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Abstract: Neurons are highly asymmetric post-mitotic cells whose processes extend long distances to facilitate
communication. Consequently, they encounter the complex problem of maintaining their structure and func-
tion over long distances. Over the last decade, research into the components composing the axon of a neuron
has revealed the presence of local machinery of protein synthesis and deployment within different parts of the
axon. However, there is still a need to understand how the endogenous proteome and transcriptome within
the axon are distributed. The last decade has also witnessed a growth of technology capable of specifically
labeling proteins and molecules of RNA. They are primarily based on gene editing techniques and recombinant
antibody technology. Advances in technology now enable the delivery of large payloads of genetic material,
paving the way for an in-depth investigation into the endogenous processes occurring within the axons of adult
neurons. These capabilities open up exciting opportunities to address critical questions, potentially leading to
new insights and strategies for treating neurodegenerative diseases. The review discusses different techniques
available to a neuroscientist to help answer questions concerning the localization and transport of molecules
within the axon. For instance, CRISPR is used to make specific changes to the genome and provide a means to
tag endogenous proteins. Using these advances, in theory, it is possible to label molecules at scale and elucidate
the role of different compartments that support protein synthesis and their subsequent deployment to specific
regions within the axon.

Keywords: AAV PHP.eB; CRISPR; spatial proteomics

Significance Statement

Understanding the spatiotemporal dynamics of endogenous proteins and RNAs within the axon
of adult neurons is critical for elucidating the mechanisms underlying fundamental axonal processes,
such as local protein synthesis and transport. Recent advances in labeling technologies and efficient
transduction systems for delivering large genetic payloads into adult neurons have made this study
a possibility. This progress is essential for creating new strategies to treat neurodegenerative diseases,
such as those caused due to nerve injuries.

Introduction

"Progress in science depends on new techniques, new discoveries and new ideas, probably in
that order" — Sydney Brenner.

This situation cannot be truer for investigating the proteome and transcriptome of neurons.
Neurons are highly polarized cells that are responsible for the communication of information in the
brain. They are highly asymmetric in structure and terminally differentiated cells. As a result, they
face the challenge of maintaining themselves over distances larger than other somatic cells. A healthy
neuron needs to transport cargo from the cell body to the peripheral regions of the neuron without
any impediment. Microtubules facilitate cargo transport by forming tracks. In axons, unlike den-
drites, microtubules have a polarised arrangement with the plus end constituting the leading end.
Motor proteins which predominantly fall into two classes namely kinesin and dynein determine the
direction of the movement of cargo with kinesin controlling the anterograde motion and dynein con-
trolling the retrograde motion (Guedes-Dias & Holzbaur, 2019). Mutations in any of the motor
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proteins lead to swellings in the axons which are enriched in vesicles and mitochondria (Chevalier-
Larsen & Holzbaur, 2006). Over the past few years, a large body of work has underscored the im-
portance of local protein synthesis and its regulation to maintain large stretches of neurites (Cioni et
al., 2019). Different cellular components interact with each other and perform crucial roles to ensure
that distal regions are kept functional. As an example, elements of both the endoplasmic reticulum
and the Golgi apparatus have been detected in the axons and found to be functionally involved in
the synthesis and subsequent transport of newly synthesized proteins to the plasma membrane (Gon-
zalez et al., 2016; Merianda et al., 2009). Over the years, though many molecular details of axon com-
position have been solved, there is a need to elucidate a protein’s role from an endogenous standpoint
within the mammalian system.

Early proteome investigation involved averaging approaches using biochemical methods to iso-
late proteins, followed by a sensitive detection technique such as Mass Spectrometry or large-scale
RNA sequencing data. These have been instrumental in informing the experimenter about the popu-
lation of proteins and RNA found in the neurons. Though the information obtained is average infor-
mation from all compartments, nevertheless it is a start toward having information in the first place
which would later inform on the experiment to be performed to deduce the spatial distribution of the
protein. A drawback of these approaches is that the methods used are very varied and as a result, a
consensus is difficult to arrive at. For instance, some studies restrict themselves to neuron-like cells
such as NSC34 while others have employed more sophisticated approaches to extract information
from a whole mammalian brain. Experiments that have used proximity approaches by employing
APEX or TurboID or a combination of the two have been instrumental in conveying where proteins
are compartmentalized and how their location changes in response to a certain stimulus such as
stress. APEX has recently been used to characterize the Connexin complex that constitutes the gap
junctions in electrical synapses. Electrical synapses like their chemical counterparts play an important
role in several synaptic functions such as signal transmission and synaptic plasticity. However, the
molecular components characterizing such a synapse have never been completely determined. Using
CRISPR-tagged Connexin the authors successfully mined the Connexin interactome and found that
electrical and chemical synapses occur together in a functional synaptic complex. Besides providing
static information of local proteome, a modification of APEX termed TransitID incorporating a com-
bination of APEX and TurbolD was used to demonstrate how nuclear proteins travel from the nu-
cleus to cytoplasmic SG granules. Further analysis revealed that proteins in these two populations
were differentially soluble (Qin et al., 2023). In another study which demonstrated that RNA hitch-
hikes on endosomes, the authors combined APEX based protein mining approach to narrow down
the potential candidate protein, Annexinlla, and used MS2-tagged RNA to help colocalize the RNA
to Annexinlla. All these experiments require a tag for the protein. Precise localization information is
best achieved if the tag is presented only on the endogenous proteins (Liao et al., 2019). Traditional
methods of protein overexpression often provide only an approximate representation of protein lo-
calization. High levels of expression can mask a protein's true localization, making it challenging to
study its precise native distribution. As a result, there is a growing need for gene editing techniques
to introduce specific tags to proteins, allowing for a more accurate and native representation of their
localization. These approaches enable the design of experiments that better reflect the protein's nat-
ural function within the cell.

