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Abstract

Radial glial cells (RGCs) are progenitors of the cerebral cortex which produce both neurons and
glia during development. Given their central role in development, RGC dysfunction can result in
diverse neurodevelopmental disorders. RGCs have an elongated bipolar morphology that spans the
entire radial width of the cortex and ends in basal endfeet connected to the pia. The basal process
and endfeet are important for proper guidance of migrating neurons and are implicated in
signaling. However, endfeet must function at a great distance from the cell body. This spatial
separation suggests a role for local gene regulation in endfeet. Endfeet contain a local
transcriptome enriched for cytoskeletal and signaling factors. These localized mMRNAs are actively
transported from the cell body and can be locally translated in endfeet. Yet, studies of local gene
regulation in RGC endfeet are still in their infancy. Here, we draw comparisons of RGCs with
foundational work in anatomically and phylogenetically related cell types, neurons and astrocytes.
Our review highlights a striking overlap in the types of RNAs localized, as well as principles of
local translation between these three cell types. Thus, studies in neurons, astrocytes and RGCs can
mutually inform an understanding of RNA localization across the nervous system.
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1| INTRODUCTION

Humans possess an expanded cerebral cortex relative to other mammals. This feature is
thought to contribute to our higher neurological functions. Proper formation of the cortex
requires precisely coordinated production and organization of multiple cell types, including
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neurons and glia. Signaling cues orchestrate the timing of these processes throughout
embryonic development. Perturbation of cortical development can result in neurological
disorders associated with impairment of cognitive function such as microcephaly, autism
spectrum disorder and intellectual disability. Especially important in the production and
organization of cells in the developing brain are the radial glial cells (RGCs) which function
as progenitors in the ventricular zone (VZ) giving rise to first neurons and then glia.1:2
Neurogenesis begins with symmetric divisions of neuroepithelial cells to expand the
progenitor pool (Figure 1). These progenitors are replaced by RGCs which undergo either
symmetric or asymmetric divisions in the VVZ to produce new RGCs, intermediate
progenitors (IPs) and neurons. IPs also directly produce neurons. In higher order species
with an expanded neocortex, such as humans and other primates, neurogenesis is driven
largely by outer radial glia (ORG or basal radial glia), which are also derived from RGCs.3
Neuron production concludes at the end of embryonic development, at which time RGCs
switch their potency and begin to produce glia.

2| RGCs HAVE A COMPLEX, BIPOLAR MORPHOLOGY THAT IS
FUNCTIONALLY IMPORTANT

RGCs have a unique morphology which consists of a cell body located close to the ventricle
and a long basal process that spans the radial width of the cortex ending in one or more
protrusions called basal endfeet. As cortical development progresses, branching of the basal
process becomes increasingly complex and RGCs mature from having a single endfoot to
multiple endfeet.? The length of the basal process can range from several hundred
micrometers in mice to several centimeters in humans. Importantly, oRGs, the major
progenitor in primates, also share similar anatomical features of RGCs, including a basal
process and endfeet.® Lengthening of the basal process goes hand in hand with radial
expansion of the cortex over the course of development. This suggests that RGCs (and
potentially oRGs) require synthesis of new membrane and cytoskeletal proteins to support
cellular growth.

Distant from the ventricle and cell body, the basal endfeet connect to the basement
membrane (BM) at the pia.5” The endfoot niche is comprised of extracellular matrix
proteins including collagens and laminins that make up the BM as well as fibroblasts and
blood vessels in the pia.8 The basal processes act as a scaffold which is used by new neurons
to migrate from their birthplace in the VZ to their final destination in the cortical plate. The
endfeet lining the pia provide a physical barrier between the cortical plate and the BM and
ensure neurons do not migrate outside the cortex®10 (Figures 1 and 2). Genetic models
inducing endfoot detachment from the BM demonstrate defects in the continuity of the BM
and over-migration of neurons into the pia.®~12 These misplaced neurons form ectopic
structures on top of the cortex reminiscent of malformations observed in human cobblestone
lissencephaly.

Beyond their physical function, additional roles have been putatively attributed to endfeet.
By connecting to the BM, endfeet are hypothesized to enable signaling between the RGCs
and niche cells that reside in the pia and meninges.1314 Extrinsic cues from the basal niche,
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such as retinoic acid, influence RGC behavior.15-18 Thus, it is logical that the endfeet
physically embedded in this niche may be responsible for relaying signals. The basal process
and endfeet may also contain fate-determining signals. This hypothesis is supported by
studies showing that the basal process and endfeet are preferentially inherited by the
newborn progenitor following mitosis.19-21 Those daughter cells retaining basal structures
are more likely to maintain the stem-like nature of RGCs and undergo proliferative
divisions. The importance of endfeet in RGC function and cortical development is clear, but
a mechanistic understanding of their role is not. A major step toward filling this gap is
expanding our knowledge of local gene regulation in these distal structures.

3| LOCAL GENE REGULATION IN RGC ENDFEET

Subcellular local gene regulation is well conserved among many highly polarized cells
comprising the central nervous system as it allows for spatial and temporal control. Roles for
localized gene regulation in the processes of cell migration and division have also been
established in diverse cell types and species, such as fibroblasts and dividing yeast,
respectively.22 RGCs are a prime model for studying local gene regulation in the CNS due to
the extended distance between the cell body and basal endfeet and the functional need to
relay information from the pia to the cell body. Despite this conservation and the strength of
RGCs as a model system for RNA localization, the field of local gene regulation in RGCs is
still in its infancy. We begin with a discussion of the knowledge in the field thus far.

