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Abstract

Nervous system development proceeds via well-orchestrated processes involving a balance
between progressive and regressive events including stabilization or elimination of axons,
synapses, and even entire neurons. These progressive and regressive events are driven by
functionally antagonistic signaling pathways with the dominant pathway eventually determining
whether a neural element is retained or removed. Many of these developmental sculpting events
are triggered by final target innervation necessitating a long-distance mode of communication.
While long-distance progressive signaling has been well characterized, particularly for
neurotrophic factors, there remains relatively little known about how regressive events are
triggered from a distance. Here we discuss the emergent phenomenon of long-distance regressive
signaling pathways. In particular, we will cover (a) progressive and regressive cues known to be
employed after target innervation, (b) the mechanisms of long-distance signaling from an
endosomal platform, (c) recent evidence that long-distance regressive cues emanate from
platforms like death receptors or repulsive axon guidance receptors, and (d) evidence that these
pathways are exploited in pathological scenarios.
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1| INTRODUCTION

Assembly of a functional nervous system requires overproduction of every element followed
by an organized culling to stabilize or remove components (Box 1). Much like creating a
sculpture requires controlled chiseling of a shapeless mound of clay, nervous system
development also begins with supernumerary neurons, axons, and synapses and as
development proceeds a portion of these components are removed via regressive processes
like neuronal death, synapse elimination, and axon pruning. While the last 50 years has
defined many of the progressive and regressive pathways that govern nervous system
development, we as a community still have much to learn about precisely how these
signaling pathways govern nervous system development. Moreover, we now appreciate that,
much like cancer inappropriately re-engages developmental programs to promote
uncontrolled proliferation, neural development pathways are often re-engaged in adulthood
to inappropriately disassemble the nervous system resulting in neurodegenerative diseases.

The notion of antagonistic progressive and regressive signals governing nervous system
development is a concept that appears universal for many common phenomena including
natural pattern formation (Meinhardt & Gierer, 2000; Turing, 1990). This concept can be
applied to the formation of sand dunes, dried river beds, spots, and stripes on animals.
Beyond what we consider to be classic biological patterns, this principle also applies to
processes like specification and survival-death decisions. For example, it is well established
that shortly after blastula formation, a balance between activating and inhibitory (e.g.,
BMP4, WNT, Noggin, Chordin) signaling dictates the formation of neuroectoderm, a tissue
that gives rise to the entire nervous system (Linker & Stern, 2004). From there, antagonistic
signals continue to govern the relative differentiation, migration, and axon guidance of all
the neurons and glia in the central and peripheral nervous system (PNS; Butler & Bronner,
2015; Prasad, Charney, & Garcia-Castro, 2019). In this regard, Notch and Numb are
evolutionarily conserved, opposing factors necessary for cell fate specification from flies to
vertebrates. The asymmetric localization of Numb in stem cells and its antagonistic actions
toward Notch, are required for neuronal fate specification, specifically after asymmetric
division (Petersen, Tang, Zou, & Zhong, 2006; Zhong, Feder, Jiang, Jan, & Jan, 1996).
Along with neurogenesis, neuronal migration and axon guidance are other key
morphogenetic events which rely on the opposing actions of attractive and repulsive cues to
ensure that the neuronal cell bodies reach the correct locations before nascent axons advance
toward their appropriate targets. The choice of migratory paths is governed by attractants
like neurotrophins, whereas diffusible cues such as SLIT1, netrin 1, and ephrin family
members act as repellants (Hamasaki, Goto, Nishikawa, & Ushio, 2001; Marin et al., 2003;
Zimmer et al., 2008). Of course this type of “patterning” is not unique to the nervous system
and can be observed in mesoderm and endoderm derived organs as well.

One feature that distinguishes the nervous system from all other organ systems is that
neurons often bear very long axonal processes. These axons find their targets using many of
the same principles used in cell migration (Kolodkin & Tessier-Lavigne, 2011). Attractive
cues tend to be permissive and instructive for axons to grow toward a target, whereas
repulsive cues prevent axons from wandering off course. Once an axon arrives at its target,
several additional patterning events must occur, including synapse formation/restriction,
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axon branching/pruning, survival/death decisions, and even further differentiation decisions
(Lewin & Barde, 1996; Luo et al., 2007; Mogrich et al., 2004; Wheeler et al., 2014). As
such, the nervous system has acquired novel long-distance antagonistic regulatory
mechanisms to govern patterning that is triggered by target innervation.

Long-distance signaling is an emergent property of many progressive and regressive cues.
Because the long-distance signaling of progressive cues like neurotrophins have been
extensively reviewed (Ascano, Bodmer, & Kuruvilla, 2012; Barford, Deppmann, &
Winckler, 2017; Scott-Solomon & Kuruvilla, 2018; Zweifel, Kuruvilla, & Ginty, 2005), this
review will be focused on long-distance regressive signaling where much less is known. We
will (a) give a brief overview of progressive and regressive cues that are known to be
employed after target innervation; (b) discuss known mechanisms of long-distance signaling
from an endosomal platform; (c) provide an overview of recent evidence that regressive cues
emanating from platforms like death receptors or repulsive axon guidance receptors can
promote their signals at a distance; (d) discuss how these pathways might be exploited in
pathological scenarios.

2| OVERVIEW OF PROGRESSIVE AND REGRESSIVE CUES FROM
TARGET TISSUES

2.1| Post-target innervation progressive signaling

By virtue of their length and the fact that they must appropriately wire up with inputs and
outputs, neurons face unique challenges. For example, how can a neuron change its
transcriptional program as a function of whether it has connected with an appropriate or
inappropriate target? Once connected with its targets, how does the distal end of the neuron
relay signals across the axons to the cell body and dendrites? Answers to these questions can
be gleaned from a series of elegant chick embryo transplantation experiments from
individuals including Rita-Levi Montalcini, Viktor Hamburger, and EImer Bueker whereby
they first observed that by removing or adding additional limb buds to developing chick
embryos they could diminish or exaggerate the growth of peripheral neurons, respectively
(Hamburger, 1939; Hamburger & Levi-Montalcini, 1949; Oppenheim, 1991). Next, upon
grafting a mouse sarcoma into the body wall of a chick embryo, they observed a clear
quantitative relationship between the size of sarcoma implant and amount of neuronal
growth (Bueker, 1948). From these experiments, they surmised the existence of a diffusible
cue capable of promoting axon outgrowth and neuron survival. This led to the neurotrophic
factor hypothesis which posits that neurons, particularly in the PNS, compete for limiting
amounts of target-derived trophic factors in order to survive (Cohen, Levi-Montalcini, &
Hamburger, 1954; Levi-Montalcini & Hamburger, 1951; Oppenheim, 1991). In collaboration
with Stanley Cohen, they later purified the archetypal neurotrophic factor, which they named
nerve growth factor (NGF; Cohen, 1960; Cohen & Levi-Montalcini, 1956). We now know
that NGF is part of a larger family of homologous, structurally related secreted factors called
neurotrophins (Hallb6dk, Wilson, Thorndyke, & Olinski, 2006). Besides NGF, additional
neurotrophins were identified including brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5), each of which have been found to
have prominent expression in various targets of the peripheral and central nervous system
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(CNS; Hohn, Leibrock, Bailey, & Barde, 1990; Ip et al., 1992; Jones & Reichardt, 1990;
Leibrock et al., 1989; Rosenthal et al., 1990). All neurotrophins can bind to the pan
neurotrophin receptor p75NTR and each neurotrophin also binds to a cognate receptor
tyrosine kinase; NGF binds TRK-A, BDNF&NT4 bind TRK-B and NT3 binds TRK-C
(Chao, 2003; Dechant & Barde, 2002; Gentry, Barker, & Carter, 2004). Similar to
neurotrophins, RET receptor ligands are expressed predominantly in intermediate and final
targets (e.g., Glial cell line-derived neurotrophic factor [GDNF], Neurturin) and are known
to mediate a wide range of developmental events including axon growth and pathfinding in
sympathetic (Enomoto et al., 2001), sensory (Honma, Kawano, Kohsaka, & Ogawa, 2010),
and motor (Bonanomi et al., 2012) neurons as well as maintenance of dopaminergic neurons
in CNS (Ito & Enomoto, 2016; Tomac et al., 1995).

