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Abstract

Axonal protein synthesis has been shown to play a role in developmental and regenerative growth,
as well as in cell body responses to axotomy. Recent studies have begun to identify the protein
products that contribute to these autonomous responses of axons. In the peripheral nervous system,
intra-axonal protein synthesis has been implicated in the localized in vivo responses to neuropathic
stimuli, and there is emerging evidence for protein synthesis in CNS axons in vivo. Despite that
hundreds of MRNASs have now been shown to localize into the axonal compartment, knowledge of
what RNA binding proteins are responsible for this is quite limited. Here, we review the current
state of knowledge of RNA transport mechanisms, and highlight recently uncovered mechanisms
for dynamically altering the axonal transcriptome. Both changes in the levels or activities of
components of the RNA transport apparatus and alterations in transcription of transported mRNAS
can effectively shift the axonal mMRNA population. Consistent with this, the axonal RNA
population shifts with development, with changes in growth state, and in response to extracellular
stimulation. Each of these events must impact the transcriptional and transport apparatuses of the
neuron, thus directly and indirectly modifying the axonal transcriptome.
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Polarized cells can target mMRNAS to subcellular domains, and this provides a means to
spatially and temporally control protein levels in these regions (Martin and Ephrussi, 2009).
This is particularly needed in neurons that extend their cytoplasmic processes for long
distances from the cell body as dendrites and axons. This RNA targeting essentially
represents a localized regulation of neuronal gene expression, enabling dendrites and axons
to rapidly and autonomously respond to their environment and injury. Intuitively, this would
bring an advantage to the axonal processes that can extend a meter or more in large
vertebrate organisms. Protein synthesis in dendrites has long been recognized as a means for
modulating synaptic function. A variety of stimuli, including neural activity, have since been
shown to modify protein synthesis in dendrites, particularly at or near the dendritic spine
(Liu-Yesucevitz et al., 2011). Though early ultrastructural studies of rodent hippocampus
suggested that axons do not contain any mRNAs or translational machinery (Steward and
Levy, 1982), a steady stream of publications up to the late 1990’s suggested that axons could
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have protein synthetic activity under at least some circumstances (see (Twiss and van
Minnen, 2006; Jung et al., 2012) and references within). Advances in nucleic acid detection
and reporter systems for visualizing mMRNAs and newly synthesized proteins in subcellular
locations were since used to definitively show that axons, even those of mammals, contain
mRNAs and translational machineries and locally generate new proteins (Jung et al., 2012).

Advances in RNA detection have also allowed investigators to profile axons for their mMRNA
content. This has uncovered an unexpected complexity in how many different transcripts can
localize into axons. DNA microarray approaches from several laboratories using different
neuronal preparations have now shown that axons can contain hundreds of different MRNAS
(Willis et al., 2007; Taylor et al., 2009; Zivraj et al., 2010; Gumy et al., 2011). There is also
increasingly conclusive evidence for axonal mMRNA localization in vivo, both in the PNS and
CNS (Brittis et al., 2002; Sotelo-Silveira et al., 2008; Donnelly et al., 2011; Willis et al.,
2011; Ben-Yaakov et al., 2012; Walker et al., 2012; Merianda et al., 2013a and 2013b), but
the in vivo profiles of axonal MRNAS have not been determined thus far. However, recent
deep sequencing for RNA profiles of synaptic neuropil segments from hippocampus, where
investigators used filtering to remove glial, vascular, interneuron, nuclear and mitochondrial
RNA profiles, suggests that similarly complex populations of mMRNAs can localize into
neuronal processes in vivo (Cajigas et al., 2012).

The recently uncovered complexity of the axonal transcriptome emphasizes how much we
do not know about the mechanisms of RNA transport, even for cultured neurons. mRNAS
are transported as RNA-protein complexes composed of RNA binding proteins (RBP) and
other proteins that afford interaction with motor proteins for microtubule-based transport.
Microfilament-based transport likely contributes to short-range movement of mMRNAs in
axons (e.g., within the growth cone — see Yao et al., 2006), so constituents of the RNA-
protein complex presumably must also allow for interaction with actin-myosin motor
proteins (Sotelo-Silveira et al., 2004; Sotelo-Silveira et al., 2006; Donnelly et al., 2010). As
we outline below, only a few RBPs are known to localize into axons and it is not clear how
many different axonal mMRNAS a single RBP interacts with. It is clear that axonal mMRNA
transport can be regulated through multiple different stimuli including the differentiation and
growth status of the neuron (Willis et al., 2007; Taylor et al., 2009; Gumy et al., 2011;
Merianda et al., 2013a and 2013b), but the molecular mechanisms underlying this regulation
are not clear. RBPs are prime candidates for modulating post-transcriptional control at
multiple levels and multiple functions have been ascribed to individual RBPs. In the
paragraphs below, we will focus on how this RBP exerts multifunctionality and how RBP-
mMRNA interactions help to determine the axonal transcriptome.

