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Introduction

Perineural invasion (PNI) has been defined as the ability of
cancer cells to invade in, around, and through nerves.1 PNI is
an ominous clinical and pathological finding for a variety of
cancer types that is associated with elevated recurrence rates
and diminished survival.2–4Despitewidespread acknowledg-
ment of the clinical significance of PNI, the mechanisms
underlying its pathogenesis remain largely unknown and
specific therapies targeting nerve invasion are entirely
lacking.

The pathological description and clinical significance of
PNI, particularly in head and neck cancers, was described and
recognized long ago.5 Initial theories suggested that PNI was
simply an extension of lymphatic metastasis, which was
eventually disproven. Subsequent theories on PNI pathogen-
esis centered on neural sheaths serving as a low-resistance,
conduit for tumor cell spread.6 However, careful study of
nerves with electron microscopy and other techniques dem-
onstrated that the nerve sheath is actually a higher resistance
path with several layers of collagen and concentrically ar-
ranged endothelial cells.7Modern studies have demonstrated
that PNI is a directed process, which results from reciprocal
molecular interactions between cancer and host, challenging
the historical notion that this is a purely cancer-induced
event.

The research paradigm has more recently shifted for PNI
with current studies now focusing on neurotrophic factors,
chemokines, cellular adhesion molecules, and the nerve
microenvironment. The picture of PNI that is emerging is
one of a conserved, symbiotic relationship between cancer
and host in which both parties facilitate metastasis. A mech-
anistic understanding of this entity may potentially facilitate
the development of targeted therapies for PNI.

Peripheral Nerve Sheath

An understanding of the peripheral nerve structure is neces-
sary to study PNI and elucidate its pathogenesis. A nerve
sheath is composed of three tissue layers (from outside in):
the epineurium, perineurium, and endoneurium (►Fig. 1).
The epineurium is comprised of dense connective tissue
consisting of both collagen and elastin fibers, which sur-
rounds an entire nerve.8 This layer contains the vascular
supply of the nerve. Underlying this is a layer of flat cells,
the perineurium that forms a complete sleeve around a
bundle of axons. Tightly fitting endothelial cell with base-
ment membranes constitute this layer, which functions as a
permeable but selective barrier.8 The endoneurium repre-
sents the innermost layer which invests single nerve fibers
and the Schwann cells, which myelinate them.9 The endo-
neurium, which consists of a layer of delicate connective
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tissue, forms an uninterrupted sheath that extends from the
surface of the brain or spinal cord to the level at which the
axon synapses.Within the endoneurium, individualfibers are
surrounded by endoneurial fluid, which is similar to cerebro-
spinal fluid and helps constitute a blood–nerve barrier. The
endoneurial cells also function to support and protect the
delicate axons.

Cancer within any of the three layers of the nerve sheath
constitutes PNI. It is important to note that many pathologists
also classify tumor in close proximity to the nerve and
involving at least one-third of its circumference as PNI.
However, a recent study suggests that it may be invasion
within these three layers, termed intraneural invasion that is
clinically relevant.10 The mechanism by which cancer is able
to breach these sheaths remains to be elucidated.

Nerve Microenvironment

The nerve microenvironment is a rich network of cells whose
role is to maintain and support the surrounding neuronal
cells. There is growing evidence that these supportive cells
interact with the cancer and promote the invasion and spread
along nerves. Here, we review themajor cell typeswithin and
adjacent to the peripheral nerve sheath.

Macrophages
There is strong evidence that indicates that macrophages
promote tumor progression and metastasis.11 Endoneurial
macrophages, represent a subpopulation that participates in
nerve homeostasis and regeneration of peripheral nerves
following injury.12 Endoneurial macrophages were demon-
strated to produce glial cell line-derived neurotrophic factor
(GDNF) and promote PNI in response to CSF-1 secretion by
pancreatic cancer.13 There have been clinical correlates asso-
ciating macrophages with PNI in human samples as well.14

Fibroblasts
Likemacrophages, fibroblasts have also been shown to have a
profound influence on the development and progression of
cancers.15 Fibroblasts can synthesize growth factors and
chemokines that may inadvertently fuel cancer invasion.16

Importantly, the perineurium originates from fibroblasts.17

Any alteration in the composition of the perineurium can
result in increased permeability and impaired protection of
nerve fascicles from invasion. Currently, there is no direct
evidence linking fibroblasts with PNI; however, this is an area
worthy of investigation.

