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Abstract

Intra-axonal protein synthesis has been shown to play critical roles in both development and repair
of axons. Axons provide long-range connectivity in the nervous system, and disruption of their
function and/or structure is seen in several neurological diseases and disorders. Axonally
synthesized proteins or losses in axonally synthesized proteins contribute to neurodegenerative
diseases, neuropathic pain, viral transport, and survival of axons. Increasing sensitivity of RNA
detection and quantitation coupled with methods to isolate axons to purity has shown that a
surprisingly complex transcriptome exists in axons. This extends across different species, neuronal
populations, and physiological conditions. These studies have helped to define the repertoire of
neuronal MRNASs that can localize into axons and imply previously unrecognized functions for
local translation in neurons. Here, we review the current state of transcriptomics studies of isolated
axons, contrast axonal mMRNA profiles between different neuronal types and growth states, and
discuss how mRNA transport into and translation within axons contribute to neurological
disorders.

INTRODUCTION

Local translation of axonal MRNAS has been shown to regulate neuronal functions including
axon guidance, axon survival, synaptogenesis and injury responses (Figure 1). The
possibility of intra-axonal protein synthesis was raised in the late 1960’s (Koenig 1965a;
Koenig 1965b; Koenig 1967a; Koenig 1967b), but the methods for detection of mRNAs and
newly synthesized proteins at that point lacked necessary sensitivity and specificity. Studies
in invertebrate systems pushed the field forward, particularly work on the squid giant axon
where large quantities of pure axoplasm could be easily obtained relative to the smaller
axons of other organisms (Edstrom and others 1962; Koenig 1967¢). Despite evidence for
RNA and protein transfer to the squid axon from surrounding glia (Giuditta and others 1980;
Giuditta and others 1968; Giuditta and others 1977; Pepe and others 1975), a few groups
persisted ultimately showing existence of ribosome-bound mRNAs in these invertebrate
axons (Bleher and Martin 2001; Eyman and others 2007; Giuditta and others 1991; Ingoglia
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and others 1983; Sotelo and others 1999). However, electron micrographs showed no
ribosomes in axons of adult rodent hippocampus, while the corresponding dendrites showed
prominent ribosomes arrayed in polysome configurations indicative of active protein
synthesis (Steward 1983). This led to the conclusion that central nervous system (CNS)
axons are not capable of synthesizing proteins in vertebrate organisms. Nonetheless, there
were hints that axons of vertebrate neurons, including mammals, contain mMRNAs and
translate proteins under some conditions (Frankel and Koenig 1977; Funch and others 1981;
Koenig 1979; Koenig and Adams 1982). Definitive proof of intra-axonal protein synthesis
did not come until methods for in situ hybridization to detect small RNA quantities were
refined and methods for amplifying mRNAs by polymerase chain reaction (PCR) advanced.

Ribosome profiles had been detected in axons of the adult mammalian peripheral nervous
system (PNS) by electron microscopy (Tennyson 1970; Zelena 1970; Zelena 1972), and
work in sympathetic and cortical neurons showed axonal localization of mMRNAs and
ribosomes (Knowles and others 1996; Olink-Coux and Hollenbeck 1996). Bassell et al.
(1998) went on to show that cultures of chick cortical neurons have axonally localized g-
actinmRNA, while y-actin mRNA is retained in the soma of these neurons (Bassell and
others 1998). This is identical to the differential localization of actin isoform mRNAs seen in
migrating fibroblasts (Kislauskis and others 1993), and pointed to a role for localized B-actin
synthesis in cell motility. Since that time, abilities to profile mRNA populations with low
input levels and clever methods to isolate axons from cultured neurons were developed to
enable unbiased profiling of the axonal transcriptome. Here, we will outline what has been
learned from these unbiased transcriptomics approaches and how our views of the functional
impact of axonal protein synthesis have changed. These unbiased techniques have included
cDNA microarrays, serial analysis of gene expression (SAGE), and next-generation
sequencing (RNA-seq), and they continue to advance (Table 1). Together, these studies
reveal a surprisingly complex axonal transcriptome that can change as neurons mature and
when they respond to different stimuli. While obtaining an unbiased and comprehensive
picture of the axon’s transcriptome was the rationale for these studies, the resulting data
bring new opportunities to understand how different neurons make use of axonal mMRNA
transport and translation in growth, function, and disease from the viewpoint of MRNA/
protein networks.

Breadth of the axonal transcriptome

Early observations in invertebrate systems using cDNA libraries and mRNA differential
display estimated that axons contain 200-400 different MRNAs. Gene ontology (GO)
analyses showed axonal mMRNAs encoding cytoskeletal proteins, translational machinery,
nuclear-encoded mitochondrial proteins, and signaling proteins (Gioio and others 1994;
Gioio and others 2001; Gioio and others 2004). Subsequent microarray and SAGE studies
using rodent sensory and sympathetic neurons revealed hundreds of mMRNAs in the
vertebrate axons (Andreassi and others 2010; Gumy and others 2011; Willis and others
2007). Methods to physically separate axonal contents from cell bodies in cultured PNS
neurons included compartmentalized cultures (‘Campenot chambers”), modified Boyden
chambers, and compartmentalized chips (Eng and others 1999; Hsu and others 2015; Zheng
and others 2001). It was not feasible to isolate axons from CNS neurons with these culture
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methods since the dendritic processes admix with axons, but development of microfluidic
devices by Taylor and colleagues allowed isolation of axons from cultured CNS neurons
(Taylor and others 2009; Taylor and others 2005). This group went on to show similarly
complex populations of mMRNAs in axons of neocortical neurons by microarrays (Taylor and
others 2009; Taylor and others 2005). Xenopus RGC axons and growth cones isolated by
laser microdissection indicate comparable axonal transcriptome complexity in vivo (Zivraj
and others 2010). These and other microarray studies advanced the numbers of axonal
mRNAs from a handful to hundreds (see Table 1).

