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Peripheral neuropathies are highly prevalent and are most often associated with chronic disease, side
effects from chemotherapy, or toxic-metabolic abnormalities. Neuropathies are less commonly caused
by genetic mutations, but studies of the normal function of mutated proteins have identified particular
vulnerabilities that often implicate mitochondrial dynamics and axon transport mechanisms. Hereditary
sensory and autonomic neuropathies are a group of phenotypically related diseases caused by mono-
genic mutations that primarily affect sympathetic and sensory neurons. Here, I review evidence to
indicate that many genetic neuropathies are caused by abnormalities in axon transport. Moreover, in
hereditary sensory and autonomic neuropathies. There may be specific convergence on gene mutations
that disrupt nerve growth factor signaling, upon which sympathetic and sensory neurons critically
depend. (Am J Pathol 2016, 186: 489e499; http://dx.doi.org/10.1016/j.ajpath.2015.10.022)
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This article is part of a review series on neuropathology.
During development, peripheral neurons extend long
axons that make contact with a variety of distant tissues,
including muscle fibers and sensory receptors. Although
still incompletely defined, the process requires complex
interactions between many local and target-tissueederived
growth factors, axon guidance molecules, and morpho-
gens that together orchestrate peripheral nervous system
innervation and functional control with astonishing
precision. Once innervation is established, signaling
from peripheral tissues continues to have an important
role in maintaining innervation homeostasis and function
throughout life. Long distances between neuron cell
bodies (CBs) and peripheral target tissues pose unique
challenges for peripheral neurons because they need to
integrate molecular cues from distant tissues to the CB,
and in a reasonably rapid time frame. Thus, neurons
have evolved many complex mechanisms to transport
biochemical cargo and signaling complexes toward
peripheral tissues (orthograde transport) and from pe-
ripheral tissues (retrograde transport) to facilitate
stigative Pathology. Published by Elsevier Inc
changes in gene expression and metabolism that are
required to maintain innervation.

Peripheral neuropathies (PNs) are a group of heteroge-
neous diseases that affect motor, sensory, and autonomic
neurons and axons, and they often simultaneously involve
multiple systems.1 PN is most simply defined as a neuro-
logic debilitation that results from a loss of peripheral axons
that innervate particular target tissues. They are often clas-
sified by degrees to which they affect functionally distinct
peripheral axons and, when known, the diseases, extrinsic
factors, or genetic abnormalities associated with them. PNs
can result in poor quality of life, and they pose a substantial
health care burden because they are relatively prevalent,
extremely difficult to medically manage in part because the
. All rights reserved.
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precise pathogenesis is often unknown, and effective treatment
options are limited. Some estimates suggest that 2.4% of the
general population is afflicted to some degree with PN, and
this incidence increases to about 8% to 15% of humans >40
years of age.2,3 PN is most prevalent in patients with diabetes
mellitus (DM), which number >20 million in the United
States,4 with some estimates indicating that 58% of insulin-
dependent diabetics �30 years of age5 and 26% of
noninsulin dependent diabetics6 are afflicted. A greater un-
derstanding of the basic mechanisms that mediate neuron-
target tissue signaling interactions and associated axon
degeneration will be essential to develop effective strategies
that affect the pathogenesis of these debilitating diseases.

Although the precise mechanisms underlying PNs are most
often unknown, they are well associated with a wide variety of
toxic, metabolic, infectious/postinfectious, and genetic insults.
The current status of clinically classified PNs, their principle
causative associations, and treatment approaches were recently
and comprehensively reviewed.7e13 Emerging evidence sug-
gests that the effects of many different neuropathy-associated
factors may converge on a relatively small number of
molecular pathways and processes that are essential for
maintaining axon/innervation integrity.14 Here, I review some
of the neuropathy-associated cellular processes that appear to
be targets of many diverse disease-causing insults and then
focus on axon transport and growth factor signaling as pro-
cesses that are particularly vulnerable. Finally, by way of
example, I discuss a rare group of monogenic congenital PNs,
known as hereditary sensory and autonomic neuropathy
(HSAN), and review some published and unpublished data,
indicating that these phenotypically similar diseases may be
caused, at least in part, by genetic mutations that disrupt target-
derived signaling and axon transport pathways.
Axon Transport and Its Role in Neuron and Axon
Homeostasis

