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Abstract Recent studies have demonstrated a critical role
for nerves in enabling tumor progression. The association
of nerves with cancer cells is well established for a variety
of malignant tumors, including pancreatic, prostate and the
head and neck cancers. This association is often correlated
with poor prognosis. A strong partnership between cancer
cells and nerve cells leads to both cancer progression and
expansion of the nerve network. This relationship is sup-
ported by molecular pathways related to nerve growth and
repair. Peripheral nerves form complex tumor microenvi-
ronments, which are made of several cell types including
Schwann cells. Recent studies have revealed that Schwann
cells enable cancer progression by adopting a de-differen-
tiated phenotype, similar to the Schwann cell response to
nerve trauma. A detailed understanding of the molecular
and cellular mechanisms involved in the regulation of
cancer progression by the nerves is essential to design
strategies to inhibit tumor progression.

Keywords Nerve - Cancer - Perineural invasion -
Schwann cell - Tumor microenvironment - Migration -
Invasion

Introduction
The normal function of the peripheral nervous system is to

connect the central nervous system to the limbs and organs.
Nerves convey signals between the brain and spinal cord
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with the rest of the body. Interestingly, nerves also stim-
ulate cancer progression. The denervation of organs in
several murine cancer models has been demonstrated to
impair cancer formation [1-4]. It is known that non-ma-
lignant cells surrounding cancer cells, termed the tumor
microenvironment, modulate cancer development. Nerves,
composed of a variety of cells including neurons and
Schwann cells, form a unique type of tumor microenvi-
ronment. Schwann cells are a major component of the
peripheral nerves and have been recently identified as cells
that promote cancer spread. In this review, we present
findings that highlight the stimulatory role of the nerves in
cancer invasion and discuss more specifically the role of
the Schwann cells in this process. First, we describe how
nerves and their supporting cells, and more specifically the
Schwann cells, form a specific tumor microenvironment.
We then describe the functional relationship between
cancer cells and nerve cells, and explore the potential role
of Schwann cells in cancer development. Finally, we
review cellular and molecular mechanisms of Schwann
cell-mediated interactions between nerves and cancer cells.

Nerves and Schwann cells form a unique tumor
microenvironment

Nerves consist of large caliber nerve trunks that branch into
smaller nerves and ultimately into single nerve fibers
(Fig. 1a). Cancer cells can be found inside or outside the
nerves (Fig. 1b). Once cancer cells invade inside nerves,
the nerve cells form the tumor microenvironment. In this
situation, nerves can be damaged and destroyed, as
observed by electron microscopy. Cancer cells and nerve
cells intermingle, and in some cases, there is a complete
loss of the neural elements [5]. However, before cancer

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-017-2578-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-017-2578-x&amp;domain=pdf

4406 S. Deborde, R. J. Wong

a

normal nerve structure

fascicle

perineurium

neuron endoneurium

nerve trunk

epineurium

Myelin Schwann cell

Remak Schwann cell

Terminal Schwann cell

O @™ neuron fibroblast @& mast cell & macrophage

single nerve fiber
at nerve ending

@Schwann cells in normal nerves: myelin Schwann cells, Remak
Schwann cells, terminal Schwann cells

- Schwann cells in invaded nerves : GFAP+Schwann cells . .
epithelial cell cancer cell

b

nerve with perineural invasion

At contact with cancer cells, Schwann cell can:
1-recruit cancer cells at nerve fibers

2-induce cancer cell protrusion formation
3-intercalate between cancer cells

@ Springer



How Schwann cells facilitate cancer progression in nerves

4407

«Fig. 1 Schematic representation of nerve structure and Schwann
cells distribution. (a) Normal nerve structure showing a large caliber
nerve trunk and single nerve fibers at contact with epithelial cells.
Myelin, Remak and terminal Schwann cells are shown (b) Nerve with
perineural invasion. Cancer cells are present around or in the nerve.
At contact with cancer cells, Schwann cells can recruit cancer cells at
nerve fibers, induce cancer cell protrusion formation and intercalate
between cancer cells

cells invade nerves, nerves may still communicate and
interact with nearby cancer cells. Several nerve cell types
can contribute to cancer progression. In both cases, Sch-
wann cells, closely associated with neurons, can interact
with cancer cells. In this section, we describe first per-
ineural invasion (PNI), a condition in which cancer cells
infiltrate inside or around nerves, and we identify the cel-
lular components involved in cancer progression. Then, we
describe the terminal nerve fibers and their role as part of
the tumor microenvironment.

Perineural Invasion

Several reviews have described perineural invasion (PNI)
[6-10]. PNI is the clinical identification of cancer cells
invading in, through, or around nerves [11]. PNI is found
more commonly in cancers of highly innervated organs.
Depending on the level of pathologic scrutiny, PNI may
be found in up to 100% of pancreatic cancers, up to 80%
of head and neck cancers, up to 75% of prostate cancers,
and up to 33% of colorectal cancer [7]. PNI is associated
with a wide variety of clinical manifestations, with
patients experiencing pain, paresthesias, numbness, or
paralysis. PNI is a marker of poor prognosis and is
associated with increased recurrence rates following
therapy, and decreased patient survival rates. PNI is
considered both as a form of local progression and as a
form of metastasis, since nerve invasion may extend
proximally to reach the central nervous system. In
patients with pancreatic ductal adenocarcinoma, the
invasion of cancer cells into nerves occurs both in the
intrapancreatic nerves [12], as well as outside of the
pancreas in extra pancreatic nerve plexuses. The presence
of tumor invasion in nerves both inside and outside of the
pancreas is significantly correlated with decreased sur-
vival [12-14]. Cancer cells may be found invading the
distant retroperitoneal nerves of animal models of pan-
creatic cancer [15, 16]. The tracking of cancer cells along
nerves to the spinal cord, proximal to the site of origin, is
also seen in mouse models of pancreatic cancer [17].