In recent years, protein synthesis in neurites has been reported to be more complex than thought
earlier. For instance, the endosomal pathways as a platform to transport RNA have emerged as a
common theme that is conserved across disparate species such as fungi, reptiles, and mammals (Cioni
et al., 2019; Kwon et al., 2020; Liao et al., 2019). Late endosomes facilitate protein synthesis giving rise
to questions such as why only late endosomes or acidic compartments serve as platforms for transla-
tion. Is hitchhiking the only mode by which RNA can travel to distal regions of the neuron? Studies
suggest that some RNA-moving cargo constitute fast axonal transport while those that hitchhike
demonstrate a mixture of restricted and unrestricted mobility. A question that requires further inves-
tigation is how RNA granules differ from each other (Abraham & Fainzilber, 2022). Mitochondria
also play a key role in local protein synthesis, while diseases that interfere with their function have
been shown to cause abnormal deficits in the axons. RNA sequencing data from neurons and neuron-
like cells such as NSC34 cells have provided a wealth of information about the RNA content within
neurites, however, they lack compartmental information (Todd et al., 2013). Strategies like RiboTag
address the lack of compartmentalization by providing cell-specific RNA information but are limited
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to transgenic mice engineered to express the RiboTag phenotype in specific cell types (Shigeoka et
al., 2018).

A more unbiased way to investigate these issues is by employing techniques such as biochemical
characterization of putative proteins followed by microscopy for further characterization. However,
many challenges must be addressed before solving these issues. Microscopic approaches have tradi-
tionally relied on the overexpression of GFP-tagged proteins to capture the dynamics of the protein
under interrogation. To what extent such an approach captures the native conditions of a protein is
disputed (Willems et al., 2020). Biochemical methods of protein characterization have been the work-
horse of protein function determination. However, biochemistry needs to be coupled with micro-
scopic examination for a detailed display of a protein’s role in the cell. The best way to reconcile all
these issues is to examine the role of the protein under native conditions. Recent advances in endog-
enous protein labeling technology have shed light on the distribution of native proteins in neurons
(MacGillavry, 2023). Despite these successes in labeling technology, the greatest impediment to test-
ing different approaches is the difficulty in transducing neurons with viruses capable of carrying a
large payload such as a ~6 kb gene encoding Cas9-reverse transcriptase complex employed in prime
editing. In this review, I describe different endogenous labeling strategies and argue for a need for a
high-capacity gene transduction vector such as baculovirus to enable successful transduction of adult
neurons which are recalcitrant to conventional transduction approaches.

Labeling Endogenous Proteins

Traditionally proteins have been labeled with antibodies. A caveat with the antibody labelling
approach is that they are limited to fixed cells precluding investigation of proteins in live cells. To
address this limitation, GFP-tagged intracellular antibodies can be genetically expressed within cells
to target specific proteins (Trimmer, 2022). The most straightforward method for tagging endogenous
proteins involves fusing the target protein with a fluorescent marker, such as GFP. CRISPR-based
genome editing has advanced to the extent that it is now possible to edit the genome in many ways.
Before surveying the various approaches to tagging endogenous proteins, it is important to under-
stand the process of DNA repair which is crucial to choosing the right strategy for tagging. DNA like
other macromolecules is constantly subjected to various stresses such as those due to reactive oxygen
species resulting in double-stranded DNA breaks (DSB) (Capecchi, 2008). Cells predominantly em-
ploy two different strategies to correct the breaks: one based on homologous recombination, and the
other based on non-homology end joining. These two repair mechanisms are quite distinct with the
former requiring a donor DNA fragment containing appropriate homology arms and the latter re-
quiring a suite of protein molecules including the enzyme ligase which are recruited to the sites of
DNA double-stranded breaks (DSB) to facilitate their re-joining by ligation (Clarke et al., 2018). Early
attempts at endogenous protein tagging relied heavily on homologous recombination, where a donor
module with homology arms facilitated the process. However homologous recombination is re-
stricted to dividing cells as it is active only during the late S/G2 phase of the cell cycle and is down-
regulated in post-mitotic cells such as neurons (Willems et al., 2020). Cells have a universal DSB repair
mechanism which is independent of the cell cycle and relies on ligation of the free ends of the DSBs.
Several homology-independent gene knock-in (KI) techniques have been developed, many of which
utilize non-homology end joining (NHE]) as a DNA repair mechanism. Further advances in CRISPR
technology have also enabled manipulating the RNA directly thereby allowing direct visualization
of RNA molecules besides proteins (Abudayyeh et al., 2017). Much of the KI effort is focused on
tagging GFP allowing seamless microscopic characterization of the endogenous protein. These ap-
proaches are broadly divided into two categories: 1) those which target the exons of the gene and 2)
those which target the introns of the gene.

