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ABSTRACT 
 

Neurotropic cancers including pancreatic and prostate cancer utilize nerves as a major 
route of metastasis in a process known as nerve invasion (NI).  During NI, tumor cells invade the 
perineurium of nerves and into the endoneural space where tumor cells contact Schwann cells 
responsible for secretion of laminin extracellular matrix proteins and myelination of peripheral 
nerve axons. The laminin binding cell adhesion receptor Į6ȕ1 is expressed on tumor cells 
undergoing NI and cleavage of Į6ȕ1 by urokinase plasminogen activator to form the variant 
Į6pȕ1 promotes tumor cell invasion. Here, we demonstrate that conditioned media from 
immortalized S16 and S16Y Schwann cells, which are of the myelinating and non-myelinating 
morphology respectively, regulate Į6pȕ1 formation and tumor invasion of neurotropic tumor cell 
lines. The results demonstrate that S16Y conditioned medium inhibited invasion and Į6 
conversion to Į6p in DU145, CFPAC1 and PC3 cancer cells while S16 conditioned medium 
increased Į6p expression and tumor cell invasion. The increased invasion mediated by the S16 
cells was dependent on Į6pȕ1 since a function-blocking antibody, targeting Į6pȕ1 formation 
inhibited invasion. Taken together these results suggest that myelinating Schwann cells in the 
nerve environment promote Į6ȕ1 receptor dependent tumor cell nerve invasion. 
 
INTRODUCTION 
 

In order to metastasize to secondary locations, most tumor cells follow a sequence of 
steps that include loss of adhesion, penetration of the host extracellular matrix, invasion of the 
vasculature or lymphatics and ultimately cultivation of distant tissues [1]. Neurotropic cancers, 
including prostate and pancreatic cancer utilize the complex neuroanatomy of these highly 
innervated organs as a primary method for metastasis [2].  The pathologically distinct method of 
migration and invasion along nerves is a process known as neural invasion (NI) or more 
commonly referred to as perineural invasion (PNI) [2]. Pancreatic cancer cells invade through 
the pancreatic parenchyma and penetrate the coeliac plexus, which surrounds the superior 
mesenteric artery resulting in an escape route for pancreatic tumor cells [3] and the extreme pain 
associated with pancreatic cancer progression [4]. In prostate cancer, tumor cells migrate and 
invade the cavernosal nerve, prostatic plexus and neurovascular bundles as they extend beyond 
the prostate capsule and metastasize [1, 5]. Nerve invasion during metastasis is clinically 
significant and associated with poor prognosis and increased mortality in prostate and pancreatic 
cancer patients. It has been documented that approximately 85% of prostate cancer patients and 
100% of pancreatic cancer patients have NI [6]. This is concerning considering that 241,740 men 
will be diagnosed and 28,170 men will die from prostate cancer and of the 43,920 newly 



diagnosed cases of pancreatic cancer, approximately 85% will result in death in the year 2012 [7-
8].  

 
Prior studies have demonstrated that human prostate and pancreatic tumor specimens 

consist of nerves that are lined with the laminin family of extracellular matrix glycoproteins 
derived from Schwann cells [9]. Peripheral nerves consist of 3 layers: the endoneurium, the 
perineurium and the epineurium [1]. The innermost layer, the endoneurium, contains Schwann 
cells, which are either myelinating or non-myelinating cells. The myelin-forming Schwann cells 
form a continuous basal lamina rich in laminin and collagen around the nerve axon [9]. As tumor 
cells migrate and invade, they will either invade along the perineural space in which the structure 
of the nerve and Schwann cells in the nerve environment remain intact (Figure 1A) or invade 
beyond the perineurium and into the endoneural space which results in destruction of nerves and 
increased contact between Schwann cells and tumor cells (Figure 1B). 
 

The laminin binding integrin Į6ȕ1 plays a major role in determining the aggressive 
phenotype of tumor cells during cancer progression [5] and is a member of the heterodimeric cell 
surface integrin protein family of receptors which have unique binding specificities, signaling 
properties and participate in cell migration, adhesion, differentiation, tissue organization, and 
growth [11]. The Į6ȕ1 receptor is expressed on tumor cells invading laminin rich nerves in both 
pancreatic (Figure 2) and prostate cancer [1]. Previous work has demonstrated that the serine 
protease urokinase-type plasminogen activator (uPA) and its receptor uPAR regulate cleavage of 
the Į6ȕ1 integrin by producing the structural variant Į6pȕ1 on tumor cell surfaces (Figure 3) [10, 
12-13]. Cleavage of integrin Į6ȕ1 to form Į6pȕ1 increases tumor cell motility, invasion and 
cancer metastasis [13]. Localized prostate and pancreatic cancer is considered curable, while 
metastasis causes morbidity in patients.  
 