MRNASs are transported as RNA-protein complexes

RBPs play central roles in post-transcriptional processes that ultimately modulate protein
expression. In the nucleus, newly transcribed RNAs undergo processing to splice out introns
and add 3’ poly-adenylate tails and 5” methyl-guanosine caps. Various RBPs, such as the
multitude of heterogeneous nuclear ribonucleoproteins (hnRNP), facilitate this RNA
processing in the nucleus. However, many of these RBPs can also be found in the cytoplasm
where they can play a role in mMRNA stability, transport, and/or translational regulation
(Agnes and Perron, 2004). Oftentimes, the same RBP can exert multiple functions on an
mRNA. For example, the same RBP that is needed for axonal transport of f-actin mRNA
can also stabilize mRNAs (Neilsen et al., 2004; Weidensdorfer et al., 2009)

RBPs contain one or more RNA-binding domains known as RNA recognition motifs (RRM)

or other classic RNA binding motifs (e.g., ‘KH domain’), through which they bind to
MRNA(s) to form a ribonucleoprotein (RNP) complex (Glisovic et al., 2008). Sometimes a
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single domain is sufficient to specify the RNA recognition ability of a given protein.
Oftentimes a single RNA binding domain does not function as an independent RNA
recognition unit, rather multiple domains contribute to define their mMRNA specificity (Maris
et al., 2005). The RBPs also interact with other proteins in the RNP complexes. For instance,
zip code binding protein 1 (ZBP1,; also called Vg1 RNA binding protein [Vg1RBP], insulin
like growth factor 11 mMRNA binding protein [IMP1] and coding region determinant binding
protein [CRD-BP]) is needed for localization of B-actin mMRNA (Ross et al., 1997). ZBP1
interacts with the KH-type splicing regulatory protein (KSRP; also called zipcode binding
protein 2 [ZBP2], far-upstream element binding protein [FBP2]), HuC, and hnRNP E1, E2
and L in lysates from rat brain and HEK cells (Snee et al., 2002; Jonson et al., 2007).
ZBP1’s interaction with hnRNP Q, hnRNP R, G3BP1, and HuD has also been suggested
from analyses of different localizing mMRNAs (Atlas et al., 2007; Jonson et al., 2007; Glinka
etal., 2010; Yoo et al., 2013). These different RBPs may bring additional properties to the
RNP. For example, HuD has classically been linked to stabilization of mMRNAs with
adenine-uridine rich elements (ARE) in their 3’ untranslated regions (UTR) (Bolognani et
al., 2009), but HuD has also been shown to play a role in translational regulation (Fukao et
al., 2009; Sosanya et al., 2013). On the other hand, a single RBP may be involved in
multiple steps of RNA processing. For instance, the Drosophila hnRNP A/B ortholog,
Hrp48, which contributes to RNA splicing (Hammond et al., 1997), has also been shown to
play roles in transport and translational repression of Oskar RNA in oocytes (Yano et al.,
2004). Sequestering transported mRNAs from the translational machinery seems to be a
theme with RBPs, providing further evidence for multifunctionality (Wells, 2006). For
example, ZBP1 has been shown to repress translation of bound mRNAs (Huttelmaier et al.,
2005), in addition to its role in transport and stabilization of MRNAs. This sequestration
could also protect mMRNAs from degradation. Taken together, these and other works indicate
that RBPs impact post-transcriptional regulation at multiple levels through interaction with
multi-protein complexes. However, this is not to imply that the RBPs provide these
functions in isolation. Work from the Flanagan lab indicates that ribosome subunits can be
tethered to the cytoplasmic domains of transmembrane receptors and held in an inactive
state until the receptor is activated (Tcherkezian et al., 2010).

Similar to receptor-ligand interactions, RBPs recognize mRNAs based on primary sequence
or secondary structures in the mRNA ligands. However, RBPs appear to be much more
promiscuous in their interactions with these RNA ligands, since a single RBP can bind to
multiple different mRNAS. This view is based largely on RNA-protein co-
immunoprecipitation approaches, both traditional ‘RNA co-immunoprecipitation’ (RIP) as
well as “cross-linking and immunoprecipitation’ (CLIP) approaches. For example, RIP
assays in HEK cells identified over two hundred different mRNASs binding to IMP1, the
human ortholog of ZBP1 (Jonson et al., 2007). A limitation of this traditional RIP approach
is that mMRNASs that are indirectly bound to the protein as part of a multi-protein RNP can
also be identified and some of these may not be specific for the interactions (Darnell and
Klann, 2013). Nonetheless, roles of RNA-associated proteins rather than classic RBPs
through protein-protein interactions within RNPs may impart additional post-transcriptional
regulatory functions. Addition of steps to query direct mMRNA-protein interactions in brain
lysates was used for HuD; this decreased the complexity of targets and allowed for
prediction of binding sites, but still resulted in hundreds of different mMRNA ligands for HuD
(Bolognani et al., 2009). The CLIP approach queries mRNA-protein interactions directly in
cells and tissues prior to lysis by cross linking the protein to its mMRNA target. Despite the
increase in specificity with the CLIP approach, these assays have still pointed to individual
RBPs interacting with multiple mRNAs. For example, over 800 target mRNAS were
detected from mouse brain for the fragile X mental retardation protein (FMRP) (Darnell et
al., 2011). Interestingly, RBP target analyses in Saccharomyces cerevisiae indicated that
many of the mRNA cohorts that individual RBPs associate with mRNAs encoding
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functionally related proteins (Hogan et al., 2008). For the FMRP targets noted above, ninety
of those mMRNAs encode for components of the pre-synaptic proteome (Darnell et al., 2011).
It will be important to determine if axonal mMRNA transport cohorts have evolved such that
individual RBPs transport mMRNAs encoding proteins with shared or complementary
functions in the axons. As noted above, multiple RBPs have been isolated with individual
mMRNAs, so functional cohorts may also be established by the specific combination of bound
RBPs or RNA-associated proteins.

