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Schwann cells induce cancer cell dispersion and
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Nerves enable cancer progression, as cancers have been shown to extend along nerves through the process of perineural
invasion, which carries a poor prognosis. Furthermore, the innervation of some cancers promotes growth and metastases.
It remains unclear, however, how nerves mechanistically contribute to cancer progression. Here, we demonstrated that
Schwann cells promote cancer invasion through direct cancer cell contact. Histological evaluation of murine and human
cancer specimens with perineural invasion uncovered a subpopulation of Schwann cells that associates with cancer cells.
Coculture of cancer cells with dorsal root ganglion extracts revealed that Schwann cells direct cancer cells to migrate toward
nerves and promote invasion in a contact-dependent manner. Upon contact, Schwann cells induced the formation of cancer
cell protrusions in their direction and intercalated between the cancer cells, leading to cancer cell dispersion. The formation
of these processes was dependent on Schwann cell expression of neural cell adhesion molecule 1 (NCAM?1) and ultimately
promoted perineural invasion. Moreover, NCAM1-deficient mice showed decreased neural invasion and less paralysis. Such
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Introduction

Nerves play an important role in cancer invasion. The innerva-
tion of prostate and gastric cancers promotes tumor growth and
spread (1, 2), and perineural invasion is an aggressive form of can-
cer cell invasion along nerves. Perineural invasion is associated
with a wide variety of malignancies, including pancreatic (up to
100% of cases), prostate (75%-80%), and head and neck cancers
(up to 80%), among others (3). Perineural invasion causes patient
morbidity through pain and paralysis. Perineural invasion is also
associated with an elevated risk of local recurrence and dimin-
ished patient survival rates (3, 4). Understanding how cancer
invades nerves is an essential step toward developing treatment
strategies. Key questions are how cancer cells interact with nerve
cells and how they acquire motile and invasive characteristics
from these interactions.

Cells from the tumor microenvironment, such as fibroblasts
and macrophages, contribute to cancer cell invasion (5-7). These
cells facilitate cancer spread through paracrine signaling (5-7) or
direct matrix remodeling (5, 8) and also form heterotypic adhe-
sions with cancer cells (9). In nerves, interactions between neurons
and Schwann cells involve paracrine functions, matrix remodeling,
and direct contact. Schwann cells promote neuronal survival dur-
ing development and myelinate nerves (10, 11). Importantly, they
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Schwann cell behavior reflects normal Schwann cell programs that are typically activated in nerve repair but are instead
exploited by cancer cells to promote perineural invasion and cancer progression.

also facilitate neuronal guidance during nerve repair following
traumatic injury (12-15). During nerve repair, Schwann cells induce
axonal extensions at sites of contact (16) and form cellular conduits
called the bands of Bungner (15). These processes together guide
axonal growth and nerve regeneration.

The variety of functions carried out by Schwann cells is sup-
ported by their ability to reversibly dedifferentiate and rediffer-
entiate into subtypes with different phenotypes (17). Following
nerve injury, Schwann cells dedifferentiate, lose their ability to
myelinate, become more motile, and promote neuronal guidance
during repair. This is accompanied by reexpression of proteins
lost during the myelinating differentiation program, such as glial
fibrillary acidic protein (GFAP) and neural cell adhesion mole-
cule 1 (NCAM1) (18-20). Paracrine signaling has been implicated
in perineural invasion, with nerve-secreted factors, including
glial cell line-derived neurotrophic factor (GDNF), enhancing
cancer cell invasion along nerves (3, 4, 21). Schwann cells have
been identified at neoplastic sites prior to the onset of cancer
invasion (22). The capabilities that Schwann cells acquire during
the process of nerve repair have not been investigated in the con-
text of cancer invasion. We reasoned that the Schwann cell’s abil-
ity to guide cells, remodel matrix, and secrete paracrine signals
might facilitate cancer invasion.

To explore the relationship between cancer cells and Schwann
cells, we studied in vivo murine and in vitro coculture models of
perineural invasion. Cancer cells associate with GFAP* Schwann
cells (GFAP* SCs) in patient specimens and a murine model of
perineural invasion. Schwann cells promote cancer invasion
through direct contact, while paracrine signaling and remodeling
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of the matrix are not sufficient to induce invasion. Schwann cells
stimulate cancer cell protrusions at sites of cell-cell contact and
promote detachment and dispersion of individual cancer cells
from neighboring cancer cells. This activity strongly promotes
cancer invasion and is dependent on the expression of NCAM1
by Schwann cells.

Results

GFAP-expressing Schwann cells associate with cancer cells in murine
and human perineural invasion specimens. Schwann cells express-
ing S100, myelin basic protein, and myelin protein zero dediffer-
entiate after nerve injury into a nonmyelinating and more active
subtype of Schwann cell (GFAP* SC) that facilitates repair by neu-
ron guidance (17, 20, 23). We investigated the presence of GFAP*
SCs in pancreatic histologic sections with and without tumor
from 8 patients with pancreatic adenocarcinoma. As expected,
the sections with tumor showed perineural invasion (Figure 1A).
Immunofluorescence staining for GFAP and S100 revealed a sig-
nificantly higher number of nerves expressing GFAP in the tumor
sections as compared with that in the matched control sections
(Figure 1, A-C), with an average 3-fold increase in the percent-
age of GFAP* SCs per slide (Figure 1C). Nerves were graded as
having no GFAP expression, moderate expression, or high GFAP
expression (see Supplemental Figure 1A; supplemental material
available online with this article; doi:10.1172/JCI82658DS1). We
noticed that highly infiltrated nerves showed only moderate stain-
ing for both GFAP and S100, an observation likely due to loss of
nerve tissue from cancer replacement (Supplemental Figure 1B).
We used a murine xenograft model of perineural invasion and
assessed for GFAP expression in sciatic nerves injected with either
human cancer cells or sterile PBS. Immunofluorescence staining
of longitudinal sections of murine sciatic nerve injected with the
human pancreatic cancer cell line MiaPaCa-2 or Pancl showed
higher expression of GFAP* SCs as compared with nerves injected
with PBS (Figure 1, D-F). In contrast, the presence of cancer cells
reduced the number of myelin* Schwann cells (Figure 1, G-1).
These data suggest that the presence of cancer cells in a nerve
leads to an upregulation of GFAP in Schwann cells, similar to the
profile of dedifferentiated Schwann cells during nerve repair.

In human specimens with perineural invasion, we detected
close associations between GFAP* SCs and cancer cells in pan-
creatic adenocarcinoma (Figure 2A), thyroid cancer (Figure 2B),
salivary duct carcinoma (Supplemental Figure 2A), and cutane-
ous squamous cell carcinoma (Supplemental Figure 2B). Figure
2A depicts these associations in adjacent transverse sections of
pancreatic adenocarcinoma specimens with perineural inva-
sion stained with H&E for recognition of nerve and cancer cells
and stained with anti-GFAP and S100 antibodies for recognition
of Schwann cells. The large caliber of cranial nerves allowed for
nerve isolation and creation of longitudinal histological sections.
Longitudinal sections allow for optimal visualization of Schwann
cells in cancer-infiltrated nerves. An infiltrated segment of the
recurrent laryngeal nerve from a patient who underwent surgical
resection of a poorly differentiated thyroid cancer is depicted in
Figure 2, B and C. H&E staining and immunofluorescence using
an anti-cytokeratin antibody confirmed nerve infiltration by can-
cer cells (Figure 2, B and C). GFAP* SCs closely associated with
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cancer cells by surrounding a cluster of cancer cells (Figure 2C)
or wrapping around individual cells (Supplemental Figure 2C). In
contrast, myelin* Schwann cells were not found in association with
cancer cells (Supplemental Figure 2D).

In mice, GFAP* SCs exhibited long projections that were
closely associated with large nucleated cancer cells (Sup-
plemental Figure 2E). After injecting cancer cells that stably
express farnesylated red fluorescent plasma membrane protein
(F-RFP), we observed associations between GFAP* SCs and can-
cer cells (Figure 2D). Collectively, these experiments reveal an
increase of GFAP* SCs in the presence of cancer cells and that
these Schwann cells closely associate with cancer cells in vivo
for several different cancer types.