It is now well established that these target derived trophic factors control a range of
patterning events during peripheral nervous system development, including synapse
formation, axon branch stabilization, survival, and even differentiation (Lewin & Barde,
1996; Luo et al., 2007; Mogrich et al., 2004; Villarroel-Campos, Schiavo, & Lazo, 2018;
Wheeler et al., 2014). Furthermore, many of these actions require long-distance retrograde
signaling emanating from target organs like eye, heart, and skin (Glebova & Ginty, 2005;
Snider, 1994). In this way, the target defines the form and function of the innervating
afferent and efferent neurons (i.e., target matching). While these examples provide useful
analogies for studying other long-distance developmental cues, it will be necessary to
eventually obtain a full accounting of which of the 58 receptor tyrosine kinase (RTKs) and
1,000s of non-RTK receptors are capable of long-distance signaling. While the field has
made progress in understanding the molecular basis of long-distance progressive signaling
(discussed in Section 3), much less is known about long-distance regressive signaling.

Post-target innervation regressive signaling

In contrast to their role in progressive signaling described above, all the neurotrophins and
their immature pro-forms can also mediate regressive events via binding to the pan
neurotrophin receptor, p75NTR. The regressive processes mediated by p75NTR include
neuronal apoptosis, axon pruning or branch elimination, growth cone collapse, and synapse
restriction (Deppmann et al., 2008; Frade, Rodriguez-Tébar, & Barde, 1996; Naska, Lin,
Miller, & Kaplan, 2010; Pathak & Carter, 2017; Rabizadeh et al., 1993; Sharma et al., 2010;
Singh et al., 2008). Importantly, the function of p7SNTR is context dependent (e.g., cell
type, subcellular locale, and co-receptor expression). For example, p75SNTR promotes
regressive signaling in sympathetic neurons but synergizes with TRK signaling in sensory
neurons to promote progressive signaling (Cheng, Jin, Rose, & Deppmann, 2018; K. F. Lee,
Davies, & Jaenisch, 1994). p75NTR is one of 29 tumor necrosis factor receptor (TNFR)
family members, several of which have been shown to mediate regressive signaling in
neurons, albeit with much less promiscuous ligand binding (Roux & Barker, 2002; Vilar,
2017).

Axon guidance cues have also been described to continue to function after target
innervation. For example, repulsive axon guidance cues like semaphorin 3a (sema3a), Slit-
Robo and Eph-Ephrins have been associated with cell death in multiple cell types after target
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innervation (Dickinson, Fegan, Ren, Hillier, & Duncan, 2011; Gagliardini & Fankhauser,
1999; Kellermeyer, Heydman, Mastick, & Kidd, 2018; H. Lee, Park, Kang, & Park, 2015;
Wehner et al., 2016). Presumably, this is a way in which neurons innervating incorrect
targets can be rapidly removed from a pool competing for neurotrophic factors derived from
correct targets.

While there are several in vitro examples of these regressive cues working locally at
dendrites, axons, and/or cell bodies, in physiological settings it remains unclear where these
signals originate. One can deduce that repulsive axon guidance cues that induce cell death
are present far from the cell body and that the signal originating at the axon must travel long-
distance to influence soma death. Likewise, if axons arrive at incorrect targets, having a
specific retrograde death signal may sharpen the broader competition for survival as
previously modeled and observed empirically (Deppmann et al., 2008; Suo et al., 2014).
Below, we describe early evidence that long-distance regressive signaling exists and examine
its role in development and pathology. First, we briefly describe the progressive long-
distance signaling endosome (SE) as a template to consider regressive long-distance
signaling.

3| THE SIGNALING ENDOSOME (SE): SPECIALIZED VESICLES FOR
LONG-DISTANCE SIGNALING

How does a signal originating at the distal axon travel millimeters (or even up to a meter in
some long-projecting neurons such as spinal motor neurons innervating the foot) to
influence events at the cell body and dendrites? Currently, several lines of evidence suggest
that, along with their receptors, neurotrophins are internalized into membranous vesicles at
the plasma membrane and transported retrogradely along the axon (Barford et al., 2017;
Grimes et al., 1996; N. Yamashita & Kuruvilla, 2016; Zhang, Moheban, Conway,
Bhattacharyya, & Segal, 2000). Mobley and colleagues coined these specialized vesicles,
SEs (Barford et al., 2017; Grimes et al., 1996; N. Yamashita & Kuruvilla, 2016; Zhang et al.,
2000). Several years of investigation has identified several key steps in long-distance
retrograde signaling: (a) Internalization, (b) attachment to dynein motors, (c) deposition in
cell bodies and dendrites, and (d) molecular and functional diversification. These findings
may provide a template for considering how other types of long-distance signaling might
occur, however, it should be noted that it is unlikely that regressive long-distance signaling
will follow precisely the same steps. In this section, we will briefly describe the consensus in
the field with respect to progressive long-distance signaling by neurotrophic factors, which
has been described in several reviews (Barford et al., 2017; Matusica & Coulson, 2014; Wu,
Cui, He, Chen, & Mobley, 2009; N. Yamashita & Kuruvilla, 2016; Zahavi, Maimon, &
Perlson, 2017; Zweifel et al., 2005).