Exon tagging:

One of the early descriptions of this approach applied it as a method to tag the C-terminal por-
tion of the protein. GFP-positive cells were automatically found to contain in-frame KI genes
(Schmid-Burgk et al., 2016). However, not all proteins are amenable to C-terminal-based KI ap-
proaches. Some proteins tolerate better N-terminus-based tagging than C-terminus-based tagging.
MacGillavry’s lab developed a technique that simplifies non-homology-based tagging of endogenous
proteins by combining all the necessary elements into a single plasmid (Figure 1a). The tag is flanked
by guide sequences matching those on the target genomic DNA. This strategy ensures that the correct
KI event results in a fluorescent event while the incorrect KI events result in non-fluorescent events.
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A drawback of the NHE] is that while rejoining the two ends of DNA, a few nucleotides occasionally
get incorporated in the form of insertions and deletions (INDELs). By ensuring proper localization
and functioning of the protein this method has proven to be a great technique to tag endogenous
proteins in cells despite INDELS. Several synaptic proteins such as PSD95, RIM, and Cav2.2 and cy-
toskeletal proteins such as actin and tubulin were tagged using this approach. Moreover, the authors
also devised a unique way to perform dual color CRISPR tagging where a Cre recombinase, trans-
lated in combination with a fluorescent protein (but subsequently released into the cytosol by virtue
of a P2A linker site), drives the activity of a second guide RNA leading to tagging of another protein
(Willems et al., 2020). In conclusion, this technique provides a useful tool to investigate molecular
events within axons by targeting axonal proteins.
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Figure 1. CRISPR based tagging of DNA and RNA: a) pPORANGE, an exon tagging approach, combines all the
required elements for a knock-in experiment in one plasmid. Upon cleavage of the plasmid and the target ge-
nomic site by Cas9, the donor is released from the plasmid and subsequently incorporated into the target ge-
nomic site of DSB, b) in generic intron tagging, a generic donor plasmid contains the knock-in cassette which is
flanked by a splice acceptor and a splice donor. Cleavage by Cas9 releases the knock-in cassette which is subse-
quently incorporated at the target DSB within an intron. c) Tagging at the RNA level is accomplished by using
the endogenous splicing machinery. Introns contain elements essential for cis-splicing which promote the re-
moval of the intron, thereby joining the adjacent exons together. In the presence of a trans-splicing module, the
splicing is preferentially diverted toward trans-splicing enabling engineering of the preRNA. d) In prime editing,
a combination of a programmable nickase such as nCas9 and reverse transcriptase is used to introduce short
template driven changes to DNA preferentially (source: Addgene: CRISPR Plasmids - Prime Edit, accessed on
31-Oct-2024).

Intron tagging:

One way to overcome the drawbacks of introducing mutations due to INDELs is to target the
introns of a preRNA. Because introns are spliced out during mRNA maturation, targeting introns
overcomes the problem caused by INDELs. The intron targeting approaches can be broadly classified
into two types: one where the introns are targeted at the DNA level (Fang et al., 2021) and the other
where introns are targeted at the RNA level (Berger et al., 2016; Chandrasekaran et al., 2024).

There have been various approaches targeting the introns at the genomic level. In one approach
two guides targeting the introns are used to incorporate the module in the right region of the target.
The module within the plasmid is flanked by guides which are also found in the target genome site.
Though this study does not address the problems concerning changing the splicing sequences it nev-
ertheless provides proof of the principle of avoiding INDELs characterized by targeting exons. Using
this approach, the authors tag several proteins such as the AMPA receptors. A caveat in this study is
that the experimenter is blind to mutations introduced in the splicing region. As a result, there is a
high chance that this region is disturbed and splicing does not happen leading to a failed experiment
(Fang et al., 2021). Splicing is a molecular process that is carried out by the spliceosome machinery in
the nucleus. The process involves several cis-acting elements within the preRNA which determine


https://doi.org/10.20944/preprints202502.1161.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2025 d0i:10.20944/preprints202502.1161.v1

5 of 15

the sequence of events resulting in the removal of the intron. The three main elements that are re-
quired for the process to happen are: 1) the 5' donor and the 3' acceptor splice site consensus sequence
which mark the boundaries of an intron, 2) a branch point composed of an adenine located 18-40 bp
upstream of 3' acceptor splice site and, 3) a polypyrimidine-rich (predominantly uracil rich region)
sequence just before the 3' splice site. In a separate study, researchers created a donor module with
flanking consensus splicing sequences, which allows the module to be processed as a synthetic exon
and incorporated into the reading frame of the messenger RNA. Because of the use of a generic intron,
a key feature of this strategy is that the module that needs to be inserted becomes generic facilitating
the tagging of proteins at scale (Figure 1b) (Reicher et al., 2024). For instance, Kubicek’s lab has used
this approach to interrogate the effect of drugs on changes in the localization of proteins within the
cell. One of the obstacles facing the CRISPR technology is the presence of non-target effects. Because
introns are not as conserved as the exons, a great amount of care is required in the selection of guides.
Because high target specificity is critical for CRISPR-based techniques, several software packages
have been developed to assess guide sequences. One such tool, GuideScan, identifies all potential
genomic matches of a given guide. Therefore, when using intron-based approaches, it is important
to utilize a highly stringent algorithm that can prioritize guides based on the absolute number of on-
target sites within the genome (Perez et al., 2017).