Schwann cells recruit cancer cells to nerve projections of DRG
explants. To investigate the dynamic interactions between can-
cer cells and Schwann cells, we cocultured cancer cells with dor-
sal root ganglion (DRG) explants, using an in vitro model previ-
ously described to study perineural invasion (21, 24-27). Freshly
extracted DRGs cultured in a drop of Matrigel grow axonal pro-
jections (neurites) radially within a week. Immunofluorescence
confirmed the presence of both neurites and associated Schwann
cells, using Tuj1 and GFAP, respectively, as markers (Supplemen-
tal Figure 3). When DRGs were cocultured with MiaPaCa-2 (Fig-
ure 3A and Supplemental Video 1) or Pancl (data not shown) cells
expressing the red plasma membrane marker F-RFP, cancer cells
were recruited to neurites within 24 to 48 hours and then migrated
toward the center of DRGs along neurites, as reported previously
(21, 24). Cancer cells not in contact with the DRG either did not
move or moved only slowly (Figure 3B).

Immunofluorescence staining using anti-GFAP antibody
revealed a close association between DRG Schwann cells and can-
cer cells (Figure 3C). Time-lapse videos recorded over a period of
24 hours revealed that Schwann cells were highly dynamic, mov-
ing with speeds of up to 1.5 um/min and exhibiting frequent back-
and-forth movements, leading to repetitive contacts with cancer
cells. Cancer cells moved on and along Schwann cells, following
the direction of Schwann cell movement (Figure 3D and Supple-
mental Video 1B). After contact with a Schwann cell, cancer cells
typically developed a protrusion (Figure 3E, arrow) at the site of
contact and moved directionally toward the Schwann cell while
maintaining contact (Figure 3, E and F, inset 1, and Supplemental
Video 1C). In contrast, cancer cells not in contact with Schwann
cells did not move toward the DRG (Figure 3, E and F, inset 2,
and Supplemental Video 1D). During a 24-hour period, 69% of
the cancer cells that contacted dynamic Schwann cells moved; of
these, 82% moved toward the Schwann cells (1 = 49 sites of con-
tact, 24 DRGs). Cancer migration within the DRG involves inter-
actions with Schwann cells, which act as leading cells.

To confirm and directly assess the importance of Schwann
cellsin the recruitment of cancer cells to neurites, we first depleted
Schwann cells from the DRGs with a single 12-Gy radiation dose.
Radiation strongly depleted the number of Schwann cells on neu-
rite segments of similar size, while the DRGs retained viability
(Figure 4A). Tujl staining was similar in both radiated and non-
radiated DRGs (Figure 4A), and a time-lapse video showed that
irradiated DRG neurites grow outward (Supplemental Figure 3B),
though at a slower rate than nonirradiated DRGs. Depletion of
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Figure 1. Increase of GFAP* SCs in human and in murine perineural invasion specimens. (A) Representative images of nerve sections with GFAP
(green) and S100 (red) staining in patients with adenocarcinoma pancreatic cancer and corresponding H&E sections. Control images are from a dif-
ferent tissue section from the same patient, taken in an area of the pancreas without cancer. Scale bar: 100 um. PNI, perineural invasion specimens.
(B) Quantification of nerves that scored negatively (0), moderately (+), or highly (++) for GFAP in 8 patients (numbered 1-8) in control and matched
tumor sections. (C) Quantification of GFAP* nerves (+ and ++) expressed by percentage per slide (n = 8). (D) A murine sciatic nerve injected with PBS
or MiaPaCa-2 cells, showing increased levels of GFAP* SCs in cancer cell-injected nerves. Immunofluorescence staining for GFAP (green) and nuclei
(blue). Scale bar: 200 pum. (E and F) Quantification of GFAP* SCs in PBS- (n = 23 images from 5 nerves), MiaPaCa-2 cell- (n = 13 images from 3 nerves),
and Panc1 cell-injected sciatic nerves (n = 16 images from 3 nerves), as measured by (E) the area covered by GFAP signal and (F) the integrated fluo-
rescent intensity. (G) Myelin protein zero (MPZ) staining in murine sciatic nerves injected with PBS or MiaPaCa-2 cells. Immunofluorescence staining
for myelin protein zero (green) and nuclei (blue). Scale bar: 200 um. (H and 1) Quantification of myelin protein zero staining in PBS- (n = 15 images
from 5 nerves), MiaPaCa-2 cell- (n = 15 images from 3 nerves), and Panc1 cell-injected sciatic nerves (n = 9 images from 3 nerves), as measured by
area covered by (H) the myelin protein zero signal and (1) the integrated fluorescent intensity. Data represent mean + SEM. *P < 0.05, **P < 0.01,
***p < 0.001, ****P < 0.0001, t test (C) or 1-way ANOVA with Holm-Sidak’s multiple comparisons test (E, F, H, and I).

Schwann cells from the DRGs reduced the recruitment of both ~ F-GFP cells with the neurites and a rescue of the DRG’s ability to
MiaPaCa-2 and Pancl cells to neurites (Figure 4B). The addition = subsequently recruit MiaPaCa-2 cells to the neurites (Figure 4C).
of a nonneoplastic human Schwann cell line, HEI-286, which ~ Collectively, these data demonstrate that dynamic Schwann cells
expresses GFAP (Supplemental Figure 4) and farnesylated GFP  actively recruit and lead cancer cells to neurites in the DRG cocul-
(F-GFP), to the radiated DRG led to an association of HEI-286 ture model, through heterocellular contact.
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Schwann cell contact reorganizes cancer cell clusters and pro-
motes cell dispersion. We then created a model in which Schwann
cells were the only nerve elements of the reconstructed micro-
environment. To characterize Schwann cell and cancer cell
behaviors upon contact and identify possible cellular mecha-
nisms of cancer invasion, HEI-286 cells expressing F-GFP were
cocultured in Matrigel with F-RFP MiaPaCa-2 and Pancl cancer
cells and imaged. Cancer cells in 3D Matrigel grew as spheri-
cal structures (Figure 5A). Interestingly, however, in the pres-
ence of Schwann cell contact two major events were induced:
(a) dynamic reorganization of spherical structures into more
linear chains of cells and (b) dissociation of individual cells
from the cluster (Figure 5). To quantify the reorganization of
spherical cell clusters into linear chains, we used a shape fac-
tor index, defined as 4nA /P? with A standing for the area and P
standing for the perimeter of the cancer cell cluster. This value
approaches 1 when the shape is circular, and O when the shape
is linear. The shape factor of the 3D cancer clusters decreased
markedly when in contact with Schwann cells for MiaPaCa-2
(Figure 5A, from 0.44 + 0.03 to 0.10 * 0.01) and Pancl (Supple-
mental Figure 5A, from 0.79 * 0.03 to 0.39 * 0.05). The shape
factor was not affected when Schwann cells were present nearby
or when they were when replaced by fibroblasts, suggesting that
cancer cell contact with Schwann cells is necessary for this effect
(Figure 5, A and B). The dynamic interactions between cancer
cells and Schwann cells were observed by time-lapse micros-
copy and showed the formation of cancer cell chains (Figure 5B

B PNIin thyroid cancer
nerve
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Figure 2. GFAP* SCs associate with cancer cells
in human and murine perineural invasion
specimens. (A) GFAP* SCs associate with cancer
cells in nerves of patients with ductal pancreatic
cancer. H&E staining and immunofluorescence
staining for GFAP (green), 5100 (red), and nuclei
DAPI (blue) on transverse sections. GFAP* SCs
are enriched in the area next to the cancer cells
(CC). Scale bar: 100 um. N, nerve. (B) H&E stain-
ing of a longitudinal section of a segment of the
recurrent laryngeal nerve from a patient with
thyroid cancer. Cancer cell infiltration is shown at
higher magnification. Scale bar: 2,000 um (top
image); 50 um (bottom image). (C) Immuno-
fluorescence staining for cytokeratin (red), GFAP
(green), and nuclei DAPI (blue) showing GFAP*
SCs closely associated with a cluster of cancer
cells (corresponding to bottom image in B). Scale
bar: 50 um. (D) Murine GFAP* SCs associated
with MiaPaCa-2 cancer cells expressing F-RFP.
Immunofluorescence staining for GFAP (green)
and nuclei (blue) on a longitudinal section of

a murine sciatic nerve injected with MiaPaCa2
F-RFP cells. Scale bar: 50 um.

e

and Supplemental Video 2A) as well as the release of individual
cancer cells from clusters (Figure 5B and Supplemental Video
2B). We noted that the Schwann cells were extremely dynamic
compared with the cancer cells, making repetitive contact with
individual cancer cells (Supplemental Video 2A). Such Schwann
cell activity ultimately leads to a reorganization of cancer cell
clusters and single-cell dispersion.