Cells composing the nerve

Cancer cells may be seen around the nerve sections or in
the three different layers of the nerves, the endoneurium,

the perineurium, and the epineurium (Fig. 1). The
innermost layer of the nerve is the endoneurium. The
invasion of cancer cells in the endoneurium, named
intraneural invasion, is associated with a worse prognosis
than the invasion around or in the other layer of the
nerves [18, 19]. A variety of cells from the nerve can
facilitate cancer progression. In a normal, non-invaded
nerve, the endoneurium consists mainly of axons and
Schwann cells (Fig. 1a). It also contains mast cells, res-
ident macrophages, fibroblasts, and blood vessels.
Different subtypes of Schwann cells are present in the
endoneurium. Myelin Schwann cells form a lamellar lipid
myelin sheath around some axons. A myelin unit formed
by a Schwann cell creates an internode separated by
nodes of Ranvier, the uncovered portions of the axon
membrane necessary for the saltatory transmission of the
action potentials. Another type of Schwann cell, the
Remak cell, associates with unmyelinated axons and
forms Remak bundles [20]. These cells form overlapping
chains, associate and elongate along axons. One Remak
cell can be associated with 1-20 or more axons in a
Remak bundle [21]. Myelin Schwann cells myelinate o-
and y-motor axons and Aa-, AB-, and Ad-sensory axons.
The non-myelinating Remak Schwann cells associate
with C sensory and autonomic axons [21]. Thus, both the
myelinated axons and non-myelinated axons are associ-
ated with Schwann cells.

The layer that protects and surrounds the endoneurium is
the perineurium. It is a laminated cylindrical layering of
cells thought to be of fibroblast origin [22] and that are
interconnected by tight junctions and gap junctions form-
ing layers separated by collagen fibrils (type IV). Live
imaging in drosophila revealed that these cells actually
originate from glial cells of the central nervous system
[23]. The outermost layer of the peripheral nerve trunk is
the epineurium and includes a collagen tissue sheath, a
plexus of blood vessels, lymphatic vessels, resident mac-
rophages, fibroblasts, mast cells, and sometimes adipose
tissue. The epineurium is self-innervated. There are small
unmyelinated axons from the endoneurium of the parent
nerve trunk that travel outward into the connective tissue of
the epineurium, and some of them control epineural
vessels.

Several cell types from the nerves are likely to par-
ticipate in PNI and might influence each other in their
activity. Macrophages and the fibroblasts are able to
contribute to cancer invasion in other microenviron-
ments. Endoneurial macrophages have also been
reported to play a role in PNI [24]. In addition, neurons
from autonomic and sensory innervation of organs, and
specific neurotransmitters have been strongly implicated
in the regulation of cancer development and progression
[1-4].
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Recently, the role of Schwann cells in the context of
cancer progression has been examined [25, 26]. The close
association of Schwann cells with cancer cells has been
reported in PNI from human specimens of pancreatic
ductal carcinoma by electron microscopy [5] and more
recently by immunofluorescence in pancreatic cancer
specimens [25, 26] as well as other types of cancers
including colon cancer [26], thyroid cancer, salivary duct
carcinoma, and skin squamous cell carcinoma [25].

Nerve fibers in the tumor microenvironment

Interactions between the cancer cells and the neurons not
only occur inside the trunk of the nerve, as seen in PNI
specimens, but also at the terminal ends of nerves. The
presence of Schwann cells at terminal end of single nerve
fibers and in contact with pancreatic cells has been docu-
mented by scanning and transmission electron microscopy
in both endocrine and exocrine rat pancreatic tissue
[27, 28]. This interaction is likely maintained when
epithelial cells transform into cancer cells. Isolated Sch-
wann cells have been detected around murine and human
pancreatic intraepithelial neoplasia (PanIN) lesions, the
precursor formation of invasive ductal adenocarcinoma of
the pancreas [26], suggesting a role for Schwann cells at
early stages of cancer progression.

The density of nerves in malignant tissue is higher than
in normal tissue for several types of cancer. Nerve fibers
infiltrate tumors in human specimens of pancreatic cancer
[29] and invasive breast cancer in human [30]. The
infiltration of nerve fibers in tumor has also been observed
in mice model of pancreatic cancer [17], prostate cancer
[1] and skin cancer [3]. Sensory nerve fibers are detected
in tumors of a mouse model of pancreatic ductal adeno-
carcinoma and appear to engulf the cancers cells [17].
Interestingly, neuroplastic changes are observed at early
stages of cancer development, suggesting the involvement
of nerves in cancer formation prior to cancer cell inva-
sion. Single cutaneous sensory nerve fibers are also found
associated with cancer cells in a mouse model of basal
cell carcinoma [3]. An increase of nerve fibers has also
been observed in prostate cancer in a metastatic mouse
model, where prostate cancer cells were injected in bones.
Prostate cancer cells in the bone induce sprouting of
sensory nerve fibers [31-33]. In addition to the increase
of nerve fiber density, these fibers have a highly disor-
ganized appearance. The sprouting of nerve fibers is
intermingled among the prostate cancer cells and the
stromal cells [32]. Terminal single nerve fibers might,
therefore, have pro-tumorigenic effects in highly inner-
vated organs that are distinct from the process of
perineural invasion.
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Nerves and cancer growth
Nerves promote cancer cell growth and migration

Previous studies have characterized the interactions
between nerve cells and cancer cells to better understand
PNI and identify new targets for therapy. In vitro assays
that aim to recreate cellular and molecular interactions in
PNI include the co-culture of cancer cells with neurites that
grow from the neurons of extracted mice dorsal root gan-
glia (DRG). These experiments demonstrate reciprocal
interactions between cancer cells and the neurites. Nerves
and cancer cells stimulate each other to promote growth
[34]. Cancer cells are recruited to neurites and migrate
along the nerve fiber toward the DRG center [34].
Recently, time-lapse movies have demonstrated cancer cell
migration along neurites and active participation by Sch-
wann cells in recruiting cancer cells to neurites [25]. The
study of the mechanisms of PNI has led to the under-
standing that the nerve was not only a preferred location for
cancer cells, but also that the nerve promotes cancer ini-
tiation and growth of the tumor.