3.1| mRNAs are actively transported from the RGC cell body to basal endfeet

RNA localization to endfeet from the cell body is not limited to passive diffusion. Instead,
RNASs can be actively transported in a process regulated by both cis- and trans-factors.
Tsunekawa et al were the first to show that cis-elements could drive the localization of
reporter mMRNAs to endfeet.23 In doing so, they identified the 3"UTR of Cyclin D2 (Ccnd?)
as sufficient for endfoot localization, including the minimal cisendfoot localization
sequence. Our lab has also shown that the 3’ UTR of Kif26ais sufficient to localize its
mRNA to endfeet.24 While a handful of cis-localization elements have been determined, it is
unclear whether there are consensus motifs for endfoot localization. Additionally, it is
unknown if either the nucleotide sequence and/or secondary structure of a transcript
mediates its subcellular localization in RGCs.

Trans-factors are also critical for transcript localization. Multiple RNA-binding proteins,
including Fragile X mental retardation protein (FMRP), Stau2, APC and Pum, are present in
endfeet and thus poised to influence RNA localization in RGCs.2425 However, to date the
only trans-factor shown to localize transcripts to RGC endfeet is FMRP, whose mutation is
linked to Fragile X syndrome, a form of autism.26 FMRP is enriched in endfeet where it
binds to over 100 RNAs.24 Further investigation using Fmr1 knockout mice revealed that
some transcripts normally localized to endfeet, such as Kif26a, fail to localize in the absence
of FMRP. In contrast, other transcripts, such as Apc, localize without FMRP. This suggests
that beyond FMRP, there are additional trans-factors at play which have transcript
specificity. Additionally, beyond RNA-binding proteins, other molecules such as noncoding
RNAs may also act as trans-factors for transcript localization to endfeet.
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To observe the dynamics of transcript localization, we utilized the MS2 reporter system?’
coupled with live imaging of ex vivo brain slices to image mRNA movement in real time.24
Dynamics of mRNA transport were characterized using previously published Ccnad?
reporters23 containing the localization element. Ccnad?2 reporter transcripts moved at speeds
of about 2 um/s during developmental stages from E14.5 to E16.5, similar to that seen in
other systems, including neurons, and suggesting a microtubule-based mechanism of
transport.24 Transcripts were actively transported in both the apical and basal directions and
this directionality shifted over the course of development. For example, at E14.5 only about
15% of observed movements were toward the apical direction and the majority were basally
directed, whereas at E16.5 this bias was lost. One caveat of this methodology is that the
MS2 system relies on overexpression of reporters which could lead to artifacts and results
lacking physiological relevance.?8 However, an MS2 reporter without the localization
element was used as a negative control and did not exhibit directed motility. The mechanism
and relevance of directional transport in RGCs is unknown, although it could be linked to
differences in progenitor potency and/or cytoskeletal organization.

3.2 | Characterization of RGC endfoot localized transcripts

Important to our understanding of MRNA localization in RGCs is knowledge of which
transcripts are present in endfeet. Nestin, Abbaand Ccnd2were among the first transcripts
observed to localize to endfeet through traditional in situ hybridization (ISH) in mouse brain
sections.23:29.:30 Qur lab expanded upon these findings by identifying 115 transcripts that are
localized to endfeet.24 This was made possible by localization of the RNA-binding protein,
FMRP, to endfeet. EGFP-FMRP was introduced into RGCs by in utero electroporation and
endfeet preparations (containing BM, endfeet and older neurons) were collected 24 hours
later by mechanical isolation. Importantly, this strategy ensured that EGFP-FMRP
expression was restricted to RGCs, and was not in newborn neurons. Using RNA
immunoprecipitation of EGFP-FMRP followed by microarray (RIP-Chip), 115 transcripts
bound to FMRP specifically in endfeet were isolated and identified. Endfeet were enriched
for several classes of transcripts, including those related to cytoskeletal dynamics and
signaling. One limitation of these findings is they only identified FMRP-bound transcripts in
endfeet. It is likely that there are additional transcripts present in endfeet which are not
FMRP-bound. For example, Ccnd2?was not a high-affinity FMRP target despite being
endfoot localized.23 Therefore, it is of interest to determine whether the class enrichment
observed is representative of the entire endfoot transcriptome or simply the FMRP
interactome. To address this, global transcriptome analysis of endfeet is required.

3.3 | Localized transcripts are locally translated in RGC endfeet

In a 1991 study of brain development in embryonic rats, Astrom and Webster reported the
presence of ribosomes and other translational machinery in basal endfeet suggesting their
competence for translation.3! Twenty-one years later, Tsunekawa et al performed initial
investigations into the competency of endfeet for local translation.?® Their experimental
paradigm was designed using an EGFP reporter containing a nuclear localization signal
(NLS-EGFP) with the assumption that protein produced in the cell body would be
immediately transported to the nucleus while distally translated protein would not. In this
way, they attempted to circumvent the possibility that protein trafficked from the cell body to
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endfeet would be mistaken for local translation. Inclusion of the Ccnd23”UTR within an
EGFP reporter forced the localization to endfeet. Introduction of the reporter into RGCs in
vivo revealed expression of EGFP in endfeet far from the cell body, hinting at the possibility
of local translation. However, this study did not physically separate the endfeet from the cell
body so the possibility of protein trafficking or diffusing from the cell body and/or basal
process remained.