Schwann cell contact induces protrusive activity in cancer cells.
To better visualize the interaction between Schwann cells and
cancer cells, we performed time-lapse microscopy of 2D cocul-
tures. MiaPaCa-2 cancer cells grown on top of a layer of Matrigel
developed into circular monolayer clusters of cells (Figure 5C and
Supplemental Video 3A). The subsequent addition of Schwann
cells led to reorganization of cancer cell clusters into chains of
cells, migration of cancer cells toward Schwann cells at sites of
contact, and the dispersion of individual cancer cells from the
clusters (Figure 5C and Supplemental Video 3, B and C). At sites
of cell-cell contact, cancer cells developed protrusions directed
toward Schwann cells, which determined the direction of cancer
cell migration away from the colony (Figure 6A and Supplemental
Video 3D). 64% of all contacts with a Schwann cell were associ-
ated with the formation of a protrusion in the cancer cell (80 of
125 total events). In contrast, only 14% of cancer cell protrusions
were observed in the absence of Schwann cell contact during the
24-hour period of the video. The duration between contact and
the formation of a protrusion was variable, from 10 to 290 min-
utes, with an average of 169 minutes * 67 minutes (1 = 8).
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Figure 3. Schwann cells recruit cancer cells to DRG neurites. (A) Coculture of DRGs with MiaPaCa-2 F-RFP cells. Images from a time-lapse video showing
progression of a cancer cell (marked by an asterisk) toward the center of the DRG (see Supplemental Video 1A). Times are shown as hours and minutes. (B)
Cancer cells in contact with DRGs move faster than those not in contact. Quantification of the instantaneous velocity of MiaPaCa-2 cells without (n = 7)
and with (n = 5) DRG contact. Data represent mean + SEM. ****P < 0.0001, Mann Whitney test. (C) Association of Schwann cells with cancer cells on DRGs.
Confocal image of a coculture of DRCs and MiaPaCa-2 F-RFP (red) cells immunostained for GFAP (green) and Tuj1 (blue), showing a Schwann cell with
protrusions surrounding MiaPaCa-2 cells. The arrow marks a neuron element and the arrowhead marks a Schwann cell. (D and E) Images from time-lapse
videos showing dynamic interactions between cancer cells and Schwann cells: (D) a cancer cell (marked by an asterisk) moving along Schwann cells (see
Supplemental Video 1B) and (E) a DRG projection bridged (inset 1) or not bridged (inset 2) via Schwann cells to a cancer cell. Time-lapse images correspond-
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ing to inset 1 show cancer cell recruitment to the DRG. Time-lapse images corresponding to inset 2 show absence of cancer cell recruitment to the DRG.
The arrow shows a protrusion developing from a cancer cell at a contact point with a Schwann cell. Times are shown as hours and minutes (see Supple-
mental Video 1, C and D). (F) Quantification of directionality of cancer cell movements corresponding to time-lapse videos shown in E after tracking cells
over 24 hours, showing unidirectional migration by cancer cells toward their associated Schwann cells (top) (n = 6 cells) and random migration of cancer
cells not associated with Schwann cells (bottom) (n = 8 cells). Scale bar: 100 pm.

Schwann cells intercalate into cancer cell clusters, disrupting
cell-cell contacts. Protrusions formed by cancer cells at sites of
Schwann cell contact were not sufficient to allow for cancer cell
dispersion from a cluster. Time-lapse experiments revealed that
cancer cell dissociation most often required Schwann cell inter-
calation among cancer cells within a cluster (Figure 6B and Sup-
plemental Video 3C). Schwann cells intercalated between cancer
cells via long protrusions, interrupting cell-cell contacts (Figure
6B, see empty arrows) and facilitating their dissociation from the
cluster. Of the contact events between Schwann cells and can-
cer cells that led to cancer cell protrusions, 93% of these events
failed to show any subsequent cancer cell dissociation. However,
in 6% of these events, we observed Schwann cell intercalation and
cancer cell dissociation. In just 1% of these events, we observed
cancer cell dissociation, without any discernible Schwann cell

jci.org  Volume126  Number4  April 2016

intercalation (Figure 6C and Supplemental Video 3E). Therefore,
the specific sequence of Schwann cell contact, cancer cell protru-
sion, and Schwann cell intercalation between adjacent cancer cells
most frequently led to individual cancer cell dissociation and dis-
persion from the cluster.

Contact between cancer cells and Schwann cells promotes cancer
cell invasion. We next assessed whether Schwann cell contact with
cancer cells may directly affect cancer invasion. We developed a
quantitative 3D invasion assay. HEI-286 cells expressing F-GFP
were cultured in Matrigel for 6 days, and red fluorescent cancer
cells were then added on top of a cube of Matrigel. Under these
conditions, Schwann cells and cancer cells were in direct contact
with each other at the top of Matrigel (Figure 7). Three days later,
the number of cancer cells invading the Matrigel was measured
by 3D analysis of confocal images. The presence of Schwann cells
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Figure 4. Depletion of Schwann cells inhibits recruitment of cancer cells to DRG projections. (A) Radiation treatment of DRGs reduces the number of
associated Schwann cells. Quantification of the number of Schwann cells on neurites from radiated (R) (n = 22) and nonradiated (NR) DRGs (n = 16).
Immunofluorescence staining for Tuj1 shows viable neurites. (B) Radiation treatment of DRGs decreases cancer cell recruitment to DRGs. Quantification of
recruitment of MiaPaCa-2 and Panc1 cells to DRGs (n = 5 in nonradiated DRGs and n = 4 in radiated DRGs). Microscopic examination of the recruitment of
cancer cells (red) to radiated and nonradiated DRGs. Images show MiaPaCa-2 F-RFP cells. (C) Addition of HEI-286 cells to irradiated DRGs increases cancer
cell recruitment to the neurites. Microscopic examination of the recruitment of MiaPaCa-2 F-RFP cells to irradiated DRGs with and without HEI-286 F-GFP
cells. Quantification of the recruitment of MiaPaCa-2 cells to irradiated neurites in the presence (n = 18) or absence (n = 14) of HEI-286 cells. Data represent

mean + SEM. *P < 0.05, ****P < 0.0001, t test. Scale bar: 100 um.

increased cancer cell invasion by 10-fold, as compared with Matri-
gel without the presence of Schwann cells, or 4-fold, as compared
with fibroblasts embedded in the Matrigel (Figure 7B).

To assess whether soluble factors released by Schwann cells
are responsible for this effect, invasion was also measured either
in the presence of Schwann cell-conditioned medium generated
from HEI-286 cells or with Schwann cells grown on the bottom of
the Matrigel chamber with no direct cell contact. No significant
invasion was detected with conditioned medium or in the absence
of cell-cell contact (Figure 8A).

We noted that Schwann cells form tunnels in 3D Matrigel, as
seen in time-lapse videos (Supplemental Figure 6A), and it has
been reported that fibroblasts also form tunnels in matrix and
that this facilitates carcinoma cell invasion (8). To test whether
Schwann cell-derived tunnels themselves can facilitate invasion,
Schwann cells were eliminated using puromycin 6 days after seed-
ing into Matrigel. Puromycin did not affect the viability of cancer
cellsin these assays, because puromycin-resistant MiaPaCa-2 cells

were generated and used for these studies. In addition, their ability
toinvade was not altered in the presence or absence of puromycin,
as tested using puromycin-resistant HEI-286 cells (Supplemental
Figure 6B). Schwann cells secrete laminin, which coats the tunnels
and was visualized by immunofluorescence both when Schwann
cells were alive and when Schwann cells were removed after
puromycin treatment (Supplemental Figure 6C). The level of cell
invasion after Schwann cell death following puromycin treatment
was approximately one-third that in the control group, suggest-
ing that the tunnels formed by Schwann cells could not account
for the increased invasion seen in the presence of Schwann cells.
Furthermore, the addition of Schwann cell-conditioned medium
to these tunnels did not promote cancer cell invasion (Figure 8B).
Collectively, these data demonstrate that direct contact between
Schwann cells and cancer cells is necessary to promote efficient
cancer cell invasion in a 3D gel matrix.