Because intron tagging is an error-safe approach, targeting at the level of the genome still con-
stitutes a problem due to the presence of permanently editing the genome. Moreover, critics of en-
dogenous labeling at the DNA level argue that such modification may lead to prolonged wait times
for the expression of the intended change to become apparent. Targeting RNA for modification pre-
vents indelible changes to the genomes and allows for an immediate observation of changes made.
This technology predates CRISPR, taking inspiration from lower animals that can perform trans-
splicing. Using a technology titled Spliceosome mediated RNA trans-splicing (SMaRT), a trans-splic-
ing module is made to hybridize with a preRNA. Using an antisense oligo to block the 3’ cis-splicing
region of the intron, it is possible to channel the process favoring the trans-splicing process. However,
these early non-CRISPR attempts led to low (5%) yields of trans-spliced products (Berger et al., 2016).
In a recent experiment employing dCas13d from Ruminococcus flavefaciens (Figure 1c), the authors
present evidence of significant improvements in efficacy. Such RNA-based tagging approaches are
ideal for use in neurons as the operation of the spliceosome machinery is a highly conserved feature
present in all cell types (Chandrasekaran et al., 2024). Its application to unravel protein function
within axons would be of great utility as changes made at the level of RNA become immediately
apparent.

Prime Editing:

Unlike conventional CRISPR Cas9 mediated creation of DSB to introduce a KI cassette, prime
editing is an approach that modifies the DNA by introducing a stretch of DNA containing a few base
pairs by the use of a nick in the double-stranded DNA (Anzalone et al., 2019). As a result, prime
editing qualifies as a gene editing technique to interrogate protein function within neurons. Unlike
purely Cas9-based approaches to DNA modification, prime editing accomplishes its goal with the
help of a single-strand cleaving nCas9 (known as nickase) fused to an RNA transcriptase that binds
an RNA strand. Hybridization of the RNA strand to the nicked DNA strand allows it to act as a
template to create a novel stretch of DNA spanning 20-40 bp in length extending the nicked DNA
strand (Figure 1d). Prime editing has been harnessed to introduce small epitope tags such as FLAG
tag. In a recent experiment, higher molecular weight cargoes such as GFP can also be introduced by
recombination mediated by Bbx1 recombinase (Anzalone et al., 2022). Alternatively, a short segment
of GFP can be used to tag an endogenous protein. However, the experimenter is limited to working
with cells that constitutively express the other half of the GFP. This approach reduces the payload
due to prime editing to introduce a fluorescent tag (Sanchez et al., 2024). Given these great advances
in prime editing technology, the future of gene tagging is poised to see many interesting applications
capable of addressing many questions concerning axon outgrowth.

Intracellular Antibody Technology for Targeting Endogenous Proteins

Historically antibodies were used to acquire spatial information of protein localization. Their
use was primarily restricted to fixed samples. The bivalent characteristic of an antibody impedes its
application to live imaging as it causes protein aggregation. Early attempts to overcome this problem
entailed separating the Fab domain from the Fc domain by papain digestion. The separated Fab
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fragments, which are chemically conjugated to a fluorophore by N-hydroxysuccinimide (NHS) ester
chemistry (a chemical reaction where the reactive ester group on the dye reacts with amine groups
present in the proteins to form an amide linkage), would later be loaded into cells allowing the visu-
alization of endogenous proteins and their modifications in the form of acetylation or phosphoryla-
tion. A major pitfall of this approach is that not all Fab fragments obtained in such a manner are stable
and it is difficult to control the amounts of antibodies that are introduced in the cell (Sato et al., 2013;
Trimmer, 2022). To solve this problem and to also genetically express them in cells, scientists com-
bined the (single chain variable fragments of the antibody (scFv region) from two chains with the
help of a flexible linker made of repeating serine-glycine units (Figure 2a). Using this approach Ki-
mura's group could localize specific post-translational modifications in histone proteins precisely

(Sato et al., 2013).
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Figure 2. Construction of endogenous intrabodies and their application. a) recombinant antibodies are made by
linking the variable region from the heavy chain to the variable region of the light chain. Alternatively, comple-
mentarity regions from one antibody can be combined with the scaffold of another antibody to generate a stable
Frankenbody. c) These recombinant GFP tagged antibodies can be expressed in cells and enable identification of
antibody specific proteins enabling single molecule resolution imaging of various cellular events such as protein
synthesis (adapted with permission from (Zhao et al., 2019). b) dCas13b can be engineered to function as an RNA
binding agent allowing tracking of guide-matched endogenous RNA molecules within the cell. d) Beta actin
mRNA is visualized using the dCas13b technology. The left panel depicts a control cell expressing only dCas13b
transfected cells. The right panel depicts a cell expressing both dCas13b and beta actin mRNA specific guide
allowing targeting of endogenous RNA. The zoomed in panel depicts a region within the cell showing cytoplas-
mic localization of beta actin mRNA (Nanguneri and Sinott, unpublished data). Scale: 10 pm and 2 pum.