DM-associated PN and chemotherapy-induced PN account for
most patients with the disease. Depending on the duration and
type of chemotherapy used, or the duration and effective
management of DM, the incidence and severity of PN can
greatly vary. For example, with commonly used chemothera-
peutic platinum salts such as cisplatin and oxaliplatin,
approximately 28% of patients develop PN, whereas with
commonly used taxane chemotherapeutic agents, such as
paclitaxel and docetaxel, >60% of patients develop PN.15

Because motor and sensory functions are often affected in a
heterogeneous pattern, these agents appear to harm different
types of neurons and in particular their axons (axonopathy) in
humans with chemotherapy-induced PN16,17 and in rodent
models.18 Moreover, as with DM-associated PN, the longest
axons in the body appear to be preferentially vulnerable, and
this may be due to their enhanced energy demand for trans-
porting cellular constituents within long axons. Indeed, for
>30 years axon transport abnormalities were recognized to
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have a role in PN caused by DM.19 DM may lead to alter-
ations in cytoskeletal components, such as actin, neurofila-
ment, and tubulin that are essential for normal intracellular
(axon) transport, either by direct glycation in the context of
hyperglycemia or as a consequence of impaired gene
expression.20e23 For example, tubulin glycosylation in DM
impairs polymerization and alters microtubule dynamics
which is essential for trafficking intracellular macromolecules
and organelles24 along microtubule networks. Similarly,
microtubule abnormalities are particularly relevant to taxane-
induced chemotherapy-induced PN because taxanes disrupt
microtubule function by stabilizing their turnover and poten-
tially altering motor protein binding required for intracellular
transport.25 Particular examples of critical processes that may
be impaired by altered axon transport include mitochondrial
transport and dynamics that are critical for energy homeostasis
within neurons and their axons,26 and abnormalities in growth
factor signaling, which depends on intact retrograde axon
transport to provide the mechanism for target-tissueederived
growth factors to signal to the neuron nucleus far away from
target tissues.27,28
Axon TransporteMediated PN

Although axon transport can be impaired as a consequence of
deranged metabolism in systemic diseases such as DM or by
toxic substances that target elements of the intracellular
transport machinery, such as chemotherapeutic agents, there
are many examples of inherited neuropathy caused by genetic
mutations that are associated with some form of aberrant axon
transport. Studies focused on understanding how gene muta-
tions alter the function of encoded proteins have provided
insight into potential molecular targets for therapy. PNs can
primarily affect the neuron CB (neuronopathy), axon myeli-
nation (myelinopathy), or axons (axonopathy). Because this
brief review focuses on some genetic mutations that are
associated with abnormalities in axon transport, the reader is
referred to recent comprehensive reviews that present the
mutations discussed here and the broader panoply of genetic
mutations associated with inherited neuropathies in tabulated
form.29,30

Genetic (inherited) PNs, generally also known as Charcot-
Marie-Tooth (CMT) disease or hereditary motor and sensory
neuropathy, constitute the most common inherited neuromus-
cular diseases, and they affect at least 1 in 2500 humans.31

These are a group of heterogeneous diseases caused by many
different genetic mutations that lead to neuropathy with
involvement of either or both sensory and motor systems and
sometimes sensory and autonomic nervous systems. They lead
tomuscle atrophy, weakness, and sensory abnormalities that are
often most severe in distal extremities. Most classification
schemes divide them into autosomal dominant (AD), autosomal
recessive (AR), and rare sex-linked forms, and also by whether
they predominantly affect the motor system (hereditary motor
neuropathy), the sensory system (hereditary sensory
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neuropathy), a combination of sensory and motor systems
(hereditary motor and sensory neuropathy), or sensory and
autonomic nervous systems (HSAN).32 Genetic mutations that
are involved in axon transport appear to alter three major pro-
cesses that affect target tissue innervation homeostasis and axon
integrity.