In the SE model, TRK receptors are activated by ligand binding which leads to
autophosphorylation of the TRK receptors and endocytosis of this ligand—receptor complex
(Ascano et al., 2012; Ginty & Segal, 2002; Huang & Reichardt, 2003). Endocytosis,
specifically of TRK-A, is enhanced by the dephosphorylation of the GTPase dynamin via
calcineurin (Bodmer, Ascafio, & Kuruvilla, 2011). While NGF is able to promote
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internalization and retrograde transport of the TRK-A receptor, NT3, which also binds to
TRK-A, is unable to do so (Kuruvilla et al., 2004). Notably, NT3 binds to TRK-A as a lower
affinity heterologous ligand compared to TRK-C receptor mentioned above (Ivanisevic,
Zheng, Woo, Neet, & Saragovi, 2007). This differential effect of NGF and NT3 to promote
long-distance trophic signaling is due to the ability of NGF-TRK-A interaction to withstand
the acidic endosomal lumen. The perdurance of the NGF-TRK-A complex in an acidic
environment allows for cortical actin severing, which was found to be an obligate step for
long-distance trafficking rather than rapid recycling (the fate of the NT-3-TRK-A complex)
(Harrington et al., 2011).

A common feature of organelle long-distance retrograde trafficking is attachment to the
molecular motor dynein, which slides along microtubule rails toward cell bodies (Box 2).
Signaling derived from post-endocytic NGF-TRK-A or BDNF-TRK-B is required for long-
distance retrograde trafficking, and by extension, association with dynein. For example, it
has been shown that for TRK-A, PI3K signaling, but not MAPK signaling, is required for
retrograde transport (Kuruvilla, Ye, & Ginty, 2000). Alternatively, MAPK signaling
enhanced BDNF-TRK-B endosome binding to dynein intermediate chain (DIC) (Mitchell et
al., 2012). TRK-B-containing SEs were reported to use the dynein adaptor Snapin, which
interacts with DIC and recruits the dynein motor complex, however, the finding that axonal
transport of TRK-B is not completely abolished in neurons lacking Snapin indicates that
multiple adaptors recruit dynein to these endosomes (Zhou, Cai, Xie, & Sheng, 2012).

Upon arrival at the cell body, progressive SEs accumulate in perinuclear regions as well as
dendrites (Barford et al., 2018; Sharma et al., 2010). Presumably, these locations hint at
function. For example, it has long been speculated that SEs may reside close to (but not
inside) the nucleus to facilitate transcriptional changes, which are important for patterning
events and neuronal survival after target innervation. In contrast, progressive endosomes in
the dendrite have been shown to facilitate synapse formation in a transcription independent
manner (Sharma et al., 2010). In this way the target derived cue defines when and where a
synaptic connection will form, which may be part of the basis for another fascinating
problem in developmental biology: How a circuit’s form and function are matched to the
needs of a target (i.e., target/systems matching).

We now appreciate that target derived neurotrophic signaling from an endosomal platform
can regulate myriad developmental patterning events (e.g., target innervation, axon growth,
and synapse formation). However, it is unclear whether the progressive endosome(s) that
mediates all of these functions are molecularly uniform. In other words, does that same
“flavor” of endosome mediate both synapse formation and cell survival? We know from
classic cell biology studies that endosomes mature going from early endosomes (RAB5+) to
late (RAB7+) or recycling (RAB4+ or RAB11+) endosomes, which may describe what an
endosome may be doing once it gets back to the cell body (Figure 1 and Table 1).

However, whether there is a division of labor amongst particular pools of early, late, or
recycling SEs with respect to mediating post-target innervation patterning events remains
unclear. Much is still being learned about where these molecular diversification events occur.
Do they move retrogradely down the axon as a uniform population and then undergo
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maturation and molecular diversification in the cell body; or do they travel down the axon
prediversified, primed to mediate distinct functions? The answer likely lies somewhere in

the middle (Barford et al., 2017, 2018; Scott-Solomon & Kuruvilla, 2018; Wu et al., 2009;
N. Yamashita & Kuruvilla, 2016; M. Ye, Lehigh, & Ginty, 2018).

4| RECENT EVIDENCE FOR LONG-DISTANCE REGRESSIVE SIGNALING

Early evidence regarding long-distance regressive signaling came from work in
compartmentalized cultures examining c-JUN N-terminal kinase (JNK) and c-JUN
(Lindwall & Kanje, 2005; Mok, Lund, & Campenot, 2009; Box 3). It was found that in
response to injury or trophic factor withdrawal, phosphorylated-c-JUN (p-c-JUN)
accumulated in the nucleus (Estus et al., 1994; Ham et al., 1995). In many scenarios
including trophic withdrawal, accumulation of p-c-JUN is required for sympathetic neuron
death (Eilers et al., 2001; Whitfield, Neame, Paquet, Bernard, & Ham, 2001). Interestingly,
c-JUN phosphorylation was still observed when distal axons were trophically deprived while
cell bodies received trophic support, suggesting a regressive signal originating from distal
axons (Mok et al., 2009). The origin of these regressive signals at axon terminals was further
supported by the observation that c-JUN activation can be prevented if the trophic support
was available only on the axons, not the cell bodies. Along with other supporting data from
sympathetic neurons, it was demonstrated that the retrogradely transported regressive signal
contributed to c-JUN activation in a protein kinase C (PKC) and glycogen synthase kinase 3
(GSK3)-dependent manner (Mok et al., 2009). It is important to note that in conditions
where trophic support was provided at the cell body, no cell death was observed despite the
accumulation of p-c-JUN in the nucleus indicating cross-talk between progressive and
regressive signals downstream of p-c-JUN.

Although a role for INK and c-JUN in neuronal cell death is well established, there remain
many open questions regarding the mechanism of activation and the substrates downstream
of INK. Initially, studies from Rubin and colleagues found that expression of a “dominant
negative” c-JUN protein (lacking a transactivation domain) could rescue sympathetic neuron
death induced by trophic factor deprivation (TFD) (Ham et al., 1995). Corroborating
evidence came from analysis of ¢-Jun knockout neurons or application of a JNK inhibitor,
which resulted in resistance to TFD induced death (Eilers et al., 2001; Harding et al., 2001;
Maroney et al., 1999; Palmada et al., 2002). Surprisingly, neurons harboring a ¢-Jun gene
that is unable to be phosphorylated by JNK were capable of undergoing apoptosis in
response to TFD (Besirli, Wagner, & Johnson, 2005). This finding set up a scenario whereby
c-JUN expression but not its activation is required for trophic withdrawal induced cell death.
Johnson and colleagues later suggested that this apparent paradox could be resolved in
models where JINK mediated phosphorylation of substrates other than c-JUN are also
required for cell death after TFD (Besirli et al., 2005; Putcha et al., 2003). Although INK
pathways have been under investigation for more than two decades, its complexity is still
perplexing with an increasing number of interacting pathways and proteins which can also
be direct substrates of JNK activity as recently reviewed (Zeke, Misheva, Reményi, &
Bogoyevitch, 2016).
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How does signaling from the distal axons activate c-JUN in the nucleus? The mixed lineage
kinase (MLK) family member, Dual leucine zipper kinase, DLK provided an important clue:
Lewcock and colleagues demonstrated that DLK activation in axons following TFD induced
JNK signaling via its association with the scaffolding protein JNK-interacting protein, JIP3,
leading to c-JUN phosphorylation and neuronal apoptosis (Ghosh et al., 2011). DLK is
activated in several stress responses (Simon & Watkins, 2018; Siu, Sengupta Ghosh, &
Lewcock, 2018) and is regulated by its palmitoylation, phosphorylation, and interactions
with other signaling partners prior to ubiquitin-mediated degradation (Huntwork-Rodriguez
et al., 2013). Palmitoylation of DLK was shown to modulate its vesicular localization and
axonal trafficking, which further affects its catalytic activity and interaction with other
signaling proteins in sensory axons (Holland et al., 2016).

