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Abstract

The mammalian cerebral cortex is a complex brain structure integral to our higher cognition.
During embryonic cortical development, radial glial progenitors (RGCs) produce neurons and
serve as physical structures for migrating neurons. Recent discoveries highlight new roles for RNA
localization and local translation in RGCs, both at the cell body and at distal structures called basal
endfeet. By implementing technologies from the field of RNA research to brain development,
investigators can manipulate RNA-binding proteins as well as visualize single-molecule RNAs,
live movement of mMRNAs and their binding proteins, and translation. Going forward, these studies
establish a framework for investigating how post-transcriptional RNA regulation helps shape RGC
function and triggers neurodevelopmental diseases.
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The cerebral cortex is a highly organized structure, containing the neurons responsible for
our higher cognitive functions. Its development is orchestrated by a vast array of molecular
and cellular mechanisms at play in multiple cell types. The adult neocortex is composed of
about 80% excitatory neurons and 20% inhibitory neurons, both of which are produced via
radial glial cells (RGCs). These radial glial cells are commonly called neural stem cells, for
their ability to generate not only neurons but also glia [1,2]. At initial stages of cortical
development, the brain is composed of neuroepithelial progenitors which divide
symmetrically to expand the precursor pool. As cortical development proceeds, these are
replaced by RGCs which sequentially generate subtypes of excitatory neurons (Fig. 1A-C).
RGCs produce neurons directly or indirectly by generating transit amplifying progenitors. In
mice, the predominant transit progenitors are intermediate progenitors (IPs), whereas in
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human and nonhuman primates, outer radial glia progenitors are abundant [3-5]. Newly
generated excitatory neurons migrate radially toward the pia, forming distinct layers 11-V1.

The term RGC was first coined based upon the unique morphology of these cells which
resemble glial cells with long radial extensions (Fig. 1A). Extensive electron microscopy
(EM) studies were invaluable for describing RGC anatomy, revealing a cell body adjacent to
the ventricle, and apical endfeet [6,7]. Extending from their cell bodies, RGCs have a basal
process that spans the entire thickness of the developing cerebral cortex, forming basal
endfeet at the pia (Fig. 1LA). In younger brains the basal process is quite short, whereas in
older brains it can extend up to several hundred micrometers; and even millimeters in human
brains. This structure provides a guidepost for excitatory neurons to migrate from their
birthplace in the germinal zones to their final destination in the cortical plate. EM studies
together with immunolabeling reveal that organelles are subcellularly localized within RGCs
—with Golgi found only within the cell body, and endoplasmic reticulum (ER) distributed
throughout the cell body and radial fibers [8]. RGC cell bodies form distinct interconnected
clusters linked by Gap junctions, through which calcium signaling can propagate [9,10].
Cell—cell interactions between RGC cell bodies and newborn IPs and neurons can enable
signaling such as via the Notch pathway [11].

Following the discovery that RGCs are neuronal and glial precursors, the hypothesis
emerged that asymmetric segregation of determinants within apical and basal structures
could influence whether RGCs undergo symmetric or asymmetric divisions [12,13]. Local
absence of cadherin staining at apical RGC structures (termed cadherin hole) was implicated
during asymmetric RGC divisions [14]. Additionally, asymmetric inheritance of cell fate
markers, such as Numb, Notch, and EGFR, has also been observed [13,15]. Live imaging of
dividing RGCs reveal the basal process itself may influence cell fate, as new cells that
inherit the basal process disproportionately retain RGC proliferative behavior [16-18]. This
led to the notion that the basal process, in addition to the cell body, could contain
asymmetrically segregated fate determinants. Recent studies further indicate that asymmetric
RGC fate can be influenced by exogenous signals, such as from the choroid plexus residing
within the lateral ventricles [19].

At the pial cortical surface, RGC basal endfeet are tethered to the basal membrane and form
a barrier between the cerebral cortex and the overlying meninges. Disruption of this barrier
leads to overmigration of cortical neurons into the meninges [20,21]. It is important to note
these basal RGC structures reside in a local niche composed of interneurons, excitatory
neurons, a basement membrane, and outside the cortex, vasculature, and fibroblasts [22]
(Fig. 1A). Notably, signals from meninges as well as upper layer neurons can influence RGC
proliferation [23-28]. Moreover, basal process and endfeet structures are not simply passive
borders, as live imaging reveals dynamic remodeling within the niche [29]. However, there is
a dearth of understanding regarding how information is communicated between RGC basal
structures and niche cells.