Schwann cells
Schwan cells represent a major constituent of the nerve
microenvironment and serve several integral roles. Schwann
cells help nurture neurons during development as well as
myelinate mature peripheral nerves.18 They also promote
neuronal repair and regeneration following traumatic inju-
ry.19 There is recent evidence that Schwann cells have an
affinity for certain gastrointestinal cancer types, and that
their migration toward cancer may precede any invasion
suggesting the nerve milieu may play a role in initiating
PNI.20 Recent work from our laboratory has revealed that
Schwann cells may promote PNI through the disruption and
cancer clusters. Schwann cells make contact with cancer cells,
intercalate between them, and disperse cells. These events
ultimately promote cancer migration and invasion along
nerves. Interestingly, such Schwann cell behavior appear to
recapitulate its function in nerve development and repair.21

Model Systems

Our ability to elucidate the mechanisms involved in PNI has
been restricted by the limited number of models for this
intricate process. To appreciate modern theories of PNI

Fig. 1 Peripheral nerve structure. A nerve sheath is composed of three tissue layers consisting of the epineurium, perineurium, and endoneurium.
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pathogenesis, it is essential to review both in vitro and in vivo
models that have been utilized.

In vitro Model
In vitro models of a complex disease process are inherently
limited. However, in vitro models do allow for a highly
controlled experimental setting, which has led to a better
understanding of the contributions of several soluble factors
in promoting PNI. Ayala et al originally described an in vitro
system in which murine dorsal root ganglia (DRG) are cocul-
tured with prostate cancer in Matrigel (Corning Lifesciences,
Tewksbury, Massachusetts, United States).22 Once suspended
in the Matrigel matrix, the DRG sprouts neurites (►Fig. 2),
which for experimental purposes are similar to individual
nervefibers. These neurites both grow toward a cancer colony
and become invaded by cancer. Notably, in this model cancer
migrates unidirectionally toward the central ganglion, which
mimics the clinical observation that PNI typically spreads
centripetally. Utilizing this model Ayala et al was the first to
describe the symbiotic nature of PNI inwhich both the cancer
and the nerve have a growth advantage when cocultured.23

A modified model has been utilized by our laboratory. In
our version, we have cocultured either pancreatic or prostate
cancer cell lines with the DRG, which allows the migration of
cancer along individual neurites as well extent of invasion to
be quantified.24–26 The cancer can be cocultured with DRG
using different techniques. In one version, the cancer can
either be grown in a colony directly adjacent to the DRG in an
impermeable barrier. Once the barrier is removed, the cancer
will migrate toward the DRG and eventually invade the
adjacent neurites making it easy to quantify the degree of
invasion (►Fig. 2C). In another variation, the DRG may be

grown in the Matrigel and then the cancer added to the
media. In this approach, the cancer is widely dispersed and
has the opportunity to interact with a large number of
individual neurites.

Ex vivo models of PNI using explanted rat vagal nerve
tissue and a chamber system have also been described.27

While the nerves utilized in this model may better mimic
those of the large scale nerves that become infiltrated in
humans, the same major limitation of being unable to repli-
cate the nerve microenvironment applies. In vivo models of
PNI which are described below have been more promising in
this regard.

In vivo Model

Carcinogenesis-Induced Models
The carcinogenesis-induced models have the benefit of both
mimicking their human counterparts histologically as well as
studying PNI in the relevant tumor and nerve microenviron-
ment. KPC mice, which contain a conditional mutant Kras
allele among other mutations, develop pancreatic cancer.28

This model has been used to characterize the linear progres-
sion of neuroplastic changes in surrounding nerves as the
cancer progresses.29 Similar geneticmodels havebeenused to
study the role of the autonomic nervous system in prostate
cancer with Hi-Myc transgenic mice that develop prostate
cancer similar to human tumors.30,31 To date, these models
have been most helpful in elucidating the contribution of the
nervous system to the development and progression of cancer
and less to understanding the basic biology of PNI. The clear
benefit of these systems is that the nerve microenvironment
remains intact and the cancer naturally invades the nerves as

Fig. 2 In vitro dorsal root ganglion (DRG) model of perineural invasion. (A) Murine DRG are suspended in a Matrigel matrix (Corning Lifesciences,
Tewksbury, Massachusetts, United States) following explant. (B) Over the next few days, neurites sprout from the central ganglion. (C) Cancer is
cocultured adjacent to the DRG and over time invades the neurites (dotted black line), which can be quantified.
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opposed to orthotopic or heterotopic models in which the
cancer and PNI develop iatrogenically.