Although it is evident that DLK-JNK-c-JUN signaling can result in regressive actions in
neurons, such as cell death and axon degeneration, there are several complications to this
simple linear degenerative pathway. For example, neurons contain high levels of
constitutively activated JNK even in the absence of any stress related stimuli but they some-
how have the ability to discriminate the basal JNK activity from pro-apoptotic signaling
(Coffey, Hongisto, Dickens, Davis, & Courtney, 2000). Studies using Jnk null mice have
demonstrated that each of the three mammalian Jnk genes has specific functions, which
explains at least in part how this selectivity is achieved. In particular, INK3 is critical for
mediating neuronal death in most contexts, while JNK1 appears to be constitutively active
(Coffey et al., 2002). However, even the subtypes of JNKs cannot fully explain the divergent
actions of these kinases. For example, Goldstein and colleagues demonstrated that after
nerve injury retrograde signaling to c-JUN by the JNK3-JIP complex promotes sensory axon
regeneration (Barnat et al., 2010; Cavalli, Kujala, Klumperman, & Goldstein, 2005; Kenney
& Kaocsis, 1998; Lindwall, Dahlin, Lundborg, & Kanje, 2004). Some degree of selective
signaling is likely to be mediated via the formation of specific combinations of INKs, JIPs,
and their upstream kinases, resulting in highly specific JNK signaling complexes with
defined signaling outputs (Waetzig & Herdegen, 2005). Moreover, there is a tendency to
view kinase activation as a simple binary signal, on or off. However, modeling of MAP
kinase signaling, followed by empirical testing, has revealed that the frequency and intensity
of activation as well as positive and negative feedback loops can significantly affect the
outcome for the cell (Kochariczyk et al., 2017). A classic example that has been extensively
modeled is the differential response of PC12 cells to kinetically distinct ERK signaling:
These cells differentiate in response to sustained activation of ERK but proliferate following
transient stimulation (Marshall, 1995; Qui & Green, 1992; Traverse, Gomez, Paterson,
Marshall, & Cohen, 1992). Therefore, it is likely that factors such as ligand concentration,
time of exposure, and local concentration of JNK and its regulators at the axon terminal, in
the SEs and back at the cell soma, all have a role in determining the effects of INK
activation.

In addition, the neuronal cell body may serve as the final arbitrator of the response to various
retrograde signals, including differential INK complexes. For example, preventing new
transcription or inhibition of GSK3p in cell bodies prevents axon degeneration in response
to local TFD (Chen et al., 2012; Gerdts, Summers, Sasaki, DiAntonio, & Milbrandt, 2013).
These reports suggested that local activation of pro-degenerative signals only in the axons
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may not be sufficient to cause cell death or axon degeneration and that cell bodies may also
play a critical role. More conclusive evidence for integration of degenerative signaling by the
neuronal soma came from a recent report demonstrating that the apoptotic machinery is
present in sensory axons, but its ability to induce axon degeneration and ultimately neuron
death was dependent on signaling from the cell body. Following TFD of distal axons, there
was an increase in the transcription of the pro-apoptotic B¢/-2 family member Puma in the
cell bodies (Simon et al., 2016). The increase in PUMA expression required both AKT
inhibition and activation of the DLK/JNK/c-JUN pathway (Figure 2). Under pro-survival
conditions, trophic factors received from distal axons up regulate the transcription of the
pro-survival factor Bc/-w, whose mRNA is then transported anterogradely into axons where
it is translated to suppress the apoptotic machinery required for degeneration (Cosker,
Pazyra-Murphy, Fenstermacher, & Segal, 2013; Pazyra-Murphy et al., 2009). Thus NGF
regulates transcription and subsequent axonal transport of Bcl-w by an RNA-binding protein
to protect axons from degeneration (Cosker, Fenstermacher, Pazyra-Murphy, Elliott, &
Segal, 2016). Following TFD, the increase in PUMA was sufficient to overcome the effects
of axonal BCL-w and its related factor BCL-XL, leading to axon degeneration (Simon et al.,
2016). These results indicated the presence of a cell body-derived anterograde degenerative
signal; however, this signal was distinct from PUMA itself (PUMA is not trafficked to the
axon) and remains to be identified.

In an extensive review article on axonal transcription and translation, Twiss and colleagues
recently tabulated the axonal transcriptomes of different neuronal subtypes (Kar, Lee, &
Twiss, 2017) which raises another important question whether axonally translated proteins
are affected by insults at the distal axon. Does the alteration in axonal translation affect
mitochondrial dynamics and transport, which may contribute to energy imbalance within the
axon? Does this energy imbalance within axons ultimately result in generation of retrograde
regressive signals leading to neuronal apoptosis?

It is still far from clear how retrograde regressive signaling is initiated at the axon terminals
and the components of the regressive signaling complex remain to be fully elucidated. The
upstream neurotrophin receptors required for activation of long-distance regressive signaling
were recently identified. However, it is not yet known whether DLK-JNK signaling
complexes also have an analogous requirement for an activated death receptor as established
for progressive SE carrying the survival signaling effectors like AKT after TRK receptor
activation. Several candidate receptors will be explored below.