The morphological and cell biological features of RGCs make them well suited for RNA
localization and local translation. Because apical cell bodies and basal endfeet can be
separated by hundreds of microns, local control of gene expression in both compartments
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could mediate RGC functions in cell fate specification, neuronal migration, and signaling. In
Saccharomyces cerevisiae, Xenopus, and Drosophila, inheritance of asymmetrically
localized mRNAs is associated with cell fate specification [30,31]. In migrating fibroblasts,
B-actin mMRNA localized to the leading migratory edge allows for local and rapid remodeling
of the cytoskeleton [32]. Similarly, in newborn neurons, local translation at the growth cone
promotes asymmetric axon growth in response to extracellular cues, and in dendritic spines,
local control of gene expresssion modulates spine growth in response to local synaptic
activity [30,31]. Thus, in many systems, mRNA localization and local translation promote
cell fate, cytoskeletal remodeling, and rapid cellular responses.

In this review we highlight emerging roles for mMRNA localization and local translation in
mammalian RGCs. We first discuss relevant RNA and developmental technologies for
interrogating these processes in RGCs. We then describe RNA-binding proteins (RBPs) and
mRNAs implicated in localization and translation within the cell body and basal RGC
structures. Finally, we discuss how these new discoveries are beginning to influence and
challenge our current understanding of neurogenesis.

Technologies to study RNA localization and translation in mammalian

RGCs

RNA technologies

A traditional approach to visualize RNA localization within cells or tissues is fluorescent /in
situhybridization (FISH). In contrast to conventional /n7 situ hybridization techniques, recent
developments in FISH technology enable higher resolution detection of mMRNAs, with the
ability to resolve and quantify single mRNA molecules (smFISH) [33]. This approach can
be coupled with other fluorescent labeling, such as antibody staining or expression of
exogenous fluorescent proteins, to interrogate colocalization of RNA with other molecules
and within specific subcellular compartments [34-36].

One of the most highly utilized approaches for visualizing RNA transcripts in live cells is
the MS2 system made popular by Robert Singer's group (Fig. 2A). Briefly, MS2 stem loop
sequences are included within the localization element of an RNA of interest. This can be
achieved by transfecting reagents (DNA plasmids or viruses) or by generating knockin mice
[37,38]. Cells must also express the fluorescent fusion protein, EGFP-MCP (MS2 Coat
Protein), which has very high affinity for MS2 stem loops and contains a nuclear localization
element to minimize background cytoplasmic signal. With this strategy RNAs become
decorated with multiple EGFP proteins, enabling the indirect detection of transcripts. A
variant of this technique, the PP7 system, also uses RNA stem loop and coat proteins (a
forthcoming Review by Kiebler, due to be published in the same issue as this article,
addresses this topic) [30]. Combining both MS2 and PP7 systems makes it possible to
visualize the dynamics of multiple RNA species simultaneously within a live cell. Use of
these RNA imaging approaches have been deployed in many systems including cultured
neurons, fibroblasts, zebrafish, and most recently in organotypic embryonic mammalian
brain slices [30,34,37-40]. Imaging and labeling technologies continue to be improved, such
as with application of CRISPR/Cas9 technology [41].
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A number of techniques enable visualization of protein translation in cellular compartments.
A powerful and flexible approach is the use of photoconvertible proteins coupled with live
imaging (Fig. 2B). With this methodology, constructs expressing either Dendra or Kaede
coding sequence and containing an RNA localization sequence are introduced into cells
[42]. Native Dendra or Kaede proteins fluoresce in the green color spectrum, however,
following exposure to UV, are irreversibly converted to red fluorescence. Thus, after
conversion, the recovery of a new localized green signal is indicative of de novo protein
translation. Given that green photoconvertible proteins can also diffuse from other
subcellular locations, it is routine to use a form engineered to associate with the cell
membrane to delay diffusion. Alternatively, this experiment can be conducted after physical
isolation of the cellular compartment in which local translation is being measured
[34,42,43]. Beyond photoconvertible proteins, additional techniques exist for monitoring
translation, including fluorescent labeling of ribosomal components, nascent proteins
(SINAPS), and use of modified amino acids (BONCAT, FUNCAT) [44-48]. Genome-wide
translation analyses can be employed using the latter approaches or ribotag approaches [49—
51]. These cutting-edge tools continue to be optimized for use /in vivo.