Nerves promote cancer progression

The role of nerves in cancer progression was demonstrated
in four recent studies using experimental models of den-
ervation. Denervation leads to reduction of tumor growth in
models of prostate, gastric, pancreatic, and skin cancer
[1-4]. In a mouse model of prostate cancer, chemical or
surgical ablation of hypogastric nerves results in dimin-
ished tumorigenesis [1]. In this study, the authors proposed
that the sympathetic innervation regulates the initial neo-
plastic development and that parasympathetic innervation
is involved in tumor proliferation, invasion, and metastasis
formation. Similarly, in mouse models of gastric cancer,
stomach denervation by surgical vagotomy or pharmaco-
logical denervation using botox treatment reduces gastric
tumor incidence and growth. These authors propose a role
for the cholinergic nerves in cancer initiation and pro-
gression [2]. These data support a previous study showing
that chemical denervation using benzalkonium chloride
decreased tumorigenesis in a rat model of gastric cancer
[35]. In a mouse model of pancreatic ductal adenocarci-
noma, the ablation the sensory neurons of the autonomic
nervous system reduces the initiation and progression of
the cancer [4]. Treatment with capsaicin, a drug that sup-
presses sensory innervation induced a delay in
precancerous PanIN formation. Finally, in a mouse model
of basal cell carcinoma, cutaneous sensory nerve fibers
were also found to be associated with cancer cells. Den-
ervation led to a slower progression of the basal cell
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carcinomas and a decrease of hedgehog activity in the area
of the tumor formation [3].

Interestingly, a gain of function experiment also
demonstrates a role for innervation in cancer development
using an elegant in vivo optogenetic mouse model mea-
suring human high-grade glioma proliferation. The
activation of neurons induces an increase of high-grade
glioma growth [36]. The presynaptic protein neuroligin-3 is
implicated in this process. The authors suggest that neu-
roligin-3 is released from the activated neurons or from the
associated oligodendroglial precursor cells.

The above experiments demonstrate a key role for
peripheral innervation in cancer progression. However, a role
for neuron-associated cells, such as Schwann cells, in cancer
progression was not addressed by these studies. The dener-
vation in these experimental models might also have removed
associated glial cells in the tumor microenvironment. In fact, it
has been shown that the denervation of the sympathetic nerves
to the biceps femoris muscle and bone marrow reveals a sig-
nificant decrease in GFAP expressing Schwann cells [37].

Inhibitory effects of nerves on cancer

Interestingly, there is also evidence that nerves may, con-
versely, have inhibitory effects on cancer growth and
progression. Some denervation experiments have shown a
stimulatory effect on cancer progression. The chemical
denervation of skin using pentobarbital led to a reduction
of tumor growth in mice [38]. In addition, the physical
denervation of the spleen induces an increase of tumor
development in colorectal cancer, an effect that is depen-
dent on TFF2. TFF2 is an anti-inflammatory peptide that
suppresses colon carcinogenesis, whose secretion by T
cells is regulated by the vagus nerve [39].

A report by Kaminishi et al. [40] similarly proposed that
partial gastrectomy and denervation may promote progres-
sion of gastric cancer in the gastric remnant. However, this
result differs with a population-based study of over 7000
patients showing no statistical relationship between vago-
tomy and any change in risk of subsequent gastric cancer
development [41]. More importantly, a recent study [2]
demonstrated a supportive effect of vagal innervation on
gastric cancer progression using transgenic and surgical
mouse models. It is possible that the inhibitory effects pre-
viously reported in the Kaminishi study may have been
related in part to delayed gastric emptying that could
increase the exposure time of orally administered chemical
carcinogens to the gastric mucosa.

Schwann cell function and cancer invasion

A striking feature of Schwann cells is the wide variation in
their functional ability. These abilities include the

conduction of nervous impulses along axons, nerve repair
[20], nerve development, trophic support for neurons,
production of extracellular matrix, modulation of neuro-
muscular synaptic activity [42], antigen presentation [43],
in addition to the promotion of cancer invasion
[25, 26, 44, 45]. Demir et al. show that Schwann cells
migrate toward pancreatic and colon cancer cells [26]. This
process involves NGF and its low affinity receptor
p75NTR. The authors proposed that the attraction of Sch-
wann cells toward the cancer cells and their precursor cells
occurs before cancer invasion at the nerve [26]. Our work
shows that Schwann cells increase cancer invasion, and this
occurs after contact [25]. Schwann cells trigger cancer
invasion using specific cellular mechanisms. The micro-
scopic in vitro study of the interaction between Schwann
cells and cancer cells has shown that Schwann cells are
able to degrade matrix around cancer cells, stimulate can-
cer cell protrusion after contact, guide cancer cells during
invasion, and are able to intercalate between cancer cells to
disperse them [25].

Schwann cells are able to degrade the matrix in Matri-
gel. They form tunnels or tracks that they coat with
laminin. Cancer cells can use these tracks during invasion.
The remodeling of the matrix by Schwann cells has also
been described in nerve biology. Schwann cells express
MMP2 and MMP9 that facilitate neurite growth [46]. The
presence of a tunnel formed by Schwann cells is not suf-
ficient for cancer invasion. The physical contact between
the cancer cells and the Schwann cells is necessary for
cancer invasion in Matrigel. The heterocellular contact
leads to directed cancer cell migration by the formation of
cancer cell protrusion at site of contact and toward the
Schwann cell [25]. This process is particular in the biology
of cellular migration. Two migrating cells that collide
together are known to cease or change the direction of their
migration, in a process named contact inhibition of loco-
motion that was originally described by Abercrombie over
40 years ago [47]. Contact inhibition of locomotion is
known to be defective in cancer cells. Interestingly, we
noted that cancer cells actually move toward Schwann cells
after making contact. The ability of Schwann cells to
intercalate between other types of cells has not only been
observed with cancer cells, but also with axons during the
development of peripheral nerves. Schwann cells interca-
lating between axons allows axon isolation from large axon
bundles, a step of the development of a peripheral nerve at
which myelinization begins [48]. Therefore, Schwann cell
behavior with cancer may recapitulate its behavior in a
developmental context.