Orthotopic Models
Orthotopicmodels of PNI inwhich cancer is transplanted into its
native organ have been present for several years.32 These exist
for several different cancer types and organs including the
pancreas,32 head and neck (squamous cell carcinoma),33 pros-
tate,30 and salivary glands.34 Orthotopic models are ideal for
studies which aim to investigate specific cancer properties that
promotePNI. Thesemodels also allow for transplanted cells to be
labeled and followed over time; however, functional and end-
points may be limited depending on the organ of interest.
Further the iatrogenic introduction of cancer is not ideal for
investigating early events involved in PNI development.

Heterotopic Models
Our laboratory utilizes a murine sciatic nerve model to study
PNI in vivo (►Fig. 3).26 The sciatic nerve can be easily
identified and cancer microscopically injected into the nerve,
distal to its bifurcation of the tibial and common peroneal
nerves. Neurotropic cancers including prostate and pancre-
atic cell lines invade toward the spinal cord causing hind limb
paralysis, which can be followed over time. Validated func-
tional metrics such the sciatic neurological score and hind
paw width can be used to assess invasion clinically over
time.24–26,35 Further, the sciatic nerve is easily amenable to
magnetic resonance imaging (►Fig. 3C).25 This model allows
for awide range of cancer histologies to be utilized and for PNI
to be followed closely over time either clinically and/or with
imaging.

Fig. 3 In vivo sciatic nerve model of perineural invasion (PNI). (A) Cancer is injected into the distal sciatic nerve. (B) With time, the sciatic nerve
becomes infiltrated and thickened as cancer invades unidirectionally toward the spinal cord as seen grossly, (C) on magnetic resonance imaging
(dotted white line), and (D) histologically. (E) PNI can be functionally followed by monitoring hind limb function.
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Molecular Mechanisms

Recent studies have identified several potential molecular
mechanisms that drive PNI. Many different classes of proteins
and cellular processes have been invoked in promoting PNI
(►Fig. 4). The picture of PNI pathogenesis that is emerging is
one of a deliberate, reciprocal process between the cancer and
the surrounding nerve microenvironment.

Neurotrophic Factors
Neurotrophic factors are a family of proteins that regulate the
growth of development of axons aswell as themaintenance of
mature neurons. While their primary role is in the develop-
ment of the peripheral and central nervous system, recent
evidence has suggested that both cancers and neuronal cells
upregulate neurotrophic factors, which may facilitate the
growth and directional spread of cancer along nerves.

Glial Cell Line-Derived Neurotrophic Factor
The GDNF family of growth factors has been demonstrated by
many groups to play an important role in PNI. The GDNF
family consists of four members: GDNF, neurturin, artemin,

and persephin. Each protein has a specific GDNF receptor-α
(GFRα), which signals through its cognate receptor RET.36

Pancreatic cancer has been shown to both overexpress
GDNF and migrate toward it in a dose-dependent fashion.37

GDNF is known to be secreted by both nerves and its
supporting cells, including macrophages.13 Work from our
laboratory demonstrated that pancreatic cancer invasion and
migration along nerves is driven by cancer cell chemotaxis
toward GDNF.26 Further, the reduction of GDNF expression or
the blockade of its receptor, RET, has been shown to reduce
nerve invasion both in vitro and in vivo, respectively.26

Therapeutic radiation, which is often administered adju-
vantely in cases of PNI along the course of invaded nerves,
may act not only by inducing cancer cell death but by also
suppressing GDNF levels.24 In addition to effects on cancer
motility, GDNF has also been shown to induced higher
expression of matrix metalloproteinases (MMPs) in human
oral squamous cell carcinomas, which may promote a more
invasive cancer phenotype.38