The microarray approach is quite good for comparing differences between RNA populations
rather than showing absolute presence of an mMRNA species. For example, studies from the
Sendtner lab showed up and down regulation of mRNA populations in motor axons
transfected with siRNAs to spinal motor neuron (5717) mMRNA vs. control siRNAs (Saal and
others 2014). Nonetheless, with application of ‘presence calling’ algorithms, Gumy et al.
(2010) estimated up to ~2900 mRNAs localize into rat DRG axons using genome wide
microarrays. Though it can be difficult to compare between methodologies, detection
platforms, and analytical methods used between different studies, most lines of evidence
indicate that other neuronal types likely contain similarly complex axonal mRNA
populations. Comparing axonal transcriptomes of different neuron types reveals many
shared mRNAs and GO terms for the axonal RNA populations. This suggests that these
neurons use axonally translated proteins for functions shared between axons, pointing to a
common biology for growing axons. Many of the shared mMRNAs encode proteins involved
in protein synthesis, intracellular transport, calcium regulation, mitochondrial, and
cytoskeletal functions (Gioio and others 1994; Gioio and others 2001; Gioio and others
2004; Gumy and others 2011; Saal and others 2014; Taylor and others 2009; Willis and
others 2007; Zivraj and others 2010). However, there are clearly discreet differences
between neuron types. For example, /nositol monophosphatase 1 (IMPAIZ) mRNA is found
in axons of sympathetic neurons but not in cortical axons, and CREB1 mRNA localizes to
embryonic sensory axons but not sympathetic axons (Andreassi and others 2010; Taylor and
others 2009). Increasing the axon RNA profile depth and breadth will undoubtedly bring
more differences to light.

Next-generation sequencing approaches have been applied to subcellular compartments,
including the axonal compartment. Not being ‘probe based’, RNA-seq is near completely
unbiased and brings the potential to detect different mRNA variants (e.g., splice and
untranslated region [UTR] variants). Minis et al. (2014) used cultures of embryonic sensory
neurons to generate the first comprehensive view of the mouse axonal transcriptome (Minis
and others 2014). This analysis suggested the presence of more than 6000 mMRNAS in axons,
more than twice what had been estimated from microarrays (Table 1). However, this
required 5 pg input axonal RNA, a truly massive quantity relative to the ng yields typical of
axon isolations. Briese et al. (2016) showed that axons of cultured spinal motor neuron
similarly contain a few thousand axonal mRNAS, but they advanced to a ‘double-random
priming’ protocol for cDNA amplification and library preparation that could drop input to pg
quantities (Briese and others 2016). 80-90% of the axonal mMRNAs identified from previous
microarray approaches were detected by these RNA-seq studies, but the increased sensitivity
of RNA-Seq brought many new mRNAs to consider and raised more differences between
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sensory and motor axons. Though there is transcriptome overlap between the motor and
sensory, the levels of enrichment compared to cell body/somatodendritic mRNAs in these
two studies show relatively low correlation (see Figure 2) (Briese and others 2016; Minis
and others 2014). Together, these RNA-seq data sets, as well as others now emerging
(Rotem and others 2017), will bring new perspectives on how mRNA transport varies
between different neuronal types, different physiological conditions, and disease states
(Figure 1). For example, Moradi et al. (2017) recently showed that axonally translated -y-
and a-actin regulate different growth morphologies than B-actin in motor axons, while -
actinmRNA is excluded from sensory and cortical axons (Moradi and others 2017).

Comparing transcriptomes of different neuronal types and subcellular responses

Each of the mRNA profiling approaches generates large data sets and validation of all
identified MRNAs is not feasible. Moreover, pulling these large data sets together into the
constraints needed for publication obviously requires categorization and prioritization of the
data. Both the DRG and motor axon studies assessed enrichment of mRNAs in the axonal
compartment by abundance relative to cell body mRNA populations, rather than absolute
abundance in the axon (Briese and others 2016; Minis and others 2014). This approach
excluded some axonal mRNAs that have been defined as functional in knockout and
overexpression studies (e.g., B-actinand GAP43, Figure 2A). Moreover, there seems to be
low overlap (~23%) between the motor and sensory axon mRNAs by this analysis (Figure
2E). However, if we consider only the 2000 most abundant axonal mRNAS based on
fragments per kilobase pair per million reads mapped (fpkm) values from the Minis et al.
(2014) and Briese et al. (2106) data sets, there is much greater overlap (~60%) between the
motor and sensory axon mRNA populations (Figure 2F). This is because the axons contain
relatively low levels of some mRNAs species compared to the cell body, but their locally
synthesized proteins still serve important functions for the neuron (several of these mMRNAs
are highlighted in Figure 2A-D). This raises the possibility that analytical methods for these
large RNA-seq data sets can exclude some biologically relevant gene products, an important
point to bear in mind when deriving conclusions from axonal RNA profiles.

Despite limitations, enrichment of mMRNAs in different regions of the neuron and under
different physiological conditions can point to previously unrecognized functions for
axonally synthesized proteins. For example, MRNAs from microdissected RGC growth
cones and axon shafts indicate that different mMRNAs are enriched in these two axonal
domains (Zivraj and others 2010) (Table 1). This raises the question of how these mMRNAs
are targeted to different regions of the axon and how the locally synthesized proteins may
differentially affect function of the axon. Tubb3 mRNA shifts from axon enriched in
embryonic sensory neurons to cell body enriched in adult sensory neurons, suggesting that
adult neurons rely on transport of Tubulin-g3 protein from cell bodies (Gumy and others
2011). Populations of growth cone enriched in Xenopus RGC neurons also change as the
growth cone arrives at its targets of innervation (Zivraj and others 2010). Thus, the axonal
transcriptome responds to the growth status of the neuron, raising the possibility that RNA
transport and/or intra-axonal translation brings a new strategy to facilitate neural repair. This
bears importance for regeneration of CNS axons, as severed rat spinal cord axons show
evidence for protein synthesis when they are provided with a growth promoting extracellular
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environment (Kalinski and others 2015; Sachdeva and others 2016). Recent work in the
Lamprey spinal cord, where some axons can spontaneously regenerate after injury, also
points to active protein synthesis in those regenerating CNS axons (Jin and others 2016).

Functional studies for translation of individual proteins in axons points to numerous
physiological effects that could impact neural health and regenerative mechanisms.
Considering if axonal mMRNA transport and translation could contribute to human health
precipitates two critical questions: 1) do mRNAs localize into axons of human neurons and
2) is intra-axonal protein synthesis limited to periods of axon growth or do axons translate
proteins in their mature, non-growing state? Two very recent works address these questions.
First, Bigler et al. (2017) generated CNS glutamatergic neurons from human embryonic
stem cells (hRESC-neurons). They show over 3900 axonally abundant mMRNAs in the hESC-
neurons that overlap with rat cortical axon mRNAs in GO terms for translation, ribosome
and respiratory chain (Bigler and others 2017) (Table 1). However, the axons of hESC-
neurons show differential enrichment of mMRNAs encoding cytoskeletal components
(microtubule GO term for rat vs. neurofilament GO term for human). This may reflect
differences in the growth or maturity status of the neuron cultures, or true species differences
in how these neurons target MRNAs into the axons. Second, Shigeoka et al. (2016) used
mice with epitope-tagged ribosomal protein (‘RiboTag’ mice) expressed in RGCs to isolate
translationally-active mRNAs from optic nerve axons. Comparing nerves from developing to
adult animals, there was a decrease in ribosome-bound mRNAs in the adult axons, but many
axonal mRNAs were still identified in the mature axons (Shigeoka and others 2016). Thus,
both rodents and human neurons have capacity for intra-axonal protein synthesis and, at
least in mice, they make use of this mechanism as mature, functional neurons with intact
synaptic connections.