Identification of RNA targets of RBPs within a given cell type or tissue relies upon an
approach called RNA-immunoprecipitation (RIP) [52]. This technique utilizes an antibody
against an RBP of interest to isolate RNA-RBP complexes. Purified RNAs can then be
identified by gPCR, microarray (RIP-CHIP) or RNA sequencing (RIP-seq) (Fig. 2C).
Modifications to traditional RIPs employ cross-linking to isolate both low- and high-affinity
RNA-protein interactions, since traditional RIPs are thought to primarily detect high-affinity
interactions. This includes CLIP, PAR-CLIP, eCLIP, DO-RIP, and HITS-CLIP, the latter two
of which can be used /n vivo [53-56]. Both traditional and cross-linking-based RIP
techniques have been criticized for potentially yielding false positive discoveries due to
reassortment of RNA-RBP complexes or nonspecific binding. It is critical to validate
findings from genomic studies using additional candidate approaches as described above.

Applications to the brain

The embryonic mammalian cortex is well suited for the application of these RNA
technologies. /n utero electroporation is invaluable for transfecting nucleic acids and
proteins into RGCs in vivo (Fig. 2D) [57]. Using this technique one can modulate gene
expression by overexpression or knockdown, as well as label proteins [58]. Of note, as
RGCs give rise to neurons, astrocytes and oligodendrocytes in different regions and at
distinct developmental stages, it is possible to target specific populations by simply adjusting
electroporation parameters. Thus, one can evaluate localization, transport, local translation,
and local transcriptomes by electroporating fluorescently tagged molecules or fusion
proteins. Such tags can be used for subsequent biochemical use, as for cell-specific RIPs
[34].

Another valuable technique for imaging RNA transport and translation is embryonic
organotypic brain slices which have the amazing capacity to be cultured ex vivo for several
days. Developmental mechanisms, such as RGC proliferation or neuronal migration, are
maintained in this ex vivo setting. Coupled with /n utero electroporation, this technique
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reaches its full potential when one performs live imaging with slices generated from
electroporated brains (Fig. 2D). Thus, it is possible to assess the behavior of either RNAs or
RBPs. As their transport can reach speeds of several microns per second, high temporal and
spatial resolution are essential for such assays. This can be achieved using state of the art
microscopy approaches such as spinning-disk microscopy with high-resolution objectives.

RNA localization and translation in the RGC cell body

Localization: Staufen2 and its targets

Asymmetric cell division is a hallmark of RGCs during the peak stages of neuron production
at midcorticogenesis [17,59-61]. Fundamentally, asymmetric divisions rely upon the
unequal segregation of fate determinants in two daughter cells during mitosis [62]. For
example, RGCs asymmetrically segregate fate determinants Notch and EGFR, although the
functional impact of this is poorly understood [12,15]. Recent studies highlight RNA and
RBPs which are subcellularly localized in the cell body to impact asymmetric cell fate.