Our lab further advanced this question using ex vivo time-lapse imaging to directly observe
active translation in endfeet in real time.2* To achieve this, the photoconvertable reporter
Dendra2 with a Ccnd2 endfoot localization sequence was introduced into embryonic mouse
brains and then endfeet preparations were generated by mechanical separation. It is
important to note that by completely separating the endfeet from the cell body this
eliminates the possibility of newly observed protein being translated elsewhere and then
trafficked to the endfeet. Dendra2 protein already present in endfeet was irreversibly
photoconverted from green to red allowing for the detection of new green protein, which
serves as a proxy for de novo protein synthesis. Time-lapse imaging of ex vivo endfoot
preparations revealed that active translation does in fact occur but is not uniform across
endfeet. Throughout the 45-minute imaging window, some endfeet recovered up to 75% of
their initial green fluorescence intensity, while others showed no signs of active translation
with a Cend2reporter. Interestingly, even though the majority of endfeet in these
preparations contained markers of translation machinery, such as ribosomal RNA and RPS6,
both the proportion of translationally active endfeet and the percentage of protein recovery
in each endfoot varied across different reporters. This suggests that local translation in
endfeet is a highly regulated process. It begs the questions of how this process is controlled,
and which transcripts are translated in endfeet.

3.4 | Putative functions of locally produced gene products in RGCs

Our understanding of the mechanism of local gene regulation in RGC endfeet and the
transcripts and proteins involved is steadily increasing; however, the functional implications
of RNA localization in endfeet remain unknown. There are two overarching hypotheses for
the function of gene products localized to endfeet. First, locally produced proteins function
within endfeet to support spatially relevant processes such as morphology and signaling.
Second, proteins produced in endfeet may be stored there and then trafficked back to
function in the cell body. It is important to note that these need not be mutually exclusive.
We can begin to evaluate these hypotheses based upon the functional gene classes enriched
in endfeet, as identified through FMRP RIP-Chip and GO analysis. The most highly
enriched gene classes, based on these data, were cytoskeletal regulation and cell signaling.24
As genes belonging to these classes may promote RGC morphology and relay intracellular
and/or extracellular signals back to the cell body, these data imply a local function.
Supporting this notion, we recently discovered a Rho GTPase regulator whose local
translation in endfeet is critical for their morphology and further for cortical organization.32
Intriguingly, chromatin regulatory factors and other genes with canonical nuclear functions
were also identified as FMRP targets in endfeet. It is possible such factors function in
noncanonical roles in the basal endfeet. However, their presence also lends support for a
model in which locally translated proteins are trafficked back down the basal process to
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function in the cell body. In the context of an asymmetrically dividing cell, this would allow
RGCs to faithfully segregate “stem cell” components far away, so that they are not inherited
by a neuron. Indeed, Tsunekawa et al put forth this hypothesis when they suggested a role
for endfoot localized Ccna2in regulating cell cycle and cell fate of RGCs during cortical
development.23:33 Going forward, it is a high priority to understand in which cellular
compartments locally produced proteins act, and how this influences RGCs.

3.5| Unique challenges of studying RNA localization in RGCs

The studies discussed above only begin to scratch the surface of understanding the
mechanisms and functions of local gene regulation in RGCs. There are technical challenges
that must be overcome in order to broaden our understanding of subcellular gene expression
in RGC endfeet. First and foremost, RGCs do not readily grow endfeet in cell culture
prohibiting use of in vitro assays. This requires all experiments to be performed in vivo,
adding technical complexity. Further, endfeet are closely juxtaposed to the BM and
meninges; these produce strong autofluorescence which can hinder imaging capabilities in
cortical tissue sections. Additionally, no specific endfoot marker has yet been determined
requiring most experiments to rely on in utero electroporation to label and image these
structures. Furthermore, endfeet in the developing mouse brain range from about 5 to 10 pm
in diameter. As a result, individual endfeet contain small amounts of RNA and protein,
decreasing the feasibility of biochemical experiments which require abundant material.

As the field works to circumvent these technical challenges, we may look to work done in
related cell types for inspiration to better understand potential functions of subcellular gene
regulation in RGCs. Toward this, the most relevant cell types are neurons and astrocytes
(Figure 3A). Both have long cellular processes in which local gene regulation has been
studied in depth. RGCs produce both neurons and astrocytes during cortical development
and all three cell types function in the cortex. Below we will discuss the lessons gained from
RNA localization studies of neurons and astrocytes. Probing available data, we discuss
overlap between transcripts localized in RGC endfeet, astrocyte processes, neuronal axons
and synapses. Further, we highlight exciting new discoveries pertaining to the mechanisms
and functions of local gene regulation in neurons and astrocytes that may be conserved in
RGCs.