Functional consequences of intra-axonal protein synthesis

Stimuli like neurotropic cues and axonal injury have long been known to induce both local
effects within axons as well as long-distance effects through retrograde signaling to the
neuron’s soma. Such stimuli can trigger translation of ‘axon resident” mRNAs, which are
needed for both local and long-distance effects, as well as alterations in transport of RNA
into axons, that change the axon’s transcriptome and translatome (Jung and others 2012;
Perry and Fainzilber 2014). Based on GO terms for axonal mRNA cohorts, the
transcriptomics studies outlined above imply that axonally translated proteins contribute to
neuronal development and physiology. However, in parallel to the axonal RNA profiling
studies, analyses of individual axonal MRNAs have clearly shown that axonally synthesized
proteins are needed for neuronal development, functional maintenance of axons, and repair
of injured axons. We highlight a few of these intra-axonally synthesized proteins below with
regards to these functions.

During development of the nervous system, axons sense attractant and repulsant cues in their
environment while navigating to their targets for innervation. Studies using Xenopus and
rodent neurons have shown that axon turning in response to ‘pathfinding cues’ requires new
protein synthesis in axons. Axonally synthesized proteins that impact the axon’s
cytoskeleton play a central role in this process, including p-actin, RhoA, and ADF/cofilin
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(Piper and others 2006; Wu and others 2005; Zhang and others 2001; Zhang and others
1999). B-actin mRNA is enriched in growth cones where it is locally translated in response
to the attractant cues, Netrin-1 and neurotrophins (Campbell and Holt 2001; Zhang and
others 1999). When these cues are asymmetrically presented to axons, S-actin concentrates
and is translated on the side of the growth cone with the highest stimulus concentration
(Leung and others 2006; Yao and others 2006). On the other hand, repellent cues like
semaphorin-3A and Slit2B appear to block translation of S-actin and activate translation of
RhoA and/or ADF/cofilin mRNAs in growth cones to promote actin filament
depolymerization (Piper and others 2006; Piper and others 2005; Wu and others 2005).
Intra-axonal translation of MAPIB mRNA in distal axons is also up-regulated in response to
Sema-3A (Li and others 2009). Local translation of the MKK7mRNA, which encodes a
protein kinase that impacts MAP1b protein function, also supports neurite outgrowth (Feltrin
and others 2012). Additionally, navigation of spinal cord commissural axons to
appropriately navigate to their targets requires intra-axonal translation of the Eph receptor
A2 (EphA2) (Brittis and others 2002). These and other reports point to the importance of
axonally synthesized proteins for axon pathfinding during development of the nervous
system.

Axonally synthesized proteins contribute to other modes of axon growth, both during
development and following injury. Collateral branching of axons in response to nerve growth
factor (NGF) requires actin filament polymerization and intra-axonal protein synthesis, and
NGF triggers increased intra-axonal translation of CT7N, WASF1, and Arp2 mRNAs,
whose protein products can impact actin polymerization (Spillane and others 2011).
Overexpression of axonally-targeted S-actin mRNA increases axon branching (Donnelly and
others 2013a), and B-actinmRNA is translated adjacent to branch points where filopodia can
mature into collateral branches (Spillane and others 2013). On the other hand,
overexpression of axonally-targeted GAP43 mRNA decreases axon branching and increases
axon length (Donnelly and others 2013a). These observations suggest that the neuron can
balance the translation of MRNAs in distal axons to alter its growth pattern. Indeed,
localized translation of mMRNASs encoding translational machinery, e/F2B2and e/F4G2, was
shown to influences axon growth and elongation (Kar and others 2013). Transport of
MRNAs can also be linked to their transcriptional activity. For example in adult sensory
neurons, GAP43and B-actin compete for binding to limited quantities of ZPB1 protein (also
called IGF2BP1 and IMP1) that is needed for their localization into axons (Donnelly and
others 2011), and elevations in one relative to the other mRNA can impact the axon’s
transcriptome and growth (Yoo and others 2013).

Translation of specific proteins in axons has also been shown to contribute to further
maturation as well as maintenance/survival of the axon. Axonal g-catenin mMRNA
concentrates in the presynaptic terminals of CNS neurons in culture, where its translation
product regulates synaptic vesicle release during synaptogenesis (Taylor and others 2013).
Tyrosine hydroxylase mRNA, which encodes the rate-limiting enzyme in catecholamine
biosynthesis, localizes to sympathetic axons to presumably regulate neurotransmitter
synthesis (Gervasi and others 2016a). Axonal translation of mRNAs for the nuclear-encoded
mitochondrial proteins, COX/Vand ATP5G1, key components of the oxidative
phosphorylation chain, regulate axonal mitochondrial ATP production to support
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sympathetic axon survival (Aschrafi and others 2010; Aschrafi and others 2008; Gioio and
others 2001; Gioio and others 2004; Natera-Naranjo and others 2012; Wen and others 2002).
Axonal translation of Lamin B2 (162 mRNA in RGC axons also promotes axonal survival
by maintaining mitochondrial function and axon transport (Jung and others 2012). NGF
stimulation of embryonic DRG axons triggers transcription and subsequent axonal transport
of Be/wmRNA, with axonally synthesized Bclw protein promoting axonal survival and
blocking activation of caspase locally in the axons (Cosker and others 2013). Axonally
synthesized proteins have also been shown to support neuronal survival through intra-
nuclear effects. NGF-dependent synthesis of IMPA1 in the axons of cultured sympathetic
neurons helps maintain axon viability through activation of CREBL in the nucleus
(Andreassi and others 2010). On the other hand, NGF-dependent survival of embryonic
DRG neurons was shown to be regulated by axonal translation of CREBI mRNA with
retrograde transport of the protein to the nucleus (Cox and others 2008).

