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mechanisms of perineural invasion.

The nerve microenvironment
and cancer progression

While the involvement of blood and lym-
phatic vessels in tumor growth and pro-
gression is well established, the role of
nerves in the tumor microenvironment has
been largely underappreciated. Increasing
evidence suggests that activation of nerve
growth into tumors, termed neoneuro-
genesis, is another key driver of cancer
progression. In addition, chronic activa-
tion of the sympathetic nervous system
via increased norepinephrine levels has
been observed in the tumor microenviron-
ment (1, 2), and this activation has been
demonstrated to promote tumor growth
and progression via B-adrenergic recep-
tor signaling on tumor cells and subse-
quent upregulation of tumor-promoting
chemokines (3-6). However, it was the
hallmark paper from Magnon et al. (7)
that clearly demonstrated that neuronal
involvement promotes cancer progression.
Specifically, this group showed that auto-
nomic nerve formation is important for
regulating primary prostate cancer growth
and metastasis in mouse models and that
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The invasion of cancer cells around and into nerves is associated with
increased cancer aggression and poor patient outcome. As this perineural
invasion increases disease severity, a better understanding of how the
process is regulated may help in the development of therapeutics to

target neuronal involvement in cancer. In this issue of the JCI, Deborde and
colleagues show that direct contact between Schwann cells and cancer cells
promotes cancer cell dissociation, migration, and invasion. Moreover, their
data specifically suggest NCAM1 as an important molecular mediator of
this Schwann cell-directed regulation of cancer cells in perineural invasion.
The results of this study provide new insight into the cellular and molecular

inhibition of stromal B-adrenergic receptor
and type 1 muscarinic receptor signaling
inhibits tumor development and improves
survival. Similarly, Zhao et al. (8) recently
demonstrated that stomach denervation
in mouse models of gastric cancer reduces
tumor incidence and growth while improv-
ing chemotherapy response and that mus-
carinic acetylcholine M3 receptor loss
inhibits tumorigenesis. Together, these
groundbreaking studies also revealed that
high tumor neural fiber density strongly
correlates with tumor stage and worse clin-
ical outcome, further implicating neuronal
involvement as a key driver in cancer.
Perineural invasion is the growth
and invasion of cancer cells around and
into nerves present in the tumor micro-
environment (9). This is believed to pro-
mote tumor progression by providing a
conduit for cancer cell spread. Patients
who experience perineural invasion,
which has been described in many cancer
types, often have poor prognoses, higher
risk of local recurrence, and often suffer
from severe pain (10, 11). In this issue,
Deborde et al. uncover a key mechanism
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of perineural invasion that is mediated
by direct contact between Schwann cells
and cancer cells (12).

Schwann cell-mediated
perineural invasion requires
contact

Schwann cells regulate neuronal growth,
survival, and repair (13, 14) and undergo
dedifferentiation into a more migratory
subtype to promote neuronal guidance
through matrix remodeling, paracrine sig-
naling, and induction of neuron axonal
extensions via direct cellular contact
(15-18). A bundle of Schwann cells can
also invaginate between individual axons
to isolate them from one another (14). In
this issue, Deborde et al. demonstrate that
cancer exploits some of these canonical
functions of Schwann cells in neuronal
repair and regulation to promote cancer
cell perineural invasion (12). Their findings
suggest that the dedifferentiated subtype of
Schwann cells associated with nerve repair
is activated in cancer, as they observed a
substantial increase of the dedifferentiated
Schwann cell marker GFAP in tumor nerves
compared with that in normal nerves in
both clinical samples and a murine model of
perineural invasion. In particular, only ded-
ifferentiated Schwann cells closely associ-
ated with cancer cells, while differentiated
Schwann cells did not. While Schwann
cells have previously been implicated in
perineural invasion based on examination
of histological sections (19), Deborde et
al. functionally demonstrate a cellular and
molecular mechanism for Schwann cell
involvement in perineural invasion (12).

In a series of beautifully intricate time-
lapse and fluorescence microscopy observa-
tions, Deborde and colleagues were able to
document the cellular events that mediate
cancer cell-Schwann cell interaction (12). In
cocultures of dorsal root ganglion explants
and cancer cells, cancer cells were directly
recruited to neurites, and this process was
dependent on the presence of neurite-asso-
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Figure 1. Schwann cells mediate perineural invasion. Dedifferentiated Schwann cells come into
direct contact with cancer cells. This direct contact results in the extension of protrusions from the
cancer cells. Schwann cells intercalate between cancer cells, thereby promoting cancer dispersal from
the tumor and migration toward the neuron. These steps ultimately lead to perineural invasion.

ciated Schwann cells. Furthermore, direct
contact between cancer cells and neurites
was needed to dramatically promote migra-
tion. The authors discovered that these
interactions were mediated by heterocel-
lular contacts between Schwann cells and
cancer cells. Further characterization of the
precise sequence of cellular events that gov-
erns this interaction in a 3D coculture sys-
tem of pancreatic cancer cell clusters and
Schwann cells revealed that Schwann cells
are extremely dynamic and make repeti-
tive contacts with individual cancer cells.