41| P75NTR mediated long-distance regressive signaling

Work from our group and others has shown that the death receptor p75NTR is capable of
conveying regressive signals long-distances from distal axons back to the cell body
(Escudero et al., 2019; Pathak et al., 2018). Interestingly, the pathways and molecules that
p75NTR engages to induce cell death in response to pro-apoptotic ligand binding are distinct
from TFD as shown in Figure 2. For example, both p75NTR activation by ligand binding
and TFD stimulate phosphorylation of c-JUN by JNK; however, c-JUN is required for TFD
but not ligand-mediated p75NTR induced apoptosis (Palmada et al., 2002).
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Is the mechanism by which p75NTR conveys long-distance regressive signals from the distal
tips of axons to cell bodies similar to what has been observed in progressive SEs? Certainly,
we and others have shown that full length p75NTR can be retrogradely transported to cell
bodies in a dynein dependent manner similar to what was described above for TRK-A,
(Table 1; Escudero et al., 2019; Heerssen et al., 2004; Pathak et al., 2018). However,
retrograde transport of full-length p7SNTR may not be relevant to its regressive functions,
since p75NTR is widely appreciated to undergo regulated proteolysis to impart the majority
of its regressive functions (Kenchappa et al., 2006; Skeldal, Matusica, Nykjaer, & Coulson,
2011; Vicario, Kisiswa, Tann, Kelly, & Ibafiez, 2015). Indeed, we found that the liberated
intracellular domain (ICD) of p75NTR was required for long range apoptotic signaling in
response to TFD or ligand application to distal axons in sympathetic neurons (Pathak et al.,
2018). Surprisingly, the nuclear enzyme histone deacetylase HDAC1 was found to be
constitutively present in sympathetic axons and upon p75NTR activation, it deacetylated the
dynactin subunit p150CLYED, which enhanced its interaction with the intermediate chain
(DIC) of the molecular motor dynein. The increased interaction of p150CLYED with dynein
promoted retrograde transport of p75NTR’s apoptotic signal (Pathak et al., 2018). In
contrast, in CNS neurons HDAC1 was exported into the axons only in response to injury,
where it inhibited mitochondrial transport by hindering interaction with the anterograde
motor kinesin, thereby promoting axon degeneration (Kim et al., 2010).

Interestingly, axonal translation of dynein regulators can modify retrograde transport (Sahoo,
Smith, Perrone-Bizzozero, & Twiss, 2018). For example, NGF induced retrograde transport
of progressive SEs are regulated by locally translated mMRNAs encoding Lis1 and p150©!ued
(Pafahibl and Dctnl, respectively), while only locally synthesized L/s is necessary for the
retrograde transport of a pro-apoptotic signal generated in response to TFD (Villarin,
McCurdy, Martinez, & Hengst, 2016). Both LI1S1 and p150CLYED stimulate dynein
(Baumbach et al., 2017; Gutierrez, Ackermann, Vershinin, & McKenney, 2017; King &
Schroer, 2000; Pandey & Smith, 2011) and are involved in the initiation of retrograde
transport toward cell bodies (Jha, Roostalu, Cade, Trokter, & Surrey, 2017; Moughamian &
Holzbaur, 2012). These locally synthesized dynein regulators in distal axons may constitute
an “on demand” system to alter retrograde transport of pro-survival to pro-death signals
comprising p75NTR. Understanding the mechanism of p75NTR internalization in axons and
signals governing the association between p75NTR and dynein represents an important
molecular handle that will enable the field to define the precise mechanism by which
regressive signals couple to the retrograde motor and execute their effects in cell bodies.

It is intriguing that the mechanism of p75NTR internalization depends on the neuronal type
and the receptor’s spatial localization. For example, p75NTR follows different
internalization pathways in the cell bodies compared to the axons of motor neurons. In the
axons, clathrin dependent and independent pathways have been reported. The internalization
path directs the trafficking of the internalized receptor, with clathrin dependent mechanisms
targeting p75NTR for retrograde transport (Deinhardt, Reversi, Berninghausen, Hopkins, &
Schiavo, 2007). In sympathetic neuron cell bodies, p75NTR partitions into lipid-raft
membrane domains upon ligand binding and undergoes internalization in both a clathrin
dependent and independent manner (Claudia A Escudero et al., 2014; Hibbert, Kramer,
Miller, & Kaplan, 2006). In the absence of trophic signaling, BDNF treatment led to
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p75NTR internalization into RAB5-positive endosomes, and then rapid sorting to RAB11-
recycling endosomes or CD63 positive multivesicular bodies avoiding the degrative route
(Bronfman, Lazo, Flores, & Escudero, 2014; Escudero et al., 2014; Pathak et al., 2018). It is
important to note here, BDNF can only bind to p75NTR in sympathetic neurons due to lack
of 7rk-Bin these neurons. The sorting of p75NTR to RAB5-positive endosomes was shown
to require axonal JNK activation after BDNF treatment exclusively on distal axons
(Escudero et al., 2019). JINK activation was also shown to be a prerequisite for proteolytic
processing of p75NTR (Kenchappa et al., 2010). This raises the possibility that p75NTR is
cleaved in the endosomes to release the p75ICD (Figure 2). Indeed, the C-terminal fragment
of p75NTR is enriched in the endosomal membranes and cleaved in a y-secretase dependent
manner (Urra et al., 2007). Together, these findings also raise several other interesting
questions: (a) whether secretases, JINK, DLK and p75NTR itself are part and parcel of the
same complex? (b) Whether JIP3 facilitates the transport of this complex in endocytic
vesicles? (c) What is the molecular identity and nature of these vesicles and is there
heterogeneity, both in the vesicle types and the signals they generate?

Although the above discussion focused on p75NTR binding to neurotrophins, it is important
to point out that this receptor binds to many ligands and modifies several different receptors
through direct interaction, leading to a variety of signals, beyond JNK activation. For
example, in addition to neuronal apoptosis, p75NTR has also been shown to inhibit axonal
growth by mediating the negative effects of myelin-associated glycoprotein (Yamashita,
Higuchi, & Tohyama, 2002) and Nogo (Wang et al., 2002) through interaction with the
Nogo receptor, NG-R (Yu, Guo, & Feng, 2004). A role for p75NTR in growth cone
retraction has also been reported (Deinhardt et al., 2011) and recently this effect was
reported to depend on p75NTR surface accumulation after pro-NGF interaction (Marchetti
et al., 2019). The p75NTR-mediated growth cone retraction involved association of p75NTR
with the VPS10-domain containing receptor SorCS2, leading to a decrease in the activity of
the actin polymerization regulators FASCIN and RAC1 (Deinhardt et al., 2011). Additional
regressive pathways associated with p75NTR include ceramide production, nuclear
accumulation of NRIF and NF-kB translocation (Kraemer, Yoon, & Carter, 2014; Pathak &
Carter, 2017). However, it remains an open question how distinct ligands and/or co-receptors
influence p75NTR long-distance regressive signaling. During normal periods of
developmental cell death, p75NTR is shown to promote survival of TRK expressing sensory
neurons (Cheng et al., 2018). Similarly in the developing cerebellum, p75NTR signaling
regulate granule neuron survival through decrease in its interaction with TNFR-associated
factor 6 (TRAF6; Kisiswa, Ferndndez-Suarez, Sergaki, & Ibafiez, 2018). Thus,
understanding how p75NTR switches its preferences for different co-receptors resulting in
diverse signaling outputs, remains a long standing open question.