In cultured neurons, axonal protein synthesis is needed for growth cone formation following
axotomy (Verma and others 2005). Though which proteins are needed remains unknown, in
vivo axotomy triggers translation of several mMRNAs in PNS axons. /mportin 1 (ImpB1)
MRNA was shown to be rapidly translated in sciatic nerve axons following crush injury
through a Ca2*-dependent mechanism (Hanz and others 2003). Impp1 protein forms an
obligate heterodimer with Importin a3 protein, and the Importin a./p complex is used for
nuclear import of cargo proteins. The axonal Importin heterodimer is retrogradely
transported by dynein to deliver NLS-containing proteins to the nucleus from distal axons
(Hanz and others 2003). Consistent with this mechanism, selective knockout of axonal
Impp1 attenuates activation of regeneration-associated genes following PNS axotomy (Perry
and others 2012). Intra-axonal translation of RanBP1 following PNS axotomy facilitates
Importin a3 protein’s interaction with newly synthesized Impp1 (Yudin and others 2008). In
addition to CREB1 noted above, a number of different transcription factors seem to be
retrogradely transported in injured PNS axons (Ben-Yaakov and others 2012). Among these,
Stat3a and PPARy mRNAs are locally translated in injured PNS axons and retrogradely
transported to DRGs; axonally-synthesized Stat3a protein supports post-injury survival of
sensory neurons and PPAR-y protein is needed for axon growth (Ben-Yaakov and others
2012; Lezana and others 2016). Axonal translation of vimentin mRNA, which encodes an
intermediate filament protein, similarly supports regeneration but does so by serving as a
scaffold to link activated extracellular-regulated kinases (Erk) 1/2 to Importins for retrograde
transport (Perlson and others 2005). Interestingly, axonal vimentin is proteolized shortly
after its translation, and a proteolytic fragment of vimentin serves this scaffold, providing a
mechanistic link between intra-axonal protein synthesis and the well established activation
of proteases in injured axons. Taken together, these and other studies indicate a coordinated
response to axonal injury that converges on intra-axonal mMRNAs.

Intra-axonal translation in neurological disorders

As functions for axonally-synthesized proteins are increasingly recognized and
methodologies for detection of mRNASs advance, axonal mMRNAS and their protein products
have now been linked to a several neurological disorders. These include motor neuron
diseases, neurodegenerative diseases, neuropathic pain, and infection by neurotropic viruses
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(Table 2). These disease manifestations may represent a failure of the growth or axonal
maintenance functions of intra-axonal protein synthesis. On the other hand, an increase in
synthesis of some proteins locally may contribute to or even precipitate or propagate a
neurological disease. For example, the prominent role of intra-axonal protein synthesis in
response to axotomy in the PNS outlined above likely reflects an adaptive response to injury
that may be shared with some neurodegenerative diseases. In this section, we summarize
studies linking axonal protein synthesis to neurological disorders, and speculate roles for
axonally-synthesized proteins in disease pathophysiology. The reader should bear in mind
that this is a rapidly evolving area and additional diseases and/or disease mechanisms linked
to axonal protein synthesis will undoubtedly be uncovered in the near future.

Infection of sensory neurons by herpes family viruses requires retrograde transport of virus
from distal axons to the soma where a chronic, latent infection is established. Several groups
have studied this retrograde transport of viral particles (for review see (Enquist 2012)). The
Enquist group took advantage of compartmentalized culture methods to show that efficient
retrograde transport of pseudorabies virus requires axonally-synthesized proteins (Koyuncu
and others 2013). Although it is not clear which proteins are needed, it is tempting to
speculate that the products of axonal /mppB1 and RanBP1 may be involved. Similar
candidates are the dynein-modulating proteins Lis1 and p1509'uéd that the Hengst lab
recently showed are synthesized in axons (Villarin and others 2016). Interestingly, Song et
al. (2016) showed that infection-diminishing effects of interferon-p (IFN-p) are linked to
axon-intrinsic mechanisms, while protective effects from IFN-y require transcription in the
soma (Song and others 2016). The authors showed that axonal translation is increased by
treatment with IFN- compared to IFN-y. However, knowing whether the IFN-p induced
axonal protein synthesis is needed to prevent retrograde transport of virus will require
targeting specific proteins. For example, can pseudorabies virus be retrogradely transported
in the /mpB1 3’UTR knockout mice that the Fainzilber lab developed (Perry and others
2012)?

Neurological disorders have also been linked to altered translation in distal axons. Jimenez-
Diaz et al. (2008) showed that myelinated axons in the rodent foot pad contain components
of the translational machinery and inhibition of protein synthesis with rapamycin prevents
capsaicin-induced hyperalgesia, an experimental model of neuropathic pain (Jimenez-Diaz
and others 2008). This local effect of rapamycin suggests involvement of the mTOR
pathway for induction of neuropathic pain. Consistent with this, hyperalgesia seen after
injection of interleukin 6 (IL-6) into the paw pad requires mTOR complex 1 (nNTORCL1),
ERK 1/2, and eukaryotic initiation factor 4E (elFAE) activities (Melemedjian and others
2010; Melemedjian and others 2011; Melemedjian and others 2013). Interestingly, CREB1
is one of the locally translated proteins induced by IL-6, and the axonally-synthesized
CREBL is retrogradely transported to the DRG where it regulates gene expression
(Melemedjian and others 2014). Though no axon transcriptome analyses have been
published for neuropathic pain states, transcriptomes for growing adult sensory axons have
detected a number of mRNAs that show altered levels in sensory ganglia with neuropathic
pain states (e.g., ATF3, NPY) (Gumy and others 2011; LaCroix-Fralish and others 2011;
Willis and others 2007). Thus, it is quite feasible that the axonal transcriptome is altered
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with neuropathic pain, which could subsequently alter signaling or plasticity at sensory
nerve terminals.

Alterations in axonal transport have been implicated in the neuronal degeneration in the
CNS and PNS, both for causality and affecting disease progression (Millecamps and Julien
2013; Pareyson and others 2015). Exposing cultured neurons to § amyloid peptides (Ap),
whose accumulation in amyloid plaques results in Alzheimer disease (AD), has been shown
to trigger neurite degeneration (LaFerla and others 1995; Pike and others 1993). Imaging
studies in an AD mouse model showed evidence for alterations in dendritic mnRNA
translation adjacent to amyloid plaques (Meyer-Luehmann and others 2009). By selectively
applying peptides to the axonal compartment of cortical neurons in microfluidic chambers,
Baleroia et al. (2014) showed that levels of some axonal MRNAs are uniquely increased
after AB1-42 exposure. Proteins encoded by these Ap1-42 axon enriched mRNAs included
ones that alter both amyloid production and tau modifications that are associated with AD
(e.9., APP, Clu, and Fermt2). The transcription factor ATF4 (also called CREB2) was also
included in the Ap1-42-induced axonal mRNA cohort, and the mRNA was also detected in
post-mortem brains from AD patients. In culture, the axonally-synthesized ATF4 protein is
retrogradely transported to the soma where it triggers cell death by increasing transcription
of the UPR-associated CCAAT-enhancer-binding protein homologous protein (CHOP)
(Baleriola and Hengst 2015). This result links axon-to-soma and soma-to-axon signaling in
AD through axonal mRNA transport/translation.