Mitochondrial Dynamics

Long peripheral axons require efficient energy production to
sustain anterograde and retrograde transport of intracellular
macromolecules and organelles. Mitochondrial respiration is
required all along axons in part to generate ATP to sustain
axon transport and to regulate mitochondrial dynamics
involved in their transport, size, and number (mitochondrial
fission and fusion). The transmembrane GTPase protein
mitofusin-2 (MFN2; Online Mendelian Inheritance in Man
[OMIM] no. 608507, http://www.ncbi.nlm.nih.gov/omim) is
embedded in the outer membrane of mitochondria where it
has an essential role in mitochondrial fusion and oxidative
phosphorylation during mitochondrial respiration.33 More-
over, MFN2 is an important mediator of mitochondrial
binding to kinesin (KIF) plus-end motor proteins via the
adaptor proteins Miro/Milton to facilitate mitochondrial
trafficking along axon microtubules toward their terminal
ends.34,35 MFN2 is one of the several genes associated with
CMT and is associated with the most prevalent AD CMT2A
whereby mutations in MFN2 account for approximately
20% of all CMT2 (axonal CMT) cases.36,37 There are at
least 100 sequence variations identified in MFN2. Although
most mutations have not been functionally characterized,
some common pathogenic mutations (R94Q and H361Y)
have a major impact on mitochondrial transport along mi-
crotubules by mechanisms that have not yet been fully
elucidated. Interestingly, these mutations affect mitochon-
drial transport not by abrogating direct MFN2 binding to
Miro/Milton complexes that link them to motor proteins, but
rather by another mechanism that influences mitochondrial
transport and binding efficiency to motor proteins and/or
microtubules.38 The clinical manifestations of patients with
MFN2 mutations can be as complex as the number of allelic
mutation variants identified. For example, approximately
10% to 20% of patients with MFN2 mutations develop optic
nerve degeneration (CMT6/hereditary motor and sensory
neuropathy V) and some have long upper motor axon
involvement (CMT6/hereditary motor and sensory neurop-
athy VI).39,40 Future studies to identify how particular
MFN2 mutations mechanistically relate to differing clinical
symptoms will be invaluable for understanding how alter-
ations in this complex protein cause axonal neuropathy.41

Another molecule associated with dominant and recessive
inheritance of CMT is ganglioside-induced differentiation-
associated protein-1 (GDAP1; OMIM no. 606598, http://
www.ncbi.nlm.nih.gov/omim).42,43 GDAP1 is also a mito-
chondrial outer membrane protein with interaction domains
that bind other mitochondrial membrane proteins FIS1 and
The American Journal of Pathology - ajp.amjpathol.org
DRP1 to regulate mitochondrial fission and their number and
localization within axons.44e46 GDAP1 mutationeassociated
neuropathies are caused by a variety of different missense,
nonsense, and splice site mutations, most of which appear to
cause protein loss-of-function.47,48 As such, most GDAP1
mutations cause CMT with an AR inheritance pattern and with
considerable variation in patient symptoms. For example,
GDAP1 is mutated in CMT4 (probably the most common
autosomal recessive form of CMT) with early and severe
onset, whereas other GDAP1 mutations lead to more localized
and proximal neuropathy (recessive intermediate-CMTA and
AR-CMT2K).49e52 Moreover, although genotype-phenotype
correlations are generally not well defined, there are rare
missense mutations of GDAP1 that give rise to AD forms of
CMT (AD-CMT2K).53 How the myriad GDAP1 mutations
each lead to disease is not completely clear, but AR mutations
likely lead to mitochondrial fission abnormalities, and AD
mutations may lead to mitochondrial fusion abnormalities.
Although these abnormalities may result in altered respiratory
capacity and energy homeostasis within axons, it is likely that
abnormalities in mitochondrial dynamics lead to altered
mitochondrial transport reminiscent of MFN2 mutations.48

An interesting rare disease not part of the CMT disease
spectrum per se is dominant optic atrophy which is caused by
>200mutations of the optic atrophy-1 gene (OPA1; OMIM no.
605290, http://www.ncbi.nlm.nih.gov/omim).54,55 Dominant
optic atrophy is characterized by optic nerve degeneration and
myopathy. In approximately 20% of patients, mild PN (so
called dominant optic atrophy plus syndrome) is also observed
that can involve both sensory and motor or just sensory mo-
dalities. OPA1 is a dynamin-like membrane scission GTPase
protein present in the mitochondrial membrane with a critical
function in mitochondrial membrane fusion.56 Altered mito-
chondrial dynamics and respiration associated with OPA1
mutations likely result in neuropathy, and, although many
mutations appear to result in loss of protein function, it is not
clear how they specifically lead to axon degeneration.