In recent years monoclonal antibodies have been sequenced and cloned into expression vectors
(Trimmer, 2022). Using protein structure prediction software such as abYmod, the sequence infor-
mation can be used to predict the scFv regions and thus used for protein visualization studies conju-
gating them to GFP (Khetan et al., 2022). There are many parallel approaches to generating antibod-
ies. In one study, the complementarity domains, obtained from a functional antibody, are transferred
to a highly stable scFv scaffold thereby generating a highly stable intracellular antibody also known
as Frankenbodies (Figure 2a) (Zhao et al., 2019). Other approaches involve nanobodies obtained from
single-chain antibodies isolated from animals such as camels, sharks, and llamas. Like antibodies,
nanobodies can be reverse-translated into their genetic information and preserved as plasmids for
later use in microscopic analysis. Besides these more traditional methods of antibody design, recent
advancements in computational protein design are revolutionizing how antibodies are designed. For
instance, Baker’s lab has developed a platform, called RosettaFold Diffusion (RF Diffusion), which
can be used to construct a virtual antibody whose complementarity-determining region (CDR) is
constrained by the epitope it is in contact with. In the second step, the tertiary structure of the ‘virtual
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antibody’ is back-translated into its primary sequence of amino acids which can then be tested for
their binding efficacy (Bennett et al., 2024). Together these tools have enabled the design of intracel-
lular antibodies. By employing a highly repetitive epitope tag system based on the epitope GCN4,
which is recognized by a GFP-tagged scFv, fluorescence-signal amplification is achieved. This has
enabled single-molecule imaging of cellular processes, ranging from in vivo tracking of kinesin-1
movement to tracking of nascent protein synthesis (Figure 3c) (Morisaki et al., 2024; Tanenbaum et
al.,, 2014; Wu et al., 2016). Besides scFv, FingRs (Fibronectin intrabodies generated with mRNA dis-
play) constitute another branch of intra-cellular antibodies that were developed to target synaptic
protein such as PSD95. Like scFvs, which are designed to bind specific antigens, FingRs have been
developed against specific excitatory and inhibitory synaptic proteins, such as PSD 95 and gephyrin,
respectively. These intrabodies can be stably expressed in cells and include genetic control elements
that regulate their expression, preventing overproduction and ensuring their specific enrichment at
target sites. FingRs have been demonstrated to maintain the endogenous properties of the targeted
protein without altering its distribution, both within the synapse and in other regions such as the
spine neck (Son et al., 2016).
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Figure 3. Baculovirus mediated transduction of murine adult DRG neurons. a) A schema of steps involved in
the generation of baculovirus containing the gene of interest. A plasmid with the gene of interest is made to
recombine with the genomic DNA of baculovirus which is transfected into Sf9 insect cells for the production of
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baculoviruses. The harvested viruses are later used to transduce the mammalian cells for protein expression
(Haase et al., 2013) b) Murine adult DRG neurons in culture are efficiently tranduced with the baculovirus con-
taining the gene encoding Cre recombinase. Successful Cre expression leads to expression of tdTomato implying
efficient transduction of the DRG neurons by the baculovirus. c) Quantification of transduction rate reveals a
successful recombination in over 60% of adult murine DRG neurons (panels b) and c) are adapted with permis-
sion from (Levin et al., 2016). d) For directed evolution of AAV, alibrary of plasmids encoding the capsid protein
is first created with each plasmid barcoded within loxP region found in the poly A tail. ) Once, the viruses are
made, f) they are injected intravenously into the C57/BL6. g) RNA is extracted from the whole brain and deter-
mined by PCR for successful transduction of Cre position cells in the brain. h) This process is repeated until AAV
variants that transduce the target cells with high efficiency are enriched (i) such as AAVPHP.eB and AAV.S.
Adapted with permission from Kenkel B 2017).

Labeling RNA

Previous attempts to track RNA have depended on the exogenous expression of RNA with spe-
cific modifications, such as MS2 repeats or fluorophore-binding aptamers (Park et al., 2014). Because
Cas9 was a nucleotide-binding enzyme, there was soon a realization that it could be repurposed to
function on RNA sequences. As a result, initial attempts at targeting RN A using CRISPR technology
relied on modifying Cas9 in a way that its specificity could be altered to bind to a stretch of RNA.
Unlike Cas9 which depends on the presence of an NGG PAM sequence within the template strand,
RNA targeting RCas9 uses a separate strand, known as PAMer, to provide the PAM sequence. As a
further extension, neutralizing the nuclease activity would result in an RCas9 that is capable of bind-
ing RNA without cleaving it (Nelles et al.,, 2015). Subsequently mining for different variants of
CRISPR Cas enzymes led to the discovery of Cas13a which emerged as a highly efficient RNA-bind-
ing protein capable of cleaving the target RNA (East-Seletsky et al., 2016). Cas13a differs from Cas9
in having collateral RNA degrading activity. As a result, its application for diagnostics has garnered
a lot of enthusiasm (Gootenberg et al., 2017). However, to make it applicable for RNA labeling site-
specific mutation replacing catalytically relevant arginine residue produced a dead Cas13a (dCas13a)
which can target specific RNA and track its fate of location within a cell without destroying it (Figure
2b, d). Using this approach, the authors studied the localization of beta-actin mRNA to stress granules
marked by G3BP1 (Abudayyeh et al., 2017). In neurons, such a labeling strategy will allow the exper-
imenter to localize the RNA in different compartments of neurons. Previous attempts at RNA locali-
zation relied heavily on modified foreign RN A which contained MS2 loops. Such a strategy was used
in a study that proved late endosomes served as hitchhiking platforms for RNA granules (Liao et al.,
2019). Using dCas13a, a wide variety of endogenous RNAs can be tracked by altering the target guide
sequence. This approach allows for precise, large-scale mapping of RNAs in specific neuronal com-
partments, such as growth cones or branch points.

