiation of translation. Mutations in the W2 domain inhibited Kra binding both to Shot
and to eIF2β. These mutations revealed the importance of the Shot-Kra-eIF2β complex in
midline guidance in vivo: Expression of a W2 mutant Kra failed to rescue the Kra midline
guidance phenotype. Moreover, eIF2β mutant embryos also showed ectopic midline
crossing defects similar to those seen with Kra mutants. Together, the findings suggest that
Shot might form a platform for Kra and eIF2β, which localizes to the cytoskeleton to inhibit
eIF2β-mediated translation initiation in the growth cone in response to Slit-Robo signaling
and there-by directs navigation.

One intriguing issue raised by the study of Lee et al. (5) concerns the connection of the
translation machinery to the cytoskeleton. Historically, biochemical and morphological
studies showing that polysomes, mRNAs, and translation factors are associated with the
cytoskeleton have fueled the hypothesis of local protein synthesis (4). More recently, it has
become evident that the cytoskeleton fulfils multiple roles in the regulation of cytoplasmic
translation (Fig. 1).

First, the cytoskeleton provides a network for mRNA transport, and anchoring. mRNAs are
transported in ribonucleoprotein (mRNP) complexes that consist of multiple mRNAs and
proteins, including motor proteins that connect the mRNPs to the cytoskeleton and RNA
binding proteins that keep the mRNAs translationally repressed during transport. Once
mRNAs arrive at their cellular target site, they are released, anchored, and eventually
translated (15). The mechanisms of mRNA anchoring are largely unknown. The best-known
example of a mechanism through which mRNA anchoring to the cytoskeleton occurs
involves elongation factor (EF) 1α. EF1α binds to F-actin and is thought to assemble actin
filaments into bundles to which β-actin mRNA becomes anchored and translated in specific
regions of the cell (e.g., the leading edge of fibroblasts). Growth factors that activate the
Rho-family guanosine triphosphatases (Rho GTPases), RhoA and Cdc42, and the Rho
effector mDia (mammalian homolog of Drosophila Diaphanous protein) mediate the
interaction of EF1α to F-actin, thereby regulating mRNA recruitment (16). Similarly, Slit
might regulate, through Rho GTPases, the ability of Shot to bind to and cross-link F-actin
and microtubules, resulting in the sequestration of mRNAs and possibly the translational
regulators Kra and eIF2β.

In addition, the cytoskeleton could provide a means for directly regulating translation. Data
to support this notion have come mainly from experiments in which actin or microtubule
networks (or both) have been disrupted, thereby inhibiting mRNA transport and translation
(17, 18). Lee et al. (5) now show that Shot-mediated midline repulsion requires its F-actin
binding domain, suggesting that the Shot-Kra-eIF2β translational complex is only
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functional, in other words, inhibitory, when it is connected to the F-actin network in the
growth cone. However, it remains to be seen whether the ability to associate with the F-actin
filaments is directly linked to the activity of the complex.

Conversely, translation can affect the cytoskeleton. Indeed, Netrin-1- and brain-derived
neurotrophic factor (BDNF)– induced translation of β-actin mRNA is required for attractive
turning responses (19, 20), and Semaphorin3A-induced translation of RhoA is required for
growth cone collapse (21). Moreover, an attractive gradient of Netrin-1 or BDNF stimulates
the asymmetrical transport and translation of β-actin mRNA, indicating that a gradient of a
guidance cue induces a gradient of newly synthesized proteins across the growth cone (19,
20). It is hypothesized that attractive cues elicit the synthesis of proteins that build up the
cytoskeleton, whereas proteins synthesized in response to repulsive cues break it down (2).
Consistent with this view, Slit induces a protein-synthesis–dependent rise in the actin
depolymerization factor cofilin in the growth cone (9).

How then does the Shot-Kra-eIF2β complex function in the Slit-Robo pathway? Lee et al.
(5) suggest that Slit inhibits translation initiation by blocking the recruitment of initiator
tRNA to the 40S ribosome. In contrast, studies in Xenopus retinal growth cones indicate that
Slit activates translation by stimulating cap-dependent recruitment of the 40S ribosome
complex (9). Studies in nonneuronal cells show that growth factors can affect all three steps
of the translation process: initiation, elongation, and termination (22). It might not be
surprising, therefore, if guidance cues could regulate different aspects of translation
initiation, and it is possible that the relative levels of translational factors present at a given
time could determine the final outcome. Alternatively, although the Kra-eIF2β complex
inhibits global translation, it might activate the translation of specific mRNAs. Such a
mechanism has been reported for another subunit of the eIF2 complex: eIF2α. Under basal
conditions, phosphorylated eIF2α inhibits global translation but activates translation of the
transcription factor ATF4. ATF4 represses the expression of genes needed for long-term
memory. Neuronal activity induces eIF2α dephosphorylation, which reverses the process
leading to increased global translation, decreased ATF4 translation, and subsequent
improved memory function (23). The key is probably provided by the identity of the
mRNAs whose translation is repressed or activated. Based on the model described above,
Slit-mediated repulsion would involve the translational activation of mRNAs involved in
cytoskeletal disassembly, whereas mRNAs involved in cytoskeletal assembly would be
repressed. The Shot-Kra-eIF2β complex would therefore play a role in defining the balance
of activation and repression during the process of midline guidance. Moreover, mRNAs
identified in axonal growth cones include those encoding not only cytoskeletal proteins but
also translation factors (24). The Shot-Kra-eIF2β complex could therefore also be part of a
feedback mechanism in which newly translated initiation factors could shift the balance of
the activity of the protein synthesis machinery to finetune the levels of translation.

Cytoskeleton-mediated mRNA transport and anchoring provides a key advantage to the cell:
It allows spatially positioning mRNAs stably within the cytoplasm so that their cognate
proteins are appropriately localized. The cytoskeleton also provides a framework for
regulation of translation and growth cone steering: Cytoskeletal rearrangements can affect
the activity of the translation machinery, and translation of cytoskeletal proteins can affect
cytoskeletal rearrangements. This suggests the presence of an elegant feedback or cross-talk
mechanism to control the behavior of cells in response to external stimuli. Lee et al. (5) have
identified a complex that might mediate this cross-talk mechanism in axonal growth cones.
Future research will be aimed at further elucidating how such cytoskeleton-based
translational platforms are regulated by signaling pathways. Because Shot is the only plakin
in Drosophila, it will be interesting to determine which of the vertebrate homologs fulfills a
similar function. Growth cones provide an attractive model system in which to study the
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intimate connection between the cytoskeleton, translational control, and how these processes
finally direct axonal pathfinding.
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Fig. 1.
Model of how Shot links cytoskeletal dynamics to translational regulation, and vice versa.
Shot interacts with F-actin and microtubules as well as with the translational regulators Kra
and eIF2β. Cytoskeletal rearrangements can affect mRNA transport and anchoring to the
Shot complex, and thereby the activity of the translation machinery. Conversely, the Shot-
Kra-eIF2β complex may provide a mechanism for the translational repression—and possibly
activation—of proteins involved in regulating the cytoskeleton. The identity of those
mRNAs for which translation is repressed (or activated) is likely to determine the final
effect of translation on growth cone steering. For instance, attractive cues could activate the
synthesis of proteins that promote cytoskeletal assembly and repress the synthesis of
proteins that break it down, whereas repulsive cues could have the opposite effect. Synthesis
of components of the Shot-Kra-eIF2β complex or proteins that directly affect actin and
microtubules attached to Shot could be part of a feedback mechanism.
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