Several studies have shown the importance of RBPs in neural development and their
involvement in neurite growth, as well as roles in synaptic plasticity (see (Agnes and Perron,
2004; Liu-Yesucevitz et al., 2011) and references within). Table 1 summarizes RBPs that
have been demonstrated in axons from varying studies. Thus far, only a few of these have
been shown to directly interact with mRNAs in the axonal compartment and most studies of
these interactions have been limited to single mRNAs. Based on sheer numbers of mRNAs
localizing into axons, additional RBPs must localize into the axonal compartment. Many
proteins have RNA binding activities but their localization has not been thoroughly tested.
Consistent with this, we previously showed that the La/SSB RBP localizes into axons (van
Niekerk et al., 2007). La/SSB is an ‘RNA chaperone’ protein that is enriched in the nucleus,
but has distinct mMRNA-targeted functions in the cytoplasm (Wolin and Cedervall, 2002).
We have used immunostaining to determine if additional RBPs that have been linked to
subcellular post-transcriptional regulation in other systems might localize to axons of adult
rat sensory neurons in culture. We see axonal localization of hnRNP E1, hnRNP E2,
transactive response DNA-binding protein 43 (TDP-43), and Y-box binding protein 1
(YB-1), with each showing a granular localization pattern in the DRG axons similar to the
appearance of transported mRNAs (Figure 1). hnRNP E1 and E2, which are also called
poly-C binding proteins (PCBP) 1 and 2, respectively, are members of an hnRNP family that
contains three KH domains (Leffers et al., 1995; Makeyev et al., 1999). E1 and E2
colocalize with RNA transport granules in oligodendrocytes, with E1 suggested to play a
role in translational suppression (Kosturko et al., 2006). Multiple post-transcriptional roles
have been attributed to TDP-43. Although much of these are considered as nuclear events
(Buratti and Baralle, 2001; Buratti et al., 2001; Wang et al., 2004), TDP-43 also localizes to
dendrites of hippocampal neurons (Wang et al., 2008) and to axons of spinal motor neurons
(Fallini et al., 2012). Mutations in the human gene encoding TDP-43 (TARDBP) can cause
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (Neumann et al.,
2006; Sreedharan et al., 2008). YB-1, a member of a family of well-conserved
multifunctional DNA/RNA binding protein family, plays a role in brain development and
appears to function as a translational suppressor (Kohno et al., 2003; Lu et al., 2005). YB-1
also binds to Pura, a protein that has been linked to mRNA transport into dendrites (White
et al., 2009).

hnRNP E1 and E2 have been shown to bind to mRNA encoding the medium molecular
weight neurofilament (NF-M) (Thyagarajan and Szaro, 2008), and the low molecular weight
neurofilament (NF-L) mRNA appears to be stabilized by binding to TDP-43 (Strong et al.,
2007). Both NF-L and NF-M mRNAs localize into axons of cultured sensory neurons
(Gumy et al., 2011). Work from Sotelo-Silveira et al. (2000) suggested that NF-L and NF-M
mRNAs could localize into sciatic nerve axons in vivo; however, this work also
demonstrated NF-L mRNA in Schwann cells by a radioactive in situ hybridization (ISH)
technique. As indicated above, limitations of the ISH approach used by Sotelo-Silveira et al.
(2000) are now being overcome by advancing to confocal microscopy with high sensitivity
fluorescent ISH coupled with simultaneous detection of axonal proteins and with viral and
transgenic reporter-UTR approaches (for recent examples see Yoo et al., 2013; Walker et al.
2012; Merianda et al., 2013b; and Perry et al., 2013). It should be noted that similar to the
other known axonal RBPs noted in Table 1, immunolocalizations do not tell if the axonally
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localizing hnRNP E1, hnRNP E2 and/or TDP-43 interact with NF-L, NF-M or other
MRNAs in the axons. Regardless, these images emphasize the potential for many different
RNA-associated proteins to localize into the axonal compartment. Moreover, it is intriguing
to speculate that changes in local axonal mMRNA dynamics may contribute to the dying back
axonopathy seen in ALS given that TDP-43 localizes to axons of cultured spinal motor
neurons (Fallini et al., 2012). RIP and CLIP analyses of these and other RNA-associated
proteins shown in Table 1 do bring some clear overlap with mRNAs previously detected in
axons by candidate screens and non-biased RNA profiling approaches (Table 1). Although
the potential for functions of these RBPs in axons exists, directed studies are clearly needed
to fully define the axonal RBP population and functions of each in the axonal compartment.