This direct contact caused entire cancer
cell clusters to reorganize into more linear
structures. At specific cell-cell sites of con-
tact, cancer cells developed protrusions
that directed their migration away from
the cancer cell colony and toward Schwann
cells. Interestingly, Schwann cells were also
shown to intercalate between cancer cells
via long protrusions to interrupt cell-cell
contacts within the cluster, often causing
cancer cell dispersion. Thus, Deborde et
al. clearly demonstrate that Schwann cells
first make contact with cancer cells, cancer
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cells then extend protrusions, and finally
Schwann cells intercalate among cancer
cells (Figure 1). It is this series of events that
most often leads to cancer cell dissociation
and migration away from the cluster and
toward a Schwann cell (12).

This cancer cell-Schwann cell dynamic
appears to contribute to perineural invasion,
as Deborde et al. demonstrate that the pres-
ence of Schwann cells drastically increases
cancer cell invasion into a 3D matrix (12).
This invasion is dependent on direct contact
between cancer cells and Schwann cells,
as neither Schwann cell-released soluble
factors nor empty laminin-coated tunnels
established by Schwann cells in the matrix
were sufficient to promote the same degree
of invasion. Thus, Deborde et al. make a
strong case that the cellular contact and
neuronal guidance functions of Schwann
cells specifically contribute to tumor peri-
neural invasion, as paracrine signaling and
matrix remodeling have little effect (12).

NCAM1 as a molecular
mediator of perineurial
invasion

Deborde et al. provide evidence that
immunoglobulin family member neural
cell adhesion molecule 1 (NCAM1) may
be a key molecular regulator of Schwann
cell-cancer cell interactions in perineural
invasion (12). Although NCAM1 expression
has previously been correlated with peri-
neural invasion in clinical samples (20, 21)
and implicated in cancer progression and
axonal guidance (22-25), a role for NCAM1
in the regulation of perineural invasion
has been unexplored. NCAM1 silencing
in Schwann cells inhibited their ability to
promote cancer cell invasion, protrusions,
and recruitment to neurites. In addition,
Deborde et al. demonstrate that NCAM1,
when overexpressed in cocultured can-
cer and Schwann cells, localized to the
plasma membrane of Schwann cells at sites
in which filopodia extended to establish
contact with cancer cells. However, over-
expression of NCAM1 in NIH 3T3 cells or
in NCAM1-silenced Schwann cells was
not sufficient to recapitulate the effects of
wild-type Schwann cells on promoting can-
cer cell invasion. In a mouse model of per-
ineural invasion, Deborde and colleagues
observed a dramatic decrease in perineural
invasion in Ncaml knockout mice com-
pared with WT animals; however, they
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also observed that sciatic nerve function —
a clinical indicator of severe perineural
invasion — is only partially restored to
healthy levels. In clinical pancreatic cancer
samples, NCAM1 was expressed by dedif-
ferentiated (GFAP*) Schwann cells in con-
tact with cancer cells, yet loss of NCAM1
expression in their mouse model of peri-
neural invasion did not seem to affect the
dedifferentiation status of Schwann cells in
the sciatic nerve (12).

While Deborde et al. make a strong
case that NCAM1 plays a key role in pro-
moting Schwann cell-mediated perineu-
ral invasion and cancer cell guidance and
dissociation, the lack of rescue of NCAM1
overexpression in their in vitro models and
the partial therapeutic efficacy of NCAM1
silencing in inhibiting perineural invasion
in vivo suggests there are other key regu-
lators of perineural invasion (12). Indeed,
other factors, including glial cell-derived
neurotrophic factor (GDNF), chemokine
receptor CX3CR1, neurotrophin-3, and
neurotrophin-4, have been implicated in
perineural invasion. However, a thorough
and in-depth investigation into the func-
tion and mechanism of most of these can-
didates is still needed (9, 26).

Conclusions and future
directions

Although perineural invasion has been
clinically described for decades, our mech-
anistic understanding remains limited.
Deborde and colleagues have made excit-
ing contributions toward our understand-
ing of perineural invasion. Schwann cells
have been clearly shown to be a novel cell
type in the tumor microenvironment that
promotes cancer, with a specific role in pro-
moting perineural invasion. By employing
detailed live-cell imaging, Deborde and
colleagues characterized the precise steps
of cancer cell-Schwann cell initial contact,
cancer cell protrusion initiation, Schwann
cell intercalation, and, ultimately, cancer
cell dispersion from cancer cell clusters
and toward nerves to promote invasion
and cancer spread. Schwann cells seem
to repurpose functions involved in normal
neuronal guidance and repair to promote
tumor spread and progression. This work
highlights the importance of direct het-
erocellular contact between cancer cells
and Schwann cells. Additionally, although
many molecular players have been impli-
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cated in the regulation of perineural inva-
sion through correlation and clinical obser-
vations, this study demonstrates a specific
molecular role for NCAM1 in perineural
invasion. Although the data suggest that
NCAMI1 may not be the single most impor-
tant regulator of perineural invasion, the
results strongly suggest that NCAM1 plays
atleast a partial role and lay the foundation
for future evaluation of other molecular
regulators in the functional interactions
between Schwann cells and cancer cells. In
regards to potential clinical applications,
further examination is need to determine
whether targeting Schwann cells in gen-
eral or specific molecular regulators of
perineural invasion in particular would be
more beneficial for patients. Understand-
ing the drivers and cellular mechanisms of
perineural invasion will undoubtedly open
potential avenues for therapeutic develop-
ment and intervention.
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