Viral Vectors for Seamless Transduction:

Much of the biology about the fate of molecules within the axon would become intractable to
investigation without a proper viral vector to transduce neurons. Although key principles of neuron
function have been explored in young neurons, many biological processes relevant to aging and neu-
rodegeneration are specific to adult neurons. A classical case for aging-related neurodegeneration is
provided by the early onset of Alzheimer’s disease (AD). Transgenic mice model of AD
(APPswe/PS1AE9) exhibit early-onset Alzheimer’s disease. These mice's cortical and hippocampal
neurons have immature spine morphology, affecting their performance in memory-related tasks
(Kommaddi et al., 2018). Actin has been known to be post-translationally modified by glutathionyla-
tion and in the presence of the enzyme, glutathioredoxin keeps the actin protein in a reduced state.
At any given point, the oxidative state of the cell determines the extent of glutathionylation of the
actin. Spine development and maturation is an immense interplay of different components of a chem-
ical synapse. In a follow-up study, the authors use viral-based gene delivery to overexpress glutathi-
oredoxin, which maintains actin in the reduced sulfthydryl state, and reverses premature spine mor-
phology (Kommaddi et al., 2019). This finding underscores the critical role of targeted interventions
to correct genetic deficits. Gene therapeutic approaches, in particular, have shown increasing efficacy
in addressing nervous system disorders. For example, Spinal Muscular Atrophy (SMA), a condition
characterized by the atrophy of motor neuron axons, can now be treated effectively by overexpress-
ing the Survival of Motor Neuron (SMN) protein. A promising development comes from Fischer's
lab, which discovered that treatment of the sensorimotor cortex with hyper interleukin 6 (hIL-6) leads
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to the regeneration of axons of motor neurons of mice that underwent axotomy. They report that
transduction of the corticospinal tract (CST) with hIL6 stimulates the regenerative potential of CST
and the neurons they connect, namely the raphe-spinal tract in the brain stem. This occurs because
the synthesized hIL6 in CST neurons is transported to the axon terminus for secretion where hIL6
further stimulates the raphespinal tract leading to axonal regenerations after nerve injury (Terhey-
den-Keighley et al., 2022). Additionally, approaches that can also target sensory neurons in the pe-
ripheral nervous system (PNS) such as Dorsal root ganglion cells (DRGs) help to understand axon
regeneration and axon transport in the mammalian system. Investigations from Fainzilber’s lab have
revealed that axotomized DRGs lead to the recruitment of mMTOR mRNA to the regions of injury to
facilitate nerve outgrowth (Terenzio et al., 2018). Traditional approaches to investigating neurons by
targeted delivery of the virus do not work as DRGs are deeply embedded within the vertebral col-
umn. In contrast, adult DRGs in culture are extremely hard to transduce with any of the available
viral methods. A great benefit of working with DRGs is that they are amenable to culturing from
adult mice forming a model for understanding how adult neurons succumb to various injury-related
insults such as sciatic nerve axotomy (Sahoo et al., 2018). These situations underscore the need for a
viral-based gene delivery system that can transduce neurons located in impenetrable regions of the
mammalian body.

For in-vitro purposes, traditional approaches to transfecting neurons involve lipofection or elec-
troporation of neurons. A limitation of lipofection is that these reagents are highly effective primarily
in young neuronal cultures. While electroporation offers an alternative for gene delivery in difficult-
to-transfect cells like adult neurons, the procedure's harsh electrical pulses often result in cell death
during culturing. As a result of the drawback of both electroporation and lipofectamine, a much-
preferred approach is to use a virus such as adeno-associated virus (AAV) or lentivirus (LV) (Levin
etal., 2016; Schaly et al., 2021). However, recombinant LVs are especially toxic to cells as their genome
tends to combine with the host’s genomic DNA at random locations. Given such issues of cytotoxicity
and an inability to transduce adult neurons, the exploration of viruses that can overcome these bar-
riers continues to be an unmet need. One such virus is the baculovirus which is an insect virus found
to transduce mammalian cells also. Unlike AAVs and LVs, baculoviruses can carry genes exceeding
100 kb in load (Haase et al., 2013). As a result, these viruses have come to be employed by structural
biologists for studying large protein complexes such as membrane proteins (Figure 3a) (Goehring et
al., 2014). Owing to their reduced cytotoxicity, these viruses are also gaining acceptance as gene ther-
apeutic agents in treating diseases (Schaly et al., 2021). In a recent study addressing the aforemen-
tioned limitation of transducing neurons Fischer’s lab found that baculoviruses infect adult DRGs
with rates exceeding 80% (Figure 4b and 4c). The ability of a baculovirus to transfect recalcitrant cells
is primarily due to the presence of a surface protein called gp64 which helps in its efficient endocy-
tosis into the host cell. This study offers a great potential to introduce into adult DRGs cargoes of
differing payload capacities opening the avenue for high-resolution light microscopic interrogation
of endogenous proteins within cells. As a consequence, baculovirus has gene therapeutic potential
and future experiments will provide crucial information about their efficacy in vivo.