Mutations in RNA binding proteins are causal for the motor neuron diseases, spinal
muscular atrophy (SMA) and amyotrophic lateral sclerosis (ALS). Consequently, alterations
in localization of MRNAS into motor axons have been linked to both diseases. SMA is
caused by loss of the SMN1 gene, which encodes an obligate component of the protein
complex used to assemble small nuclear RNP (snRNP) complex core that is needed for RNA
splicing in the nucleus (Rage and others 2013). SMN protein also localizes to axons where it
interacts with other RBPs and mRNAs (Akten and others 2011; Fallini and others 2011;
Rossoll and others 2003; Zhang and others 2006; Zhang and others 2003). Axonal functions
of SMN are distinct from its role in snRNP biogenesis (Carrel and others 2006). Loss of
SMN protein causes defects in clustering of axonal voltage-gated Ca%* channels, which
decreases axon growth (Jablonka and others 2007). Decreased motor axon growth has also
been detected after knockdown of zebrafish SMN (McWhorter and others 2003). Using
microfluidic devices to isolate axons from motor neurons, Saal et al. (2014) showed that the
axon’s transcriptome changes with depletion of SMN protein. Consistent with the axon
growth deficits, SMN depletion significantly decreased levels of axonal mMRNAs encoding
proteins implicated in axon growth and synaptic activity (Saal and others 2014). The
perturbations in the levels of these mMRNAs may ultimately contribute to the altered neuronal
transmission and defective pre-synaptic excitability observed in Smn-deficient motor
neurons (Jablonka and others 2007; Kong and others 2009; Ruiz and others 2010).

Mutations in Tar DNA binding protein-43 (TDP-43) and fused in sarcoma/translocated in
liposarcoma (FUS/TLS) protein can cause familial ALS (Kwiatkowski and others 2009;
Lagier-Tourenne and Cleveland 2009; Sreedharan and others 2008; Vance and others 2009).
Mutation in these genes can also be causative in frontotemporal dementia (FTD), so the
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cellular mechanisms leading to neuronal degeneration may be shared between motor and
cortical neurons. Disease-causing mutations in TDP-43 decrease mobility of the RBP in
axons, and decrease anterograde transport of fow molecular weight neurofilament (Neff)
mMRNA (Alami and others 2014). Rotem et al. (2017) most recently published axonal RNA-
Seq analyses of motor neurons expressing mutant TDP-43 (TDP-43A315T) and SOD1
(SOD1693A), SOD1693A mutation is similarly causal for familial ALS, but SOD1 has no
RNA interacting motifs like TDP-43 and FUS/TLS. Overall, more mRNAs were
dysregulated in the TDP-43A351T mutants than SODG93A, which likely points to a more
direct role for TDP-43 in RNA metabolism. However, both TDP-43A315T and SOD1G93A
altered the axonal transcriptome, with the mRNAs in the ALS motor axons depleted for
synapse assembly, axon extension regulation, and transcription factor mMRNAs (Rotem and
others 2017). Depletion of synapse- and axon extension-associated mMRNAs are shared
between SMA and these ALS-causing mutations, suggesting that altered axonal translation
may similarly affect axon growth and function in these two diseases.

Similar unbiased profiles for the axonal transcriptome of neurons expressing mutant
FUS/TLS have not been reported, but functional studies point to alterations in axonal
MRNAs with FUS/TLS mutation. Both FUS/TLS and TDP-43 are low-complexity domain
proteins, whose aggregation is thought to impart a gain-of-function to the proteins that
eventually leads to cell death (Johnson and others 2009; Scekic-Zahirovic and others 2016;
Shiihashi and others 2016). Wild-type FUS/TLS was shown to regulate subcellular
translation of adenomatous polyposis complex (APC) protein-associated mRNAs in
fibroblasts (Yasuda and others 2013). APC interacts with several mRNAs in fibroblast
pseudopodia (Mili and others 2008), and it binds to mMRNAs with roles in neural
development and microtubule organization that localize to axonal growth cones (Preitner and
others 2014). Interestingly, neuronal inclusions formed by mutant FUS/TLS protein
specifically decrease axonal mRNA levels through sequestering APC-RNPs and decreasing
kinesin function (Yasuda and others 2017). This advances the appealing hypothesis that
these motor neuron disease-associated genes have both gain-of-function and loss-of-function
mechanisms that can impact the axonal transcriptome. However, it should be noted that
FUS/TLS, TDP-43, and SMN affect RNA splicing and other post-transcriptional
mechanisms that could indirectly affect the axonal transcriptome. Further, FUS/TLS
interacts with SMN, and mutations in FUS/TLS could obviously affect mRNA splicing
through effects on SMN (Sun and others 2015). Finally, a hexanucleotide repeat expansion
in the C9orf72 gene was shown in a relatively higher proportion of familial ALS than
TDP-43, FUS/TLS, and SOD1 mutations (Majounie and others 2012). Disruption of nuclear
pore function is seen in neurons carrying the C9orf72 expansion, and this could impact
axon-to-soma signaling that regulates injury-induced gene expression through Importin a3/
B1 complex (Donnelly and others 2013b; Haeusler and others 2014; Zhang and others
2015). Interestingly, work from Fainzilber lab suggests that continual soma-to-axon
transport of /mppBI mRNA and axon-to-soma transport of Impp1 protein is used for cell
size-sensing in neurons (Perry and others 2016). So disruptions of nuclear pore function due
to C9orf72 mutation could alter gene expression and impact soma-to-axon signaling derived
from mRNA transport/translation.
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Regulation of axonal transport of mMRNAs