RET is overexpressed on several neurotrophic cancers.24,26

For GDNF to activate RET, it must first bind to GFRα1. It is this

Fig. 4 Molecular mechanisms of perineural invasion (PNI). PNI results from multidirectional signaling between the cancer and the nerve
microenvironment involving various signaling and cellular adhesion molecules. BDNF, brain-derived neurotrophic factor; COX2, cyclooxygenase-
2; CSF1, colony stimulating factor 1; CSF1R, colony stimulating factor 1 receptor; ECM, extracellular matrix; GAL; galanin; GDNF, glial cell line-
derived neurotrophic factor; GFRα, GDNF receptor-α; L1CAM, L1 cell adhesion molecule; MAG, myelin-associated glycoprotein; MMP, matrix
metalloproteinase; NCAM, neural cell adhesion molecule; NGF, nerve growth factor; NT3, neurotrophin-3; PGE2, prostaglandin E2.
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GDNF–GFRα1 complex that binds to RET on the cancer cell
surface and initiates signal transduction.39 Recent work has
demonstrated that soluble GFRα1 is released from nerves and
interacts with secreted GDNF to activate RET on cancer cells
and induce migration and invasion along nerves.35 Collec-
tively, the GDNF–GFRα1–RET complex activates downstream
pathways including the mitogen-activated protein kinase
pathway, which control cell migration, directionality, and
growth.40,41 The contribution of both GDNF and GFRα1 by
the nerve microenvironment, underscores its participatory
role in facilitating PNI.

Artemin
The evidence implicating other members of the GDNF family in
PNI is not as robust. However, there are studies suggesting that
artemin and its receptor GFRα3 may play a role in promoting
PNI. Elevated levels of both artemin and GFRα3/RET were
detected in specimens of pancreatic ductal adenocarcinoma.42

Interestingly, levels of artemin andGFRα3were also upregulated
in the setting of pancreatitis suggesting that it may function to
repair ongoing neural damage incurred by inflammation.43

Similar to GDNF and GFRα1, both artemin and GFRα3 are
supplied by the nerve microenvironment.43 Corollary in vitro
studies have also demonstrated that overexpression of artemin
inpancreatic cancer cell linespromotedneurotrophic invasion.44

Brain-Derived Neurotrophic Factor
Brain-derived neurotrophic factor (BDNF) is a member of the
neurotrophin family of growth factors and plays critical role in
aiding the survival of existing neurons and promoting the
growth of new neurons and synapses. The contribution of
BDNF toward PNI has been examined in pancreatic cancer,
gastric cancer, and adenoid cystic carcinoma.45–48 Most of the
studies investigating BDNF have correlated expression levels in
human sampleswith PNI. However, there ismechanistic in vitro
data which demonstrates that the overexpression of BDNF
increases proliferation and invasiveness of both pancreatic and
gastric cancers.48–50 TrkB, the high-affinity receptor for BDNF
has also been shown to be overexpressed in metastatic human
pancreatic ductal adenocarcinomacells,which is associatedwith
PNI.51 The evidence to date implicates BDNF/TrkB in promoting
cancer invasiveness, proliferation, and progression.

Neurotrophin-3
Neurotrophin-3 (NT3) is a growth factor which supports the
growth and differentiation of both existing and new neurons.
Early studies demonstrated that the presence of NT3 was
elevated in pancreatic ductal adenocarcinoma specimens in
comparison to normal pancreas tissue.49 Notably, NT3 and its
receptor TrkC were more highly expressed in intratumoral
nerves within pancreatic adenocarcinoma carcinoma speci-
mens.45 Blockade of NT3 in vivo inhibited the growth and
progression of prostate and pancreatic adenocarcinoma in
murine xenograft models.52

Nerve Growth Factor
Nerve growth factor (NGF) and its receptor TrKA have been
associated with PNI in several cancer types. NGF expression

has beenwell studied in pancreatic cancer. Increased levels of
NGF and its high-affinity receptor, TrKA, and low-affinity
receptor p75NTR have been reported in pancreatic cancer and
the surrounding nerves, which correlated significantly with
the presence of PNI.53 Interestingly, TrKA is expressed on both
the surrounding nerves and on pancreatic cancer cells.54

Thus, NGF, which is produced by pancreatic cancer, may
function to promote the growth and invasion of the tumor
in an autocrine fashion and fuel PNI in a paracrine fashion.53

Exposure of pancreatic cancer to exogenous NGF resulted in a
dose-dependent increase in MMP-2 expression potentially
accounting for the increased invasive behavior associated
with NGF.55 NGF expression has also been linked to PNI in
squamous cell carcinoma of the head and neck. In oral tongue
specimens, robust staining for NGF and TrKA was present in
specimens with PNI in comparison to cases of the same stage
without PNI.56

Chemokines
Chemokines are a family of signaling proteins with the ability
to induce chemotaxis in nearby responsive cells. Chemokines
have long been known to play a role in cancer progression57;
however, only more recently have they been investigated in
PNI. Given the directional nature of cancer cell migration in
PNI, this class of proteins represents a logical area for
investigation.