Depletion of NCAMI in Schwann cells decreases cancer cell
invasion in vitro. To explore potential factors that affect how
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Schwann cells behave with cancer cells, we considered the
immunoglobulin family member neural cell adhesion molecule 1
(NCAM1). NCAM1 expression has been correlated with the
presence of perineural invasion in specimens from a variety of
cancers (28-34) and has been reported to play a role in cancer
progression and axon guidance (35-41).

Three different shRNAs targeting NCAM1 (referred to herein
as sh 1, sh 2, and sh 3, respectively) were used to generate stable
cell lines in HEI-286 Schwann cells, and Western blot and immu-
nofluorescence analysis revealed that sh 1 and sh 2 caused strong
depletion, while sh 3 led to intermediate depletion of the 140-kDa
NCAM]1 isoform (Figure 9A and Supplemental Figure 7A). The
proliferation of NCAM1-depleted HEI-286 cells and their ability
to migrate and form tunnels in Matrigel remained intact (Figure
9B and Supplemental Figure 7, B and C). The 3D invasion assay
showed a 50% to 60% decrease in cancer cell invasion when
Schwann cells expressing sh 1 or sh 2 were used and only a small
effect with sh 3-expressing cells (Figure 9, B and C). Overexpress-
ing NCAM1 in NIH 3T3 fibroblasts grown in Matrigel did not
increase cancer invasion (Supplemental Figure 8). The decreased
cancer invasion seen with the NCAM1-depleted HEI-286/sh 2
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Chain formation

Cancer cell
isolation

Figure 5. Schwann cells reorganize and disperse cancer cells. (A) Cancer
cell clusters grown in Matrigel with Schwann cells (HEI-286 F-GFP cells) or
NIH 3T3 cells show reorganization of cancer cells into chains of cells and
cancer cell dispersion. Quantification of cancer cell reorganization using
shape factor index for analyzing cancer cell clusters grown alone (n = 9),
with (n = 9) or without (n = 3) contacting Schwann cells (n = 9), and with
(n =17) or without (n = 3) contacting NIH 3T3 cells. Data represent mean

+ SEM. ****P < 0.0001, t test. Scale bar: 50 um. (B) Time-lapse images
showing formation of a chain of cells (top, see Supplemental Video 2A),
leading to isolation of cancer cells from their cluster (bottom, see Supple-
mental Video 2B) in 3D Matrigel. Scale bar: 50 um. (C) Isolation of a cancer
cell from a cancer cell cluster in the presence of Schwann cells in 2D. A
representative image of MiaPaCa-2 F-RFP cells grown on top of Matri-
gel, showing a circular cluster. Time-lapse images of MiaPaCa-2 F-RFP
and Schwann cells (HEI-286 F-GFP cells) on top of Matrigel. The cancer
cell cluster loses its spherical organization, and an individual cancer cell
(asterisk) associated with a Schwann cell dissociates from the cluster (see
Supplemental Video 3, A and B). Quantification of cancer cell migration
directionality from a representative time-lapse video (Supplemental Video
3B), showing the migration of cancer cells toward contacting Schwann
cells. Twenty-four cancer cells were tracked over 24 hours. Scale bar: 100
pum. Times are shown as hours and minutes.

cells could be partially rescued by expression of RNAi-resistant
chicken NCAM1 (Figure 9, D and E). Chicken NCAM1 may not
functionally recapitulate all aspects of human NCAM1. We also
investigated the effect of NCAM1 depletion in Schwann cells on
cancer cell interactions at sites of contact. Depletion of NCAM1
led to a significant decrease in the ability of Schwann cells to affect
the shape of cancer cell clusters and to promote cancer cell protru-
sions (Figure 9, F and G).

We then assessed the ability of NCAM1I-depleted HEI-
286 Schwann cells to recruit cancer cells in radiated DRGs and
observed a significant decrease of MiaPaCa-2 cell recruitment at
the neurites (Supplemental Figure 9). These findings demonstrate
that NCAM1 expression by Schwann cells enables cell behavior
that facilitates the disruption of cancer cell clusters, recruitment
of cancer cells, and promotion of invasion.

NCAMI expression in Schwann cells upon contact with tumor cells.
We investigated NCAM1 expression in human pancreatic adenocar-
cinoma specimens. NCAM1 was expressed by Schwann cells that
were in contact with cancer cells (Figure 10A), and these cells were
also GFAP* (Figure 10B). We then cocultured HEI-286 Schwann
cells, expressing either NCAM1-GFP or F-GFP, with MiaPaCa-2
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Figure 6. Schwann cells induce cancer cell protrusions and intercalate between cancer cells. (A) Heterocellular contact induces protrusions in cancer
cells. Time-lapse images of dynamic interactions of MiaPaCa-2 cells and a Schwann cell showing heterocellular contact and the formation of a cancer
cell protrusion directed toward the Schwann cell (see Supplemental Video 3D). Quantification of cancer cell protrusion directionality measured on can-
cer cells with one site of contact with Schwann cells at a time. The images were rotated with the superior y axis representing the Schwann cell position
on the image in which the Schwann cell and cancer cell were in contact before the formation of protrusion (n = 8 cells). (B) Schwann cells intercalate
between cancer cells. Time-lapse images showing Schwann cell protrusions intercalating between cancer cells. The image at time 0:00 corresponds to
the indicated boxed area in Figure 5C. White arrows show Schwann cell protrusions. Empty arrows show cancer cell-cancer cell contacts. Note weaker
cancer cell-cancer cell contact at time 1:40 after Schwann cell intercalation and a stronger cancer cell-cancer cell contact at time 0:00 before interca-
lation (see Supplemental Video 3C). (C) The sequence of events — contact, protrusion, intercalation, and migration. Images show cancer cell (aster-
isk) dissociation after Schwann cell intercalation (see Supplemental Video 3E). The timeline of events after heterocellular contact and subsequent
formation of cancer cell protrusion shows sequence and frequency of following events: contact, protrusion, intercalation, and migration (total n of
events = 80). Although protrusions occur frequently after contact, migration mostly occurs after intercalation. Numbers along the y axis refer to events
following Schwann cell-cancer cell contact and cancer cell protrusion. Scale bar: 50 um. Times are shown as hours and minutes.

F-RFP cells. NCAMI-GFP localized to the HEI-286 plasma mem-
brane and accumulated in areas in which long filopodia extend out-
ward, contacting cancer cells and other Schwann cells. In contrast,
F-GFP was homogeneously distributed at the plasma membrane
of HEI-286 cells (Figure 10C, top images). Interestingly, cocul-
tured NCAMI1-GFP-expressing HEI-286 and NCAMI-expressing
MiaPaCa-2 cells form long filopodia that contain NCAM1 and inter-
twine at sites of contact (Figure 10C, right bottom image). These
results suggest that NCAM1 is likely functioning at cell-cell contact
sites via filopodia when overexpressed in these cell lines.

Loss of NCAMI decreases cancer cell invasion in vivo. To assess the
role of NCAM1 in an in vivo model of perineural invasion, we injected

murine pancreatic cancer cells, Panc02-H7, into the sciatic nerves
of WT or NCAM1 KO mice and assessed nerve invasion by sciatic
nerve extraction and H&E staining of longitudinal sections. The time
course of sciatic nerve invasion is rapid in this syngeneic model of
perineural invasion, as previously described (42). Histological analy-
sis revealed decreased invasion in NCAM1 KO mice, as measured by
the distribution (length and area) of cancer cell invasion (Figure 114),
consistent with the concept that NCAM1 expression in Schwann cells
supports cancer cell invasion into the nerve. NCAM1 is present in cell
types other than Schwann cells, and we cannot exclude the possibility
that the depletion of NCAMI in other cell types may have contributed
to the effects observed in NCAM1 KO mice.
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Figure 7. Schwann cells promote cancer cell invasion. (A) Schematic of the 3D invasion assay. HEI-286 F-GFP
Schwann cells were grow in Matrigel for 6 days before addition of MiaPaCa-2 F-RFP cells to the top of the Matrigel,
where contact between Schwann cells and cancer cells can occur. Invasion was measured 3 days later by 3D analysis
of confocal images and (B) is shown via 3D representations of Z-stacks of confocal images. Cancer cell invasion

in the absence and presence of Schwann cells seeded at 70 cells per ul of Matrigel. The rectangular inset shows
contact of Schwann cells (green) with cancer cells (red) at the top of the Matrigel, and the square insets indicate
extent of invasion in absence and presence of Schwann cells. The middle image shows contact between MiaPaCa-2
and Schwann cells at the top of Matrigel, and the bottom image shows association between Schwann cells and
MiaPaCa-2 cells at higher magnification. Quantification of cancer cell invasion in Matrigel seeded in the absence

(n = 4) or presence of Schwann cells (n = 8) or NIH 3T3 cells (n = 8). Data represent mean + SEM. ****P < 0.0001,
1-way ANOVA with Holm-Sidak’s multiple comparisons test. Scale bar: 200 um.