AAVs have been the traditional work-horse of gene delivery systems in both in-vitro and in-
vivo studies of the brain. The traditional application of AAV has been restricted to areas of the brain
that are under direct investigation. The extent of transduction in such cases was a function of the
virus titer. This approach would also expose the brain to damage due to the insertion of the needle.
On the other hand, intravenous application of AAV9 led to the transduction of very few neurons
owing to the requirement of crossing the blood-brain barrier. A few years ago, Gardinaru’s lab de-
vised a directed-evolution procedure that resulted in the enrichment of an AAV variant which can
cross the blood-brain barrier thereby leading to the transduction of neurons. Briefly, they created a
library of cap proteins that differed from each other due to a stretch of 7 amino acids between amino
acid 588 and amino acid 589. This extra 7 amino acid stretch was randomized to create a library of
cap proteins which were assessed for their ability to cross the blood-brain barrier. The selection pro-
cedure was done in such a way that the scientists introduced a loxP cassette within the polyA region
which when acted upon by Cre recombinase uncovered a bar code that is used as a reverse primer in
the downstream PCR validation step (Figure 3d). Using these variants, a pool of viral particles with
different capsid phenotypes is generated (Figure 2e). This pool of viruses is subsequently injected
intravenously into the mice (Figure 3f). Following the expression of the fluorescent protein in the
brain, the mice are sacrificed and their brains are harvested for PCR analysis of the transgene (Figure
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3g). After undergoing many rounds of selection (Figure 3h), the efficacy of viruses to cross the blood-
brain barrier and infect a specific population of cells in the CNS is improved. This strategy resulted
in the selection of those viruses, namely AAV PHP.eB and AAV.S, which transduced cells found in
the CNS and the PNS, respectively (Figure 3 i,j). Cells that were traditionally very difficult to trans-
duce with AAV such as the dorsal root ganglion cells were also found to successfully take up the
virus. Moreover, the experiments to enrich CNS infecting viruses were performed on adult mice
where neurons are generally recalcitrant to AAV-based viral transduction. These experiments have
demonstrated that AAVs can be made to undergo selection for the enrichment of those variants that
can successfully transduce brain cells in both juvenile and adult mice (Chan et al., 2017). While work-
ing with prime editing, however, the genetic payload would cross the permissible capacity of AAV.
In such a case it is possible to implement inteins to divide the protein thereby allowing the AAVs to
carry the entire payload by employing a divide-and-conquer approach (Davis et al., 2024).

In conclusion, recent developments in packaging and transduction technology have made it pos-
sible to carry large payloads of genetic material to both the CNS and PNS of the mammalian nervous
system. Fine-tuning by using cell-type-specific promoters would lead to the targeting of specific cells.
This technology is successful in both in-vitro and in-vivo scenarios and as a result, will witness in-
creasing usage in the study of adult peripheral neurons such as dorsal root ganglion cells.

Discussion

The past few years have witnessed an explosion in our understanding of how proteins in axons
travel to sustain a labyrinth of neurites originating from a neuron. Many lines of evidence suggest
that axons are self-sufficient in many of the components of a cell’s secretory pathway providing the
necessary infrastructure for much of the synthesis and subsequent targeting of proteins to their des-
ignated areas of function (Gonzalez et al., 2016). Microtubules form tracks upon which retrograde
and anterograde cargo transport occur. Moreover, cargo traveling over the microtubules can be
broadly classified as fast-moving and slowing-moving cargo. Fast-moving cargo contains vesicular
cargo and, 2) slow-moving cargo contains filamentous and organelle-based cargo (Guedes-Dias &
Holzbaur, 2019). Mitochondria and extra mitochondria-based glycogenic pathways provide the nec-
essary energy with extra mitochondrial energy sources providing the bulk of energy for processes
such as fast axon transport (Yang et al., 2024). Despite such a wealth of information, many questions
require greater investigation into the life of the macromolecules populating the axons. Though over-
expression of proteins through the introduction of genes via transfection is the preferred mode of
investigation, it is replete with confounding problems (Willems et al., 2020). As a result, there is a
need to understand proteins in their nativity, requiring the use of technologies that can target endog-
enous proteins thereby allowing their observation in real-time.