4| RNA LOCALIZATION AND LOCAL TRANSLATION IN NEURONS

Proper positioning and morphology of neurons are vital for brain function as they process
and transmit information. This function relies on the highly complex and bipolar
morphology of neurons which allows for compartmentalization of signaling.3*35 With a
long axon and multiple shorter dendrites extending from the cell body, neurons can receive
and initiate signals at abundant locations distant from each other and interact with multiple
cells simultaneously. Axons extend from the cell body to relay information at a distance. For
example, the axons that make up the corpus callosum stretch from one side of the cortex to
the other to connect both hemispheres. To achieve this, during development the axon grows
and responds to external cues for successful pathfinding. Axons and dendrites have small
highly plastic structures called synapses, which are junctions between two neurons
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composed of presynaptic and postsynaptic compartments. Synapses transmit chemical and
electrical signals between cells allowing for intercellular communication and circuit
formation.

The complex morphology and requirement for compartmentalized functions suggests the
need for local gene regulation. Indeed, mRNA localization and local translation in both
axons and synapses have been studied for decades.36:37 Cumulative studies have produced a
wealth of knowledge regarding which transcripts are localized and locally translated, cis-
and trans-factors involved in mRNA transport and signals which regulate local gene
regulation. These findings have been comprehensively reviewed recently.3435 Below, we
outline key results that have potential to inform our understanding of RGC endfeet, starting
first with a discussion of localized transcripts in axons, then local translation in axons, and
finally a discussion of the same processes in synapses.

4.1| Localized transcripts in neuronal axons

Numerous studies have characterized transcripts localized to axons across broad neuronal
types. Here, we focus on a handful of studies that represent diverse neuronal cell states
including in vivo, in vitro, injury and development.

mRNA localization and local translation support regeneration of injured axons in
Caenorhabditis elegans. In this system, several genes, including D/k-1 and Cebpl, were
identified as regulators of axon regeneration.38 To obtain a more complete picture of
localized regeneration factors in mammalian axons, Taylor et al separated the axons from
cell bodies of in vitro dorsal root ganglion neurons (DRGs) for analysis by microarray.3?
The authors then tested the hypothesis that injured axons are more likely to contain
transcripts important for regeneration compared to uninjured axons. Of the mRNAs
identified, two transcripts from the uninjured axons and three from the injured axons were
also present in RGC endfeet (not shown). These overlaps represent 1.7% and 2.6% of the
FMRP-bound endfoot transcripts, respectively, and are not statistically significant over a
random comparison.

Gumy et al compared mRNAs localized to axons in developing and adult rat neurons.40
Using a two-chamber system developed by Vogelaar et al to culture DRG in vitro they
isolated neuronal axons and then identified mMRNASs by microarray.*041 This comparison
revealed enrichment of unique gene classes at each stage. For example, mRNAs involved in
cell cycle, transport and cytoskeletal organization were enriched in the developing axons.
Meanwhile, transcripts with roles in inflammation and immune response were enriched in
adult axons. These observations suggest that developmental stage is a factor influencing
which mRNAs are transported to axons.

It is interesting to consider how this finding may be applicable to RGCs. As development
progresses, RGC morphology becomes increasingly complex and their potency evolves from
producing neurons to astrocytes.124 Localized mMRNAs may contribute to these changes;
thus, by characterizing transcriptomes of endfeet at different developmental stages, one can
increase understanding of these dynamic and important processes. To investigate whether the
composition of RGC endfeet are more like that of developing or adult axons, we compared
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the developing and adult transcriptomes with our RGC endfoot RIP-Chip data?440 (Figure
3B). Fourteen transcripts are enriched in both developing axons and RGC endfeet,
representing a 12.2% overlap (Figure 3B,E). Comparison of adult axons and RGC endfeet
also yielded 14 transcripts (12.2%) in common. Both comparisons are not statistically
significant compared to random (Figure 3E), suggesting that this particular axonal
transcriptome is not representative of the FMRP endfoot transcriptome. Comparisons with a
total endfoot transcriptome may yield a different answer. However, it is notable that in total
11 transcripts were conserved between adult axons, developing axons and RGC endfeet.
This observation begs the question of whether there are staple localized transcripts which
universally influence the maintenance of highly bipolar and elongated morphologies shared
by neurons and RGCs.

Further expanding the list of axonal transcripts, Cajigas et al performed deep sequencing on
mMRNAs isolated from hippocampal neuropils in vivo and identified 2550 neuronal
transcripts.2 This is a significant increase from the approximately 300 transcripts
characterized by microarray.3940 It is important to note that this study reported transcripts
present in the neuropil but not necessarily enriched there; 27.8% of transcripts (total = 32)
are shared between the neuropils and RGC endfeet, which was not quite significant (£ = .16)
(Figure 3B,E). However, the overlap between RGCs and neuropil was higher than that of
isolated developing and adult neurons. It is possible that the in vivo external neuronal
environment is more similar to that of RGC endfeet in vivo, conferring common gene
expression changes. Technical differences between microarray and deep sequencing could
be responsible for observed differences using both axonal datasets. Finally, a caveat to note,
the isolated neuropils contain both axons and dendrites unlike the purer axonal populations
of in vitro systems. Therefore, presence of dendritic transcripts is a possible explanation for
increased similarity in localized transcripts. Regardless, these comparisons suggest there is
localization of conserved mRNAs in both neuronal and RGC processes.