RNA binding proteins recognize cis-elements in mRNAs

RBPs recognize and bind to structures within the mRNAs themselves that target them for
transport into subcellular domains including axons. These ‘cis-elements’ are often found in
UTRs of the mRNAs. Work from several different groups now indicate that 3’UTR of some
axonal mRNA:s is sufficient to localize reporter mRNA into axonal processes (Aronov et al.,
1999; Wu et al., 2005; Yudin et al., 2008; Vuppalanchi et al., 2010; Ben-Yaakov et al.,
2012; Merianda et al., 2012; Yoo et al., 2013). The 5’UTRs can also contribute to
localization. For mRNASs encoding the rodent k-opioid receptor and Aplysia sensorin, the 5
and 3’UTRs contribute to their localization (Bi et al., 2006; Meer et al., 2012). However,
multiple roles are ascribed to these RNA elements. For k-opioid receptor mRNA, either the
5’ or 3’UTR is sufficient for localization but the 5’UTR provides a higher translational
efficiency in axons (Bi et al., 2006). For Sensorin mMRNA, the 3’UTR drives export from the
cell body but the 5’UTR concentrates the mRNA at synapses in sensory-motor neuron co-
cultures (Meer et al., 2012). The 3’UTR of neuritin mRNA (also called CPG15) was shown
to drive its localization into axons of hippocampal neurons (Akten et al., 2011). However,
neuritin’s 5’UTR seems to be the driving force for axonal localization in sensory neurons,
with only minimal activity from the 3’'UTR (Merianda et al., 2013a). These and other studies
point to the importance of UTR structures in targeting mRNAs to subcellular domains, and
emphasize the need to test multiple RNA regions for post-transcriptional activity. Protein-
coding sequences of MRNAs are not without any localizing activities and some of these are
driven co-translationally. Targeting mRNAs to rough endoplasmic reticulum through the
signal peptide sequence has long been recognized for mRNAs encoding secreted and
membrane localized proteins. Still, there are additional mMRNASs targeted to the ER through
translational-independent means, at least in non-neuronal systems (see (Kraut-Cohen and
Gerst, 2010) and references within). Adding yet another level of complexity to mMRNA
targeting, the yeast ABP140 mRNA is targeted to the cell periphery through a co-
translational mechanism that is able to override more conventional 3’UTR localization
signals (Kilchert and Spang, 2011). It is highly likely that such mechanisms will be
uncovered for axons as interest in RNA transport and localized translation grows.
Additionally, there can be multiple cis-elements within a single UTR that can have distinct
functions (Vuppalanchi et al., 2010).

The importance of RNA sequence/structure for RNA localization is further illustrated by
works showing that alternative transcription termination sites can determine whether an
mRNA localizes or not. Specifically, Importin-p1, RanBP1 and Stat3a genes can generate
transcripts of differing 3’UTR length, with only the longest UTRs localizing into axons
(Yudin et al., 2008; Ben-Yaakov et al., 2012; Perry et al., 2012). BDNF mRNA shows a
similar differential localization of its long transcripts into dendrites, with restriction of the
shorter UTR transcripts in the cell body (An et al., 2008; Chiaruttini et al., 2008). Despite
that RNA segments have been linked to axonal transport of mMRNAs, there has been no
unifying sequence or structure identified to drive this process. Conservation of non-coding
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sequences between species has helped to identify candidate cis-elements in individual
axonal mRNAs for analyses (Vuppalanchi et al., 2010), but this has not been a universal trait
for localizing MRNAs.

The zip code element in B-actin MRNA has been the best-characterized cis-element for
axonal localization to date. B-actin’s 3’UTR drives its transport axons in cultured CNS and
PNS neurons (Zhang et al., 2001; Willis et al., 2007). This 3’'UTR drives mRNA localization
in sensory neurons in vivo, both in the peripheral and centrally projecting processes (Willis
etal., 2011). ZBP1 binds to this cis-element and is essential for subcellular localization of 3-
actin mRNA (Ross et al., 1997). Although RIP assays demonstrated over 200 mRNAS co-
precipitating with the human ZBP1 ortholog, IMP1 (Jonson et al., 2007), there does not
appear to be any common RNA cis-element defining these ZBP1 targets. Consistent with
this, we recently showed that axonal transport of GAP-43 mRNA requires ZBP1, yet this
mRNA shows no homology to f-actin’s zip code element (Donnelly et al., 2011). Clearly,
more work needs to be done to uncover common structures driving transport of different
mRNAs. As we outline below, mRNAs can compete for binding to RBPs, thereby providing
an inherent mechanism for modifying the localized transcriptome. However, this also
presents an experimental opportunity to define cohorts of mMRNAs that share transport
mechanisms.

MRNASs can compete for transport into axons

The mechanisms that dictate which mMRNAs and how much of a particular mMRNA localizes
into axons and other subcellular domains are just beginning to be tested. With functions in
transport and stability of mRNAs, at least some RBPs are perfectly positioned as
determinants of the subcellular mMRNA population. Consistent with this, we recently showed
that availability of ZBP1 in adult sensory neurons limits the axonal localization of 3-actin
mRNA. By introducing a GFP reporter mRNA with the axonally targeting 3’UTR of B-actin
mRNA into DRG neurons, growing axons showed decreased levels of endogenous -actin
mRNA (Donnelly et al., 2011). The effects of this exogenous 3’'UTR competitor extend to in
vivo as well, since adult mice using expressing a GFP transgene with the 3’'UTR of B-actin
mRNA show depletion of endogenous p-actin mRNA from their peripheral axons (Donnelly
et al., 2011). Since this transport deficit extended to other mRNAs, these data point to the
possibility that ZBP1 is responsible for localizing a cohort of mMRNAs into axons.

