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Abstract: Since neurons have long neurites, especially axons, the transport of
essential mRNAs, and their translation locally in axons, are essential to maintain
the shape and function of the neurons. The RNA-binding protein TDP-43 (trans-
active response DNA binding protein 43) plays a crucial role in the transport and
translation of mRNAs in neurons. In amyotrophic lateral sclerosis (ALS) and fron-
totemporal lobar degeneration (FTLD), TDP-43 and other RNA-binding proteins
are mis-localized and abnormally deposited in neurons. Mutations of genes
regulating these proteins have been identified in clinical cases. Impaired mRNA
transport system may be a contributing factor of neurodegeneration in ALS/FTLD.
In this chapter, we outline the role of RNA-binding proteins, with emphasis on
TDP-43, in axonal transport and local translation of mRNAs in ALS/FTLD.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease in which disor-
ders of motor neurons cause paralysis and atrophy of muscles throughout
the body. The disease has a poor prognosis and leads to a life-threatening state in
3-5 years mainly due to dysphagia or respiratory failure. To date, nearly 40 genes,
including RNA-binding protein genes such as TARDBP (transactive response
DNA binding protein), FUS (fused in sarcoma), and hnRNPA] and hnRNPA2/B1
(heterogeneous nuclear ribonucleoproteins Al and A2/B1), have been identified
as contributing factors for ALS pathogenesis (1). TARDBP codes for TDP-43
(transactive response DNA binding protein 43 kDa). In addition, C90rf72 has
been identified as the most frequent causative gene of familial ALS, in which
abnormal expansion of a hexanucleotide repeat sequence (GGGGCC) in the non-
coding region of the gene is observed (1). These gene mutations are responsible
for tau-negative frontotemporal lobar degeneration (FTLD) and ALS, suggesting
that these two diseases share a common pathological mechanism. In addition to
familial cases caused by gene mutations, the disappearance of TDP-43 from the
nucleus, and the aggregation/deposition of truncated, hyperphosphorylated, and
ubiquitinated TDP-43 in the cytoplasm are observed in neurons of most sporadic
ALS cases, which is one of the major pathological hallmarks of the disease (2, 3).
In addition, abnormal cytoplasmic mis-localization/deposition of FUS, and the
co-localization of other RNA-binding proteins with TDP-43 or FUS, have been
reported (4, 5). These observations suggest that functional changes in RNA-
binding proteins, including TDP-43 and FUS, occur in ALS neurons and that
aberrant RNA metabolism caused by these changes may be involved in the patho-
genesis of ALS.

FUNCTION OF RNA-BINDING PROTEINS

TDP-43 and FUS are expressed ubiquitously in the body, and they are mainly
present in the nucleus of cells. Both TDP-43 and FUS control the transcription of
genes and the splicing of transcribed immature pre-mRNAs (6). It is also reported
that TDP-43 and FUS are involved in the regulation of miRNA biogenesis (7, 8).
In addition, TDP-43 and FUS shuttle between the nucleus and cytoplasm, export
mRNAs from the nucleus, transport mRNAs in the cytoplasm, and regulate their
translation (6). mRNAs released from the nucleus exist in the form of mRNA-
RNA-binding protein complexes, called RNA granules, within the cytoplasm.
Each RNA-binding protein has a consensus motif of RNA sequence with high-
affinity binding capabilities for specific mRNAs. mRNAs are transported to the
required site with their translation suppressed by RNA-binding proteins in RNA
granules. Subsequently, mRNAs are released from the granules for translation by
ribosomes into proteins (9). There are different types of neuronal RNA granules,
including stress granules, transport granules, and P bodies (processing bodies).
Stress granules are formed during cellular stress, for example, starvation and
oxidative stress. Transport granules transport mRNAs in axons and dendrites, and
P bodies are involved in mRNA degradation (9). RNA-binding proteins interact
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and complex with each other to form RNA granules, and thus modulate the
function of each other. For example, fragile X mental retardation protein (FMRP),
the causative gene product of fragile X syndrome, has been reported to form
a complex with TDP-43 which alters its aggregation activity and translation of
target mRNAs (10).