A recent study examined the composition of mMRNAs which depend upon FMRP for their
localization to neurites, the immature state of an axon or dendrite. Goering et al used CAD
cells, a mouse immortalized neuronal cell line, that were either WT or lacked FMRP.43
Using a Boyden assay they isolated neurites and cell bodies, discovering a subset of
transcripts which are FMRP-dependent in their localization. The Boyden chamber consists
of two isolated compartments, in which culture conditions can be unique, separated by a
microporous membrane. Classically used to study invasion potential of cells, it is also
valuable to physically segregate cellular structures of neurons and fibroblast protrusions.*44°
Among transcripts identified, 12 are also present in RGC endfeet, representing a statistically
significant 10.4% of all FMRP targets in endfeet (Figure 3E). The authors also identified
domains in FMRP that mediate this localization, separate from translation. It would be
interesting to investigate whether there are subsets of FMRP targets in endfeet that
differentially interact with distinct FMRP domains.

4.2 | Local translation in axons

Local translation in axons has been observed in model systems ranging from Xenopus to
mammals. Roles for spatially targeted and rapid translation, including cytoskeletal proteins,
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have been reported in axon pathfinding and axon regeneration.*6-50 In vitro, axons
physically severed from their somas are still capable of reacting to external stimuli in a
protein synthesis-dependent manner.2! Interestingly, local translation is not required for
axon extension even though additional proteins are needed to lengthen the neuronal process.
51-53 This foundational work established the presence and function of local translation in
axons. However, it also sparked additional questions including which transcripts are
translated in axons and how is local translation spatially regulated?

To tackle the first question, Biever et al used a ribosome footprinting approach to produce an
unbiased list of MRNAs undergoing active translation in neuronal processes in vivo.>
Similar to Cajigas et al, they isolated hippocampal neuropils containing both axons and
dendrites. Of the ribosome-bound transcripts reported, 81 overlapped with those localized to
RGC endfeet representing 70.4% of the endfoot FMRP interactome, 2454 13 of which were
specifically characterized as neuronal (not shown).># It is unclear whether the remaining
transcripts are from neurons or from other sources of RNA in the neuropils, such as
astrocytes.

Adding another layer of complexity, Biever et al assessed whether individual transcripts
were translated by monosomes or polysomes. Canonically, polysomes have been considered
the main sites of active translation.>>-57 However, very few polysomes have been observed
in neuronal processes and monosomes are most populous in these compartments. Consistent
with their high numbers, monosomes were shown to be important sources of translation in
neuronal processes requiring protein production, as well as in synapses.>* Further analysis
revealed that certain transcripts show strong preferences for translation by either polysomes
or monosomes. Interestingly, for some transcripts this preference is associated with the
subcellular location of translation. This suggests a new spatial layer of translational control.
The preference of monosomes within neuronal processes (and synapses) is thought to be due
to the small spatial constraints. This could also be true in RGC endfeet, which are only 5 to
10 pm in diameter. In support of this idea, assessing the list of monosome-associated
transcripts in axons, 20 of these localized to RGC endfeet (not shown). Meanwhile, eight
were preferentially translated by polysomes and the remaining 53 showed no preference (not
shown).

Vesicular trafficking may enable mMRNA transport and spatial regulation of local translation
in axons. In rat neurons, most moving RNA granules in the axon co-traffick with lysosomes.
58 A molecular tether, Annexin All, links RNA granules to lysosomes and is required for
axonal RNA transport. Other types of vesicles are also capable of mMRNA transport in the
axon. Cioni et al observed that ribonucleoproteins (RNPs), known to transport mRNAs,
associate with late endosomes in the axons of Xenopus retinal ganglion cells.>® These
endosomes are capable of interacting with translation machinery and mitochondria to form
pockets of translation along the axon. Active translation occurs at these sites, producing
survival factors and mitochondrial proteins which may support functional mitochondria
throughout the axon. Likewise, the authors suggest that mitochondria may provide the
energy needed for local translation. A similar role for the endosome pathway has been
described in fungi, suggesting that this mechanism may be evolutionarily conserved.89.61
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Indeed, it is possible that endosome and vesicle dependent translation hot spots could occur
in mammalian RGCs. Mitochondria have been observed in RGC basal structures, but roles
for endosomes in endfeet are unknown.®2 Transport of RNPs by endosomes and docking at
mitochondria for translation could explain the “stop and go” kinetics of RNA granules as
they traffic up the RGC basal process.24 Translation hotspots along the basal process may
also support morphological features of RGCs, including branching and filopodia extension.
It is tantalizing to speculate that perhaps translationally competent endfeet contain both
endosomes and mitochondria.

4.3 RNA localization at neuronal synapses

What is the role of localized RNAs in synapses? Early studies of RNA localization in
neurons were limited to brain regions with laminar organization of dendrites, such as the
hippocampus, to allow for mechanical separation of the cell body and projections by
microdissection. Ouwenga et al used biochemical fractionation of membrane-enclosed
particles to isolate synaptoneurosomes (both pre- and postsynapses) from cortical neurons.83
Deep sequencing of these fractions elucidated the first local transcriptomes of cortical
neuron synapses. It is important to note that while many of the transcripts enriched in the
synaptoneurosome fraction were neuronal, glia-specific transcripts were also evident.63
Comparison of the synaptic transcriptome and endfoot localized FMRP interactome reveals
87 transcripts in common between synapses and endfeet, accounting for over 75% of all
known endfoot localized transcripts?463 (Figure 3C,E). This overlap is also evident with two
other published synaptic transcriptomes in which 89 and 29 transcripts overlap with RGC
endfeet, 77.4% and 24.3%, respectively (Figure 3C,E).5465 Despite the high number of
conserved transcripts, the overlap for these datasets was not statistically significant (Figure
3E).63_65

However, the synaptic transcriptome is not static. Indeed, the synaptic transcriptome can be
modulated by circadian cycles, alcohol exposure, aging and in schizophrenia,64.66-68
Interestingly, comparison of synaptoneurosomes to homogenized forebrain revealed that
70% of all synapse localized transcripts were altered at least 2-fold with daily circadian
cycles. Ninety-three percent of oscillating transcripts showed this behavior only in
synaptoneurosomes.®* The oscillations were found to be a result of posttranscriptional
regulation. It is intriguing to consider whether circadian cycle also influences localization of
transcripts in RGC endfeet. If so, it could provide insights into transcript regulation in RGCs
at both a spatial and temporal level.