4.2 | Long-distance signaling of regressive axon guidance cues

Long-distance regressive signaling has also been observed or suggested with axon guidance
cue-receptor pairs including semaphorin-Neuropilin/Plexin, Slit-Robo, Netrin-deleted in
colorectal carcinoma (DCC)/UNC-5, and Eph-Ephrin (Hamasaki et al., 2001; Kellermeyer et
al., 2018; Marin et al., 2003; Wehner et al., 2016; Yue et al., 1999). Neurons are exposed to
these repulsive cues at intermediate and final targets. This positioning allows proper
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pathfinding, which is required to build a functional nervous system. At cell biological level,
these factors often promote growth cone collapse, and some have been implicated in
suppression of neurite extension (Miyazaki et al., 1999; Niclou, Franssen, Ehlert, Taniguchi,
& Verhaagen, 2003). There is growing evidence that receptors associated with growth cone
attraction or repulsion are coupled to anti-caspase or pro-caspase activity. This has been
proposed to be a mechanism to some axon guidance cue inputs resulting in attraction or
repulsion (Kellermeyer et al., 2018). Caspase activity at distal axons is thought to be sub-
lethal, and repulsive cues have largely been thought to act locally at the site of ligand
receptor engagement. However, evidence is emerging that several repulsive cues may also
act at a distance to regulate other regressive events such as cell death and synapse
remodeling (Wehner et al., 2016).

4.2.1] Semaphorin3a—A hint that semaphorins may be able to undergo retrograde
transport came from the observation that that Sema3a is endocytosed and trafficked from
distal axons to cell bodies in compartmentalized sympathetic neuron cultures (Fournier et
al., 2000). In sensory neurons it has been shown that Sema3a can promote death in NGF but
not NT3 dependent neurons, which underscores the importance of cellular context for this
signaling event (Gagliardini & Fankhauser, 1999). Using compartmentalized cultures, it was
found that application of Sema3a only to the axonal chambers resulted in a decrease in cell
number by more than half (Ben-Zvi et al., 2008). On the contrary, mice lacking Sema3a-
neuropilinl (NPN-1) signaling display normal developmental apoptosis in sensory and
motor neurons (Haupt, Kloos, Faus-Kessler, & Huber, 2010). Pierchala and colleagues
followed up on these studies using sympathetic neurons and found that, in vitro, long-
distance Sema3a death signaling required microtubules (implicating dynein), which is
similar to the other examples of long-distance regressive signaling from above (Figure 3).
However, in contrast to the other mechanisms, Sema3a induces death via caspase 8
activation and does not require new transcription. This study went on to show that the
receptors, NPN-1 and PlexinA3, are required for this effect and knockout of PlexinA3and
Npn-1 resulted in a significant reduction of apoptosis during early SCG development, in
vivo (Wehner et al., 2016).

Sema3a has also been implicated in long-distance progressive signaling. Goshima and
colleagues found that similar to peripheral neurons, hippocampal neurons are capable of
transporting Sema3a from distal axons to the somatodendritic compartment (N. Yamashita et
al., 2014). However, in contrast to peripheral neurons where sema3a-PlexinA3 long-distance
complexes were found to induce death, the authors found that Sema3a-PlexinA4 long-
distance complexes induced dendrite elaboration by promoting localization of AMPA
receptor subunit, GLU-AZ2 to distal ends of hippocampal dendrites. This group later showed
that propagation of this long-distance signaling relies on TRK-A and its downstream
signaling pathway PI3K but surprisingly did not require TRK-A’s cognate ligand, NGF (N.
Yamashita, Yamane, Suto, & Goshima, 2016). This implies that the Sema3a-PlexA4
complex may “hijack” the long-distance transport mechanism of classic progressive signals,
an enticing molecular mechanism for long-distance regulation of dendrite development.
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4.2.2 | Dependence receptors—Beyond Sema3a signaling, there are observations that
several guidance cues also act as dependence receptors. That is, in the presence of ligand,
they can promote progressive events like differentiation, proliferation and survival but in the
absence of ligand, they actively promote regressive signaling (Bredesen, Mehlen, &
Rabizadeh, 2005). For example, in Drosophila, Netrin binding to DCC can result in
attractive axon guidance, however in the unliganded condition DCC activates caspase
cascades resulting in cell death (Finci, Zhang, Meijers, & Wang, 2015; Mehlen et al., 1998).
Several other receptors including c-KIT, EPH-B3, UNCS5, Patched-1, and RET have also
been identified as dependence receptors (Negulescu & Mehlen, 2018). Additionally, several
of the receptors that are discussed above have been identified as dependence receptors
including p75NTR, TRK-A, and TRK-C (Bredesen et al., 2005; Nikoletopoulou et al., 2010;
Rabizadeh et al., 1993). It stands to reason that these unliganded receptors may activate
regressive processes in a long-distance manner by virtue of the fact that they are often
trafficked to distal axons and the switch from liganded to unliganded would likely be
detected most prominently at the distal tips of axons residing in intermediate and final
targets. However, the mechanism of action for the long-distance transmission of such a
signal remains unexamined. A common feature of most dependence receptors is the
presence of a caspase cleavage site on the intracellular domain (Negulescu & Mehlen, 2018).
This raises the intriguing possibility that the liberated ICD of these receptors may induce
death from a distance in a manner similar to p75NTR. While the field has only scratched the
surface for the role of dependence receptors in neural development, the notion of active and
opposing signaling in liganded and unliganded states has profound implications and suggests
that long-distance progressive and regressive signaling may be two sides of the same coin or
in this case two sides of the same receptor. We will next explore this notion in the context of
neurodegenerative diseases where it has been observed in a handful of examples that loss of
long-distance progressive signaling is accompanied by an increase in long-distance
regressive signaling.

5| LONG-DISTANCE REGRESSIVE SIGNALING IN NEURAL PATHOLOGY

Alterations in axonal trafficking are now being reported as possible mechanisms driving
pathology underlying nerve injury and several neurodegenerative disorders including
Amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease (AD) (Guadagno & Progida,
2019; Perlson, Maday, Fu, Moughamian, & Holzbaur, 2010). While loss of axonal transport
of progressive signaling appears to be a hallmark of various neurological diseases (Maday et
al., 2014; Sleigh, Rossor, Fellows, Tosolini, & Schiavo, 2019) a theme is emerging that this
is accompanied by increases in long-distance regressive signaling.

5.1| Motor neuron degeneration

Two major forms of motor neuron pathology, ALS and spinal muscular dystrophy are
characterized by neuromuscular junction (NMJ) disruption, axon degeneration, and eventual
death of motor neurons. Axonal transport defects are considered amongst the earliest disease
phenotypes in ALS with eventual diminution of long-distance progressive neurotrophic
signaling being implicated in the degeneration of these neurons (De Vos & Hafezparast,
2017). Beyond defects in long-distance progressive signaling (e.g., p-TRK, ERK1/2, and
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ERKS5) an increase in long-distance regressive signaling (e.g., p-JNK, p75ICD, and cleaved
caspase8) has also been observed in the SOD1G93A mouse model of ALS (Perlson et al.,
2009). The retrograde transport of pro-degenerative signals was also supported by another
study utilizing these mice, wherein chronic impairment of dynein/dynactin function and
axonal transport by overexpression of dynein adaptor, bicaudal D2-N terminus demonstrated
a delay in disease onset and increased life span (Teuling et al., 2008). The mechanism for
switching from long-distance prosurvival to apoptotic signaling is not known and seems to
be context dependent and subject to combinatorial regulation by several factors (Bothwell,
2019; Fu, Hardy, & Duff, 2018; Perlson et al., 2010). Nevertheless, delineation of this
molecular switch would represent an attractive therapeutic target.