Cytoskeleton-Dependent Axon Trafficking

Abnormalities in mitochondrial dynamics caused by muta-
tions inMFN2, GDAP1, and OPA1 give rise to PN, at least in
part by altering their axon transport. Interestingly, mutations
in proteins that directly mediate axon transport of a wide
variety of intracellular organelles and signaling endosomes
also give rise to PN. For example, axon transport from the CB
toward axon terminals (anterograde transport) is largely
mediated by motor proteins known as KIFs, and transport
from axon terminals to the CB (retrograde transport) is pri-
marily mediated by dyneins (DYNs) along polarized micro-
tubular networks.57 Moreover, neurofilament proteins
composed of light, medium, and heavy chain proteins serve
as additional scaffolding molecules to stabilize the axon
microtubule cytoskeleton. Thus, motor proteins that bind to
microtubules, microtubule components themselves, and
some additional adaptor proteins are not surprisingly mutated
491
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in some forms of CMT that primarily affect long axons. For
example, mutations in some anterograde motor proteins such
as KIF1A58 (OMIM no. 601255), KIF1B (OMIM no.
605995), and KIF5A (OMIM no. 603821, http://www.ncbi.
nlm.nih.gov/omim) can rarely harbor pathogenic mutations
that cause PN. KIF5A mutations are associated with spastic
paraplegia and PN (SPG10) with long axon degeneration.59

The mutations lead to highly variable symptoms, some of
which give rise to AD isolated peripheral axonal neuropathy
of CMT2.60,61 KIF1A mutations are associated with a rare
autosomal recessive PN with sensory and autonomic abnor-
malities known as HSAN2, which is discussed in more detail
later. KIF1A is preferentially expressed by neurons and
involved in anterograde axoplasmic transport of intracellular
cargo other than mitochondria, indicating that axonal neu-
ropathy can be caused by transport abnormalities unrelated to
mitochondrial dynamics.58 This was confirmed in KIF1A
knockout (KO) mice that have both sensory and motor
abnormalities together with impairments in vesicular axon
transport.58 Finally, mutations in KIF1B appear to be rare
with only a single case report in the literature, but KIF1B
mutant mice do have motor abnormalities reminiscent of
CMT2A.62

A mutation in proteins that affect retrograde axon transport
is involved in hereditary PN more frequently than mutations
altering anterograde axon transport. DYN, an essential
retrograde transport motor protein, is a hetero-hexameric
ATPase microtubule binding complex that consists of two
light, two intermediate, and two heavy chain proteins.
Cytoplasmic DYN heavy chain 1 (DYNC1H1; OMIM no.
600112, http://www.ncbi.nlm.nih.gov/omim) mutations give
rise to an AD form of axonal CMT, known as CMT2O.63,64

Accordingly, heterozygous mice with an orthologous path-
ogenic mutation of DYNC1H1 have a marked reduction in
dynein microtubule binding affinity and abnormal retrograde
axon transport which produces a CMT-like motor and sen-
sory neuropathy.65,66 In addition, DYN-interacting proteins
that function as cofactors or modulators of DYN function are
identified to cause neuropathy. For example dynactin, which
is a large heteromeric protein complex that interacts with
DYN to modulate motor protein binding to cargo organelles
for transport, contains a 150-kDa protein (the largest in the
complex) that is encoded by the dynactin-1 gene (DCTN1;
OMIM no. 601143). Dynactin-1 mutations lead to rare AD
motor neuropathy, characterized by early-adult onset and
progressive muscle weakness.67 Similarly, bicaudal D
homolog-2 (BICD2; OMIM no. 609797), another DYN-
interacting protein with an important role in retrograde
axon transport, also has a role in PN.68 Mutations associated
with BICD2 occur in a dominant form of spinal muscular
atrophy that have striking similarity to CMT2O which is
associated with DYNC1H1 mutations.69,70 Finally, dynamin
2 gene (DNM2; OMIM no. 602378), a GTPase with a major
role in membrane scission, vesicle formation, and dynein
motor protein vesicle loading, is also mutated in a rare
dominant intermediate axonal CMT referred to as CMT2M.71
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Axon transport of mitochondria and organelles is also
impaired by mutations in cytoskeletal proteins that are
components of the pathways along which motor proteins
transport intracellular cargo. Tubulin b-3 gene (TUBB3;
OMIM no. 602661, http://www.ncbi.nlm.nih.gov/omim) is a
major constituent of microtubules to which motor proteins
directly bind and transport their cargo. Mutations in tubulin
b-3 lead to congenital fibrosis of extra-ocular muscles type 3
which has a motor and sensory neuropathy as a component
of the disease.72,73 Similarly, mutations in another cyto-
skeletal protein also important for axon transport, neuro-
filament light chain (OMIM no. 162280) lead to complex
disease phenotypes that can have either AR or AD inheri-
tance and have normal nerve conduction velocity by elec-
trophysiologic studies (CMT2E) or reduced nerve
conduction velocity (CMT1F).74,75