The link between TDP-43, FUS/TLS and SMN proteins and axonal RNA transport
emphasizes a central role for RBPs in determining the axonal transcriptome. Distribution of
mMRNAs to different subcellular regions is driven by RBP-mRNA interactions that are
regulated a number of different levels. For example, newly transcribed B-actin mRNA binds
to ZBP2 (also called MARTAZ2 and FUBP3) in the nucleus, which subsequently recruits
ZBP1 to B-actin mRNA (Chao and others 2010; Farina and others 2003). The ZBP1-g-actin
complex then translocates to the cytoplasm and is directed to subcellular domains like axons.
The RNA elements needed for mRNA localization have mostly been found in 3’UTR, but
occasionally 5’UTR and coding sequences are needed (Meer and others 2012; Rihan and
others 2017; Wang and others 2009). These localization motifs can be defined by their
primary, secondary, or tertiary structures (Aschrafi and others 2010; Bolognani and others
2010; Di Liegro and others 2014; Khvorova and Wolfson 2012; Li and others 2010).
Although a number of axonal localization motifs have now been uncovered, these have not
shown any consensus nucleotide sequence for axonal localization (Aronov and others 1999;
Ben-Yaakov and others 2012; Cosker and others 2016; Cosker and others 2013; Gervasi and
others 2016b; Kaplan and others 2009; Merianda and others 2015; Merianda and others
2013a; Vuppalanchi and others 2010; Wu and others 2005; Yoo and others 2013; Yoon and
others 2012; Yudin and others 2008; Zhang and others 2001). It should be noted that most of
the approaches looking for commonality between RNA motifs have been limited to asking if
the motif is shared with other axonal MRNAs. However, recent RNA-seq studies have
uncovered motifs shared between axonal MRNAs (Rotem and others 2017), so the increased
depth of next generation sequencing coupled with bioinformatics resources will likely shed
more light on this topic.

Only a handful of axonal RBPs needed for transport of axonal mMRNAs are now known. In
addition to SMN, TDP-43, FUS/TLS and ZBP1 mentioned above, HuD (also known as
Elav4), hnRNP R, FMRP, Nucleolin, and Splicing factor poly-glutamine rich (SFPQ) have
been implicated in transport of mMRNAs into axons (Akten and others 2011; Antar and others
2006; Cosker and others 2016; Dombert and others 2014; Fallini and others 2012; Glinka
and others 2010; Perry and others 2016; Yoo and others 2013). HuD binds to AU-rich
elements (ARE) in 3’UTRs and is well known to stabilize mRNAs (Beckel-Mitchener and
others 2002). However, HuD interaction is also needed for axonal localization of GAP43
(Yoo and others 2013). hnRNP R was identified as SMN protein interactor (Rossoll and
others 2002). hnRNP R along with ZBP1 appears to be needed for transport of g-actin into
motor axons (Glinka and others 2010), and both SMN and hnRNP R are detected in pre-
synaptic terminals of developing and mature motor neurons (Dombert and others 2014).
Though better characterized as a dendritic RBP, FMRP also localizes to axons where it binds
to MAPIb (Antar and others 2006). Growth cones of cortical neurons from FMRP knockout
mice show increased filopodia similar to the increased dendritic spine density seen with loss
of FMRP (Antar and others 2006). Nucleolin was recently shown to bind to /mpgZ, and this
nucleolin-/mppB1 complex binds directly to kinesin motor protein (Perry and others 2016).
SFPQ protein is needed for assembly of Bc/wand /62 mRNA granules for axonal
localization (Cosker and others 2016). SFPQ is typically considered for its roles in
transcription and splicing, but the cytosolic version of SFPQ is needed for motor
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development in zebrafish where the protein localizes to motor axons (Thomas-Jinu and
others 2017). Nucleolin is similarly well characterized for nuclear functions (Tajrishi and
others 2011), and its role in transport of /mpB2 emphasize that the neuron uses nuclear
RBPs for multiple functions that include post-transcriptional regulation in the distal reaches
of the cytoplasm. It will be of high interest to determine how the neuron coordinates RNP
assembly and subsequent modifications through interactions of nuclear RBPs and mRNAs.
This has not been well defined for neurons, but initiation of RBP formation in the nucleus
for localizing MRNAs with subsequent modifications as the RNP moves into different
subcellular domains was elegantly demonstrated for Xengpus oocytes (Kress and others
2004).

RBP-mRNA interactions are regulated at several levels. RNP complexes have been shown to
contain single copies of an RNA (Amrute-Nayak and Bullock 2012; Mikl and others 2011).
Changes in how much of an mRNA is targeted into axons can be determined by level or
activity of its RBP, with different cellular stimuli increasing or decreasing axonal transport
of target MRNAs (Merianda and others 2013a; Merianda and others 2013b; Willis and others
2007). Some mRNAs also appear to compete for binding to limited quantities of an RBP,
such that changes in transcription of MRNAs that share RBPs can alter transport of other
mRNAs. This is seen for g-actinand GAP43that compete for binding to ZBP1 for their
localization into sensory axons (Donnelly and others 2011; Kim and others 2015; Yoo and
others 2013). Interestingly, HuD and KH-type splicing regulatory factor (KHSRP) proteins
compete for binding to GAP43, where HuD interaction stabilizes and localizes GAP43and
KHSRP interaction targets GAP43for degradation (Bird and others 2013). So different
RBPs can also compete for binding to the same mRNA species. These competitions likely
extend to other mRNAs as ZBP1 and HuD are known to bind to many mRNAs (Bolognani
and others 2010; Jonson and others 2007). Other axonal RBPs have been shown to similarly
bind to many different mMRNAs, but due to technical limitations on materials obtained from
isolated axons, these studies have overwhelmingly been limited to whole cell or tissue
extracts rather than testing interactions within the axonal compartment. Better
methodologies to test for interactions directly within axons will be needed to fully
understand the dynamics of axonal RBP-mRNA interactions. Additionally, the affinity of
different mMRNAs for binding to an RBP and different components within an RNP will need
to be considered.

A final consideration for the RBP-mRNA interactions is that some mRNAs are transported
into axons and then stored until needed. x-opioid receptor (KOR) mRNA is translationally-
silenced in axons until its protein product is needed (Tsai and others 2009; Tsai and Wei
2010). Intra-axonal translation of /mportin 51, Stat3a, RanBP1, and Vimentin rapidly
increases in PNS axons following axotomy, suggesting that these mMRNAs are similarly be
stored until needed (Ben-Yaakov and others 2012; Hanz and others 2003; Perlson and others
2005; Yudin and others 2008). Likewise, HMGBLI1 is constitutively transported into sensory
axons and its translation upregulated during axon regeneration (Merianda and others 2015).
It is not clear how such mRNA storage or sequestration is accomplished in axons. Since the
transport RNP provides a level of translational suppression, the mRNA could remain with its
transport RNP for storage. This would require that the RNP dock with some structure in the
axons for safe-keeping (Figure 3A). The RNP contents could also be modified to effectively
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generate an axonal stress granule-like structure, as suggested for KOR (Tsai and others
2009; Tsai and Wei 2010).