CCL2
CCL2 also referred to as monocyte chemotactic protein 1
predominately functions to recruit monocytes, which express
its receptor CCR2, to sites of inflammation or infection.58 In
the peripheral nervous system, CCL2 plays a critical role in
promoting nerve repair and its expression is elevated in the
nerve following injury.59 Given that the presence of cancer
within a nerve is a traumatic event, CCL2 may be a potential
mediator of PNI. Work from our group demonstrated that
CCL2 supported prostate cancer migration and PNI through
CCR2-mediated signaling.25 The CCL2–CCR2 signaling axis
may also fuel cancer growth and invasion through indirect
effects on the tumor microenvironment in addition to direct
effects on the cancer.60

CX3CL1
CX3CL1 also known as fractalkine, is expressed by neurons
and activated endothelial cells.61 CX3CR1 exclusively binds
CX3CL1, and its expression has also been explored in several
cancers. Notably, high expression levels of CX3CR1 were seen
in pancreatic cancer with PNI.62 Pancreatic cancer cell lines
migrate toward CX3CL1 in vitro and pancreatic tumors trans-
fected with CX3CR1 infiltrated local nerves, suggesting that
this signaling axis is important for the neurotrophic behav-
ior.62 A recent study demonstrated that expression of both
CX3CL1 and CX3CR1 was higher in pancreatic intraepithelial
neoplasias (PanINs) than matched invasive cancers, suggest-
ing that this chemokine axis may play a role in the early
involvement of pancreatic cancer progression. Prostate can-
cer, which also displays a high incidence of PNI, expresses
high levels of CX3CR1 as well.63 CX3CL1–CX3CR1 signaling
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plays an important role in the activation of adhesion mole-
cules to neural cells making it an appealing axis to target in
cases of PNI.62

Galanin
Galanin (GAL) is a neuropeptide that has been well studied in
the context of nociception, cellular survival, and regenera-
tion.64,65 GAL has been demonstrated to be expressed by
peripheral nerves following injury.66 Only more recently has
GAL been investigated in the context of cancer.67 GAL has
three G protein receptors: GALR1, GALR2, and GALR3. GALR2
is known to have proliferative effects on squamous cell
carcinoma.68 Recently, Scanlon et al elucidated its role in
promoting PNI of squamous cell carcinoma of the head and
neck.69 A meta-analysis-based screen of potential neuropep-
tides involved in head and neck squamous cell carcinomawas
performed, which identified a high GAL expression correla-
tionwith poor clinical outcome. They then demonstrated that
nerve-secreted GAL binds to GALR2 on cancer cells. This
initiates nuclear factor of activated T cells, cytoplasmic,
calcineurin-dependent-2 (NFATC2)-mediated transcription
of cyclooxygenase-2 in the cancer cell, which enzymatically
facilitates synthesis of prostaglandin E2. In turn this induces
neurogenesis in the adjacent nerves thereby promoting PNI.
In a feedbackmechanism, GAL is also expressed by the cancer
furthering this proinvasive cycle. This work underscores the
importance of neurogenesis in PNI pathogenesis aswell as the
reciprocal nature of PNI, as originally observed by Ayala et al.

Extracellular Matrix
As previously discussed, the peripheral nerve sheath repre-
sents amultilayer selective barrier, which tightly protects and
regulates the neurons within them. Migration within the
layers of the peripheral nerve sheath likely requires a manip-
ulation of the nerve extracellular matrix to make it more
hospitable to cancer growth and invasion.