In back-to-back studies, the labs of Sally Temple and Freda Miller discovered that the RBP
STAU-FEN2 (STAU2) controls asymmetric mRNA segregation during RGC mitosis (Fig.
3A) [63,64]. STAU2 is expressed in RGCs throughout corticogenesis, and enriched at the
ventricular border within apical RGC endfeet. During prophase and metaphase stages of
mitosis, STAU2 accumulates asymmetrically in RGCs. During neurogenic phases, this
results in asymmetric distribution to one daughter cell, particularly a newborn IP. Both /n
vitro and in vivo experiments using ShRNA showed Stau2 depletion in RGCs increases
differentiation and decreases self-renewal. Importantly, this phenotype is not rescued by
expression of an RNA-binding deficient STAU2, indicating STAU2 impacts RGC cell fate
by binding RNA. Both studies tested this interesting hypothesis. Vessey et al. [63] drew
clues from Drosophila neuroblasts [65], whose asymmetric division relies upon staufen-
mediated segregation of prospero mRNA. In the developing mouse, they found that STAU2
binds Prox, the mammalian Prospero ortholog, and that along with STAU2, Proxis
asymmetrically segregated in mitotic RGCs during the neurogenic period. Kusek et al. [64]
used RIP-CHIP to discover transcriptome-wide STAUZ targets in whole embryonic cortices.
Although this tissue contains various cell types, the authors successfully identified about
1500 STAU2-bound mRNAs. Notably, for several targets, Stau2 depletion disrupted their
RNA localization in dividing RGCs and subsequent protein distribution in progeny.

These findings lay the foundation for investigating how STAU2 controls RNA metabolism to
influence cell fate. STAU2 targets were disproportionately enriched for genes involved in
cell cycle regulation, including cell cycle exit. Given that cell cycle exit and differentiation
are tightly linked in RGCs [66-68], it is plausible that inheritance of cell cycle-related
targets promotes differentiation of newborn progeny into IPs or neurons. Without STAU2,
both daughter cells would inherit equivalent RNAs, causing differentiation of newborn
progeny. Interestingly, STAU2 disproportionately binds RNAs encoding ‘cilia assembly’
proteins, raising the interesting possibility that STAU2 also influences RGC cell fate by
controlling RNAs important for the maintenance of the primary cilium. Consistent with a
possible role in cilia, STAU2 is most abundant apically in RGCs, where centrosomes reside
and from which the primary cilium emanates [69]. It is also interesting to consider how
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STAU2 controls RNA localization in RGCs. In Drosophila neuroblasts and mammalian
neurons, asymmetric RNA accumulation relies upon transport of mMRNAs, either passively or
actively along the cytoskeleton, as well as anchoring to the cellular cortex [70]. In
postmitotic neurons, STAU2 regulates nuclear RNA export and localization to dendrites,
where it is required for spine maturation [71,72]. Thus, in RGCs, STAU2 association with
the cytoskeleton and centrosomes could also mediate its roles in RNA localization and
potentially in local translation.

During mitosis, transcription and translation of mRNA is largely silenced, although some
low levels may occur [73]. Thus, it is likely that asymmetrically localized mRNAs are
translationally repressed until after mitosis, when they can be rapidly translated to drive the
fate and behavior of progeny. Although a potential role for STAU2 in translational regulation
within RGCs remains to be explored, it is plausible, given that RGCs contain a large cohort
of translation-ally repressed RNAs encoding differentiation factors [74,75].

Beyond STAUZ2, additional RBPs, including SMAUG2, PUM2, and DDX1, are implicated in
translational regulation and asymmetric division [36,63,74,75]. Going forward it will be
exciting to consider roles for these proteins in mitotic segregation of mMRNAs, translational
regulation, as well as how they cooperate with STAU2. Thus, while STAU2 exemplifies how
RBPs can influence asymmetric RNA segregation and cell fate in RGCs, these functions are
likely broadly applicable to many additional RBPs.

RNA localization and local translation in RGC endfeet

At the distal endfeet of RGCs, MRNAs can also asymmetrically localize. ABBA, also known
as Mtss1l, strongly localizes to the putative RGC endfeet [76]. In RGC-like C6-R cells,
ABBA depletion perturbs lamellipodial dynamics and extension of cellular processes. These
defects could be mediated by ABBA binding to both G-actin and the small GTPase Rac.
This suggests a potential role for ABBA in membrane dynamics in RGC endfeet, although
local translation or functions for ABBA in endfeet are not yet described. Another mMRNA
enriched in RGC endfeet is Mestin, best known as a canonical marker of RGCs [77]. Again
implications of this subcellular localization or the exact function of NESTIN in RGC endfeet
are ill-defined.