Such a ‘squelching mechanism’, where mRNAs compete for binding to limited amounts of
an RBP and/or associated proteins, has been seen for other mRNAs. For example,
overexpression of an exogenous reporter mMRNA with the 3’UTR of Integrin a3 mRNA
prevented localization of the endogenous Integrin a3 mRNA to the periphery of migrating
cancer cells (Adereth et al., 2005). Similar to the decreased axonal regeneration seen in
DRG neurons with the exogenous B-actin 3’UTR competitor (Donnelly et al., 2011),
depleting Integrin a3 mMRNA from the cell periphery attenuated cell migration (Adereth et
al., 2005). Donnelly et al. (2013) very recently showed that expressing an exogenous mRNA
with the 3’UTR of amphoterin effectively depletes axons of endogenous amphoterin mRNA
(Donnelly et al., 2013). Though amphoterin (also called high mobility group protein box-1
[HMGB1]) is typically considered a nuclear protein, its MRNA has been shown to localize
to the periphery of migrating cells (Punnonen et al., 1999; Fages et al., 2000). Amphoterin
protein has been shown to induce cell migration and neurite growth (reviewed in (Huttunen
and Rauvala, 2004)). However, the effects of depleting amphoterin mRNA from DRG axons
are not known, since most of the amphoterin 3’UTR overexpression constructs recently used
by Donnelly et al. (2013) included the open reading frames of p-actin or GAP-43 mRNA.
Though a few exogenous UTR elements have now been shown to compete with their
endogenous mRNA counterpart for subcellular localization, it is not clear if this is a
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generalized mechanism. With RNA localization elements for several other axonal mMRNAs
now coming to light (Wu et al., 2005; Yudin et al., 2008; Andreassi et al., 2010;
Vuppalanchi et al., 2010; Ben-Yaakov et al., 2012; Perry et al., 2012; Merianda et al., 2013a
and 2013b; Yoo et al., 2013), it will be possible to determine if this squelching mechanism
extends to other mMRNAs as a generalized mechanism to limit subcellular localization. This
mechanism also raises caution for using such cis-elements in RNA transport and translation
assays since localizations of both the endogenous mRNA counterpart for that element as
well as other mRNAs can be competed against, with each bringing physiological
consequences.

As noted above, decreasing the availability of ZBP1, either through expression of an
exogenous UTR competitor from B-actin’s mMRNA or deletion of one ZBP1 allele, decreases
axonal levels of endogenous p-actin mMRNA (Donnelly et al., 2011). These approaches also
decrease axonal levels of GAP-43 mRNA in the DRG neurons, indicating that GAP-43
requires ZBP1 for its localization (Donnelly et al., 2011). We recently showed that a short
segment of GAP-43’s 3’'UTR is sufficient for its localization into sensory axons, but this
RNA element shows no homology to the zip code element needed for B-actin’s localization
(Yoo et al., 2013). However, consistent with the previous evidence for ZBP1-dependent
transport of GAP-43 mRNA into axons (Donnelly et al., 2011), expressing an exogenous
reporter mMRNA with the 3’UTR elements of GAP-43 mRNA depletes axons of endogenous
B-actin mRNA (Yoo et al., 2013). So f-actin and GAP-43 3’'UTRs clearly compete for
binding to limited quantities of ZBP1. Surprisingly, the RNA sequence needed for
localization of GAP-43 mRNA and that competes with B-actin mRNA for localization is the
adenine-uridine rich element (ARE) that has been well characterized for binding to the Elav-
like protein HuD (Mobarak et al., 2000). In our hands, both HuD and ZBP1 bind to GAP-43
mMRNA (Yoo et al., 2013). HuD binding to the 3’UTR of GAP-43 mRNA stabilizes the
transcript, and HuD overexpression increases neurite outgrowth in vitro and in vivo
(Bolognani et al., 2006; Perrone-Bizzozero et al., 2011). HuD and the human ortholog of
ZBP1 have previously been shown to bind to Tau mMRNA and it was suggested that a protein
complex of ZBP1, HuD, and the RAS-GAP SH3 domain binding protein (G3BP1) is needed
for axonal localization of Tau mMRNA (Aronov et al., 1999; Atlas et al., 2004). Interestingly,
HuD in complex with SMN was recently implicated in the axonal localization of neuritin/
CPG15 mRNA in cultured hippocampal neurons through its 3’UTR (Akten et al., 2011). In
PNS sensory neurons, neuritin/CPG15 mRNA localizes through its 5’UTR in a mechanism
that is independent of ZBP1 (Merianda et al., 2013a; Donnelly et al., 2011). These studies
suggest that RBPs assembled onto localizing mRNAs can show specificity for neuronal
subtypes and their makeup changes with different mMRNAs and potentially in different
neuron types.