Growth Factor Signaling

Abnormal axon transport has a clear role in neuropathy
pathogenesis. In many cases, however, we have an incomplete
understanding of what specific transport pathways are affected
and/or which pathways have the most important physiologic
impact on axon integrity and innervation homeostasis. HSAN
is an interesting example. HSANs may be phenotypically
linked by gene mutations that alter different aspects of growth
factor signaling and axon transport.
In some classification schemes, HSAN can be considered

part of the CMT spectrum that comprises a group of clini-
cally similar but genetically heterogeneous disorders char-
acterized by severe developmental and sometimes juvenile
or adult onset sensory and autonomic nervous system
dysfunction. They were originally subdivided into five types
(HSAN1 to HSAN5) on the basis of distinct clinical signs
and symptoms.76 The molecular and clinical classification of
these diseases has evolved to include two more recently
recognized types (HSAN6 and HSAN7)77,78 and many
pathogenic germline mutations in >16 genes which cause
both AD and AR forms of HSAN (recently reviewed in
detail79,80). The mechanisms by which mutations in many
functionally diverse genes disrupt neuron development and
innervation homeostasis in HSAN are generally poorly un-
derstood. Interestingly, however, several mutated proteins
involved in HSAN appear to have a role in retrograde NGF
signaling and transport, suggesting that there may be at least
some functional convergence between axon transport and
NGF signaling in HSAN pathogenesis.
Sensory and sympathetic neurons are the most clinically

important targets of HSAN. Sympathetic neurons require
target tissueederived NGF for survival and proper target tissue
innervation during development. NGF primarily signals
through its high-affinity cognate tyrosine kinase receptor TrkA
(OMIM no. 191315, http://www.ncbi.nlm.nih.gov/omim), and
NGF/TrkA ligand-receptor complexes are endocytosed and
transported retrograde to the nucleus along microtubule net-
works in signaling endosomes that modulate gene expression
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Elp1 is localized in a vesicular pattern in neurites and is mutated
in humans with FD and a mouse model that emulates the human mutation. A:
FD is caused by a point mutation in the intron 20 splice acceptor site of Elp1
(asterisk) which leads to exon 20 skipping (D20), introduction of a nonsense
mutation and nonsense-mediated degradation of the encoded protein. B:
Neurons (primary mouse sympathetic neuron shown here) express Elp1 in the
nucleus (dotted ellipse) and the cytoplasm. In the cytoplasm, immunofluo-
rescence for Elp1 (left) shows that it has a vesicular pattern in the neurite
cytoplasm (enlarged, bottom left). The cell body and neurites are labeled by
immunofluorescence for b-III neuron-specific tubulin (Tuj1, right). C: Elp1-flx
mice were generated to mimic the mutation in human FD by enforcing exon 20
skipping in Cre-recombinase expressing cells. The new conditional knockout
mouse was recently generated and characterized.98 Scale bar Z 10 mm. FD,
familial dysautonomia; KD, knockdown; KO, knockout.

Axon Transport and Neuropathy
involved in sympathetic neuron survival and innervation
patterning.81e83 Similarly, small diameter sensory neurons
located in the dorsal root ganglia, which subserve pain and
temperature sensation (nociception), also express high levels
of TrkA receptor and require target tissueederived NGF for
their survival and normal innervation.84 Thus, it is not sur-
prising that abnormalities in proteins mediating NGF/TrkA
signaling and/or transport may be involved in neuropathies
that preferentially effect sympathetic and nociceptive sensory
neurons such as in HSAN.