Matrix Metalloproteinases
MMPs are a family of endopeptidases, which are responsible
for tissue remodeling and degradation of extracellularmatrix.
Several collagens are known to be expressed in peripheral
nerves, including collagen IV, which is a major component of
the Schwann cell basement membrane.70 MMP2 and MMP9,
which are both type IV collagenases, have been shown to be
expressed by NGF and GDNF, respectively, potentially impli-
cating them in PNI.55,71 Further, both of theseMMPs have also
been found to be overexpressed in pancreatic cancers.72,73

MMP2 has also been found to be overexpressed by myofi-
broblasts in adenoid cystic carcinoma of the head and neck, a
cancer with a very high prevalence of PNI. While MMPs
represent logical therapeutic targets in PNI, it should be
noted that the broad-spectrum MMP inhibitors have been
failed to show any significant impact on tumor development
in several clinical trials.74

Neurogenesis
PNI results from a symbiotic relationship between cancer and
nerves, in which both parties are guilty in propelling this

ominous behavior. In the original DRG model, described by
Ayala et al, it was noted that neurite formation increased in
the presence of cancer suggesting that axonal growth may be
a key element of PNI.22 Subsequent studies went on to show
that in patients with prostate cancer there were increased
numbers of neurons in their prostatic ganglia compared with
controls, corroborating this phenomenon of cancer-related
neurogenesis.75,76 Increased nerve density in these speci-
mens was correlated with increased expression of proteins
involved in survival pathways on tissue microarray.76 In this
study, PNI diameter but not nerve density was very strongly
correlated with tumor volume suggesting that early neuro-
genesis is a critical factor in PNI initiation and progression. A
similar observation was seen in colon cancer specimens, in
which the degree of neurogenesis correlated with survival.77

Thus PNI may result in part from a growth advantage for both
the cancer and the nerve.

Axonal Guidance Molecules
Given the potential role that axonogenesis plays, it is reason-
able to investigate axonal guidance proteins in PNI. Sema-
phorins represent a large class of proteins that act as axonal
growth cone guidance molecules that can serve as both a
chemoattractant and repellent depending on the context and
class of semaphorin.78 Overexpression of semaphorin 3A in
pancreatic cancer specimens was associated with poor clini-
cal outcome though not directly linked to PNI.79 In vitro,
overexpression of semaphorin 4F by prostate cancer induced
neurogenesis suggesting that it may play a role in the
increased nerve density observed in prostate cancer speci-
mens.75 Subsequent studies demonstrated that semaphorin
4F expression by human prostate cancer correlates with both
nerve density and PNI diameter.80 Semaphorin 4F may also
act on the cancer itself to promote PNI. Overexpression of
semaphorin 4F in prostate cancer resulted in a growth and
migratory advantage in vitro, and correlated an NF-κB
expression.80

SLITs and their ROBO receptors represent another class of
guidance factors that serve as chemorepellent cues control-
ling axonal growth and branching.81 SLIT2 expression was
reduced in pancreatic specimens when compared with nor-
mal pancreatic tissue. Restoration of low-SLIT2 expression in
pancreatic cancer cell lines resulted in impaired directional
migration of pancreatic cancer along neurites in vitro.82

Importantly, restoration of SLIT2 signaling was sufficient to
inhibit the directed movement of pancreatic cancer toward
known chemoattractants but not their random movement
suggesting that escape from this repellent may be essential to
allow pancreatic cancer to disseminate along nerves. This
work implies that PNI pathogenesis may be more complex
than initially thought and may not simply result from just
chemoattraction but also an alteration in chemorepulsion.

The Eph receptors and their Eph receptor-interacting
(ephrin) ligands represent another class of proteins impor-
tant in axonal guidance with strong links to cancer forma-
tion.83 The Eph receptors represent a large family of tyrosine
kinase receptors. Of the members, EphA2 has the strongest
link to cancer progression.84 Only more recently has it been

Journal of Neurological Surgery—Part B Vol. 77 No. B2/2016

Mechanisms of Perineural Invasion Bakst, Wong102

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



studied in the context of PNI. Expression of EphA2/ephrinA1
has been correlated with PNI in adenoid cystic carcinoma;
however, mechanistic studies are currently lacking.85

Cellular Adhesion Molecules
Cell adhesion molecules are a diverse group of transmem-
brane proteins, whichmediate cell–cell and cell–extracellular
matrix adhesion and also serve as the receptor for different
ligands. Cell adhesion molecules have been implicated in the
invasion and metastases of several cancers.86 Further, nerve
invading cancers havebeen known to associatewith Schwann
cells via cell surface proteins suggesting that cell adhesion
molecules may be implicated in PNI.87