Expression of the RBPs needed for transport of individual mRNAs or changes in the
availability of individual RBPs could effectively determine which mRNAs can localize into
axons. Some mRNAs are known to be enriched in axons (Andreassi et al., 2010) and the
axonal mRNA population can change with different growth conditions or stimulations
(Willis et al., 2007; Taylor et al., 2009; Gumy et al., 2011). In DRG neurons, neural
membrane protein 35 (NMP35) and neuritin/CPG15 mRNAs shift from cell body
predominant in naive neurons to axon predominant during regeneration (Merianda et al.,
2013a and 2013b). This suggests that the RBPs needed to transport these two mRNAs are
induced by injury, either at the level of their expression or activity (Figure 2A). This
increase in RBP levels or activity would provide the neuron with a means to change
subcellular localization of constitutively expressed mRNAs in a stimulus dependent manner.
Changes in expression of a localized mMRNA could similarly alter the axonal transcriptome
by competing for binding to limited levels of constitutively expressed RBPs (Figure 2B).
For example, GAP-43 mRNA levels increase several fold in the L4-5 DRGs after sciatic
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nerve injury (Van der Zee et al., 1989). With no corresponding change in f-actin mMRNA
levels, this shifts the overall ratio of GAP-43 mRNA to -actin mRNA, resulting not only in
more GAP-43 mRNA in axons but also in less axonal p-actin mRNA after axotomy (Yoo et
al., 2013).

Potential for disrupted post-transcriptional processing and RBP
competition in neurological diseases

Disruptions of post-transcriptional processes have been suggested to contribute to the
pathogenesis and progression of some neurodegenerative diseases. Mutations in TDP-43 or
fused in sarcoma/translocated in liposarcoma (FUS/TLS) proteins are causative for some
familial cases of ALS and FTD (Sreedharan et al., 2008; Kwiatkowski et al., 2009; Vance et
al., 2009). These two RBPs have roles in RNA processing in the nucleus and the mutant
proteins localize to the cytoplasm (Lagier-Tourenne and Cleveland, 2009). Depletion of the
ubiquitously expressed SMN protein, a regulator of RNA biogenesis and splicing that has
also been detected in axons and linked to RNA localization (Table 1), is causative for Spinal
muscular atrophy (SMA) (Gubitz et al., 2004). Mutations in prion-like domains of
hnRNPA2/B1 and hnRNPA1 RBPs lead to a multisystem proteinopathy and ALS (Kim et
al., 2013). Thus, alterations in RNA associated protein levels and/or functions are clear
linked to neurological diseases.

There is evidence for RNA-RBP competition or ‘RBP squelching’ in genetic disorders
resulting from tandem repeats in transcribed genes. Expanded CAG repeats in translated
exons result in the accumulation of mutant proteins with polyglutamine repeats (reviewed in
(Orr and Zoghbi, 2007)). However, the mRNAs with repeats can also be toxic through an
RNA-mediated gain of function (see (Echeverria and Cooper, 2012) and references within).
Once transcribed, the pre-mRNA or mRNA containing these repeats forms complex
secondary structures including hairpin loops that can alter their processing, transport,
translation and interaction with RNA binding proteins. For example, a tandem CTG repeat
expansion in the 3’UTR of the dystrophia myotonica-protein kinase (DMPK) that causes
myotonic dystrophy type 1 generates an mRNA that can ‘trap’ splicing factors such as the
muscleblind-like family (MBNL) and CUG-binding protein 1 (CUGBP1) (Timchenko et al.,
1996a and 1996b; Fardaei et al., 2001; Mankodi et al., 2001). These RBPs are important
splicing factors for maturation of pre-mRNAs and misregulation of their activity is
considered a trigger for the pathogenesis of myotonic dystrophy (Wojciechowska and
Krzyzosiak, 2011; Echeverria and Cooper, 2012). CGG repeat expansions in the gene
encoding FMRP (FMR1) causes Fragile X syndrome when there are over 200 repeats
through epigenetic silencing (Bassell and Warren, 2008). However, FMR1 genes with 55—
200 CGG repeats are transcribed and the mRNA with repeats in the 5’UTR takes on a toxic
gain of function role by binding to hnRNPA2/B1, MBNLZ1, and Pur a (Echeverria and
Cooper, 2012). This binding presumably sequesters these RBPs away from their normal
cellular functions. Consistent with this, work from the Tiedge group indicates that the CGG
expansion in FRMP mRNA competes with BC1 and PKM{ RNAs for interaction with
hnRNP A2 and transport into dendrites (Muslimov et al., 2011). BC1 is a non-coding RNA
that is hypothesized to have translational regulatory function in dendrites (Zhong et al.,
2010), indicating that such RBP competition can extend to noncoding RNAs and alter what
proteins are locally generated in neurons. BC1 RNA been shown to localize into goldfish
Mauthner axons (Muslimov et al., 2002), and other non-coding RNAs have been detected in
mammalian axons (Aschrafi et al., 2008; Natera-Naranjo et al., 2010; Kar et al., 2013).
Thus, non-coding RNAs may also compete for binding to RBPs in the axonal compartment.