A seminal study describing mRNA localization within endfeet demonstrated asymmetric
localization of CyclinD2 (Ccnd2) mRNA [78]. This finding was surprising given that Ccnd2
encodes a cell cycle regulator, which is primarily known to act in the nucleus. In addition to
discovering that Ccnd2 mRNA and protein are both asymmetrically localized to endfeet, this
study made a number of additional discoveries. First, the authors used a series of reporter
constructs, introduced by in wtero electroporation, to define sequences within the 3° UTR of
Ccnd?2 that are sufficient for its endfoot localization. This demonstrated that 3" UTR
elements can confer localization in mammalian RGCs, paralleling findings in other cell
types and organisms. The authors then employed fluorescent reporters containing this 3’
UTR along with nuclear localization signals to detect fluorescence within endfeet. From this
the authors concluded that RNA is locally translated, however, there are caveats to this
conclusion, given the possibility that protein could still diffuse from the cell body. Although
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this study defined 3" UTR sequences sufficient for localization, it is not clear whether these
sequences are also necessary for local translation. Finally, the authors used clonal cell
analysis to argue that CcndZ inheritance within new progeny containing a basal process
promotes RGC cell fate. This localized pool of Ccnd2 mRNA would be translated following
mitosis, and eventually promote entry into another cell cycle.

Many fascinating questions were raised by this study. It remains unclear why the mRNA
encoding a cell cycle regulator, CCND2, is localized distally in RGCs. Could endfoot-
localized Ccnd2 mRNA travel back to the cell body after mitosis, or does locally synthesized
CCND2 protein function within endfeet? Relevant for these possibilities, it is intriguing to
consider that CCND2 could function noncanonically in RGC endfeet, independent of the
cell cycle. Indeed, there is precedence that other Cyclins, Cdks, and associated regulators
can act outside of the cell cycle machinery, including within the nervous system [79-81].
Thus, it will be of interest to determine if other cell cycle-related transcripts also localize and
function in end-feet.

Live imaging: RNA and RNA-binding proteins move and function in distinct

compartments of RGCs

While previous studies demonstrated that mMRNAs can subcellularly localize to radial glia
endfeet, a major question was whether they do so actively or passively by diffusion, and
whether this is controlled by RBPs. Our group addressed these questions using live imaging
and RNA biochemistry [34]. First, we tested the hypothesis that MRNA moves actively in
RGCs by employing MS2 technology to investigate mRNA transport. As a proof of
principle, 3" UTR Ccnd?2 reporters, discovered by Tsunekawa et al. [78], were introduced
into the developing brain via /in utero electroporation, followed 16 h later by preparation and
imaging of embryonic brain slices. This approach showed that, strikingly, mRNA is
competent to move in RGCs at speeds and run-lengths consistent with active, microtubule-
based transport (Fig. 3B). RNA movements were distinct between E14.5 and E16.5, in terms
of directionality, speed, and run length. Although the nature of these differences remains
unclear, it could suggest that RNA transport influences generation of distinct subtypes of
excitatory neurons, produced at these different developmental stages. Alternatively, inherent
temporal differences in micro-tubule orientation or the presence of distinct RBPs could
influence RNA trafficking.

One potential function of RNA localization is local translation (Fig. 3B). In postmitotic
neurons, local translation is frequently investigated using axotomy assays or chambers,
which enables one to assess local translation within a specific subcellular compartment,
without the complication of protein diffusion from the cell body [82]. In the developing
cortex this is challenging, given that no current methodologies exist for culturing RGCs to
recapitulate their unique and complex anatomy. Therefore, we devised a way to remove the
top layer of RGCs in an ‘endfoot preparation.” This preparation contains RGC endfeet as
well as cellular constituents of the pial niche, including vasculature, meninges, basement
membrane, and neuronal processes. To monitor de novo protein translation specifically
within RGC endfeet, photoconvertible proteins were employed. Photoconvertible reporters
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introduced via in utero electroporation demonstrated endfeet exhibit local translation, which
was blocked by treatment with the translational inhibitor anisomycin. Interestingly, not all
endfeet or mRNA reporters exhibited equivalent levels of translation, suggesting that this
may be a regulated process. Intrinsically, RBPs, cell cycle stage, or inherent differences in
progenitors could influence translation. Local protein production could also be influenced by
extrinsic signals generated by the endfoot niche, including meninges and neurons, such as
those previously implicated in proliferation control and feedback signaling [23,24].