Two other recent studies proposed a role for Schwann
cell paracrine function in PNI [44, 45]. The release of
BDNF by Schwann cells increases cancer cell epithelial—
mesenchymal transition (EMT) process in a salivary
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adenoid cystic carcinoma cell line. The Schwann cell
condition medium induces a change of morphology into the
mesenchymal type and increases migration and invasion
ability of the salivary adenoid cystic carcinoma cell line
SACC-83. This is accompanied by an upregulation of
mesenchymal markers N-cadherin and vimentin and
downregulation of epithelial marker E-cadherin. The
authors show the involvement of BDNF and its receptor
TrkB in this process [44]. In another study, conditioned
medium from Schwann cell lines was shown to increase the
integrin-dependent invasion of prostate and pancreatic
cancer cell lines. Interestingly, the conditioned medium of
a Schwann cell type that is unable to form myelin was
inefficient in enabling cancer cell invasion [45].

Myelin Schwann cells dedifferentiate and become
activated GFAP-positive Schwann cells
when interacting with cancer cells

The variety of Schwann cell functions is mainly due to the
plasticity of the Schwann cells that allow them to convert
from one subtype to another one. This has been well
described in the context of nerve repair [20]. After nerve
injury, the process of nerve repair leads myelinating Sch-
wann cells to convert into unmyelinating repair Schwann
cells, which are capable of supporting axon regeneration
and axon guidance [20]. Schwann cells from Remak bun-
dles also convert into repair Schwann cells. This process is
called de-differentiation, activation, or trans-differentiation
of Schwann cells [20]. The conversion induces a large-
scale change in gene expression. For myelinated Schwann
cells, the downregulation of genes such as myelin tran-
scription factor Egr2 (Krox20), structural proteins such as
myelin protein zero (P0), myelin basic protein (MBP), and
membrane-associated glycoprotein (MAG) accompanies
the upregulation of genes expressed in the pre-myelinating
Schwann cells such as GFAP, NCAM, L1-CAM, and p75
[20]. Interestingly, each of these molecules has been
implicated in PNI [26, 49-51]. Specific expression repair
Schwann cell genes that are necessary for nerve regener-
ation include GDNF, artemin, NT3, NGF, VEGF,
erythropoietin, and N-cadherin. Nerve repair Schwann cells
also activate an innate immune response by up-regulating
the expression of cytokines including tumor necrosis factor
alpha, interleukin-1a, interleukin-1f, leukaemia inhibitory
factor (LIF), and CCL2, which leads to macrophage
recruitment. The recruited macrophages provide an addi-
tional source of cytokines, promote vascularization of the
nerve, and co-operate with Schwann cells to clear myelin
debris [52].

The Schwann cells involved in cancer invasion share
strong similarities with the Schwann cells involved during
nerve repair. An increase of the number of GFAP-positive
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Schwann cells occurs when nerves are injured or invaded
by cancer cells. The Schwann cells associated with cancer
cells in human pancreatic [25, 26], colon [26], thyroid, and
salivary gland cancer surgical specimens are GFAP-posi-
tive Schwann cells [25]. In patients with pancreatic
adenocarcinoma, nerves near the tumor were found enri-
ched in GFAP as compared to nerves without tumor in
matched patients [25]. Similar observations were made in
murine sciatic nerves after injection of pancreatic cancer
cells [25], in murine pancreatic cancer models, and in
murine colon cancer models [26]. These data suggest that a
de-differentiation program of Schwann cells occurs at the
vicinity of cancer in a similar manner than during nerve
repair. Interestingly, Schwann cells were specifically found
in the precancerous PanIN lesions and they were less
numerous in colon cancer specimens than in pancreatic
lesions [26], suggesting that Schwann cells function in
cancer invasion might occur at early stage of cancer
development and the extent of the de-differentiation pro-
gram depends on the type of cancer. The repair Schwann
cells and Schwann cells observed in cancer invasion share
the same ability for guiding other cells or processes. In
nerve repair, Schwann cells induce axon sprouting during
the axonal guidance process. At contact with cancer cells,
Schwann cells induce cancer cell protrusions and guide
cancer cell movement toward the Schwann cell [25].

Induction of Schwann cell de-differentiation
and GFAP expression

In nerve repair, the signal for the Schwann cell de-differ-
entiation and activation originates from the crushed or the
damaged neurons, but has not been clearly identified.
Axonal damage might trigger the de-differentiation and
activation of the Schwann cells through the release of
neuregulin-1 (NRG1) by remaining neurons. NRG1 mod-
ulates multiple behaviors of Schwann cells, including
survival, proliferation, motility, and myelination [53].
NRGI induces Schwann cell demyelination in response to
nerve injury by activation of its receptor erbB2 on Sch-
wann cells [54].