Identification of unique features among localized transcripts in synapses may provide
generalizable clues to how mRNAs are transported to distal locations and locally translated.
Of those transcripts enriched in cortical neuron synapses, common features include longer
average transcript and 3"UTR as well as higher GC content.53 Additionally, based upon
primary sequence, localized transcripts were predicted to have more stable secondary
structures and show alternative splicing. In addition to encoding unique functions in the
synapse, RNA processing may also provide a means for directing a transcript to synapses or
retaining it in the soma.
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Furthermore, some synapse localized transcripts contain m8A modifications. Merkurjev et al
defined the synaptic epitranscriptome identifying 2921 transcripts with 4469 m°®A sites
selectively enriched in the synapse.%> Knockdown of m8A readers alters transcript levels at
the synapse and disrupts spine morphology and synaptic transmission suggesting
localization is functionally significant.5> However, the mechanism of m®A regulation of
localization is unknown. Previously reported roles for m6A in splicing, trafficking, stability
and translation are all likely candidates.59 Although analysis of RNA modifications in
endfeet has not been reported, 34 of the m6A-enriched transcripts identified at the synapse
are localized to RGC endfeet.24 This represents a statistically significant 29.6% overlap,
suggesting that these and other transcripts may be methylated in RGCs and that
modifications could influence their localization and function in endfeet (Figure 3E).

4.4] Local translation at neuronal synapses

Several studies have also characterized local translatomes in synapses. The importance of
proper regulation of local translation at synapses is reflected in human disease. Perturbation
of synaptic local translation has been linked to autism spectrum disorders, Fragile X
syndrome and other intellectual disorders.26:70.71

In addition to characterizing local synaptic transcriptomes, the Ouwenga et al study also
identified ribosome-bound transcripts in cortical neuronal synapses.®3 They isolated
synapses specifically from cortical neurons by coupling sucrose-Percoll subcellular
fractionation with a method called translating ribosome affinity purification (TRAP).63.72
Adding TRAP to standard synapse isolation (termed SynapTRAP) allowed for the
segregation of ribosome-bound RNAs from neurons and glia, both of which are present in
fractionated synaptoneurosomes. Using this technique, 153 ribosome-bound mRNAs were
identified, which were enriched for functions related to cell morphology including
cytoskeletal, motor and cell junction pathways. Cytoskeletal elements alone accounted for
17.6% of identified transcripts.? Furthermore, 46 of the 153 transcripts are known FMRP
targets. These classes of localized transcripts are reminiscent of those enriched in RGC
endfeet. Indeed, 10 ribosome-bound transcripts are also present in RGC endfeet representing
a statistically significant 8.7% of the endfoot localized transcripts (Figure 3E).24:63
Interestingly, a comparison of transcriptomes and translatomes from cortical synapses
reveals a stark contrast, as there are over 13 000 transcripts present in synapses but only 153
ribosome-bound transcripts enriched there.83 This suggests that only a subset of transcripts
in the synapse may be translated at any given time, arguing for translational regulation at the
synapse.

Evidence for tight regulation of local translation is further echoed by Noya et al who
investigated changes in the proteome of synapses as a result of sleep-wake cycles.5 They
discovered fluctuations in the proteome linked to sleep-wake cycles. Intriguingly, these
oscillations were segregated by functional protein classes. For example, proteins involved in
metabolism and translation were abundant before the resting phase while synaptic signaling
proteins accumulated prior to the active phase. Proteomic analysis of RGC endfeet has not
been reported; however, 27 of the proteins identified in synapses are present in endfeet at the
transcript level (Figure 3E).2464 Although this overlap does not achieve statistical
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significance, it suggests that these transcripts are competent to be locally translated far from
the cell body and could be locally translated in endfeet.

The question of how local translation is controlled at the synapse remains under
investigation. Two possible contributors are FMRP and M8A. FMRP is important for
translational control at the synapse.2%:73 MBA is another possible regulator present at
synapses which controls translation dynamics.”4=76 Altogether, these studies of RNA
localization and translation in neuronal processes and synapses highlight intriguing overlap
of transcripts with RGC endfeet and suggest potential mechanisms that may be at play in
RGCs.