HSAN4 and HSAN5 are rare autosomal recessive
congenital neuropathies characterized by abnormal pain
The American Journal of Pathology - ajp.amjpathol.org
perception and sympathetic abnormalities with (HSAN4)
and without (HSAN5) mental retardation. These neuropa-
thies are clearly related to abnormal NGF signaling because
they are caused by mutations in TrkA (HSAN4) and NGFb
(HSAN5/congenital insensitivity to pain;) genes that alter
TrkA-mediated signaling and NGF binding affinity to TrkA,
respectively.85 In other HSAN types, abnormal NGF/TrkA
signaling has not been directly investigated, but evidence
suggests that abnormalities in this signaling axis may exist.
In the AD HSAN1, which is primarily associated with pain
and temperature and sometimes with distal motor axon
involvement, ras-associated protein 7 (RAB7; OMIM no.
602098, http://www.ncbi.nlm.nih.gov/omim) is mutated in a
form of the disease which has distal motor axon involve-
ment and sensory abnormalities.86 Rab7 is essential
for NGF signalingeendosome trafficking to the nucleus and
for NGF/TrkA signaling during neurite outgrowth in
NGF-dependent neurons.87e89 Although not yet examined
in mechanistic detail, mutations in Rab7 could lead to
neuropathy by specifically altering or disrupting retrograde
endosome trafficking and NGF signaling in sympathetic and
nociceptive neurons. Another gene mutation associated with
HSAN1 is atlastin-1 (OMIM no. 606439). Atlastin-1 has a
role in endoplasmic reticulum network assembly and its
interaction with the microtubule cytoskeleton. Mutations in
atlastin-1 lead to altered microtubule network organization
and are hypothesized to alter protein trafficking (potentially
NGF signaling endosomes) along microtubules, but func-
tional analysis of pathogenic mutations has not been
performed to date, and whether it has any specific role in
NGF/TrkA endosome trafficking is conjecture.90

HSAN2 is another autosomal recessive congenital neuropa-
thy that is associated with gene mutations in i) lysine-deficient
protein kinase 1 (WNK1; OMIM no. 605232, http://www.ncbi.
nlm.nih.gov/omim), ii) KIF1A, and iii) family with sequence
similarity 134, member B (FAM134B; OMIM no. 613114).
Although several different mutations of FAM134B are associ-
ated with HSAN2, its specific mechanistic role in neuropathy
pathogenesis is not well studied and remains a mystery. By
contrast KIF1A, a major motor protein involved in anterograde
axon transport, likely disrupts anterograde vesicular transport.91

Because normal NGF/TrkA signaling sensitivity depends on
TrkA receptor recycling back to axon terminals by anterograde
transport (transcytosis), abnormalities in anterograde transport
proteins could alter NGF/TrkA signaling in disease-vulnerable
neurons by impairing transcytotic TrkA receptor processing.92

Similarly, mutations in WNK1 could also alter NGF/TrkA
signaling through its protein kinase activity, although abnor-
malities in kinase activity for particular substrates have not been
examined in detail in mutant proteins that contain the patho-
genic exon 8B.93 Nevertheless, WNK1 activates Erk5,94 and
Erk5 is a critical mitogen-activated protein kinase required for
retrograde NGF/TrkA survival signaling in NGF-dependent
neurons.95 Alterations in WNK1-mediated activation of Erk5
could lead to altered sensory and sympathetic neuron survival in
HSAN2 caused by WNK1 mutations.
493
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Figure 2 Retrograde NGF survival signaling is impaired in Elp1-deficient
neurons. A: Target-derived NGF is retrogradely transported from target tissues
by sympathetic neurons to induce gene expression required for their survival and
differentiation. B: In compartment cultures, FSs added to the DA compartment
label neurons that project axons into the DA compartment. FSþ neurons (red,
right) that are live with normal Bis (green,middle) chromatin staining (arrows)
and dead with fragmented chromatin (arrowheads) are shown. C: Elp1-TcKO
neurons (white bars) have significant impairment in retrograde survival
signaling compared with Elp1-TCtl neurons (black bars). Data are expressed as
means � SEM of percentage of survival 48 hours after treatment. n Z 3 to 5
replicates for each condition. *P< 0.05. Scale barZ 10mm. Bis, bisbenzamide;
DA, distal axon; FS, fluorescent nanosphere; KO, knockout; NGF, nerve growth
factor.

Figure 3 Elp1 and Rab7 colocalize in axons of NGF-treated sympathetic
neurons. Elp1-TCtl dissociated sympathetic neurons were nucleofected with
Rab7-GFP fusion protein expression plasmid, differentiated, starved, and
challenged with NGF for 20 minutes. Elp1 has a vesicular staining pattern in
axons that closely localizes with many Rab7þ late endosomes (arrows).
GFP, green fluorescent protein; NGF, nerve growth factor.

Tourtellotte
HSAN3 (familial dysautonomia; FD) is caused by mutation
of the Elp1/IKBKAP (OMIM no. 603722, http://www.ncbi.nlm.
nih.gov/omim) gene, but how it functions in FD pathogenesis is
still unclear. However, Elp1 appears to have a novel role in
retrograde NGF/TrkA signaling.