Neurons have long neurites. Axons can be up to a meter long in motor neurons
with an area 1,000 times that of their cell bodies. At the tip of axons, growth cones
and pre-synapses exist in developing and mature neurons, respectively, which
support binding with other neurons, or effector receptors, to form synapses and
communicate with each other. To maintain the axonal morphology and function,
neurons actively transport cell components such as proteins and intracellular
organelles along axons via motor proteins, for example, kinesin superfamily
proteins (11). Most of the proteins required for axonal formation and maintenance
were previously thought to be supplied by transporting the translated proteins
directly from the cell bodies. However, in recent years, there is growing evidence
that a subset of mRNAs is transported along axons as neuronal RNA granules
where translation of the proteins occurs locally, at destination. In axons, all the
machinery necessary for local translation, such as ribosomes, translation initiation
factors, and elongation factors are present (12) to take part in the protein supply
locally. The transport and local translation of mRNAs in axons actively take place
during axon pathfinding and outgrowth to the projection destination through
neurogenesis, formation of networks via synapses, and regeneration of axons and
synapses during neuronal injury. They also help to maintain axons in a mature,
steady state (13). The advantage of local translation of mRNA in axons is that it
can supply proteins more quickly upon demand than transporting proteins along
the axons.

PATHOLOGICAL ROLE OF RNA GRANULES

TDP-43 and FUS are constituents of stress granules, which repress the translation
of mRNAs (14). Both TDP-43 and FUS are also involved in axonal transport of
mRNAs (15, 16). Both RNA-binding proteins have highly hydrophobic amino
acid sequence regions called the low-complexity domains (LCD), through which
they interact with each other to form multimers. This contributes to the formation
of RNA granules with a non-membranous interface called liquid droplets.
Mutations of the genes found in familial ALS reside mainly in the LCD of TDP-43,
and the nuclear localization signal (NLS) site required for nuclear import of
FUS. These mutations affect the intracellular localization as well as aggregation
propensity of proteins. Mutant TDP-43 and FUS cause dysregulation of stress
granules and trigger the formation and aggregation of inclusion bodies in ALS (14).
Furthermore, mutations in TDP-43 increase granule viscosity, confer toxic gain-
of-function effects, and cause morphological instability of RNA granules leading
to impaired anterograde axonal transport in ALS (15, 17).

As impaired TDP-43 and FUS-mediated pathological conditions of ALS prog-
ress, the amount of proteins required for normal physiological transport of
mRNAs for local translation in axons decrease. Furthermore, TDP-43 and FUS
themselves, accumulated in the axons, inhibit their own function of axonal
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mRNA transport (5, 18). Consequently, reduced transport of critical mRNAs for
axonal maintenance will cause morphological and functional changes of axons,
ultimately resulting in degeneration of motor neurons. Functional deficits at neu-
romuscular junctions precede the clinical phenotype and motor neuron loss in
mutant TDP-43 or wild-type FUS transgenic mice (19,20). Studies in cultured
motor neurons and zebrafish indicate that TDP-43 and FUS are involved in axon
outgrowth (21-23). These findings imply that axonal degeneration is a primary
executor of ALS pathogenesis. TDP-43 transports mRNAs of NEFL and futsch/
MAPIB in axons. Futsch/MAP1B regulates synaptic microtubule organization,
and aberrant neuromuscular junctions are observed in TDP-43 mutant Drosophila
due to a decrease of MAP1B mRNA and translated protein at synapses (24, 25).
FUS transports mRNA of Fos-B in axons, dysregulation of which causes abnormal
axon branching (26). It has also been shown that TDP-43 and FUS bind to
mRNAs that have structures called G-quadruplex and transport them to neurites
(27, 28). ALS-linked mutant TDP-43 lacks the activity of binding and transport
of mRNAs bearing G-quadruplex, which correspond to approximately 30% of
neuronal mRNAs (27). Thus, decreased levels of functional TDP-43 may cause
reduced axonal mRNA transport and resultant axonal degeneration in ALS.

RIBOSOMAL PROTEIN mRNAS AS AXONAL
TRANSPORT TARGETS

Ribosomes are involved in the translation of proteins from mRNAs, and there are
two types in eukaryotes: cytoplasmic and mitochondrial. Each type is composed
of about 80 different ribosomal proteins and four ribosomal RNAs. Ribosomes are
present in axons as well as in cell bodies of neurons. mRNAs of translation-related
proteins, including ribosomal proteins, are abundant in axons compared to those
in cell bodies (29-31), suggesting that the transport of the mRNAs to axons has
functional significance. Although some target mRNAs transported by TDP-43 in
axons have been reported, there has been no comprehensive study to identify
critical TDP-43 targets in relation to ALS pathogenesis. Therefore, we searched for
transport target mRNAs of TDP-43 unbiasedly by using compartment culture
devices to isolate axon-rich fractions (29). In our analysis, many cytoplasmic ribo-
somal protein (Rp) mRNAs were reduced in axons, but mitochondrial ribosomal
protein mRNAs were not reduced. This means that the sequence specific to
cytoplasmic ribosomal protein mRNAs may be important for axonal transport
by TDP-43.