CONCLUSIONS

As outlined above, the field of axonal protein synthesis has rapidly advanced. The initial
candidate mRNA analyses and functional studies for intra-axonal protein synthesis provided
rationales for generating in-depth, unbiased profiles of axonal transcriptomes. Developments
in RNA detection, including approaches for genome wide analyses, and culture methods to
isolate axons made these profiles feasible. Profiles of axons from cultured neurons, further
provided rationale to tackle the in vivo axonal transcriptome as the Holt lab recently
published (Shigeoka and others 2016). The knowledge coming from these approaches has
raised the exciting possibility of novel functions for axonally-synthesized proteins beyond
the growth, injury responses, maintenance/survival, and disease links outlined above. Indeed,
there is a high potential for additional links between axonally-synthesized proteins and
neurological diseases, both for disease causality and progression. For example, altered
anterograde and retrograde transport has been implicated in pathophysiology of peripheral
axonopathies, and the cargoes showing altered soma-to-axon and axon-to-soma transport
would certainly include axonal mMRNAS as well as their locally generated protein products.
Moreover, additional disease genes directly affecting RNA transport and/or translation may
come to light as we gain more mechanistic insight into RNA-protein interactions required
for axonal mRNA transport and translation. Better recognition of localization motifs as well
as other functional RNA motifs may also uncover sequence variants in human genome that
affect axonal mMRNA localization and translation. Likewise, RNA-seq approaches bring the
potential to recognize RNA splice and UTR variants that impart distinct subcellular
localization and translational control for transcript variants. Analyses of single gene products
has shown examples of UTR variants imparting differential localization for both axons and
dendrites (An and others 2008; Perry and others 2012), and RNA-seq data for differential
localization of splice and UTR variants from mRNA profiles of neurites was recently
published (Taliaferro and others 2016).

Despite obvious advances in the field, many questions remain unanswered for regulation of
axonal mRNA transport and translation. We have tried to point out some of these unresolved
issues in the sections above. However, we have only briefly touched on functions of the
axonally-synthesized proteins, and this is an area for much growth. A critical question for
several axonal mMRNAs is whether the locally generated protein has distinct functions from
that which is synthesized in the cell body. For example, only a small fraction of axonal -
actin protein is synthesized locally in axons — most is transported from the cell body, with
less than 10% derived from the axonal mMRNA (Eng and others 1999; Zheng and others
2001). Does the axonally synthesized p-actin differ from the cell body synthesized p-actin
that is transported down the axon as protein (Figure 3B)? If not, why would the neuron
bother with two sources for this and other abundant proteins? The axonally-synthesized
proteins that are retrogradely transported raise a similar question. For /mpgB1, the cargo(es)
that Importin a3/B1 heterodimer delivers from axons would likely be the distinguishing
feature. But for others like transcription factors, there will be protein delivered from the
axon and a resident soma/nuclear protein (e.g., Stat3a, CREB, PPARy; Figure 3C). How
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does the neuron distinguish between these protein populations and is there any contextual
information conveyed from axonally synthesized version that imparts a unique
transcriptional profile?

For space limitations, we have not discussed axonal localization of non-coding RNAs. Non-
coding RNAs (ncRNA) have also been detected in sympathetic, motor, and cortical axons as
well as peripheral nerve in vivo (Kye and others 2007; Natera-Naranjo and others 2010;
Sasaki and others 2014). In part these were uncovered by RNA-seq approaches (Phay and
others 2015; Phay and others 2016), but targeted profiles for micro-RNAs (miRNA) and
other, small ncRNAs have been used (Rotem and others 2017). ncRNAs are an emerging
front for transcriptomics, and these bring potential for multiple levels of post-transcriptional
regulation. For example, miRNAs can regulate mRNA survival and translation. So these can
impact both the axonal transcriptome as well as which proteins are generated from those
axonal mRNAs. Some miRNAs, pi-RNAs, and other non-coding RNAS are enriched in
axons (Kye and others 2007; Natera-Naranjo and others 2010; Phay and others 2015; Phay
and others 2016; Sasaki and others 2014). miRNAs biogenesis begins in the nucleus with
processing of primary miRNA (pri-miRNA) into a precursor miRNA (pre-miRNA). Pre-
miRNA to miRNA processing can occur within axons, which could provide a localized
mechanism for regulating miRNA activity (Aschrafi and others 2008; Kim and others 2015;
Phay and others 2015). However, how and if this processing is regulated is yet to be
determined. Nonetheless, this emerging area of the non-coding transcriptome in axons is an
exciting development that will bring a better understanding of post-transcriptional control
mechanisms that the neuron uses.
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Figure 1. Mechanisms of axonally mRNA transport
Schematic of neuron showing transport of multiple mRNAs into axons with translation at

branch points and within growth cones. Note that translation also likely occurs along axon
shaft based on studies from the Holt lab (Zivraj and others 2010). Some of the known
functions for axonally translated proteins are noted in green text and examples of altered
RNA transport and/or translation in specific neurological disorders is noted in red text.
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Figure 2. Comparison of analytical methods for axonal RNA-Seq studies
A-B, Axonal mRNAs of embryonic DRG neurons (A) and motor neurons (B) are displayed

by relative enrichment in axons over cell bodies (y-axis) and its counts in axons (x-axis)
(Briese and others 2016; Minis and others 2014). Raw datasets from the Minis et al. (2014)
and Briese et al. (2016) data sets were mapped to Ensembl mouse genome (mm10) using
STAR application (Dobin and Gingeras 2015) and counts for each gene was calculated with
HTSeq software (Anders and others 2015). FKPM counts were normalized by EdgeR
(Robinson and others 2010). These normalized counts were used to calculate the relative
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enrichment in axons vs. cell bodies, and values for the top 2000 most enriched axonal
mRNAs were graphed using R software. Axonal mRNAs with biological roles previously in
axon pathfinding (red), injury signaling and regeneration (orange), axon maintenance
(green), and neurodegeneration (blue) are shown. The dashed blue line shows cutoff for
axonal enrichment.

C-D, In contrast to A-B, the top 2000 most abundant axonal mMRNAs from normalized
FKPM of the raw data from Minis et al. (2014) and Briese et al. (2016) studies are graphed
relative to their cell body normalized FKPM values. Embryonic DRG neurons (C) and
motor neurons (D) are shown with dashed blue line representing enrichment cutoff. Axonal
mRNAs with previously proven biological functions are annotated as above.

E, Venn diagram of overlap for top 2000 axonally enriched mRNAs from embryonic DRG
vs. motor neurons from A-B is shown. Less than one quarter of the mRNAs are shared by
this analytical method.