A recent study proposed that hypoxia activates Schwann
cells and is linked to the presence of interleukin-6 produced
by cancer cells in response to hypoxic conditions [51].
GFAP signal in nerves is associated with markers of
hypoxia in patients with pancreatic cancer. Hypoxic con-
ditions or co-culture with pancreatic cancer cells induces
Schwann cell activation. This effect varies among cancer
cell lines, and is increased in the presence of T cells.
Blockade of IL-6 using a specific antibody reduces the
amount of GFAP Schwann cells. A reduced number of
Schwann cells associated with PanIN lesions have been
observed in transgenic pancreatic cancer mouse models
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crossed with two different types of IL-6 signaling deficient
mice. The increase of GFAP in Schwann cells is reminis-
cent of the activation of astrocytes that occur with stroke
and tumor growth [55]. Schwann cells activated by cancer
cells also developed star like processes that are similar to
those observed in activated astrocytes [51]. Activation of
astrocytes is observed in murine models of pancreatic
cancer [4, 56], as well as in the spinal cord in patients with
pancreatic cancer and correlates with the presence of PNI
[56]. Interestingly, Demir et al. also describe a decrease of
pain sensation associated with activated Schwann cells in
patients with pancreatic cancer and pancreatic cancer mice
models [51]. Pain is an important feature of PNI [7]. Pain
generation in patients with PDAC can be due to the inva-
sion of cancer cells within the nerve and subsequent
damage. Pain can also be due to an increase in nerve fiber
growth resulting from the cancer [7]. It remains unclear
how Schwann cell activation by cancers relates to pain
sensation. The decrease of Schwann cell activation
observed in IL-6 knock out mice is concomitant with an
increase of activation of astroglia and microglia in the
spinal cord, and the spinal cells involved in nociception
[51].

Interaction of Schwann cells with the other non-
cancer cells in the stroma

Schwann cells are likely to interact with other cell types in
the stroma of the cancer microenvironment to regulate
cancer progression. Schwann cells can modulate the action
of its neighbor cells as well as be regulated by them.
Immune cells infiltrate tumor and modulate cancer inva-
sion. In PDAC, the inflammatory infiltrate includes
cytotoxic T cells, mast cells, and macrophages [57, 58].
This infiltration even occurs in preinvasive pancreatic
lesions [57]. Cancer cells induce recruitment of immune
cells, which in turn accelerate the process of tumorigenesis.
Several molecules released by immune cells, including IL-
6 and IL-17, have been implicated in this process [59, 60].
IL-6 induces Schwann cell activation and T cells enhance
the activation [51]. In addition, Schwann cells may recruit
immune cells in sites of PNI since they are capable of
recruiting macrophages during nerve repair [52]. Interest-
ingly, the formation of blood vessels after nerve injury has
been shown to assist with subsequent Schwann cell activ-
ity. Schwann cells were shown to use blood
vessels induced by macrophage released VEGF-A as a
track to repair axons after nerve injury. [61].

Another important cellular component of the tumor
microenvironment that regulates cancer progression in
several types of cancer are fibroblasts. Cancer-associated
fibroblasts contribute to cancer invasion by secreting fac-
tors that activate cancer cells and remodel the matrix

[62—65]. One study implicates a role for a subset of these
fibroblasts, the pancreatic stellate cells, in promoting PNI.
The process involves the activation of the hedgehog sig-
naling pathway in the fibroblasts induced by cancer cells
[66]. The authors proposed that the stellate cells promote
cancer migration. In addition, a cooperative role for
fibroblasts and Schwann cells has been reported in nerve
injury [67]. Fibroblasts have been shown to contribute to
Schwann cell-induced axonal growth during nerve repair
upon contact. The process involves the activation of EphB2
receptors on Schwann cells by ephrin-B on fibroblasts [67].

Interestingly, two studies report an antitumorigenic
effect by stromal cells in PDAC [68, 69]. Inhibiting the
hedgehog signaling in a mice model of PDAC perturbs the
tumor microenvironment by reducing the stromal content
of the tissue including fibroblasts and leukocytes. This also
induced an acceleration of tumor growth and increased
metastasis, suggesting that some stromal constituents
impede tumor progression. Similarly, depletion of aSMA™
myofibroblasts (the pancreatic stellate cells) in a mouse
model of pancreatic ductal adenocarcinoma (PDAC) leads
to more invasive and undifferentiated tumors and dimin-
ished survival [69]. Fibroblasts and immune cells were
depleted in these two models, but these studies do not
report on whether nerve density and nerve invasion were
affected.

Neurons are important cellular players in regulating
cancer progression, and their functions are closely associ-
ated with Schwann cells. Several types of fibers releasing a
variety of neurotransmitters are involved in cancer pro-
gression [1, 4]. Schwann cells are known to affect neuronal
excitability and synaptic transmission [70]. It remains to be
determined whether such an influence occurs during nerve-
related cancer invasion. The close cooperation between
neurons and Schwann cells in response to injury and in
inducing axonal growth during nerve repair might also
occur during PNI. It is possible that damaged neurons send
injury signals sensed by Schwann cells, which in turn
becomes activated and perform repair and guidance
functions.

Molecules involved in PNI and their relation
to Schwann cells

Efforts have been made to identify the molecules
involved in neural invasion to decipher the mechanisms of
PNI for therapeutic purposes. Several reviews on the
mechanisms of PNI have listed a large set of these
molecules [6, 7, 71]. They include neurotrophic factors,
cytokines, chemokines, proteinases, and some cell surface
markers (Fig. 2). Many of these molecules are implicated
in nerve development or nerve repair, which includes
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Fig. 2 Molecules involved in the interactions between cancer cells
and nerve cells. a Neurotrophic factors, neurotrophins (NGF, BDNF,
NT3, and NT4) and their receptors (p75NTR, TrkA, TrkB, and Trkc).
b Neurotrophic factors of the GDNF family (GDNF, ARTN, and
NRTN) and their receptors (RET, GFRal, GFRo2, and GFRa3).
¢ Guidance molecules (CX3CL1 and CX3CR1, CCL2, and CCR2,
NCAMI1, LICAM, Slit2, and Robo 1&2, PlexinB1, and Sema

nerve growth, cell differentiation, and neuron guidance.
The activation of these mechanisms is consistent with the
observations of increased nerve growth in pancreatic,
prostate and breast cancers [1, 17, 30, 72]. Importantly,
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corresponding receptors

some of these molecules not only target nerve cells, but
also directly affect cancer cells to stimulate growth or
migration. In addition, cancer cells can also produce some
of these presumed nerve molecules, which are actually
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expressed in a wide variety of cell types. We discuss both
the direct and indirect effects of these factors on cancer
invasion and identify the implication of the specific cell
types involved, with a particular attention to Schwann
cells.