FD: A Model of Abnormal Retrograde NGF
Signaling Resulting in Neuropathy

FD is caused by a homozygous splice-site mutation in the
Elp1/IKBKAP gene which leads to exon 20 skipping and
nonsense-mediated degradation of the truncated protein96,97

(Figure 1A). It is characterized by debilitating sensory and
widespread sympathetic nervous system dysfunction that
involves the cardiovascular, renal, gastrointestinal, and
pulmonary systems. Most afflicted patients have a poor
494
quality of life and die before age 40, despite aggressive
symptomatic treatment.99 Although the mutation occurs in
the germline, nociceptive sensory and sympathetic neurons
are preferentially affected because Elp1 mis-splicing occurs
in these neurons to a greater extent than other cells.100 Little
is known about how Elp1 functions in disease-relevant
sympathetic and sensory neurons because most studies
have focused on nonneuronal cells from FD patients (eg,
fibroblasts and leukocytes) or they have involved Elp1
protein modulation in cells not normally involved in
disease.101e106

Elp1 is a constituent of the heterohexameric transcrip-
tional elongator complex107; therefore, it may be involved in
transcriptional regulation.102,103,108 Interestingly, however,
a significant amount of Elp1 protein is found in a vesicular
pattern in the cytoplasm of both nonneuronal cells104,109 and
neurons (Figure 1B), suggesting that it has a function apart
from transcription. Elp1 function in the neuron cytoplasm
(axons and dendrites) could be important for signaling
processes required for their normal development and
innervation homeostasis, but whether this has any relevance
to neuron survival and differentiation in FD is not clear.
Because loss of Elp1 in the germline (in all cells) leads to
early embryonic lethality in mice,110,111 we developed a
conditional Elp1-KO mouse that recapitulates sympathetic
and sensory nervous system abnormalities found in FD
patients when it is ablated specifically in sympathetic and
sensory neurons98 (Figure 1C). These mice have nociceptive
and sympathetic target tissue innervation abnormalities that
are similar to humans with FD and mice with NGF signaling
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Gene mutations in HSAN converge on proteins associated with
NGF signaling. HSAN4 (TrkA) and HSAN5 (NGF) alter signaling at the level
of receptor affinity and its ligand. In HSAN1, Rab7 mutations may alter
NGF/TrkA signaling-endosome loading and retrograde transport along MTs.
Elp1, which is mutated in HSAN3, is associated with Rab7þ signaling
endosomes, but its exact function and whether it binds directly or indi-
rectly to them is not yet known. In HSAN2, WNK1 may have a role in Erk5
activation which is critical for signaling-endosome activation of NGF-
mediated gene expression through activation of SRF and CREB-dependent
gene regulation. In addition, KIF1A mutations are also associated with
HSAN2 which may alter anterograde transport that is essential for TrkA
receptor recycling to the axon terminal in a process known as transcytosis.
CREB, cAMP response-element binding protein; HSAN, hereditary sensory
and autonomic neuropathy; MT, microtubule; NGF, nerve growth factor;
SRF, serum response factor.

Axon Transport and Neuropathy
abnormalities.85,112e114 Indeed, our recent studies that used
primary sympathetic neurons derived from these mice show
that Elp1 is required for normal retrograde NGF signaling.
To determine this, we first developed a tamoxifen-inducible
system to conditionally ablate Elp1 in cultured neurons
because neurons lacking Elp1 die during early development
(similar to humans with FD) and therefore are difficult to
isolate in newborn mice for in vitro analysis. Tamoxifen
treatment of isolated sympathetic neurons ablated Elp1 in
Elp1-TcKO neurons, but not in Elp1-TCtl neurons (data not
shown). Sympathetic neurons acquire NGF from peripheral
target tissues that they innervate, which is signaled retro-
grade to the neuron CB to mediate gene expression required
for their normal innervation patterning and survival115

(Figure 2A). We used sympathetic neurons grown in parti-
tioned chambers that separate distal axons (DAs) from the
proximal axons and CBs to emulate the in vivo acquisition
of NGF by axons and retrograde signaling to the neuron
body. Elp1-TCtl and Elp1-TcKO sympathetic neurons were
plated in the CB compartment of the chambers and differ-
entiated in the presence of 100 ng/mL NGF in both CB and
DA compartments (Figure 2B). Neurons that projected
axons into the DA compartment were retrogradely labeled
with fluorescent nanospheres (FSs) added to the DA
compartment, and tamoxifen was added to the CB com-
partments for 24 hours to ablate Elp1 in Elp1-TcKO neu-
rons. The neurons were then treated with differing amounts
of NGF in the CB and/or DA compartments for 48 hours.
FSþ neurons were scored dead if they had condensed,
fragmented, or absent nuclei as previously published116