5] RNA LOCALIZATION AND LOCAL TRANSLATION IN ASTROCYTES

Following the conclusion of neurogenesis, RGCs switch potency and begin producing glia
including astrocytes. Astrocytes are a highly populous cell type in the mammalian brain and
actively participate in broad brain functions including circadian rhythm, learning and
memory, and wakefulness and sleep.””-83 More specifically, astrocytes form a scaffold for
migrating neurons, support the blood-brain barrier and interact with and promote neural
synapse formation and function.84-88 Human astrocytes are more numerous and complex
than their rodent counterparts. A single human astrocyte can contact up to 2 million distinct
synapses.87:88

Similar to RGCs, astrocytes have branched processes that stretch far from the cell body to
interact with neurons and vasculature. Astrocytes are even more complex than RGCs
extending multiple processes each with their own branches claiming spherical territories 40
to 60 um in diameter in mice.8990 The main processes, secondary processes and finest
processes are referred to as the branches, branchlets and peripheral astrocyte processes
(PAPs), respectively. Astrocytes also have protrusions called endfeet which, in this context,
are specialized structures that physically contact blood vessels. The PAPs interact with
neuronal synapses and show reversible structural remodeling in response to behavior, brain
state or synaptic activity. The remodeling is modulated by coordinated polymerization and
depolymerization of cytoskeletal elements.91-9° The functional significance of PAPs is
illustrated by their plasticity in response to a changing microenvironment and the resulting
impact of this plasticity on spine stability and synaptic efficacy and maturation,92:94.96-98

Emerging evidence indicates that PAP morphology and function may be controlled by local
gene regulation. The membrane cytoskeletal linker protein, Ezrin, localizes to PAPs and is
required for the formation and motility of filopodia.95:96.98-101 Additionally, glial fibrillary
acidic protein (GFAP) mRNA is localized to the branch points and distal ends of protrusions
and the RNA-binding protein APC localizes to the leading edge of migrating astrocytes.
102,103 Below we first discuss localized RNAs and then local translatomes identified in
astrocytes.

5.1| Transcriptome analysis of astrocyte protrusions

Thomsen et al discovered transcriptomes isolated from astrocyte cell bodies and processes in
vitro using a modified Boyden chamber.194 Thomsen and Lade Nielsen adapted this system
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for astrocytes by decreasing the pore size of the membrane and coating it with ECM
components to encourage protrusion growth.195 In a pilot study, several RNAs including
Pkp4, Ankrd25, Inppl and 18-srRNA were identified in the cellular processes of both
primary astrocytes and the astrocyte cell line C8-S.19% To obtain a more complete
characterization of the protrusion transcriptome, single-molecule direct RNA sequencing
(DRS) was used to analyze transcripts recovered from the cell body and protrusion fractions.
104,106 The top 250 protrusion-enriched transcripts represented a wide variety of functional
groups and were present in both primary astrocytes and immortalized astrocyte cell lines.

Interestingly, the most enriched transcript was Nestin, which also localizes to RGC endfeet.
29,104 1n astrocytes, the NMestin3"UTR is sufficient to localize the mRNA to protrusions in an
FMRP-dependent manner.194 This is similar to roles for 3"UTRs in localization to endfeet.
23,24 comparison of the 250 most enriched transcripts in primary astrocyte protrusions and
the 115 FMRP-bound transcripts in RGC endfeet reveal 32 in common (Figure 3D).24
Additionally, 28 genes are conserved between C8-S protrusion-enriched transcripts and
RGC endfoot localized transcripts (Figure 3D). The overlap with primary astrocytes and C8-
S cells represented 28% and 24% of the FMRP endfoot localized transcripts, respectively
(Figure 3E). Both comparisons are statistically significant and 22 genes were shared
between all three groups (Figure 3D,E).24

The overall number of transcripts common to RGCs and astrocytes is high but may still
underrepresent the actual extent of overlap. Astrocyte transcripts were filtered for those
enriched in processes compared to the cell body while the RGC transcripts were present in
endfeet, but only enriched relative to the local niche and not cell body.24.104.107 | addition,
the RGC endfoot localized transcripts were limited to those bound to FMRP, suggesting
there may be more overlap when comparing a global endfoot transcriptome. We have
already seen two examples of this with AMestinand Cyclin D2. Both Nestinand Cyclin D2
are localized in astrocytes and found in endfeet but not significantly enriched in the FMRP
RIP-Chip analysis.24104

5.2 | Local translation in astrocyte protrusions

Do localized transcripts undergo translation in astrocytes? Thomson et al hinted at this
possibility as their western blot analyses of protrusions showed the presence of Nestin
protein.104 Sakers et al then identified ribosomes in PAPs near synapses in brain slices.107
Furthermore, in this study they observed active translation in PAPs using puromycilation
assays in slice culture. Up to 73% of translation measured in astrocytes occurred greater than
9 um from the nucleus. To expand upon this discovery and identify transcripts likely to be
locally translated, the authors performed in-depth characterization of ribosome-bound
transcripts in PAPs.107 To do so, they developed and employed the PAP-TRAP method,
similar to other TRAP methods, to isolate and sequence ribosome-bound mRNAS in
astrocytes in vivo. 224 transcripts were significantly enriched in PAP ribosomes compared to
soma. The enriched transcripts were biased for genes involved in glutamate and GABA
metabolism and biosynthesis of fatty acids as well as motor and cytoskeletal proteins. This is
perhaps unsurprising considering the importance of these classes in PAP function and
morphology. However, it does support the idea that local translation is a regulated process
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that controls spatial production of functionally relevant proteins. There are also 10
transcripts (8.7%) shared between the astrocyte ribosome-bound transcripts and RGC
endfoot FMRP interactome,24 which were statistically significant!97 (Figure 3E).
Interestingly, seven of these transcripts are also ribosome bound in synapses.53 Importantly,
classes of locally translated genes are related to established PAP functions. This foreshadows
that characterization of endfeet will provide insights into genes and signaling cascades
important for endfoot functionality and potentially uncover new roles for endfeet in cortical
development.