In addition, we assessed whether NCAM1 depletion prevents
the dedifferentiation of Schwann cells into GFAP* cells in sciatic
nerves injected with cancer cells using immunofluorescence stain-
ing. The Schwann cell GFAP signal was expressed equally in the
invaded sciatic nerves of NCAM1 KO mice and WT mice, suggest-
ing that NCAMI1 does not play a role in the dedifferentiation pro-
cess of the Schwann cells (Figure 11B).

To assess the clinical manifestation of perineural invasion in
WT and NCAM1 KO mice, sciatic nerve function was monitored
and quantified using a previously described scoring system (21);
a score of 4 indicated fully intact hind limb motor function,
and a score of 1 indicated complete hind limb paralysis. WT
mice developed rapid paralysis, detected as early as 3 days after
nerve injection with cancer cells, while mice injected with PBS
retained fully intact function. In contrast, the NCAM1 KO mice
retained partial sciatic nerve function after cancer cell injec-
tion. Together, these studies demonstrate an important role for
NCAMI1 expression by the host microenvironment in directing
migration of cancer cells through cell-cell interactions and in
facilitating the development of clinical manifestations of peri-
neural invasion in vivo (Figure 11C).

Discussion

The nerve microenvironment actively facilitates cancer progres-
sion for numerous different cancer types. Elucidating the cellular
and molecular basis of nerve participation in the process of can-
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cer invasion and identifying the
cells involved in this process are
essential to develop therapeutic
approaches. Here, we describe
a cellular mechanism which
we believe to be novel, through
which Schwann cells facilitate
cancer cell invasion. These
results highlight the impor-
tance of heterocellular contact
and cancer cell dispersion as
key events that collectively pro-
mote cancer invasion of nerves.
This process is dependent on
NCAMI expression by Schwann
cells. The clinical relevance of
these findings is supported by
the detection of an association
between activated Schwann
cells and cancer cells in human
perineural invasion specimens.

A cellular mechanism of can-
cer dispersion. This study iden-
tifies Schwann cells as a cell
type in the microenvironment
that participates in cancer cell
invasion and characterizes a
mechanism of cancer dispersion
that has not been previously
reported. Prior studies have
shown that interactions of cells
of the microenvironment and cancer cells contribute to cancer
invasion by modification of the extracellular matrix and paracrine
signaling (5, 8). Live-imaging data revealed the ability of Schwann
cells to degrade matrix and form tunnels in Matrigel. These tun-
nels could served as tracks for the cancer cells and are reminis-
cent of the bands of Bungner, the tracks formed by Schwann cells
involved in axon guidance. Importantly, we demonstrate that nei-
ther the empty tunnels formed by Schwann cells nor soluble fac-
tors released by Schwann cells are sufficient to induce cancer inva-
sion. The physical contact between live Schwann cells and cancer
cells is required for the enhancement in cancer invasion. We can-
not exclude the possibility that chemokines may be induced after
contact between a Schwann cell and a cancer cell to promote
cancer invasion or that membrane-bound chemokines may be
involved in Schwann cell-facilitated cancer invasion. Studies have
revealed the expression of CX3CL1, a chemokine that can be sol-
uble or membrane bound, and its receptor CX3CR1 in perineural
invasion specimens in pancreatic cancer (43), in gastric carcinoma
(44), and in squamous cell carcinoma of the tongue (45).

A few studies have previously demonstrated that contact
between cells of the microenvironment and cancer cells may
promote cancer spread (46, 47). One study demonstrates that the
interaction between breast cancer cells and bone marrow stro-
mal cells via cadherin-11 facilitates cancer invasion (43). Another
study reports that the physical interaction between macrophages
and breast cancer cells correlates with invasion and invadopo-
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Figure 8. Schwann cell promotion of cancer cell invasion is
contact dependent. (A) Schwann cell-conditioned medium (CM)
is not sufficient to induce invasion. Representative Z-stack

of confocal images and quantification (n = 4 per condition)
showing absence of cancer cell invasion when Schwann cells are
seeded at the bottom of the dish in the absence or presence

of Schwann cell-conditioned medium. (B) Empty tunnels
formed by Schwann cells are not sufficient to induce cancer cell
invasion. Representative Z-stacks of confocal images showing
Schwann cell-dependent cancer cell invasion in presence of
tunnels with Schwann cells, in presence of tunnels without
Schwann cells (puromycin treatment), and in presence of
tunnels without Schwann cells but with conditioned medium.
Quantification of cancer cell invasion (n = 4 for each group).
Data represent mean + SEM. ***P < 0.001, ****P < 0.0001,
1-way ANOVA with Holm-Sidak’s multiple comparisons test.
Scale bar: 200 pm.

lowing Schwann cell contact appears to show similarities
with NCAM1-dependent outgrowth of neurites. In the case
of nerve repair, NCAMI appears to function as a signal-
ing molecule, rather than an adhesion molecule (40), and
activates the FGF receptor/PLCy/PKC and the Ras/MAP
kinase pathways (38, 49). It is possible that NCAM1 medi-
ates the activation of the same signaling molecules in can-
cer cells and in the neuron-like cells, in which these mol-
ecules have a known role in cancer progression (50-53).
Interestingly, interplay between E-cadherin and NCAM1
has been proposed in cancer cells (54, 55). The loss of
E-cadherin during epithelial-to-mesenchymal transition in
cancer may be associated with an upregulation of NCAM1.
With E-cadherin expression, the low levels of NCAM1 are
localized outside of the lipid raft and associate with the

Empty tunnels + CM

dium formation in cancer cells (42). In this study, live imaging
reveals that at Schwann cell and cancer cell contact, Schwann
cells are very dynamic and (a) induce cancer cell protrusions at
points of contact, (b) intercalate between cancer cells, (c) act
as leader cells to trailing cancer cells, (d) reorganize cancer cell
clusters, and (e) ultimately disperse single cancer cells away
from neighboring cells, facilitating perineural invasion. These
data provide a descriptive analysis of the complex behavior of
Schwann cells in promoting cancer invasion.

NCAMI expression in Schwann cells promotes perineural inva-
sion. Previous studies have proposed a role for NCAM1 in peri-
neural invasion. These studies are based on correlations between
NCAMI expression in cancer cells, as seen in histologic specimens,
and perineural invasion (29-33). Elevated NCAM1 expression has
also been reported in nerves at sites of perineural invasion (48). We
demonstrate here that NCAMI plays a role in Schwann cell-facil-
itated cancer cell invasion. Importantly, NCAM1 KO mice devel-
oped less perineural invasion and a slower progression of sciatic
nerve paralysis as compared with WT mice. NCAM1 has known
roles in supporting neuronal outgrowth and axonal guidance (36,
38-40). NCAMI1-dependent cancer cell protrusion formation fol-

Mock  Puromycin Puromycin
+CM

FGF receptor. However, when E-cadherin is repressed,
NCAM1 is upregulated and a subset is localized in the lipid
rafts, in which it associates with p59™", whose subsequent
activation leads to inhibition of focal adhesion assembly
and an increase in cancer cell migration (54). Another
study reported that pancreatic cancer cell lines with oncogenic
K-ras have increased expression levels of polysialylated NCAMI,
which interacts with E-cadherin to create sterical hindrance of
homophilic binding and diminish cellular adhesion (55). Further
studies are necessary to clarify the role of NCAM1 on cancer cells
during the Schwann cell-facilitated cancer cell invasion.

Contact between Schwann cells and cancer cells is not pre-
vented when NCAMI1 is depleted from Schwann cells, but the
protrusions formed by cancer cells are less frequent and their
directional movement toward the Schwann cells is diminished.
Although NCAMI-mediated adhesion might not be necessary for
initial cell-cell contact, it likely is involved in guidance dynamics.
When a Schwann cell retracts after contact with a cancer cell, the
newly formed cancer cell protrusion might theoretically remain
connected to the Schwann cell through NCAMI1 interactions
enabling it to follow the Schwann cell.