A hexanucleotide repeat (GGGGCC) in an intron of the C9orf72 gene, which is causative
for familial ALS and FTD, was similarly shown to function as a toxic RNA by binding to
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Pura, ASF/SF2, and hnRNP A3 (Mori et al., 2013a; Reddy et al., 2013; Xu et al., 2013).
However, there is also recent evidence that toxic peptides can be generated from C9orf72’s
GGGGCC repeat as well as from other triplet repeat RNAs through non-AUG mediated
translation (Mori et al., 2013b; Reddy and Pearson, 2013). Thus, transcribed repeat
expansions may have multiple mechanisms underlying their pathophysiogical effects. It is
intriguing to speculate that RBP competition may extend to the axonally targeted mRNAs,
considering the complexities of transcripts that at least some axons appear to contain. For
example, the MBNL1 RBP that FMRP mRNA’s CGG repeats binds (Echeverria and
Cooper, 2012), also drives mRNA localization through binding to an ‘ACACCC’ motif in
Integrin a3’s 3’UTR (Adereth et al., 2005). This is the same minimal sequence element that
is needed for function of B-actin’s zip code element (Ross et al., 1997). Thus, the CGG
repeat expansions in FMRP’s mRNA may affect localization of axonal mRNAs by
competing for MBNL1 target mRNAS.

Conclusion and Perspectives

Local synthesis of new proteins in distal axons has been shown to contribute to
developmental and regenerative axonal growth and retrograde signaling after injury (Jung et
al., 2012). Intra-axonal translation contributes to growth of axons in cultured neurons, but
there is also increasing evidence for functionality of locally synthesized proteins in rodent
axons in vivo (Brittis et al., 2002; Donnelly et al., 2011; Ben-Yaakov et al., 2012; Walker et
al., 2012). While axons can extend a few millimeters in cultured neurons, rodent PNS axons
extend for several centimeters. Thus, terminal axons are at much greater distances from the
cell body in vivo so locally generated proteins could provide many more functions to the
axon than has been appreciated in studies focusing on growing axons. Consistent with this
notion, very recent work in sympathetic neurons indicates that retrograde infection from
pseudorabies virus presented at the axon terminal requires localized protein synthesis
(Koyuncu et al., 2013). This, plus observations that neuronal responses to neuropathic pain
inducing stimuli activate translation factors in nerve terminals (Jimenez-Diaz et al., 2008),
suggests that axonally synthesized proteins may broadly affect neuronal function, both
through localized effects and retrograde signaling. As noted, there is a huge gap in
knowledge when it comes to matching the localized mRNAS to the molecular machineries
that transport these mMRNAs. Additional work will clearly be needed to fill this gap, both for
determining the composition of the transport apparatus and the RBPs that are responsible for
transporting the different mMRNAs.

The possibility that mRNA cohorts encoding proteins with complementary functions are co-
transported by the same RBP or RBP complexes is a very appealing regulatory mechanism
in that this could provide a means to coordinately regulate axonal responses to extracellular
environments. Increase in the levels or activity of individual RBPs or other limiting
components of the transport machinery could be used to shift axonal RNA populations by
increasing transport of different mMRNAs into the axonal compartment as we have seen for
NMP35 and neuritin/CPG15 mRNAs (Merianda et al., 2013a and 2013b) . Alternatively, the
RNA competition model presented in Figure 2 above may provide a mechanism to
selectively change axonal functions and responses by shifting the population of MRNAS
targeted into axons and meet the physiological needs of the axon. There is some evidence
for this with ZBP1 based transport, since axonally generated GAP-43 and f-actin proteins
support distinct growth morphologies (Donnelly et al., 2013). The well established
transcriptional induction of GAP-43 mRNA after axotomy is accompanied by a
commensurate increase in axonal GAP-43 mRNA levels, but also a decrease in axonal -
actin mRNA levels (Yoo et al., 2013). Thus, competition between the endogenous -actin
and GAP-43 mRNAs could provide a selective advantage for regeneration, both by
increasing local generation of GAP-43 protein to facilitate directed axon growth and by
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decreasing local generation of p-actin to attenuate axon branching (Donnelly et al., 2013;
Yoo et al., 2013). Thereby, the expression levels of two key mMRNAs can regulate neurite
growth patterns by competing for binding to a single RBP. It will be interesting to determine
if this competition mechanism extends to other axonal transcripts as well as to other settings
of mRNA localization. If true, this could bring opportunities for broadly altering cellular
functions by targeting the squelched RBPs.

Squelching of RBPs has also been reported in miRNA processing.Sellier et al. (2013)
recently showed that the double stranded RNA binding protein DiGeorge syndrome critical
region gene 8 (DGCRS8) binds to expanded CGG repeats in FMRP mRNA. This partially
sequesters both DGCR8 and Drosha microprocessor factors, so processing of micro-RNAs
(miRNAS) is reduced in brain tissue from patients with Fragile X Tremor-Ataxia Syndrome
(FXTAS) that results from 55-200 CGG repeats in FMR1 gene (Sellier et al., 2013).
miRNAS have been demonstrated in axons and a few axonal mMRNAs are known to be
targets for intra-axonal actions of localized miRNAs (Aschrafi et al., 2008; Natera-Naranjo
et al., 2010; Kar et al., 2013). Endogenous mRNASs have similarly been shown to compete
for binding to miRNAs (Khvorova and Wolfson, 2012). So levels of mRNAs within cohorts
targeted by the same miRNA can modulate miRNA effects on other mRNA targets. Thus,
the transcriptional program can be utilized to regulate not only the levels of gene products
transcribed but also translation or survival of other mRNAs. Of course, this model of
MRNA-miRNA as well as the mMRNA-RBP or -RNA-associated protein competition requires
that the stoichiometry of the binding constituents and the relative affinities of the individual
constituents for binding be considered in predicting any outcomes. Nonetheless, these
clearly have implications for modulating the axonal transcriptome and proteome.
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Figure 1. Axonal localization of RNA Binding Proteins