TDP-43 and Rp mRNAs are present in a granular pattern in axons, colocalize
with each other and move along axons as one, reflecting that Rp mRNAs are trans-
ported by RNA granules containing TDP-43. The mRNAs of Rp and translation
elongation factors have a unique pyrimidine repeat sequence called 5’terminal
oligopyrimidine (5TOP) in their 5'untranslated regions, which is thought to be
the binding site of TDP-43 for axonal transport. Among the RNA-binding proteins
known to bind to mRNAs with 5TOP is La, which was identified as an autoanti-
gen in rheumatic diseases, and controls the translation of 5TOP mRNAs by
binding to them (32). La co-localizes with TDP-43 and Rp mRNAs in axons and
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Figure 1. Rescue of axon outgrowth deficit in TDP-43-knockdown neurons by Rp overexpression.
A. Representative images of neurons in each condition. B. Axon length in each group. Rpl41,
Rpl26, Rps7 and Rplp1 were examined as representative Rp components. Results indicate
mean =+ standard error. *P < 0.001 compared with control neurons, and #P < 0.005 compared

with TDP-43 KD neurons by one-way ANOVA test. KD, knockdown; Rp, cytoplasmic
ribosomal protein.

binds to TDP-43. In ALS patients with pathological changes of TDP-43 localiza-
tion, RP mRNAs are reduced in the pyramidal tracts of the medulla oblongata
where the axons of motor neurons exist (29). Overexpression of several Rps miti-
gates the deficit of axon outgrowth caused by TDP-43 knockdown (Figure 1),
suggesting that Rps may be useful tools for treating ALS and FTLD.

LOCAL TRANSLATION IN AXONS IN PHYSIOLOGICAL
CONDITIONS AND ALS PATHOGENESIS

Ribosome assembly occurs primarily in the nucleolus, and it has been thought
that ribosomes present in axons are maintained after assembly by transport from
cell bodies or supply from glial cells (33). However, in recent years, it has been
reported that some Rps are replaced with newly translated ones on aged ribosomes
existing in the cytoplasm (34), and Rp mRNAs are locally translated at axon ter-
minals to maintain the function of ribosomes to aid in axonal branching (35). It is
also known that mRNAs of the translation initiation factors eIF2B2 and eIF4G2
are transported in axons, where they are translated into proteins, and involved in
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the maintenance of overall local translation function (36). More recently, it has
been pointed out that ribosomes have heterogeneity depending on the cell types
and subcellular compartments and may have a translation function specific to
each site (37). These observations indicate that proper functioning of ribosomes
and translation factors are essential for maintaining local translation in axons, and
the survival of neurons.

Rp and mitochondrial complex-related mRNAs are unstable in fibroblasts
and induced pluripotent stem cells of C9orf72-mutated ALS patients (38). Also,
TDP-43 has been shown to regulate local translation in axons of motor neurons (39).
Furthermore, mice expressing mutant FUS have an overall decrease of local
translation in axons (16). These findings strongly suggest that Rp mRNA metabolism
disorders or ribosome dysfunction may be involved in the pathogenesis of ALS.
Therefore, we hypothesize that Rp mRNAs transported in axons by TDP-43
regulate translation function of axonal ribosomes by replacing defective Rps with
locally translated ones, the disturbance of which will cause neurodegeneration in
ALS and FTLD (Figure 2).

The importance of local translation in motor axons has been demonstrated in
another motor neuron disease, spinal muscular atrophy (SMA). SMA is caused by
a decrease in the survival motor neuron (SMN) protein due to deletions or muta-
tions of the gene SMNI. Although SMN has no evidence of direct binding to
mRNA, it is supposed to control transport and local translation of mRNA in
axons through binding to RNA-binding proteins (40). SMN protein controls
axon growth by modulating localization of S-actin mRNA in growth cones (41).
Recent reports indicate that SMN protein regulates local translation in axons via
axonal transport of the cytoskeletal-related protein growth-associated protein 43
(GAP43) mRNA (40). Furthermore, it has been reported that a decrease in SMN
protein reduces the translation of mTor, which is a key molecule for protein trans-
lation by increasing the expression of miR-183 in axons and suppressing local
translation (42). These findings indicate that maintenance of local axon transla-
tion function is particularly important for motor neuron survival, and that its
breakdown is involved in motor neuron degeneration.
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Figure 2. Schematic representation of ALS/FTLD pathogenesis due to defective local translation
in axons.
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CONCLUSION

In the future, functional analyses of other ALS-causing gene mutations and further
analyses using ALS patient samples will clarify the significance of local transla-
tional dysfunction in neuronal axons in the pathogenesis of ALS. Furthermore, by
identifying the most critical proteins involved in neurodegeneration due to the
local translation deficit, new therapeutic targets could be identified.
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