5.3| Comparisons of astrocytes and RGCs: Roles for extrinsic cues

Several lines of evidence suggest that mMRNA localization in astrocytes is not entirely
preprogramed, but rather is influenced by external cues. Differences in growth conditions
between astrocytes in vivo and in vitro are reflected by striking differences between their
localized transcriptomes. Furthermore, work by Foster et al shows that treatment of
astrocytes with pyridazine derivatives is sufficient to activate the local translation of specific
subsets of transcripts.198 This provides evidence that an external stimulus is capable of
regulating local gene regulation in astrocyte processes.

How can this inform what happens in RGCs? Transcripts localized to RGC endfeet highly
overlap those of primary astrocytes in vitro. In contrast, there was less overlap between RGC
endfeet transcripts and those in astrocyte processes in vivo, and no transcripts in common
with astrocyte endfeet in vivo.199 This may reflect similar microenvironments between
astrocyte in vitro culture and RGC endfeet; astrocytes were cultured on Type | collagen and
RGC endfeet directly contact the BM containing multiple ECM components including Type
I collagens.

It is possible that external cues control which and when mRNAs are transported to RGC
endfeet. Influence of external stimuli on local gene regulation in RGC endfeet is consistent
with its location in a unique niche composed of vasculature, fibroblasts, ECM, Cajal-Retzius
neurons and interneurons. Signals from this niche are known to influence neurogenesisl>-18
and may activate production of proteins necessary to trigger signaling which in turn
influences cellular responses.

6| SUMMARY

RGCs have a complex and bipolar morphology including basal endfeet that are located
hundreds of microns from the cell body. This great distance between the cell body and
endfeet raises the question of how genes are locally regulated to support endfoot function.
The field of local gene regulation in RGCs is still in its infancy, but several key discoveries
have already been made. RNAs are actively transported to endfeet in a manner regulated by
both cis- and trans-factors.24 Endfeet contain a local transcriptome of which over 100
transcripts have been identified.23-24 The endfoot transcriptome is enriched for cytoskeletal
and signaling elements which may inform endfoot functionality. Additionally, mMRNAs can
be locally translated in endfeet independent of the cell body.24
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Despite this initial foundation of knowledge, many questions remain unanswered regarding
which mRNA s are localized, when they are transported, how their fate is controlled and how
these processes influence stem cell function. For insight, in this review, we turned to neurons
and astrocytes which have been heavily studied in the context of RNA localization and local
translation. Our analysis of published datasets reveals extensive overlap between transcripts
localized in RGC endfeet, neuronal axons and synapses, and especially with astrocyte
protrusions. This cellular conservation suggests common transcriptomes within subcellular
compartments and perhaps common mechanisms. Future studies will be invaluable toward
understanding functions of RGC endfeet and how it may play roles in brain development
and disease. Further, as we delve deeper into studies of endfeet this can also generate
fundamental new insights into basic mechanisms of RNA localization and local translation
in neurons and astrocytes.
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Neuroepithelial  Radial Glial Cell Neuron Intermediate Astrocyte
Cell Progenitor

FIGURE 1.
Radial glial cells (RGCs) play a vital role in cortical development. This simplified cartoon

reflects neurogenesis in mice, between embryonic day (E) 11.5 and 18.5, followed by
gliogenesis. Neuroepithelial cells (light green nucleus) initially expand the precursor pool.
RGCs (dark green nucleus) are the main progenitors of the cerebral cortex during
development producing both neurons and glia. Early in development RGCs produce neurons
(red) either directly or indirectly through their production of intermediate progenitors
(yellow). Following the conclusion of neurogenesis, RGCs change potency and produce glia,
including astrocytes (blue). As cortical development progresses, RGC morphology matures
from having one endfoot to multiple
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FIGURE 2.
Current knowledge of local gene regulation in radial glial cells (RGCs). Basal endfeet

function far from the cell body embedded in a local niche comprised of basement
membrane, fibroblasts and blood vessels. Three major discoveries in RGCs have been
published: (a) mMRNAs are actively transported from the cell body to basal endfeet. (b)
Endfeet have a unique local transcriptome. (c) Endfoot localized mRNAs are competent for
local translation
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FIGURE 3.
Comparison of radial glial cell (RGC) endfeet, neuronal axons, neuronal synapses and

peripheral astrocyte processes. (A) Cartoon representations of neurons, RGCs and astrocytes
to depict their unique morphology and emphasize subcellular compartments distant from the
cell body. (B-D) Venn diagrams show the comparison of endfoot localized transcripts to
mRNAs localized in neuronal axons (B), neuronal synapses (C) and peripheral astrocyte
processes (D). (E) Graphical representation of the percent of genes shared between the
FMRP RIP-Chip in endfeet and relevant localization datasets compared to a random gene
list. Random gene lists were generated through Bootstrap sampling of all the genes present
in the FMRP RIP-Chip input. For each comparison, 100 random lists were generated and the
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mean overlap is represented. P-values were calculated using a two-tailed Fisher’s exact test.
*<,05, **<.01, ***<.001, ****<,0001
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