Much of the progress in science depends on the ease with which technology can be used to an-
swer questions. CRISPR provides a great example. Initial attempts at tagging employed a homolo-
gous recombination-based KI approach which was highly instrumental in revealing many details
about the location of an endogenous protein. However, homologous recombination-based ap-
proaches are confined to dividing cells excluding post-mitotic cells like neurons thereby propelling
scientists to develop non-homology-based KI approaches (MacGillavry, 2023). Because genomic en-
gineering leaves an indelible mark on the cell, a more transient approach involving editing preRNA
to introduce tags could be suitable for some applications. This technique is based on trans-splicing, a
known biological phenomenon, but is further refined by employing RNA binding CRISPR dCas13d
to improve its KI efficacy (Chandrasekaran et al., 2024). Alternatively, intracellular antibodies can be
engineered to target proteins within cells. Earlier attempts to use antibodies involved their fragmen-
tation to isolate only the Fab region which is later loaded into the cell. Given the many pitfalls of this
approach and the lack of an ability to propagate the tag across generations, intracellular antibodies
are engineered at the genetic level. Much of this effort has been due to improvements in protein fold-
ing prediction technology enabling the generation of chimeric tools (Zhao et al., 2019). The full benefit
of these improvements in labeling technologies is dependent on the capacity to effectively target spe-
cific cell types. This is particularly relevant for studying neurodegenerative diseases, where protein
aggregates accumulate in the neurites of adult neurons due to genetic predispositions, like amyo-
trophic lateral sclerosis and Alzheimer's disease. Traditional, approaches to transduction involve the
use of LVs and AAVs which result in low transduction efficiencies in adult neurons (Levin et al.,
2016). As a result, there is a growing need to explore and develop virus transduction approaches that
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can successfully transduce adult cells. The generation of improved variants of AAVs by selection for
targeting adult neurons was a major step forward in developing effect transduction approaches. AAV
PHP.eB and AAV.S are particularly effective in crossing the blood-brain barrier in C57BL/6 thereby
establishing AAV for use in both in vitro and in-vivo studies (Beth Kenkel, 2017; Chan et al., 2017). A
drawback of using AAYV is its limited cargo capacity. However, this can be overcome by making use
of inteins in a divide and conquer approach (Davis et al., 2024). An alternative strategy, though cur-
rently limited to neurons in cultures, is to use the insect virus baculovirus. Baculovirus has gained
popularity due to its capacity to carry large payloads of cargo and its ability to transfect a wide variety
of cell types across different ages. Such a transduction system is an ideal system to deploy large
CRISPR-based gene editing machinery into highly recalcitrant cells such as the dorsal root ganglion
cells from an adult mouse.

In the final analysis, endogenous tagging of proteins within adult neurons provides important
information on protein function within neuronal compartments. This approach will help us under-
stand many unanswered questions dealing with the importance of acidic compartments for protein
synthesis. As promising as the approaches are, there are nevertheless limitations which the experi-
menter would need to work with. For example, not all RNAs within the axon are of equal abundance.
Therefore, in trying to image RNAs that are low in abundance, highly sensitive imaging platforms
could be used such as TIRF microscopy. This limitation is also exploited in diagnostic platforms
which aim to provide diagnosis in a short period (Shinoda et al., 2021). In addition, appropriate con-
trols need to ensure that the binding of probes to molecules does not hamper the functioning of pro-
tein or RNA. Given the initial successes of using this technology in studying the protein and RNA
function, the aforementioned obstacles can be overcome to provide useful information on the work-
ing of proteins within the axon.

Limitations

Tag-based approaches need to be considered on a case-by-case approach. Proteins that are suc-
cessfully tagged need to be fully characterized to demonstrate that they are equivalent to endogenous
proteins. A KI experiment carried out in Ellenberg’s lab found that about 25% of human proteins
cannot be successfully tagged. Moreover, some cells can tolerate only a heterozygous KI condition
for some genes (Koch et al., 2018). In such cases, alternative approaches to gene editing should be
explored. Intra-cellular antibody-based tagging is a particularly powerful alternative. Though anti-
body-based tagging proteins may also potentially interfere with their function, its development with
proper controls should allow its successful implementation in studying the spatial distribution of
proteins. A potential caveat in APEX experiments is the need for a high copy number of the APEX
moieties. Experiments employing tagging of low-copy numbered endogenous RNA by Cas13 ap-
proach did not result in substantial biotinylation of interacting proteins and RN As necessitating over-
expression of RNA. In conclusion, these approaches can only be followed for those proteins which
are amenable to being tagged. For those that cannot be tagged, their function can be elucidated indi-
rectly by studying their interacting partners.

Intron based-tagging, though devoid of potential problems associated with INDELSs, neverthe-
less need to be evaluated before use. This is due to the fact that introns tend to possess many regula-
tory elements which can interfere with the proper functioning of the cell. For instance, the introns of
nucleolin contain sequences which code for snoRNAs which play an important role in ribosome mat-
uration (Julia Fremerey, 2016). In the past decade, research on circular RNA has unravelled many
circular RNA sites found predominantly in the 5" region of the mRNA. Circular RNAs have regula-
tory roles such as buffering the activity of miRNA (Rybak-Wolf et al., 2015). As a result, intron-based
tagging of protein at the N-terminal site would potentially interfere the critical functioning of the
circular RNA.

Lastly, AAV PHP.eB and AAV.S serotypes exhibit a narrow tropism, restricting their application
primarily to the C57BL/6 mouse strain. To expand its tropism, researchers have investigated deliver-
ing the virus directly into the cerebrospinal fluid (CSF) cavity, enabling more effective neuronal trans-
duction. Nonetheless, the use of high viral titers poses a significant challenge, as it increases toxicity
and leads to the death of infected neurons.
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