In order to understand the intrinsic regulation of RNA localization and translation in endfeet,
we investigated the RBP, FMRP, with established roles and expression in the embryonic and
adult cortex [83,84]. During corticogenesis, FMRP is implicated in neuronal migration and
RGC proliferation [85-87]. Both endogenous and exogenous FMRP localized to endfeet and
decorated the length of RGC basal processes, which may correspond to FMRP
ribonucleoprotein granules being transported to basal endfeet. Live imaging of E16.5 brain
slices support this hypothesis, as FMRP moved at similar speeds and behaviors to mRNA
reporters at this age [34].

The question of which mRNAs FMRP binds and regulates in endfeet was addressed with
traditional RIP approaches, without cross-linking, followed by microarray. Within endfeet,
FMRP associated with 115 transcripts significantly enriched for cytoskeletal regulators,
signaling molecules, and autism-associated genes, as well as previously identified FMRP
targets [83,88,89]. One criticism of RIP-CHIP is the possibility of reassortment following
cell dissociation, which could lead to nonspecific hits. However, independent RIPs and FISH
assays successfully validated 6/6 candidates tested [34]. FMRP is implicated in both RNA
transport and translational inhibition [84,90]. Consistent with the former function,
localization of two targets, Kif26aand Dst, but not Apc, was reduced in Fmrp mutant
endfeet and Kif26atransport was significantly slower in Fmrp mutant RGCs compared to
control. This suggests that FMRP controls RNA transport in RGCs, as in neurons [90].
Based upon this, it will be of interest to observe the cotransport of FMRP with its targets
[91], an experiment which is possible but technically challenging due to the requirement of
multiple fluorescent proteins imaged simultaneously. In addition to transport, FMRP may
also influence protein translation, depending upon the target considered or the
developmental stage. Indeed a more comprehensive analysis of how FMRP controls its
downstream targets in RGCs is warranted.

This study raises broad questions regarding how RNA is shuttled to endfeet. Beyond FMRP,
additional RBPs, STAU2, and PUMILLIO, localize to endfeet [34]. This is interesting
especially given the critical role of STAU2 in RGC asymmetric division and RNA
localization in the cell body, as described above [63,64]. In other systems FMRP and STAU2
cooperatively bind targets, begging the question of whether this occurs in RGCs [92].
Evaluating the targets of STAU2 and other RBPs in endfeet will help elucidate whether the
FMRP-related transcriptome is representative of all transcripts in endfeet. Another RBP of
interest is adenomatous polyposis coli (APC), which can also bind microtubules and
influence endfoot remodeling [93,94]. Aoc mMRNA is also localized to endfeet, begging the
question of whether it functions locally in endfeet. Beyond RBPs, it is unclear which
molecular motors and adaptor proteins influence RNA transport and how RNAs are
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ultimately tethered at endfoot structures. By defining the cis- and transmachinery controlling
RNA localization, one can endeavor to develop potential tools for interrogating function.

How might mRNA localization influence cell fate of RGCs? In the cell body, mitosis itself
can control segregation of cell fate components to new progeny. Osumi and colleagues have
suggested similar functions may also hold true for localized MRNAs in RGC end-feet [95].
This may be most plausible in early stage RGCs, when transcripts would travel a much
shorter distance than in older stage RGCs. While mMRNAs can be rapidly transported
bidirectionally in late stage RGCs, it remains unknown if individual mMRNAs transit from the
cell body to the endfeet and then back to the cell body. Defining the lifetime and fate of
mMRNAs in endfeet will be valuable to address this possibility, although this is technically
challenging. It is also conceivable that RGC endfeet are mMRNA warehouses, where their
local translation (perhaps in response to a cue) results in new protein shuttling back to the
nucleus, where it can influence fate. Indeed, the FMRP-bound transcriptome included
chromatin factors, and there is precedence for nuclear factors shuttling in a retrograde
fashion in neurons [43,82].