Neurotrophic factors

Several studies have reported a major role for the neu-
rotrophic factors in supporting PNI. They comprise the
molecules from the GDNF family and the neurotrophins
(NGF family) (Fig. 2a, b). In several types of cancer, a
significant proportion of patients show alterations in genes
coding for the neurotrophic factors. Using cBioPortal
[73, 74], we found (unpublished) that a total of 48% of
pancreatic cancer patients from a recent study carried on
109 patients show an alteration in genes coding for the
neurotrophin family or their receptors (NGF, NGFR coding
for p75NTR, NTRKI1 coding for TrkA, BDNF, NTRK2
coding for TrkB, NTF3 coding for NF-3, NTRK3 coding
for TrkC, and NTF4 coding for NF-4) [75]. Similarly, the
modification of these genes is seen in 48% of patients with
neuroendocrine prostate cancer [76], in 67% of patients
with breast cancer, where cells were grown as xenograft in
mice [77], and in 27% of patients with breast invasive
carcinoma in another study [78]. In all these studies, among
the different reported gene alterations including mutations,
deletions, and amplifications, the main gene alteration
observed was a gene amplification, and the most affected
gene was NTRK1 coding for TrkA.

NGF/TrkA/p75NTR

NGF regulates neural development and differentiation. The
role of NGF and its high affinity receptor TrkA and low
affinity receptor p75NTR in cancer growth is well estab-
lished [79]. NGF and its receptors modulate cancer cell
growth and expansion in several cancer types. The impli-
cation of NGF in the interactions between the nerve cells
and the cancer cells has been reported in pancreatic cancer
[17, 72, 80] and other types of cancer such as the breast
cancer [30]. NGF stimulates axonal growth during neural
development and nerve repair. It is produced by a variety
of cell types that include Schwann cells, neurons, fibrob-
lasts, muscle cells, and macrophages. The NGF production
by Schwann cells increases during nerve repair [20], con-
sistent with the central Schwann cell role in this process.
The expression levels of NGF and TrkA in pancreatic
cancer correlate with poor prognosis, with the level of PNI
[72, 80-83], with the increase of innervation at tumor site
[72], and with the level of metastasis in lymph nodes [82].

NGF and TrkA levels also correlate with the level of PNI in
basal cell and cutaneous squamous cell carcinoma [84],
oral squamous cell carcinoma [85], and adenoic cystic
carcinoma [86]. A high density of nerve fibers and elevated
levels of NGF are also observed in breast cancer and are
associated with aggressiveness behavior [30]. The increase
of NGF expression in tumor compared to control tissue is
observed in cancer cells. NGF levels are higher in the
cytoplasm of pancreatic cancer cells than in normal acinar
and ductal cells [72, 80].

TrkA detected by immunohistochemistry is localized in
the perineurium of pancreatic cancer nerves [80]. TrkA is
also expressed at higher levels in pancreatic ductal ade-
nocarcinoma cells as compared with normal acinar and
ductal pancreatic cells, as seen by immunohistochemistry.
Among these patients, about 40% of the patients express a
high level of NGF and 25% of patients express higher
p75NTR in PDAC cells as compared to normal cells [83].
P75NTR is a low affinity receptor for NGF that also binds
other neurotrophins. TrkA is associated with aggressive-
ness and increased cancer cell proliferation, while p7SNTR
is associated with a milder prognosis [81].

However, P75NTR is associated with PNI in pancreatic
cancer [87] and cutaneous squamous cell carcinoma
[84, 88]. In specimens of cutaneous squamous cell carci-
noma, p75SNTR is found in both the perineurium of the
nerves and the cancer cells near the nerves [84, 88]. While
p75NTR supports tumor development in some of cancer
types including glioma and breast cancer [89, 90], p7SNTR
also behaves as a tumor suppressor in other cancer types
such as gastric, bladder, and prostate cancers by blocking
cell cycle progression and inducing apoptosis [91-93].
P75NTR is also expressed by repair Schwann cells
[20, 94]. Mice embryo lacking p75S5NTR show a defect in
Schwann cell migration with an inhibition of axon growth
[95]. Depleting p75SNTR from the Schwann cells and pre-
venting the binding of NGF to p75NTR using the small-
molecule inhibitor RO.08.2750 reduce the migration of
Schwann cells toward cancer cells [26]. This suggests a
role for NGF and p75NTR in promoting the nerve infil-
tration via Schwann cells migration.

BDNEF/TrkB and NT-3/TrkC

Other members of the neurotrophin family include BDNF
and neurotrophin-4/5 that preferentially bind to receptor
TrkB, and neurotrophin-3 that preferentially binds to TrkC.
These neurotrophins are also produced at sites of nerve
repair and found to play a major role in cancer develop-
ment, mainly by inducing cell proliferation. TrkB
expression correlates with PNI in pancreatic cancer [96]
and in salivary adenoid cystic carcinoma [97]. Although
there is a higher than normal expression of BDNF in cancer
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cells [83, 87, 98], there is no correlation with PNI in
pancreatic cancer patients [83] or adenoid cystic carcinoma
patients [98]. However, it has been proposed that BDNF
released by Schwann cells induces epithelial-mesenchymal
transition in a salivary adenoid cystic carcinoma cell line
[44]. A recent study tested the effect of AZD1332, an
inhibitor for TrkA, B and C, on pancreatic cancer growth in
in vitro and in vivo assays. Although an inhibitory effect
was observed in vitro, the drug was inefficient in vivo at
inhibiting cancer growth [99], demonstrating further the
importance of the microenvironment on tumor growth.

In one study, NGF, BDNF, NT3, and NT4 mRNAs were
found higher in pancreatic cancer tissues than in control
tissues. Laser capture microdissection experiments also
revealed a higher level of mRNAs of these four neu-
rotrophins and their receptors in the nerves in comparison
with the other cell types. In contrast to the other neu-
rotrophins, NT-3 was only present in nerves and absent in
the cancer cells [87]. In another study, the expression of
NGF, BDNF, and NT3 in the Schwann cells of patients
with pancreatic cancer was measured; 73% of patients
expressed NT-3 in their Schwann cells, as compared to
27% for NGF and 27% for BDNF [83].