The role that NCAM1 plays in Schwann cell and cancer cell
interactions may be more complex than homophilic binding.
Cancer cells in contact with NCAM1-expressing Schwann cells in
human specimens of pancreatic adenocarcinomas did not express
detectable levels of NCAM1I, as shown by immunofluorescence.
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Figure 9. NCAM1 expression by Schwann cells promotes cancer cell invasion in vitro. (A) NCAM1 depletion in Schwann cells (HEI-286). Western blot
analysis in control (shC) and NCAM1 shRNA-expressing cells. NCAM1 was strongly depleted in cell lines infected with sh 1and sh 2 constructs and
mildly depleted with sh 3. (B and C) NCAM1 depletion reduced cancer cell invasion. Representative Z-stacks of confocal images and quantification
showing cancer cell invasion in control shRNA- and NCAM1 shRNA1-expressing Schwann cells. n =16 (shC), n = 8 (sh 1), n = 20 (sh 2), n = 8 (sh 3). Scale
bar: 200 um. (D and E) Cancer cell invasion rescue in NCAM1-depleted cells with chicken NCAM1-GFP expression. Western blot analysis in control cells
(shC), NCAM1-depleted cells (sh 1, sh 2), and NCAM1-depleted cells plus chicken GFP-NCAM?1 (Rsh 1, Rsh 2). Quantification of cancer cell invasion in
presence of control Schwann cells (shC), NCAM1-depleted Schwann cells (sh 2), and NCAM1-depleted Schwann cells expressing chicken NCAM1 (Rsh 2).
n =16 (shC), n = 20 (sh 2), n = 8 (Rsh 2). (F) NCAM1-depleted Schwann cells are less efficient than control Schwann cells in reorganizing circular cancer
cell cluster. Quantification of reorganization of cancer cell clusters contacting control Schwann cells or NCAM1-depleted Schwann cells (sh 2) or in
absence of Schwann cells (no HEI) using shape factor index. n =15 (shC), n = 16 (sh 2). (G) NCAM1-depleted Schwann cells are less efficient than control
Schwann cells in inducing cancer cell protrusions. n = 4 experiments with >45 contacts/experiment/condition. (H) Upon contact with NCAM1-depleted
Schwann cells, cancer cells develop protrusions with a defect in their directionality. Images from time-lapse videos and Rose diagrams showing quan-
tification of directionality of cancer protrusions (arrows) after contact with Schwann cell as done in Figure 5 (n = 9 cells). Times are shown as hours
and minutes. Scale bar: 20 um. Data represent mean + SEM. *P < 0.05,***P < 0.0001, ****P < 0.0001, t test (G) or 1-way ANOVA with Holm-Sidak's
multiple comparisons test (C, E, and F).
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It is possible that some of the NCAM1-mediated effects result
from heterophilic rather than homophilic interactions or that the
expression of NCAMI in cancer cells may be dynamically upregu-
lated or downregulated. NCAM1 expression can also be stimulated
by secreted factors such as TNF-o (56). NCAM1 KO Schwann cells
were still able to make contact with cancer cells, although their
ability to recruit cancer cells was diminished. NCAM1 expression
by Schwann cells therefore enables its cancer-promoting behavior.

Schwann cells dedifferentiated to GFAP-expressing cells in
sciatic nerves invaded by cancer cells in NCAM1 KO mice around
the tumor (Figure 11), demonstrating that the Schwann cell ded-
ifferentiation program seen with nerve injury is not dependent
on NCAM1. However, the NCAM1 KO mice were less susceptible
to perineural invasion as compared with WT mice, and NCAM1
KO Schwann cells showed a diminished ability to disrupt cancer
cell clusters and facilitate cancer invasion. The overexpression of
NCAMI1 in Schwann cells induces the formation of longer filopo-
dia, consistent with the report of the formation of similar struc-
tures in other cell types (57, 58). Collectively, this information sup-
ports the following sequence of events: (a) Schwann cells adjacent
to a site of cancer invasion dedifferentiate into GFAP* SCs, sim-
ilar to their response to nerve injury, (b) NCAM1 is expressed in
these Schwann cells and induces longer filopodia formation, and
(c) dynamic GFAP* SCs contact cancer cells and initiate a process
of cancer cluster dispersion and promotion of cancer invasion
along nerves. The identification of the involvement of NCAM1 in
Schwann cell-dependent cancer cell invasion provides insights
into the process of cancer invasion.

Schwann cells may promote cancer invasion at sites where peri-
neural invasion is not detected. Schwann cells are present not only

Figure 10. Presence of NCAM1 in Schwann cells upon contact with tumor cells.

(A and B) Schwann cells expressing NCAM1 (green) are found in contact with cancer
cells in a human specimen of pancreatic adenocarcinoma. (A) Costaining with the
Schwann cell marker S100 (red) and DAPI (blue), with corresponding H&E staining.
Scale bar: 100 pm. (B) Costaining with GFAP (magenta) and DAPI (blue), with corre-
sponding H&E staining. Scale bar: 50 um. (C€) NCAM1-GFP induces filopodia formation
in HEI-286 Schwann cells and is enriched at the site of contact. HEI-286 cells express-
ing NCAM1-GFP (green) cocultured with MiaPaCa-2 F-RFP (red) cells (top left). NCAM1
is enriched at the site of contact with other HEI-286 and MiaPaCa-2 cells. Enlarge-
ment of the top image showing filopodia at the site of contact and enrichment of
NCAM1 at the tip of the filopodia (bottom left). HEI-286 cells expressing F-GFP
(green) cocultured with MiaPaCa-2 F-RFP (red) cells, showing zones of contact with-
out long filopodia and without F-GFP enrichment (top right). Zone of contact between
HEI-286 cells expressing NCAM1-GFP and MiaPaCa-2 cells expressing NCAM1-Cherry
with intertwined filopodia (bottom right). Scale bar: 10 um.

in large caliber nerves but also in single-fiber neurons at the ter-
minal endings of nerves. Highly innervated organs, such as the
pancreas, prostate, and salivary glands, have abundant tiny nerves
that terminate at glandular structures, and, furthermore, Schwann
cells from single-fiber nerves of rat pancreas are found in contact
with acini cells (59, 60). Schwann cells are therefore likely to be in
close proximity to cancer cells at early stages of pancreatic cancer
development and have an affinity for cancer cells (22). We specu-
late that Schwann cells might also facilitate cancer progression in
this setting. This possibility is supported by recent reports showing
areduction of tumor spreading after organ denervation in prostate
and gastric cancer (1, 2) and the detection of Schwann cells at pre-
malignant stages of tumor specimens (22). The ability of Schwann
cells to promote cancer cell dispersion suggests that Schwann cells
might also play a role in promoting cancer invasion at any site
where these two cell types may come into direct contact.

Normal functions of Schwann cells are involved in perineural inva-
sion. Interestingly, this elaborate Schwann cell behavior that facil-
itates cancer invasion shares many strong similarities with normal
Schwann cell processes observed in neurobiology. During human
fetal development, Schwann cells isolate individual axons from
large bundles by invaginating between individual axons to sepa-
rate them from each other (11, 61). Here, we showed that Schwann
cells exhibit a similar behavior by intercalating between cancer
cells. Schwann cells are also known to play an important role dur-
ing nerve repair by inducing and guiding axonal extensions (12,
13,15, 16, 62). Our time-lapse images show that Schwann cells can
also guide cancer cells toward neurites through the promotion of
protrusions. The formation of directed protrusions guides cancer
cells away from neighboring cancer cells, which is a process remi-
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Figure 11. NCAM1 expression by Schwann cells promotes cancer cell invasion in vivo. (A) Histological analysis of injected murine sciatic nerves in WT and
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in WT and NCAM1 KO mice. White arrows indicate the site of injection and proximal side of spinal cord. The black arrows indicate the length of invasion with
corresponding values (mm). Scale bar: 5 mm (top images) and 0.2 mm (bottom images). Quantification of nerve invasion, as measured by length and area of
invasion. Data represent mean + SD. **P < 0.005, ***P < 0.0005, t test, n = 8 (NCAM1WT), n = 7 (NCAM1KO). (B) GFAP immunofluorescence staining in WT
and NCAM1 KO murine sciatic nerves injected with Panc02-H7 cells was similar. Scale bar: 100 pm. Quantification of the average intensity of GFAP fluorescence
did not show a statistically significant difference between WT and NCAM1 KO sections. t test, n = 20 (WT), n = 11 (NCAM1 KO). Data represent mean + SEM. (C)
Reduction of perineural invasion in an in vivo assay. Representative images of mouse legs after Panc02-H7 cancer cell injection showing less paralysis in NCAM1
KO mice. In WT mice, injection induced paralysis compared with noninjected leg. Injected NCAM1 KO mice show a reduced paralysis compared with WT mice.
Quantification of sciatic nerve function in WT noninjected (WT PBS), WT injected (WT Panc02-H7), and NCAM1 KO injected (NCAM1 KO Panc02-H7) mice. Data
represent mean + SEM. **P < 0.01, ****P < 0.0001, 1-way ANOVA with Holm-Sidak’s multiple comparisons test, n = 10 per condition.