Representative fluorescent micrographs for cultures of adult DRG neurons that were
immunostained with antibodies to the indicated RNA binding proteins (red) and
neurofilament (green) are shown. The top row shows axon shaft (arrow heads) with red/
green channels merged in the main panel and red channel only in the inset panel. Middle and
bottom rows show growth cones (arrows) as red/green merged channels in the middle row
and red only channels merged in the bottom row as indicated. hnRNP E1, hnRNP E2,
TDP-43 and YB-1 all show localization to the axons with granular profiles. TDP-43 and
YB-1 appear somewhat more concentrated in the growth cones compared with the 2
hnRNPs [scale bar = 10 pm].
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Figure 2. Schematic of mechanismsregulating axonal mMRNA populations
Hypothetical ‘basal’ and ‘stimulated’ conditions are noted for inducible vs. constitutively
expressed RNA binding proteins (RBPi and RBPc, respectively). A, For RBPi, an increase
in the levels or activity of this RBPs with stimulation results in a redistribution of target
mRNAs from cell body restricted or predominant to axonal predominant. B, For RBPc, a
shift in mMRNA levels upon stimulation allows the green mRNA to outcompete the red
mMRNA for axonal localization. This both increases axonal levels of the green mMRNA and
decreases axonal levels of the red mRNA.
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Table 1
Axonal RNA-associated proteinsand their targeted mRNAs

Summary of RBPs and RNA-associated proteins (cumulatively termed RNA-associated proteins) identified in
axons of cultured neurons and/or in vivo through localization studies is shown. These associations could be for
transport, translation, or other post-transcriptional effects in the axons. Additional proteins with RNA binding
activities have been identified from proteomics of growth cone and axonal preparations (Nozumi et al.,

2009; Estrada-Bernal et al., 2012), although these have largely not been validated at the individual protein
level. For the mRNA targets included in the third column, those in standard text have been validated by
colocalization, co-immunoprecipitation, RBP knockdowns, or a combination of approaches. The RNA targets
outlined in italicized text are cross-referenced from CLIP/RIP studies for the mRNA targets and axonal

MRNA studies, so these are potential targets (i.e., not fully validated).

RNA-Associated | Evidencefor Axonal Localization Axonal mRNA Targets

Protein

Copbl Cultured sensory neurons (Bi et al., 2007) K-opioid receptor (Bi et al., 2007)

CPEB1 Cultured hippocampal neurons, optic nerve, cultured retinal f3-Catenin, EphAl (Brittis et al., 2002; Kundel et al.,
ganglion cells, spinal cord commissural axons (Brittis et al., 2009)

2002; Kundel et al., 2009; Lin et al., 2009)

FMRP Sciatic nerve, dorsal root, and thalamocortical axons (Hengst MAP1B (Zhang et al., 2001; Antar et al., 2005)
et al., 2006; Price et al., 2006; Murashov et al., 2007; Christie
etal., 2009; Akins et al., 2012)

Grb7 Neuronal-like P19 cells (Tsai et al., 2007) K-opioid receptor (Tsai et al., 2007)

Hermes’/RBPMS | Xenopus retinal ganglion cell axons (H6rnberg et al., 2013)

hnRNP R Cultured spinal motor neurons (Glinka et al., 2010) B-Actin (Glinka et al., 2010; Rossoll et al., 2003)

hnRNP Q1 Cultured hippocampal neurons (Xing et al., 2012) RhoA (Xing et al., 2012)

hnRNP AL Cultured sensory neurons (Willis et al., 2007)

HuD Cultured spinal motor neurons (Fallini et al., 2011) GAP-43, Tau (Atlas et al., 2007; Yoo et al., 2013)

La/SSB Cultured sensory neurons (van Niekerk et al., 2007) RPL37 (Crosio et al., 2000; van Niekerk et al., 2007)

SMN Cultured spinal motor neurons, NSC34 neuron-like cells, and | p-Actin (Rossoll et al., 2003) CPG15/Nrnl, Ca,2.2
cortical neurons (Zhang et al., 2003; Setola et al., 2007; (Jablonka et al., 2007; Akten et al., 2011)

Akten et al., 2011; Fallini et al., 2011) and zebrafish motor
axons in vivo (Carrel et al., 2006)

Stau2 Sciatic nerves and dorsal root axons (Price et al., 2006) factin, Cofilin 1, Calreticulin, elF2B2,GAP-43,
MAP1B, RhoA, RPL21, RPS11, SepW1 (Willis et al.,
2007; Maher-Laporte and DesGroseillers, 2010; Kar et
al., 2013)

TDP-43 Cultured spinal motor neurons (Fallini et al., 2012) [actin, MAP1B, RPL37, Tau (Willis et al., 2007;
Sephton et al., 2011)

ZBP1 Cultured forebrain neurons, hippocampal neurons, sensory B-Actin, GAP-43 (Zhang et al., 2001; Yoo et al., 2013)
neurons (Zhang etal., 2001; Donnelly et al., 2011), adult

myelinated axons (Sotelo-Silveira et al., 2008)

*
hnRNP A1 was identified as an axonal mMRNA and validated at the protein level
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