Alzheimer’s disease

AD has also been associated with disrupted long-distance trafficking of progressive signals,
however it is still not clear whether the axonal transport defects are the cause, a facilitating
factor, or the result of regressive signaling initiated in axons (X.-Q. Chen & Mobley, 2019;
X.-Q. Chen, Sawa, & Mobley, 2018). A useful model of AD has been to study individuals
with Down syndrome (DS) who develop AD-like neuropathology by the age 40 with 100%
penetrance (Ballard, Mabley, Hardy, Williams, & Corbett, 2016). DS is a congenital defect
with trisomy of chromosome 21, triplicating the dosage of Amyloid precursor protein (APP)
(Doran et al., 2017; Prasher et al., 1998; Wiseman et al., 2015). In a mouse model of DS
(Ts65Dn), Mobley and colleagues showed that NGF transport was compromised, which
promoted degeneration of basal forebrain cholinergic neurons (BFCNs) (Salehi et al., 2006).
However, disrupted retrograde transport due to increased APP dosage affected only a subset
of endosomal cargoes, without any detectable change in components of the dynein—dynactin
complex in the Ts65Dn hippocampus (Salehi et al., 2006). It is tempting to speculate an
involvement of long-distance regressive signaling, which may lead to cholinergic neuron
degeneration in DS, with implications in AD. Indeed, several studies hint at active long-
distance regressive signaling in AD. For example, axonal exposure to Ap42 (Amyloid g 1-
42) has been shown to be sufficient to induce long-distance neurodegeneration in AD brains
(Liu et al., 2008), reasoning that alterations within axons are the primary events resulting in
classical pathological changes in AD (Krstic & Knuesel, 2013). In support of this, exposure
of axon terminals to pathogenic levels of AB42 initiated axonal synthesis of proteins,
including the transcription factor ATF4 which retrogradely transmitted neurodegenerative
signals sufficient to induce cholinergic neuron apoptosis (Baleriola et al., 2014). Along the
same line, it has been shown that amyloid fibrils are retrogradely transported in axons
(Brahic, Bousset, Bieri, Melki, & Gitler, 2016; Song et al., 2014). Interestingly, p75NTR and
Sortilin are able to bind and internalize the amyloid peptide, mediating neuritic dystrophy,
and neuronal death (Hu et al., 2013; Ovsepian et al., 2014; Takamura et al., 2012).
Consistent with this, reducing p75NTR from the brain or basal forebrain cholinergic
neurons, reduced amyloidosis and the cognitive impairment observed in AD mouse models
(Jian et al., 2016; Qian et al., 2019). Considering all the evidence, an attractive hypothesis is
that amyloid binding to p75NTR in axons contributes to retrograde transport of regressive
signaling and axonal pathology in AD brain.
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6| CONCLUSION

Long-distance regressive signaling is a relatively new field and the approaches to study this
type of signaling remain underdeveloped. As mentioned above, the more mature field of
long-distance progressive signaling, provides somewhat of a playbook for examining other
forms of long-distance signaling. As a first level analysis, compartmentalized culture
approaches (e.g., Campenot chambers, microfluidic devices) are used to determine whether
a ligand added to distal axon compartments can induce signaling events, transcriptional
responses, or developmental consequences (e.g., synapse restriction, cell death) in the soma.
While this type of analysis asks whether long-distance signaling occurs in vitro, it does not
address how it occurs. This remained a point of contention for many years with respect to
long-distance NGF progressive signaling in the PNS (Ginty & Segal, 2002) as there were
several mechanisms proposed including ligand dependent or independent transport of TRK-
A+ endosomes, and a “domino model” or “wave propagation model” whereby long-distance
signaling occurs independent of an endosomal platform (Miller & Kaplan, 2001; Senger &
Campenot, 1997). Using specialized compartmentalized culture systems (3 chamber),
pharmacology, and cell permeable ligand neutralizing antibodies Ginty and colleagues
challenged each of these models and concluded that the NGF-TRK-A SE is the primary
mode of long-distance progressive signaling in sympathetic neurons (H. Ye, Kuruvilla,
Zweifel, & Ginty, 2003). This same level of experimental scrutiny has not yet been applied
to determine how long-distance regressive signals are carried.

Beyond the playbook used for long-distance progressive signaling, long-distance regressive
signals present several unique challenges that will require approach development beyond
what is described above. For example, many regressive signaling events require receptor
cleavage, which necessitates the tracking of full-length receptors and their cleavage
products. Moreover, if a liberated intracellular domain is the primary carrier of long-distance
regressive signal, by what mechanism does it associate with the endosomal carrier? Another
challenge that the more mature field of long-distance progressive signaling has historically
faced is, whether in vitro observations are relevant in vivo. Approaches whereby an epitope
tag is knocked in frame to a receptor extracellular domain have provided a foothold for
examining long-distance trafficking in vivo (Barford et al., 2018; Lehigh, West, & Ginty,
2017; M. Ye et al., 2018). Similar tools must be developed for regressive receptors, which
will allow antibody feeding in target tissues and in vivo imaging in somas and dendrites,
while also accounting for cleavage events.

The pathways that we have described above as mediators of long-distance regressive
signaling are by no means exhaustive and will almost certainly expand with our
understanding of this emergent principle. The vast majority of growth factors and axon
guidance cues have not been tested for their ability to signal long distances. However, clues
have emerged for other pathways like EphrinA5-EPH-A, indicating that they promote long-
distance regressive signaling (Yue et al., 1999). There are several other pathways that also
represent excellent candidates to mediate regressive signaling at a distance including
SMAD, Slit-Robo, TNFR family members, GPCRs, and so on. However, the challenge
going forward will be to test the capacities of individual ligand-receptor pairs or downstream
signaling pathways using approaches like compartmentalized culture systems and further
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examine them in vivo. In this way, we can begin to ask the who, what, when, where, why,
and how of long-distance regressive signaling.
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BOX 1

Known unknowns for long-distance regressive signaling
What is the nature and mode of transport for regressive signals?

Can a single “flavor” of regressive signaling endosome generate several
different signals, depending on its location? Alternatively, is function
partitioned amongst heterogeneous pools of regressive endosomes?

Are there common vesicles for opposing long-distance progressive and
regressive signals, which may be utilized depending on the context and
requirements?

How is the counterbalance of long-distance progressive and regressive signals
regulated at different stages of development? Under what conditions is one
pathway dominant over the other?