niscent of the axonal extensions induced and guided by Schwann
cells during nerve repair. After nerve injury, Schwann cells dedi-
fferentiate into “repair Schwann cells,” while proteins, including
GFAP and NCAM]I, are upregulated. Here, we showed a similar
increase of GFAP* SCs associated with cancer cells in nerves.
Established Schwann cell programs that are normally involved in
guiding axons and isolating neurons are inappropriately activated
by cancer cells, thereby promoting cancer progression.
Conclusion. These results implicate Schwann cells as impor-
tant facilitators of cancer invasion and characterize a unique
behavior of cells from the microenvironment that promotes can-
cer cell dispersion. Understanding the ability of Schwann cells to
promote cancer invasion has important implications for therapeu-
tic intervention. Therapeutic strategies for nerve repair following
spinal cord injury have attempted to harness and enhance the abil-
ity of Schwann cells to guide neurons. Interestingly, novel thera-
peutic strategies to treat perineural invasion may conversely aim
to interrupt the guidance function of Schwann cells by prevent-
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ing Schwann cell-cancer cell contact and targeting NCAM1. The
exploitation of normal nerve development and repair processes by
cancer cells is a concept that may carry a broader application to
other biological systems as well.

Methods
Mouse strains. Nude mice and C57BL/6] mice were obtained from The
Jackson Laboratory. NCAM1 KO mice (first described in ref. 36, available
from The Jackson Laboratory, strain B6.129P2-Ncam1™!%") were a gener-
ous gift from Urs Rutishauser (Memorial Sloan Kettering Cancer Center).
Primary antibodies and DNA plasmids. The following primary
antibodies were used for immunofluorescence staining at the
indicated dilutions: mouse anti-Tujl antibody (1:100, Millipore,
MAB1637), rabbit anti-GFAP antibody (1:1,000, Dako, Z033429-
2), mouse anti-S100 antibody (1:250, EMD Millipore, MABO79-
1), mouse anti-NCAM1 antibody (used for NCAM1 detection in
HEI-286 cells and in human pancreatic specimens, 1:25, Lifespan,
LS-B5569-50), rabbit anti-NCAM1 antibody (used for NCAM1 detec-
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tion in human pancreatic specimens and in NIH 3T3 cells, 1:100,
Millipore, AB5032), rat anti-laminin B2 antibody (Upstate, clone A5
05-206), rabbit anti-myelin protein zero antibody (1:200, abcam,
ab31851), rat anti-myelin basic protein antibody (1:200, Millipore,
MAB386), mouse anti-keratin antibody (1:50, abcam, ab8068), and
rabbit anti-p75 antibody (1:100, Millipore, ab1554). The following
primary antibodies were used for Western blot: rabbit anti-NCAM1
antibody (Epitomics, 6740-1) and rabbit anti-GFP antibody (Abcam,
ab290). Plasmid pEGFP-F was obtained from Clontech and encodes
enhanced GFP fused to the 20-amino acid farnesylation signal from
c-Ha-Ras for plasma membrane location. F-RFP, NCAM1-GFP, and
NCAMI-Cherry plasmids were previously described (63-65).

Cell lines and cell culture. The human nonneoplastic HEI-286
Schwann cell line was a gift from Filippo Giancotti (Memorial Sloan
Kettering Cancer Center) (66). The murine NIH 3T3 and the human
pancreatic cancer cell lines Pancl and MiaPaCa-2 were purchased
from ATCC. The murine cell line Panc02-H7 was obtained from Min
Li (The University of Texas Health Science Center at Houston, Hous-
ton, Texas, USA) (67). Cells were nucleofected or infected with lenti-
virus for the generation of MiaPaCa-2 F-RFP, Pancl-F-RFP, HEI-286
F-GFP, and NCAM1-depleted HEI-286 cells. MiaPaCa-2 and Pancl
cells were nucleofected using Kit V and program B-024 (Amaxa) and
HEI-286 cells were nucleofected using program T-020 (Amaxa).
Stable cancer cell lines were generated by selection with G418 (100
pg/ml). Cells with the highest expression level of GFP and RFP were
selected by flow cytometry using a BD FACSAria or a Beckman-Coul-
ter MoFlo Cytometer from the Memorial Sloan Kettering Cancer
Center facility. Puromycin-resistant MiaPaCa-2 F-RFP and Pancl
F-RFP cells were generated using MISSION pLKO.l-puro empty
vector control from Sigma-Aldrich (shcO01V) and selection with
puromycin (3 pg/ml). To generate NCAM1-depleted HEI-286 cells,
we used the following shRNAs (the MISSION pLKO library, Sigma-Al-
drich): sh 1 (TRCN0000373085) CCGGCAGCGTTGGAGAGTC-
CAAATTCTCGAGAATTTGGACTCTCCAACGCTGTTTTTG;
sh 2 (TRCN0000373034) CCGGCCGTTCCCTGAAACCGT-
TAAACTCGAGTTTAACGGTTTCAGGGAACGGTTTTTG;and sh 3:
(TRCN0000073460) CCGGCCATGTACCTTGAAGTGCAATCTC-
GAGATTGCACTTCAAGGTACATGGTTTTTG. MISSION pLKO.1-
puro empty vector control transduction particles (shcO01V) were used
to generate sh control cells. Cells were cultured in 5% CO, at 37°C in
DMEM (Cellgro) containing 10% fetal bovine serum (Gemini) and 50
U/ml penicillin/streptomycin (Cellgro). Culture media for the sh HEI-
286 cells was supplemented with puromycin. Culture media for cells
expressing F-GFP and F-RFP were supplemented with G418. Culture
media for the puromycin-resistant cancer cells, MiaPaCa-2 F-RFP
cells, and Pancl F-RFP cells were supplemented with both G418 and
puromycin. Depletion of NCAM1 in sh HEI-286 cells was verified by
Western blotting and immunofluorescence assays using standard pro-
tocols. Cell proliferation assays on sh HEI-286 cells were performed
using standard counting protocol.

Murine sciatic nerve injection. Sciatic nerve injections were as pre-
viously described (21). Briefly, mice (nude athymic mice, NCAM1 KO
mice, and C57BL/6] control mice) were anesthetized using isoflur-
ane (1%-3%), and their sciatic nerves were exposed. Sterile PBS and
MiaPaCa-2 (150,000 cells) and Pancl (150,000 cells) human cancer
cells and Panc02-H7 (50,000 cells) murine cancer cells were injected
into the sciatic nerve under loop magnification using a 10-pl Hamilton
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syringe. After treatment with bupivacaine for analgesia, the mouse was
closed up with surgical sutures. Mice were followed for recovery every
day for 72 hours and monitored for nerve function. In the xenograft
model, the sciatic nerves of nude mice were injected with human
MiaPaCa-2 and Pancl cancer cells, and signs of nerve invasion appeared
at approximately 3 weeks after injection. In the syngeneic model of neu-
ral invasion, the sciatic nerves of NCAM1 KO and C57BL/6] control mice
were injected with murine Panc02-H7 cells, which can grow in these ani-
mals, and signs of invasion appeared at just 3 days after injection.

Murine sciatic nerve function. Sciatic nerve function was measured
in WT and NCAM1 KO mice 6 days after injection of Panc02-H7 cells
by using the nerve function score. It was graded, from 4 (normal) to 1
(total paw paralysis), according to hind limb paw response to manual
extension of the body.