The hypothesis for this study is that Schwann cells in the nerve environment promote 
tumor cell invasion and migration on nerves by regulating Į6ȕ1 and Į6pȕ1 on tumor cells 
(Figure 3). The goal of this project was to evaluate the requirement for the laminin receptor Į6ȕ1 
expressed on tumor cells in driving prostate and pancreatic tumor cell invasion in response to 
Schwann cells using in vitro tissue culture models. In order to test this hypothesis, human 
prostate (PC3 and DU145) and human pancreatic (CFPAC1 and BXPC3) were treated with 
conditioned media from immortalized S16 and S16Y rat Schwann cell lines and the functional 
endpoint of tumor cell invasion and Į6pȕ1 expression were analyzed. Results presented here 
demonstrate that S16 cell conditioned medium increased tumor cell invasion and S16Y 
conditioned medium decreased tumor cell invasion and Į6pȕ1 formation. Decreased expression 
of Į6pȕ1 in the presence of S16Y conditioned medium was not dependent on decreased uPAR or 
uPA expression, suggesting an alternative mechanism regulating Į6pȕ1 formation and function 
in the nerve and tumor environment.  Increased S16 tumor cell invasion was dependent on Į6pȕ1 
since an Į6 cleavage blocking antibody inhibited invasion.  Further, conditioned medium from 
rat dorsal root ganglia increased tumor cell invasion demonstrating that all cellular components 
of the nerve microenvironment including neurons, glia, Schwann cells and fibroblasts promote 
increased tumor cell invasion.  Prostate tumor co-cultures with S16 and S16Y cells demonstrated 
a differential growth pattern in that S16 cells grew interspersed with the tumor cells, which 
correlated with in vivo evidence of endoneural invasion. The S16Y cells grew in distinct islands, 
which repelled the tumor cells, which was observed in tumor and dorsal root ganglia co-cultures 



and in vivo perineural invasion.  Taken together, this study highlights the role of myelinating 
Schwann cells in the nerve environment and Į6ȕ1 dependent adhesion in promoting nerve 
invasion in pancreatic and prostate cancer.  
 
MATERIALS AND METHODS 
 
Antibodies and reagents 
 
The J1B5 rat monoclonal used for immunoprecipitation of Į6, was generated by Dr. Caroline H. 
Damsky. The AA6A rabbit polyclonal recognizing the c-terminus of Į6 used for immunoblot has 
been previously characterized by our group [5] and was generated and purified by Bethyl 
Laboratories (Montgomery, TX). The J8H antibody against Į6 has been previously described 
[14]. The actin polyclonal antibody used for immunoblot was from Cytoskeleton (Denver, CO) 
and the tubulin antibody was from EMD Bioscience (Darmstadt, DE). The horseradish 
peroxidase (HRP)–conjugated secondary antibodies used for immunoblotting were from Jackson 
Immuno-Research Laboratories, Inc. The Sox-10 and S100ȕ antibodies were used to identify 
Schwann cells. The S100ȕ antibody was obtained from Millipore (Temecula, CA) and the Sox-
10 antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The AA6NT 
polyclonal antibody specific for Į6 has been previously described [14] and the neural specific 
marker PGP9.5 from AbD Serotec (Raleigh, NC) were used for immunohistochemistry.  
 
Immunohistochemistry 
 
Human prostate and pancreatic cancer tissues were harvested, fixed in 10% neutral buffered 
formalin for 24h, processed and embedded in paraffin using the Tissue Acquisition and 
Cellular/Molecular Analysis Shared Service (TACMASS) of The Arizona Cancer Center. 
Immunohistochemistry was performed using the affinity purified AA6NT antibody diluted to 
1:700, an anti-PGP9.5 antibody diluted to 1:4000 and an anti-S100ȕ antibody diluted to 1:1000. 
Tissue samples were also stained with hematoxylin and eosin and were stained on a Discovery 
XT Automated Immunostainer (Ventana Medical Systems, Inc., Tucson, AZ). Antigen retrieval 
was performed using a borate-EDTA buffer at 100°C. 
 