Neurotrophins have also been reported to modulate
several aspects of the biology of cancer stem cells in sev-
eral types of cancers such as head and neck squamous cell
carcinoma, melanoma, and breast cancer [100]. Cancer
stem cells are a subtype of cancer cells that share the ability
of self-renewal and differentiation with normal stem cells,
and play a central role in tumor initiation and metastasis.
Cancer stem cells are also resistant to the conventional
therapies and are thought to be responsible for recurrence
[101]. P75NTR is reported to be a functionally active
marker of cancer stem cells of head and neck squamous
cell carcinoma. The loss of p7SNTR in these cells induces
an inhibition of both cell proliferation and tumor forma-
tion. Blocking antibody treatment to p7SNTR diminishes
NGF induced signaling and decreased tumor formation
[102]. Similarly, p7SNTR knock-down in melanoma can-
cer cells prevents tumor formation in a xenograft mouse
model. The loss of p75NTR in these cells is associated with
a loss of stemness marker [103]. P7SNTR is also present in
a population of breast cancer stem cells, in which it
mediates the self-renewal effects of NGF [104]. BDNF and
its receptor TrkB also promote the self-renewal of cancer
stem cells. TrkB is present in the cancer stem cells of
recurrent triple negative breast cancer and mediates the
effect of BDNF in promoting their expansion. BDNF acts
in a paracrine manner, and it is secreted by another pop-
ulation of cancer cells upon stimulation by paclitaxel [105].
The ability of cancer stem cells to self-renew and differ-
entiate is regulated by neurotrophins and its receptors. The
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direct effect of nerves and glial cells in this process remains
to be studied.

GDNF family

The GDNF family of neurotrophic factors has been
strongly implicated in the interaction between cancer cells
and nerve cells [106-109]. The GDNF family includes
GDNF, neurturin (NRTN), artemin (ARTN), and persephin
(PSPN). These factors bind co-receptors of the GFRa
family (GDNF to GFRal, NRTN to GFRa2, ARTN to
GFRa3, and PSPN to GFRa), and these complexes then
bind and activate the transmembrane receptor tyrosine
kinase RET. GDNF is also a ligand for the neural call
adhesion molecule (NCAM) [110]. These neurotrophic
factors and receptors play a major role in nerve growth and
nerve repair by mediating neuronal differentiation, sur-
vival, and growth. The levels of transcripts for GDNF and
its receptors GFRal and RET are increased after sciatic
nerve lesion in mice [111]. GDNF is produced by neurons
and Schwann cells.

The expression of GDNF in bile duct carcinoma corre-
lates with PNI [108]. In pancreatic cancer specimens, there
is higher expression of RET and GFRal in tumors as
compared with control tissues [106]. GDNF produced by
nerves attracts pancreatic cancer cells expressing its
receptors RET and GFRal and supports PNI in both co-
culture and animal models [106]. Interestingly, the pres-
ence of GFRal is not required in cancer cells, since GFRal
can be released by the nerve cells [107]. Tumor activated
macrophages located near PNI sites also produce higher
GDNEF levels than resting macrophages [24].

The other members of the GDNF family ARTN and
NRTN might also be involved in PNI of pancreatic ductal
adenocarcinoma. Their expression in cancer cells correlates
with nerve invasion in patients [112, 113]. Furthermore,
ARTN and its receptor GFRa3 expression levels increase
in tissue of chronic pancreatitis and more specifically in the
Schwann cells of the nerve fibers of the specimens [114].

Guidance molecules: NCAM/L1CAM,
semaphorin, Slit2, CCL2/CCR2, CX3CL1

Several molecules involved in cell guidance have been
implicated in the process of PNI. They include axonal
guidance molecules, such as slit, semaphorins, ephrin, and
cell adhesion molecules, as well as chemokines such as
CCL2 and CX3CL1 (Fig. 2c). Their expression is often
deregulated in human cancers, and they can act as onco-
genes and mediates metastasis, cell migration, and
neovascularization [115-117].
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NCAM and L1CAM

The cell adhesion molecules involved in axonal guidance
are membrane proteins that mediate adhesion between
nerve cells and induce intracellular signaling. They include
the members of the immunoglobulin family, NCAM and
L1CAM [118]. LICAM expression in pancreatic cancer is
high and correlates with PNI [49]. NCAM expression in
cancer cells correlates with PNI in specimens from a
variety of cancer including skin, prostate, pancreas, and
gallbladder cancer [84, 119-123]. High expression of
NCAM is found also in the nerve of prostate cancer
specimens with PNI [124]. Schwann cells expressing
NCAM associate with cancer cell in specimens of pan-
creatic ductal adenocarcinoma [25]. NCAM KO mice
injected with cancer cells in sciatic nerve have lower PNI
than wild-type mice. Furthermore, the loss of NCAM
expression in Schwann cells inhibited Schwann cell-de-
pendent cancer invasion in in vitro models of cancer cell
invasion by inhibiting protrusion formation in cancer cells
and impairing the directionality of cell migration.

Semaphorins

Two types of semaphorins have been implicated in PNI in
prostate cancer. In one study, Semaphorin-4D and Plexin
B1 have been shown to promote PNI. The production of
Sema4D by prostate cancer cells mediates neurite out-
growth and chemotaxis of nerve cells expressing plexin-B1
[125]. In the other study, Semaphorin-4F expression level
in the human prostate cancer cells correlates with PNI
diameter and nerve density [126].