Neural Cell Adhesion Molecule
Neural cell adhesion molecule (NCAM) is a hemophilic-bind-
ing protein that is known to be expressed on the surface of
neurons and Schwann cells.88 NCAM plays a role in cell–cell
adhesion as well as nerve growth.89 There have been several
correlative studies demonstrating expression in tumors with
PNI.90,91 Additionally, NCAM expression has also been de-
tected in nerves with PNI.92 There are however, conflicting
studies from cutaneous cancers of the head and neck which,
paradoxically, suggest that NCAM may not play a strong role
in PNI.93,94 A recent study has demonstrated that NCAM also
plays a key role in a promoting Schwann cell-induced cancer
cell dispersion and invasion, which facilitates PNI.21

MUC1/Myelin-Associated Glycoprotein
MUC1 is a transmembrane mucin known to affect the adhesive
properties of cells. Myelin-associated glycoprotein (MAG) is a
membrane glycoprotein that is expressed by both oligodendro-
cytes and Schwann cells and serves to bindmyelin to neurons.95

Swanson et al demonstrated thatMUC1 expressed onpancreatic
cancer interacts with MAG on Schwann cells in cases of PNI.96

The authors speculate that the pancreatic cells which overex-
press MUC1 may have an adhesive advantage, which results in
an improved capacity to survive within the nerve.

L1 Cell Adhesion Molecule
L1 cell adhesion molecule (L1CAM) is a transmembrane pro-
tein whose role was initially characterized in the setting of
neuronal cell migration.97 Its expression was later correlated
with tumor progression andmetastasis in several cancers.98,99

L1CAM expression has been investigated in pancreatic cancer
in the context of PNI and demonstrated to be overexpressed
along with GDNF in tumor specimens.100However, mechanis-
tic studies supporting its role in PNI are lacking.

Innervation and Cancer Progression
It is clear that PNI results from a symbiotic relationship
between cancer and nerve elements. While the focus of this
review has been on cancer invasion of nerves, there is a
growing body of literaturewhich suggests that innervation of
tumors, specifically from the autonomic nervous system, is
critical to cancer progression. Elegant studies have demon-
strated that surgical or pharmacological sympathectomy
prevented the early phases of prostate cancer development.30

By contrast, inhibition of cholinergic fibers reduced invasion
and metastasis in murine models of prostate cancers.30 The
authors demonstrate that adrenergic signaling may play a role
in the initial phases of prostate cancer development whereas
the cholinergic fibers play a role in invasion and metastases. A
similar paradigm has been studied in gastric cancer. Zhao et al
demonstrate that surgical or pharmacological denervation of
the stomach markedly reduced gastric tumor incidence and
progression.101 Currently, this phenomenon of autonomic
regulation of cancer development and progression appears
distinct from PNI but further study is needed to determine the
degree of overlap if any between these two processes. Sensory
innervation has also been shown to increase dramatically
when only PanIN was present suggesting that the nervous
system participates in the early development of pancreatic
cancer as well.29 Collectively, this work further highlights the
importance of understanding how the cancer–nerve relation-
ship promotes cancer invasion andgrowth. Thesefindings also
raise important questions regarding the earliest events in both
cancer and PNI development. Do the nerves grow to innervate
the cancer first, or does the cancer invade the nerve first? This
review provides evidence that both processesmay be at play. If
true, this concept suggests that anoptimal therapeutic strategy
may entail targeting both nerve and cancer growth.

Future Directions

The current body of research has highlighted the reciprocal
nature of PNI between the cancer and its microenvironment.
Future work must delve into mechanisms involved in the
interactions between cancer, nerves, and the supporting cells
with the notion that all such parties may be collaborating
together to promote invasion.While our understanding of the
mechanisms underlying PNI is still incomplete, the molecular
and cellular processes that have been implicated so far have
been studied in the context of neurodevelopment. Finally, the
contribution of innervation toward cancer progression is just
starting to be appreciated and may provide valuable insights
into how neuronal signaling may fuel PNI.

Conclusions

PNI results fromamultidirectional dialoguebetween cancer and
its microenvironment. While traditionally viewed as a cancer-
driven process, PNI is equally facilitated by the host. Multiple
processes are likely corrupted at the cancer and nerve interface.
There is reciprocity in these interactions, resulting in amigratory
and growth advantages for both the cancer and the nerve. A
mechanistic understanding of PNI is critical to the development
of targeted therapeutics to inhibit this adverse behavior. Future
therapeutic strategies will likely target not just the cancer cell,
but also the nerve microenvironment.
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