Preparation of murine sciatic nerve and perineural invasion human
specimen sections. At indicated times after injection, murine sciatic
nerves were dissected up to the spinal cord and embedded in Tis-
sue-Tek OCT (Electron Microscopy Sciences). Sections from human
pancreatic specimens were obtained from paraffin blocks that were
prepared using a standard protocol. Nonpancreatic human surgical
specimens were freshly prepared in normal saline and embedded
in O.C.T. The murine and human specimen frozen blocks were seri-
ally sectioned longitudinally at 5- and 8-um thickness, respectively,
using a Cryostat microtome (Leica CM1950). Sections were used for
H&E and immunofluorescence staining.

Immunofluorescence of human specimen sections and murine sci-
atic nerve sections. Frozen sections were fixed using 4% paraform-
aldehyde. All sections were permeabilized and blocked in 3% horse
serum, 0.1% Triton X-100/PBS for 1 hour. Primary antibodies diluted
in 0.1% horse serum/PBS were incubated overnight at 4°C. Sections
were incubated overnight at 4°C with primary antibodies diluted in
0.1% horse serum/PBS. Detection was performed using an appropri-
ate fluorescent secondary antibody (Alexa Fluor 488 [1:500, Invitro-
gen], Alexa Fluor 568 [1:500, Invitrogen]). Samples were mounted in
DAPI containing Vectashield mounting medium. Slides were scanned
using Flash Scanner (Perkin Elmer). Morphological assessment and
quantification of neural invasion by cancer cells in sciatic nerves were
performed using Panoramic Viewer (3D Histech) for the H&E sec-
tions. Immunofluorescent sections were analyzed using both Pano-
ramic Viewer (3D Histech) and MetaMorph softwares.

Coculture DRG explants and cancer cells. DRGs were isolated from
mice as previously described (21). They were removed, washed in
PBS, embedded into 10-pl growth factor-reduced Matrigel matrix
(BD Biosciences), and placed on 35-mm glass-bottom dishes (Mat-
Tek). DRGs were grown in DMEM containing 10% FBS at 37°C and
5%CO,. On day 7, fluorescently labeled cancer cells, MiaPaCa-2 and
Pancl (100,000 cells), were added in suspension, and recruitment at
neurites was monitored after 2 to 3 days.

Immunofluorescence staining of DRGs. DRGs embedded in Matri-
gel were fixed in 4% PFA for 1 hour, permeabilized, and blocked in
0.1% Triton, 1% horse serum for 2 hours. Primary antibodies diluted
in 0.1% horse serum/PBS were incubated overnight at 4°C, appropri-
ate secondary antibodies (anti-mouse Alexa Fluor 633, anti-rabbit
Alexa Fluor 488, 1:500, Invitrogen) were incubated overnight, and
the DRG was then immersed in PBS. Images were acquired using
inverted Axiovert 200M (Zeiss) microscope and SP5 (Leica) using
x20 0.75-NA water immersion lens.
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Radiation treatment of DRGs. DRGs grown in Matrigel for 2 days
were treated with X-rays at 12 Gy using a Mark1 generator for removal
of dividing cells. The number of Schwann cells was counted in radi-
ated and nonradiated DRGs after 9 days of growth based on morphol-
ogy during a time-lapse video. Recruitment of cancer cells was mea-
sured in radiated or nonradiated DRGs after addition of MiaPaCa-2 or
Pancl cells 3 days later. Imaging for assessment of recruitment at day
9 was performed using an inverted Axiovert 200M Zeiss microscope
equipped with EC Plan-Neofluar x10 0.3-NA Ph1 lens. Since radiated
DRGs were found to have decreased growth, quantification was car-
ried out on neurites within a similar size range.

Rescue of radiated DRGs with human Schwann cell line. Isolated
murine DRGs were embedded in Matrigel matrix and were treated with
X-rays at 12 Gy on day 3 following isolation as described earlier. On day
6 following the radiation treatment, 50,000 cells (HEI-286 F-GFP,
HEI-FGFP shC, or HEI-FGFP sh 2 cells or no Schwann cells) were
added to radiated DRGs. MiaPaCa-2 F-RFP cells (50,000 cells) were
subsequently added to the DRGs on day 7. Images were taken at x10
magnification with Nikon Eclipse TE 2000-E on days 9 and 10 after
radiation, and the recruitment of cancer cells to neurites was quantified
as the number of cancer cells directly contacting the neurites.

Live imaging of coculture cancer cells. Dynamic interactions
between DRG neurites and MiaPaCa-2 F-RFP cancer cells and
between HEI-286 F-GFP cells and MiaPaCa-2 F-RFP cancer cells in
2D and 3D were studied with time-lapse microscopy on an inverted
Axiovert 200M (Zeiss) equipped with EC Plan-Neofluar 10X 0.3
NA Ph1 lens, motorized stage, and temperature and CO, controlers.
Images were recorded every 5 minutes for 24 hours. In 2D culture,
MiaPaCa-2 cells were seeded at low density on top of Matrigel and
grown as colonies for 7 days; then HEI-286 F-GFP and NCAMI-
depleted HEI-286 F-GFP cells were added for 48 hours before time-
lapse imaging. In 3D culture, MiaPaCa2 F-RFP and HEI-286 F-GFP
cells were coculured in Matrigel for 7 days before imaging. Direc-
tionality analyses were performed with Image] using the Manual
Tracking and Chemotaxis plug-ins. Quantification of directionality
is shown as rose diagrams indicating the distribution of migration
angles. Quantification of protrusion directionality was performed
on cancer cells that were in contact with only one Schwann cell at a
time. The images were rotated so that the axis was determined by the
position of Schwann cell at the time of initial contact.

Cancer cluster reorganization assay. Cancer cells (MiaPaCa2 F-RFP
and Pancl F-RFP) were grown alone, with Schwann cells (HEI-286
cells or HEI-286 cells expressing NCAM1 sh 2), or with NIH 3T3 cells
in a 10-pl drop of Matrigel (50 cells per ul) in a glass bottom Labtek
dish. After 7 days of growth, images were acquired using an inverted
Zeiss microscope. Image analysis was performed using MetaMorph.
The shape of cancer cell clusters was determined using the formula
4mA /P? with A standing for the area and P standing for the perimeter
of the cancer cell cluster. The shape factor was close to 1 for a rounded
shape and close to O for an elongated shape.

Invasion assay. HEI-286 F-GFP, HEI-286, or NIH 3T3 cells were
seeded in 40 pl Matrigel matrix at 70 cells per ul or as indicated in
a 2-chamber insert (Ibidi GmbH) placed in glass-bottom 35-mm
MatTek dishes and grown for 6 days in DMEM 10% FBS. Puromycin-
resistant red fluorescent cancer cells (MiaPaCa-2 and Pancl 50,000
cells) were then added on top of the Matrigel. In assays involving the
removal of Schwann cells, puromycin (3 ug/ml) was added at the time
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of cancer cell addition. In assays involving the addition of Schwann
cell-conditioned medium, Schwann cell-conditioned medium and
cancer cells were added simultaneously. Schwann cell-conditioned
medium was prepared by centrifuging (1,000 g for 10 minutes)
medium that was in culture with HEI-286 cells for 3 days. The super-
natant was filtered and mixed 1:1 with fresh medium. After 3 days,
samples were fixed in 4% paraformaldehyde for 30 minutes for imag-
ing. The coculture was imaged using a Leica SP5 inverted confocal
microscope with x25 0.95-NA and x10 0.4-NA lenses. The Z-stacks
obtained with the x10 lens were used for quantification of invasion
and were 1-mm thick, with a 5-pm step. Images were recorded at 12-bit
resolution. Stacks were reconstructed in 3 dimensions using Imaris
software (Bitplane), and red fluorescent structures corresponding
to cancer cells were quantified using Imaris software. The software
determined the number of red cancer cells in an area of interest (size
x=66um,y =296 um, z =552 um) that was about 300 um below the
surface of the Matrigel. The invasion was about 60 cells per area of
interest and was considered 100%.

Statistics. Statistical analysis was conducted using unpaired
2-tailed Student’s ¢ test, Mann Whitney test, and 1-way ANOVA test
with Holm-Sidak test for multiple comparison correction. Statistical
significance was defined as P < 0.05.

Study approval. The Memorial Sloan Kettering Cancer Center
Institutional Review Board approved studies using human tissue
samples. Written informed consent was received from the patients.
All animal studies were conducted in compliance with Memorial
Sloan Kettering Cancer Center institutional guidelines and approved
by Memorial Sloan Kettering Cancer Center institutional animal care
and use committee.
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