The control of local translation in RGCs is also ripe for study. Both Ccra2and Kif26a3’
UTR mRNA reporters were competent to be localized and translated at endfeet. But are all
subcellularly localized mRNAs translated to a similar extent? Of note, our study highlights
differences in Kif26aand CcnadZreporter translation. This could be due to technical or
biological differences. Indeed whether a given transcript is translated could be related to a
number of factors including mRNA reporter, RGC cell cycle stage, developmental stage, or
signals emanating from surrounding niche. Beyond local translation at endfeet, it is
interesting to consider that within basal processes, translation ‘hot spots’ may also exist, as
suggested by a recent study which showed ER are scattered along the basal process [8].

Locally produced protein in RGC endfeet may enable cell-cell communication between the
pia and ventricular compartments (Fig. 4). This is supported by the observation that
transcripts encoding signaling molecules of the Rho GTPase and Map Kinase signaling
pathways were abundant in the FMRP-bound local transcriptome. Locally produced
signaling molecules could transit back to the cell body, and/or communicate with the
surrounding niche. Indeed, feedback signaling from upper layer neurons influences
subsequent progenitor cell fate, but how this occurs at a molecular level is still largely
unknown [24]. Likewise, meninges secrete signals including retinoic acid to influence RGC
proliferation [23]. Toward understanding local RGC function, parallels may be drawn
between RGCs and astrocytes. RGCs are morphologically similar to astrocytes, generate
astrocytes, and astrocytes have endfeet which contact blood vessels in the mature brain.
Moreover, there is a strong overlap of transcripts enriched in endfeet and within astrocyte
protrusions, suggesting that similar mechanisms may be at play [34].

Beyond signaling back to RGC cell bodies, signaling molecules as well as locally produced
cytoskeletal proteins may influence RGC structure (Fig. 4). This could include production
and maintenance of RGC basal processes and endfeet, as the brain expands radially [96].
Besides ABBA, several transcripts encoding relevant cytoskeletal regulators are enriched in
RGC endfeet. Local translation could impact dynamic filopodia-like structures of the basal
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process, similar to mechanisms within the growth cone of growing axons [29]. The FMRP
interactome at basal endfeet also contains some mRNAs encoding membrane and secreted
proteins. However, use of both EM and fluorescent proteins marking Golgi components,
indicate that RGC basal processes and endfeet lack conventional golgi apparatus, as do
neuronal axons [8,97]. This raises the question of how some locally translated proteins are
appropriately modified in the absence of Golgi. One possibility is that RGCs employ
alternative ER and Golgi pathways which regulate trafficking of appropriate proteins to the
membrane, as has been reported in axons [98]. Further studies of endfeet mMRNAs encoding
membrane-bound and secreted proteins, as well as the presence of such pathways, will be
needed to investigate this idea.

Conclusions and perspectives

Dysregulation of RGC proliferation, differentiation, and neuronal migration can cause
neurodevelopmental disease. Thus, it is important to consider the potential disease relevance
of RNA localization and local translation in RGCs. The observation that FMRP influences
RNA transport in RGCs begs the question as to whether its role in distal compartments of
RGCs is relevant for Fragile X syndrome. Notably, several FMRP-associated targets in RGC
endfeet are themselves implicated in autism, schizophrenia, and primrose syndrome [34].
Likewise, STAU2 associates with cilia-encoding transcripts, suggesting that STAU2-
mediated RNA localization could contribute to ciliopathies [64]. Another endfoot-localized
transcript, CCNDZ, is also implicated in the neurodevelopmental disease, megalencephaly,
due to stabilization of the CCND?2 protein. De novo CCND2 mutations leading to
stabilization of cyclin D2 cause megalencephaly-polymicrogyria- polydactyly-
hydrocephalus syndrome [99]. It is interesting to consider that diseases dependent upon
proper RGC scaffolding and neuronal migration, such as autism, cobblestone microcephaly,
and lissencephaly could be affected by local translation in RGCs [100]. This is because the
integrity and structure of RGC basal processes is essential for neuronal migration [101].
Indeed local translation could promote maintenance of endfoot attachment to the basal
lamina, thus preventing overmigration of neurons. It will be fascinating to consider roles for
local translation in the etiology of these and other neurodevelopmental disorders.