(Figure 2B). Tamoxifen-treated Elp1-TCtl neurons were
The American Journal of Pathology - ajp.amjpathol.org
able to transport NGF signaling from DAs similar to wild-
type neurons.117 Elp1-TCtl neurons treated with 10 ng/mL
NGF in both CB and DA compartments or with 10 ng/mL
NGF only in the DA compartment showed statistically
indistinguishable 82% FSþ neuron survival after 48 hours
(Figure 2C). In addition, when NGF was lowered to phys-
iologically limiting levels in the DA compartment (to
emulate limiting quantities of target-derived NGF which are
present in vivo), such as 1 ng/mL and 0 ng/mL, only 19%
and 11% of the FSþ Elp1-TCtl neurons survived after 48
hours, respectively (Figure 2C). However, we found that
FSþ Elp1-TcKO neurons had comparable survival to
Elp1-TCtl neurons when 10 ng/mL NGF was present in
both CB and DA compartments (Figure 2C), consistent
with our previously published results that used dissociated
Elp1-deficient neurons that were completely immersed in
NGF.98 By contrast, when NGF was restricted to distal
axons in the DA compartment only 22% of FSþ Elp1-
TcKO neurons survived. Elp1-TcKO neurons with
10 ng/mL in the DA compartment survived similar to
Elp1-TCtl neurons with 1 ng/mL in the DA compartment;
a 10-fold decreased sensitivity in their signaling response
to target-derived NGF. Thus, sympathetic dysautonomia
in FD is likely explained by impairment in retrograde
NGF signaling which leads to survival and target tissue
innervation abnormalities in the context of limited NGF
produced by target tissues.98

How does Elp1 function in retrograde NGF signaling?
Little is currently known about how Elp1 functions in
axons, but its role as a component of the transcriptional
elongator complex within the nucleus may provide some
clues. Elp1 is one of six different proteins (Elp1 to Elp6)
in the transcriptional elongator complex which functions
in transcription primarily through the acetyl-transferase
activity of its binding partner Elp3.104 Elp1 has no
detectable enzymatic activity, and it appears to act as a
binding protein that stabilizes the heterohexameric pro-
tein complex through its WD40-like b-propeller protein-
protein interaction domains. Thus, Elp1 may function in
the axon in a similar way to facilitate important protein-
protein interactions required for retrograde NGF signaling.
This hypothesis appears to have some merit, considering
recent in vitro imaging studies performed in my laboratory.
We found that Elp1 protein colocalizes with Rab7þ late
endosomes in NGF-stimulated sympathetic neurons, which is
not observed in NGF-deprived neurons (Figure 3). Retro-
grade NGF signaling is mediated by Rab7þ late endosomes
that are retrogradely transported to the nucleus, and disrup-
tion of Rab7 expression or function alters NGF signaling
efficiency.87e89 These results strongly suggest that NGF-
mediated Elp1 binding to Rab7þ endosomes, either directly
or through other binding partners, may be an essential step in
Elp1-dependent retrograde NGF signaling. Detailed mecha-
nistic insights for how Elp1 functions in retrograde endo-
some binding, transport, and signaling must await results
from studies that are currently in progress.
495
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Conclusions

Many inherited motor and sensory neuropathies are caused by
abnormalities in mitochondrial dynamics which may involve
abnormalities in mitochondrial respiration and their transport
along axons. As reviewed here, many additional inherited
motor and sensory neuropathies are associated with gene
mutations that more directly involve axon transport, suggest-
ing that other cellular organelles and signaling pathways un-
related to mitochondrial dynamics may be involved. HSAN is
an example of a group of phenotypically related neuropathies
with pathogenesis that appears to converge on alterations in
axon transport-dependent NGF signaling which is essential for
the development and innervation of sensory and sympathetic
neurons. In each of the recognized HSAN types, mutations in
proteins involved in some aspect of NGF signaling were
identified (Figure 4). Although these inherited neuropathies
are rare, a greater understanding of how neuropathy-associated
proteins function should help to identify critical vulnerabilities
that may be exploited as targets for disease therapy. Improved
understanding of the basic mechanisms involved in these
discrete neuropathies may help to better understand the basis
for the prevalent and poorly treatable neuropathies associated
with chronic diseases such as DM.
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