Cell culture and co-culture conditions 
 
Human prostate cancer PC3 and DU145 cells and human pancreatic cancer CFPAC1 cells were 
obtained from American Type Tissue Collection and maintained in Iscove's modified 
Dulbecco's medium (IMDM) from Invitrogen (Grand Island, NY) supplemented with 10% FBS 
Hyclone Laboratories (Novato, CA) and 1% Penicillin/Streptomycin. Pancreatic cancer BXPC3 
cells were maintained in RPMI with 10% FBS. Immortalized rat S16 and S16Y Schwann cells 
were obtained from the American Type Tissue Collection and maintained in Dulbecco’s 
Modified Eagle Medium (DMEM) with L-glutamine from Invitrogen also supplemented with 
10% FBS. The cells were grown at 37ºC in a 5% CO2 atmosphere with constant humidity. The 
cells were grown on flasks coated with 0.1 mg/mL Poly-L-Lysine from Sigma-Aldrich (St. 
Louis, MO) for 5 minutes at 37ºC which were rinsed with distilled water dried at room 
temperature. The S16Y and S16 Schwann cells (2x105) were grown separately into 100 cm 
Falcon tissue culture dishes and cultivated for 24h in DMEM supplemented with 10% FBS at 



37ºC. Following 24h, the DMEM media was aspirated and 1x105 tumor (DU145, PC3, CFPAC1 
or BXPC3) cells were added to the Schwann cells. The Schwann and tumor cells were co-
cultured for 24, 48, and 72h in IMDM supplemented with 10% FBS. Phase contrast images 
were collected using an Axiovert 200 inverted microscope. Schwann cell conditioned medium 
was collected from S16 and S16Y cells incubated for 48h in DMEM medium supplemented 
with 10% FBS. The media was added to 5x105 tumor (DU145, PC3 and CFPAC1) cells for 24, 
48, and 72h.  
 
Immunoprecipitation and immunoblot analysis 
 
Cell lysates were prepared by harvesting the cells into PBS (phosphate buffer solution, pH 7.4) 
and centrifuging at 2500 rpm at 4°C. The pellet was resuspended in ice-cold 
radioimmunoprecipitation assay (RIPA) buffer (50 mmol/L Tris, 150 nmol/L NaCl, 1% Triton 
X-100, 0.10% SDS, and 1% deoxycholate) with complete mini protease inhibitor cocktail from 
Roche (Indianapolis, IN). The lysates were incubated on ice for 30 minutes and centrifuged at 
14,000 rpm for 5 minutes at 4°C. Protein quantification was performed using the Bradford 
Assay. The Į6 integrin was immunoprecipitated (IP) from PC3, DU145, CFPAC1, and BXPC3 
cells using the J1B5 antibody (1:100). The IP was incubated at 4ºC with continuous rotation 
overnight and the samples were analyzed using SDS-PAGE. The AA6A antibody (1:10,000) was 
used to detect the Į6 integrin using immunoblot analysis. Sox-10 and S100ȕ expression was 
determined by lysing the Schwann S16 and S16Y cells in RIPA buffer, resolving the samples by 
SDS-PAGE, and immunoblotting using Sox-10 (1:1000) and S100ȕ (1:1000) specific antibodies. 
The proteins were visualized using ECL Western Blotting Detection System from Invitrogen 
(Grand Island, NY).  
 
Indirect Immunofluorescence 
 
The S16 and S16Y cells were grown to 70% confluence on glass coverslips. The cells were 
fixed using 2% formaldehyde and permeabilized with 0.2% Triton X-100.  The coverslips were 
blocked using 2% bovine serum albumin at room temperature for 30 min and then incubated 
with an anti-S100ȕ primary antibody (1:100) for 30 min at room temperature. Following PBS 
washes, the coverslips were incubated with a secondary fluorescently labeled Alexa Fluor 488 
(1:600) antibody for 30 minutes at room temperature in the dark.  For detection of nuclei, the 
coverslips were incubated with 4´,6-diamidino-2-phenylindole (DAPI, 1ȝg/mL) for 10 minutes. 
The coverslips were mounted onto glass slides using Prolong Antifade from Invitrogen (Grand 
Island, NY). Images were collected the following morning at x40 using a Zeiss Axiovert 
microscope equipped with an Axiocam camera. 
 