RNA localization and local translation have well-established roles in the developing and
adult nervous systems including within growing or wounded axons, neuronal synapses, and
astrocytes [30,82]. In comparison, in RGCs, RNA localization and translation is a field in its
infancy. Nevertheless, as highlighted in this review, RGCs are a cell type ripe for discovery
on this front and a new emerging model of RNA localization and translation. Continued
investigation promises to yield important insights—not only into cortical development but
also into universal principles of RNA localization and translation.
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EM electron microscopy

ER endoplasmic reticulum

FISH fluorescent /n situ hybridization
IPs intermediate progenitors

RBPs RNA-binding proteins

RGCs radial glial cells

RIP RNA-immunoprecipitation
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» Vasculature

Development

Cartoon of developing brain and neural stem cells with highlighted anatomy of a radial glial
progenitor cell. (A) Anatomy of a radial glial progenitor and the endfoot niche, including the
basement membrane (gray), inhibitory neurons (Inh.N), excitatory neurons (Ex.N), cajal
retzius cells (CR), vasculature (V), and fibroblasts (F). (B) Schematic representation of a
coronal section of an embryonic mouse brain during midcorticogenesis. Red box points to
the location represented in (A). (C) Cartoon representation of mouse cortical development.
This panel shows the different cell types referred to in the present paper. During early
corticogenesis, neuroepithelial cells divide symmetrically to expand the precursor pool. As
development proceeds, neuroepithelial cells convert into radial glial cells that mainly divide
asymmetrically to produce a new RGC and either a neuron or an IPs. IPs divide away from

the ventricular border to generate neurons.
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Fig. 2.
Tools used to study RNA localization and local translation in the developing mouse cortex.

(A) In the Ms2 system, DNA constructs expressing an RNA bearing Ms2 loops and a
localization sequence are introduced into cells together with Ms2-loop coat protein fused to
EGFP (MCP-EGFP). A nuclear localization signal (nls) is added to the MCP-EGFP to
reduce background signal of unbound protein in the cytoplasm, and ensure that local events
outside the nucleus are actively controlled. RNAs can harbor 24 EGFP molecules, which is
sufficient to detect single transcripts. (B) Photoconvertible proteins such as DENDRAZ2 or
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KAEDE are valuable to visualize local translation in a distal region of a cell. Reagents
expressing RNAs bearing the protein expression cassette together with a localization signal
are introduced into cells. After photoconversion, local recovery of the green signal over time
indicates local translation (YES), whereas no new green signal suggests the absence of local
translation (NO). (C) RNA-immunoprecipitation allows for the identification of RNA targets
of RBPs. RNAs pulled down using an antibody targeting a candidate RBP can be analyzed
using RT-PCR, microarray or RNA sequencing analyses. This approach has many
modifications including crosslinking. (D) /n7 utero electroporation allows for the transfection
of RGCs /n vivo. Briefly, nucleic acids or proteins are injected into the lateral ventricle of
embryonic brains. An electric current is applied to make cell membranes permeable and to
direct nucleic acids or proteins into the cells lining the ventricular border. Following
electroporation, organotypic brain slices can be cultured for up to several days and
subsequently used for live imaging of electroporated cells.

FEBS Lett. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pilaz and Silver Page 20

A
¥
] S ribosomes
@0 RNA-binding
® proteins
g motor
protein
=~ RNP fate
determinants
A STAUFENZ2, DDX1
PUMILLIO, ?
B I, l;
Asymmetric segregation RNA transport and local
of cell fate determinants translation in RGCs
at mitosis

Fig. 3.
Cartoon representing dynamics and putative roles of RNA localization and regulated

translation in the cell body. (A) RGC asymmetric divisions rely on the asymmetric
segregation of mMRNAs encoding cell fate determinants. This mechanism was shown to rely
on the RNA-binding proteins STAU2, DDX1, and PUMILLIO but additional as yet
unidentified RNA-binding proteins are also likely important. (B) mRNAs are actively
transported in the basal process from the RGC cell body to the basal endfeet. RNA transport
is controlled by FMRP, but it is likely additional RBPs also influence RNA transport. In the
basal endfeet, these MRNAs can be locally translated.
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Fig. 4.

Cartoon representing putative roles of RNA localization and regulated translation in the
basal endfeet. Proposed functions, as discussed in this review, are listed and denoted as
numbers.
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