How are local progressive and regressive signals restricted to a given locale or
integrated to provide an overall response?
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BOX 2
The transport machinery in axons and dendrites

Axonal transport relies on polarized distribution of microtubules. The microtubules are
uniformly oriented in axons with their plus-end facing toward distal axon terminals (Rao
& Baas, 2018; Yau et al., 2016). Distal dendrites display a similar orientation of
microtubule, whereas mixed orientations of microtubules can be found in proximal
dendrites (Tas et al., 2017). Molecular motor complexes drive the directional transport of
cargoes with kinesins moving in an anterograde direction and dynein in a retrograde
direction, toward the cell bodies (Maday, Twelvetrees, Moughamian, & Holzbaur, 2014).
The dynein complex is formed by six components comprising heavy, light and
intermediate chains and has been extensively investigated for its role in axonal transport
(Bhabha, Johnson, Schroeder, & Vale, 2016). Dynein intermediate chain interacts with
the mega Dalton dynactin complex which in turn activates dynein motors for retrograde
transport (Ayloo et al., 2014; Chowdhury, Ketcham, Schroer, & Lander, 2015;
McKenney, Huynh, Tanenbaum, Bhabha, & Vale, 2014; Reck-Peterson, Redwine, Vale,
& Carter, 2018). Initial studies on retrograde transport of trophic signals showed that
internalized receptors and cognate neurotrophin ligands are rapidly transported from axon
terminals by dynein, sliding along the microtubule rails to elicit a survival response in
neuronal soma (Ehlers, Kaplan, Price, & Koliatsos, 1995; Heerssen, Pazyra, & Segal,
2004; Riccio, Pierchala, Ciarallo, & Ginty, 1997). Similarly, retrograde degenerative
signaling by the p75NTR receptor also depends on dynein and dynactin subunit
p150CLUED (Escudero et al., 2019; Pathak et al., 2018).
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BOX 3
c-Jun regulation for neuronal apoptosis

c-JUN is a bZIP transcription factor belonging to the AP1 family of dimeric transcription
factors (includes c-FOS, FOS-b, FRAL, JUN-B, and JUN-D) which bind to TPA
responsive DNA elements (TRE; Deppmann, Alvania, & Taparowsky, 2006). c-JUN
transactivation is a two-step process requiring docking of JNK to an NH2-terminal
sequence followed by its phosphorylation (Hibi, Lin, Smeal, Minden, & Karin, 1993).
Phosphorylated c-JUN alone binds to DNA as a low affinity homodimer or with high
affinity as a heterodimer with FOS family members to regulate pro-apoptotic genes like
MAPK phosphatase 1 and apoptotic facilitators of the BCL-2 protein family, such as
DP5, BIM and PUMA (Ham et al., 1995; Harris & Johnson, 2001; Putcha et al., 2003;
Whitfield et al., 2001; Wyttenbach & Tolkovsky, 2006). In addition to regulating the
phosphorylation state of c-JUN, NGF withdrawal and the subsequent regressive signaling
also induces c-JUN expression (Estus et al., 1994).
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Long distance retrograde signaling in distal axons P
e

/\\f

Autophagosome /. Clathrin coated
N vesicle
(_—_RABS5
&
: . Late endosome F Early
O
Endo lysosome ~_ endosome

" ~ RAB

<i%k(__/m:cycling endosome
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Open Questions:

1. Which cargos have the capacity to undergo long-distance signaling?

2. How does signaling derived from endosomal cargoes affect vesicle trafficking and
maturation ?

3. How does endosomal maturation diversify signaling capacity and function?

FIGURE 1.
Vesicles involved in retrograde axonal transport and signaling. After ligand binding

receptors are typically internalized at the plasma membrane of distal axons. RAB5 or early
endosome Antigenl (EEA1L) is a marker for early endosomes where the cargo is sorted into
different endocytic compartments, while RAB7 is thought to control the maturation of late
endosomes, their retrograde trafficking, and fusion to lysosomes. RAB5 or RAB7 labeled
vesicles, lysosomes, and autophagosomes have all been observed to undergo retrograde
transport. The intralumenal vesicles (ILVs) accumulate in the lumen of endosomes, which
consequently change their composition and morphology to convert into a multivesicular
body (MVB), which can also be retrogradely transported
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FIGURE 2.

Comparison of regressive signaling under pro-apoptotic ligand binding and trophic factor
deprivation (TFD). Top shade (red) depicts signaling after pro-apoptotic ligand binding to
p75NTR, white area depicts common signaling while the bottom shade (blue) indicates
signals identified under trophic factor deprivation (TFD) due to NGF withdrawal. Scissors
indicate cleavage by y-secretase to release the intracellular domain (ICD) of the receptor.
Red outlined circles indicate regressive signaling components and Green outlined circles
represent progressive signaling components. PM, plasma membrane; ECD, extracellular
domain; ICD, intracellular domain; RSE, regressive signaling endosome. The sequence of
events for p75NTR endocytosis and cleavage by -y-secretase in distal axons is not known.
p75NTR does not function in a regressive manner in all cellular contexts (e.g., sensory
neurons) and unliganded TRK-A has been shown to signal (also see section 4 B.2 on
dependence receptors). Whether unliganded TRK-A is a component of RSE or contributes to
p75NTR mediated long-distance regressive signaling remains to be tested
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FIGURE 3.

Long-distance signaling by Semaphorin 3a. Semaphorin 3A (Sema3A) exerts its biological
actions through receptors, neuropilin-1 (Npnl) and plexin family members. For dendrite
development, Sema3a are shown to induce PlexA4 colocalization and interaction with TRK-
A receptor in growth cones and along axons (N. Yamashita et al., 2016). For regressive
signaling, Sema3a signals retrograde apoptosis in developing sympathetic neurons via
PlexinA3-NPN-1 which requires caspase 3 and 8 but does not depend on the availability of
NGF on distal axons (Wehner et al., 2016). The untested hypothetical segments of retrograde
signaling by Sema3a are indicated by question marks. Sema3a is depicted as sema due to

space limitation
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TABLE 1

Vesicles known to retrogradely transport the cargo in different kinds of neurons

Organelle (marker) Cargo

Autophagosome (LC3) Cytosolic proteins (S, H), ubiquitin (S, H)

Early endosome (RAB5/ NGF (S), p-TRK-A & other TRK signaling
EEAL) proteins(S), TRK-B (M), p75NTR (M),
[(P)2X3] (S), TRK-A (Sym), p75NTR (Sym)

Late endosomes (RAB7) P75NTR (M), TRK-B (C), purinergic

receptor [(P)2X3] (S), TRK-A(Sym)

Lysosomes (LAMP1/
Cathepsin)

Multivesicular bodies (MVB;  TRK-A (Sym), p75NTR (Sym)
CD63)

Recycling endosomes
(RAB11)

B-Secretase (BACE1), amyloid-p

TRK-A(Sym)

Neuron

Sensory
Hippocampal

Sensory
Motor
Sympathetic

Motor
Cortical sensory
sympathetic

Cortical

Sympathetic

Sympathetic
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