Slit2

Mechanisms of chemorepulsion might also occur in the
interaction between nerve cells and cancer cells to promote
cancer invasion. Slit2, a chemorepellent ligand and its
receptor roundabout Robo-1 and Robo-2, are involved in
axonal guidance and nerve branching [127, 128]. Slit and
Robo regulate the migration of neuronal cells [129] and
glial cells [130] including the Schwann cells [131], as well
as tumor cells [132]. Schwann cells express Slit2 and its
receptors Robol and Robo2. Slit 2-repels the migration of
Schwann cells [131]. Slit2 and Robo have also been
implicated in PNI of pancreatic cancer [133, 134]. Slit2
expression is lower in pancreatic cancer cell as compared
to normal pancreatic cells. The low expression of Slit2 in
the pancreatic cancer cells allows the bidirectional migra-
tion of tumor and nerve cells. When cancer cells
overexpress Slit 2, their migration toward Schwann cells is

inhibited. Similarly, the migration of Schwann cells toward
cancer cells is higher when cancer cells do not express Slit2
[133]. Another recent study demonstrates that Slit2 is
expressed in cancer-associated fibroblast (CAF) in PDAC.
Slit2 produced by CAF increases neurite outgrowth in an
in vitro model and stimulates Schwann cell proliferation
and migration via an N-cadherin/B-catenin signaling
mechanism [134].

EphA2/ephrinAl

Another pair of axonal guidance molecules, EphA2
receptor, and its ligand ephrinA1 might be involved in PNI.
Their expression level correlates with PNI in adenoid
cystic carcinoma of salivary gland [135]. High expression
of EphA2 is associated with a poor prognosis, increased
metastasis, and decreased survival in other cancer types
[136, 137]. Schwann cells express EphA2 and other EphA
receptors [138], but their role in PNI has not been studied.

CCL2-CCR2

Other molecules involved in cell guidance include the
chemokine CCL2 and its receptors CCR2. CCL2 acts as a
chemoattractant for monocytes and basophils at sites of
inflammation or infection. CCL2 and CCR?2 are involved in
a variety of cancers including breast, prostate, ovarian, and
bladder cancer [117]. They mediate tumor growth and
angiogenesis by affecting both cancer cells and stromal
cells such as fibroblasts and immune cells. More specifi-
cally, CCL2 and CCR2 signaling has been found to support
PNI in prostate cancer, using both animal models and
review of human surgical specimens [139]. The expression
of CCR2 in cancer cells allows cancer cell migration
toward dorsal root ganglia that release CCL2.

In nerve repair, the release of CCL2 by Schwann cells
contributes to macrophage recruitment, which facilitates
nerve repair by clearing myelin debris [52]. Macrophages
play an important role in cancer invasion and metastasis
[140]. There is also a recruitment of macrophages to site
of PNI, through CSFI1 secretion by cancer cells. In
addition, CCR2 deficient mice have reduced macrophage
recruitment and less nerve invasion after cancer cell
injection in sciatic nerves [24]. In breast cancer, not only
the tumor cells but also the stromal cells produce CCL2
to recruit inflammatory monocytes at site of metastasis
[141]. During nerve repair, Schwann cells release other
cytokines that recruit macrophages. They include tumor
necrosis factor (TNF)-a, LIF, interleukin (IL)-1o, IL-1p,
and LIF [52]. These molecules might similarly be
released by Schwann cells at sites of cancer invasion and
play a role in PNIL
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CX3CL1-CX3CR1

The expression of soluble or membrane bound chemokine
CX3CL1, and its receptor CX3CRI1, has been reported in
perineural invasion specimens in pancreatic cancer [142],
in gastric carcinoma [143], and in squamous cell carcinoma
of the tongue [144]. Marchesi et al. proposed that pancre-
atic cancer cells highly express CX3CR1 and migrate
toward CX3CL1 produced by nerves. CX3CRI1 is also
expressed in Schwann cells [144]. It is unknown if
CX3CRI from Schwann cell plays a role in PNI.

Other molecules: Myelin associated glycoprotein
(MAG)MUC1

The interaction between Schwann cells and cancer cells via
two other molecules MAG and MUCI has been reported
[145] and is proposed to play a role in PNI. MAG is an
immunoglobulin-like lectin expressed in Schwann cells
that binds to sialylated glycoconjugates and mediates
interaction between myelin Schwann cells and neurons.
MAG is an inhibitor of neurite growth after nerve injury
[146] that is also expressed in pancreatic cancer cells [145].
MAG from Schwann cells binds to MUCI1, a transmem-
brane protein that is highly expressed and aberrantly
glycosylated in pancreatic cancer cells and cell from other
cancer types [145]. Elevated levels of MUCI are associated
with metastasis and poor prognosis in pancreas, gallbladder
and colon cancer patients [147-149]. MUC1 has been
shown to be involved in proliferation, metabolism, inva-
sion, and angiogenesis [150]. Although it remains unclear
how MAG/MUCI binding mechanistically regulates PNI,
the association of these two molecules forms a direct link
between Schwann and cancer cells in PNI.

Conclusion

Studies have clearly demonstrated an important role for
nerves in cancer progression. Targeting stromal components
of the tumor microenvironment is now a recognized strategy
to inhibit cancer development. It is, therefore, essential to
determine the precise cellular and molecular mechanisms
involved in the process of nerve-dependent cancer progres-
sion. A variety of neutrotrophic factors, chemokines, and
adhesion molecules have been identified in this process.
Schwann cell involvement in this process has only recently
been reported. The behavior of Schwann cells during cancer
invasion shares a strong similarity with their activity in
nerve repair. However, many questions remain. How do the
different reported molecular mechanisms act together? Do
they act simultaneously or sequentially, and how are they
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coordinated? Are the different mechanisms specific to dif-
ferent cancer types? How are Schwann cells activated during
cancer invasion? What are the specific interactions between
Schwann cells and the other cells in the tumor microenvi-
ronment that regulate cancer invasion? It is important to
identify the specific functions of each of the cell types of the
nerves and consider the nerves as a multicellular complex
microenvironment rather than a single element. A compre-
hensive understanding of the role of nerves and their cellular
contents in cancer progression should lead to an identifica-
tion of novel targets and therapeutic strategies to inhibit
cancer invasion by nerves.
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