F, In contrast, Venn diagram of overlap between sensory and motor axons for 2000 most
abundant axonal mMRNAs from C-D, shows much greater overlap between the Minis et al.
(2014) and Briese et al. (2016) datasets.
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Figure 3. Unresolved mechanismsto regulate axonal mRNA dynamics
A, Where are mRNASs stored in axons? There is clear evidence for storage of mMRNAS in

axons, where they are somehow sequestered away from the translational machinery and kept
dormant until needed. The mechanisms underlying this are not known. How does an RNP
disengage from the motor proteins used for transport into axons and avoid translation of its
mRNA? Binding of additional proteins to the RNP (1) or replacement of RNP proteins with
other RBPs (2) are possible mechanisms. Additionally, there must be stimulus-dependent
mechanisms to recruit axonal mMRNAs from their storage site (3).

Neuroscientist. Author manuscript; available in PMC 2018 June 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kar et al.

Page 28

B, Does local translation impart unique function(s) to an axonal protein? For some proteins
the axon has a dual source — cell body-synthesized protein that is transported down the axon
(2) and the protein derived from the axonally translated mMRNA. It is not clear how or if these
two protein sources (3,4) are functionally distinct.

C, Does axonal translation impart unique function(s) to retrogradely transported proteins?
Several transcription factors are known to be translated in axons (1,2) and retrogradely
transported to the neuronal cell body (3). For all identified to date, there is already a cell
body (or nuclear) pool of the transcription factor resident in the neuron that is derived from
protein synthesis in the cell body (4). It is not clear how or if the neuron distinguishes these
two sources of protein. Do they have distinct functional roles, perhaps regulating different
gene cohorts? For legend refer to Figure 1.
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Table 1
Axonal Transcriptome Profiles
Reference Axon type (species) Approach | Estimated axonal Enriched GO termsfor Axonal mMRNAs
mMRNA number *
Willis and Injury-conditioned adult Microarray | > 200 Transmembrane proteins, Translation.
others 2007 dorsal root ganglion (DRG;
rat)
Taylor and Embryonic cortical neurons | Microarray | Naive~ 300 Naive - Translation, Mitochondrion, Intracellular
others 2009 (rat) Regenerating ~ 900 Transport, Cytoskeleton.
Regenerating — Cell-cell Signaling, Cell
Differentiation, Secretion.
Zivraj and Embryonic retinal ganglion Microarray | Xenopus~ 450 Xenopus — Translation, Cytoskeletal and Motor,
others 2010 cell (RGC; Xenopus and Mouse ~ 1800 Metabolic and Glycolytic Proteins.
mouse) Mouse — Translation, Mitochondrion, Axon
Guidance.
Andreassi and Embryonic superior SAGE ~350 Mitochondrial, Ribosomal, RNA Metabolism and
others 2010 cervical ganglion (rat) Protein Synthesis, Signal Transduction.
Gumy and Embryonic adult DRGs Microarray | Embryonic~ 2600 Embryonic - Protein Synthesis, Mitochondrial,
others 2011 (rat) Adult~ 2900 Neurological Disease, Cytoskeletal-related, Transport
(~ 1400 common) of Vesicles/trafficking-Related, Axonal elongation
and Morphogenesis
Adult- Protein Synthesis, Mitochondrial,
Neurological Disease, Inflammatory and Immune
Response
Minis and Embryonic DRG explants RNA-Seq ~ 6100 Translation, Mitochondria, Cytoskeleton and Intra-
others 2013 (mouse) cellular Trafficking (depleted in Transmembrane
Protein Encoding)
Saal and Embryonic spinal motor Microarray | 1354 axonal probe Wild type - Translation, RNA binding,
others 2014 neurons (mouse) + smn sets changed with Mitochondrion.
siRNA knockdown smn depletion (1189 | SMN-depleted, decreased mRNAs— Synaptic
increased and 165 Localization and Function, RNA processing, Axon
decreased) growth.
SMN-depleted, increased mRNAs— Translation,
MHC-I components.
Baleriola and Embryonic hippocampal RNA-Seq ~ 775 mRNAs Altered levels with AB;._,»— Cell death,
others 2014 | neurons (mouse) + ABy.4, changed with AB1.4o | Transcription, Intracellular Signaling cascade.
treatment. treatment
Briese and Embryonic spinal motor RNA-Seq ~ 11000 (468 Cell cycle, Nucleosome Organization, Translation.
others 2015 neurons (mouse) ‘axonally enriched”)
axonal
Taliaferro and Embryonic cortical neurons RNA-seq 778 Mitochondrion, Ribosome, Translation, RNA
others 2016 (mouse) and N2A and CAD processing.
cell lines
Bigler and ESC-derived glutamatergic Microarray | ~ 4000 axonal Mitochondrion, Neurofilament, Axon Elongation,
others 2017 neurons (human) mRNASs Translation, Neurotransmission.
Rotem and Embryonic spinal motor RNA-seq TDP-43A315T _ Altered with TDP43315T and SOD16%A
others 2017 neurons (mouse) with 176 increased

expression of SOD169A,
TDP-43A315T ys, control.

271 decreased
SOD1G%A _
95 increased
80 decreased

expression— Calcium binding, extracellular matrix
binding, motor proteins, intracellular transport,
monosaccharide binding

*
Estimated axonal mMRNA numbers based on methods used by authors for calling presence.
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Table 2
Axonally translated proteinsin neurological disorders
Disease/Disor der mRNAs Altered Mechanism References
Alzheimer disease ATF4 AB1-42 induced transcription and (Baleriola and others 2014)
anterograde transport
Amyotrophic lateral sclerosis Nefl Decreased transport with TDP-43 (Alami and others 2014)

(ALS)

271 decreased + 176 increased

80 decreased + 95 increased

APC mRNA ligands

mutation

Altered axonal localization with
TDP-43A315T expression

Altered axonal localization with
SOD16%A expression

Altered axonal localization with
FUS/TLS expression

(Rotem and others 2017)

(YYasuda and others 2017)

Spinal Muscular Atrophy
(SMA)

B-actin, GAP43, Ca,2.2

Increased and decreased

Decreased axonal levels with SMN
depletion

SMN depletion from motor neurons

(Fallini and others 2016;
Jablonka and others 2007)

(Saal and others 2014)

mRNAs substantially alters the axonal
transcriptome
Neuropathic pain CREB1 Capsaicin and IL-6 injection increase (Melemedjian and others
intra-axonal translation through mTOR ~ 2010; Melemedjian and others
pathways 2013; Melemedjian and others
2014)
?

Neurotropic viral infection

Retrograde transport of pseudorabies

virus requires axonal translation

(Koyuncu and others 2013)
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