Invasion assay 
 
Growth factor-reduced Matrigel (50 ȝL) diluted (1:3) with serum free IMDM was coated on to 
cell culture inserts with a membrane (8.0 ȝm pores) from BD Falcon (San Jose, CA) and allowed 
to solidify for 1 h at 37°C. The inserts were placed into a 24-well plate and CFPAC1 cells 
(2x105)  were plated on top of the insert chamber with  200 ȝL serum free IMDM. IMDM (600 
ȝL) supplemented with 10% FBS was pipetted into the bottom well below the insert for control 
wells and experimental wells were filled with 600 ȝL of  Schwann cell conditioned media. 



CFPAC1 cells were treated with J8H (50 ȝg/mL) at room temperature to block Į6ȕ1 activity 
from the upper chamber and the cells were immediately plated into the upper chamber with 200 
ȝL serum free IMDM. After a 24h incubation, the inserts were washed in PBS and the Matrigel 
was removed with a cotton swab. Cells on the underside of the insert were fixed/permeabolized 
in methanol/acetone and stained with DAPI (1 ȝg/mL) for nuclei detection. Cell numbers were 
counted using a Zeiss Axiophot inverted microscope. Three images were collected per insert and 
the experiments were performed in triplicate. 
  
uPA ELISA 
 
AssayMax Human Urokinase (uPA) ELISA kit from AssayPro (St. Charles, MO) was used for 
quantitative determination of secreted uPA from tumor cell lines conditioned with S16Y media. 
PC3, DU145 and CFPAC1 cells were grown in 10 cm dishes to 75% confluency and medium 
was replaced with either 5 mL S16Y medium or 5 mL DMEM supplemented with 10% FBS. 
After 24h, the medium was collected. Half was kept in concentrated form and half was diluted 
1:200 in provided MIX Diluent. The sample (50 ȝL) was added to the provided wells of a 96-
well plate in duplicate. Absorbance was read at 450nm and uPA concentrations were calculated 
against a standard curve and the experiments were performed in triplicate.  
 
Isolation and Dissociation of Neuronal DRG Cells from Adult Rats 
 
Dorsal root ganglion cells were isolated from adult 150-200 g Sprague Dawley rats. The rats 
were placed individually in a CO2 chamber for approximately 3 minutes and were kept in the 
chamber for an additional 3 to 5 minutes to confirm death. The euthanized rat was sprayed with 
70% ethanol to disinfect the coat and the skin was cut from the caudal to the rostral region and 
the fascia released from the underlying muscle. Transverse cuts were made at the base of the tail 
and at the neck to release the spinal column from the body. The spinal column was rinsed in 
distilled water, excess tissue was removed from the exterior of the bone, and the column was 
pinned to a Styrofoam dissecting board with needles and placed on dissecting microscope. Small 
cuts were made through the dorsal portion of the vertebrae starting with the rostral end and the 
spinal cord was removed. The entire area was rinsed with 1.6 ȝg/mL Fungizone in Hank’s 
Buffered Salt Solution (HBSS). Dorsal root ganglia (DRGs) were removed by using fine tipped 
forceps and clippers to get rid of excess nerve extensions and the cell bodies were collected in 
ice cold HBSS. Following removal of all DRGs, they were centrifuged using a pulse spin at 400 
RPM at 4°C. The HBSS was aspirated and the DRGs were incubated in 1mL of Collagenase A 
from Roche Applied Bioscience (1mg/mL in DPBS) for 1h at 37°C. Following pulse 
centrifugation at 4°C, the Collagenase A was aspirated and the DRGs were incubated in 1mL 
Papain/Collagenase D (Roche Applied Bioscience, 1mg/ml for both in DPBS) for 20 minutes at 
37°C and then centrifuged. The DRGs were resuspended in 1mL DMEM/F12 from GIBCO 
(Grand Island, NY) containing 10% FBS with Penicillin/Streptomycin, Soybean Trypsin 
Inhibitor (1mg/mL) from Roche Applied Bioscience(Indianapolis, IN) and BSA (1mg/mL). The 
DRGs were broken-up using a 1 mL pipette and centrifuged at 400 RPM for 4 minutes. The 
DRGs were resuspended in Adult Complete Medium (DMEM/F12, horse serum (10%), 
penicillin/streptomycin (50 ȝg/mL) L-glutamine (2mM), Nerve Growth Factor (NGF; 
250ng/mL) and normocin (100 ȝg/mL)).  The glass coverslips were coated with Poly-D-Lysine 
(0.1mg/mL) from Sigma-Aldrich (St. Louis, MO) for 15 minutes at 37°C. The Poly-D-Lysine 



was aspirated and the coverslips were rinsed with distilled water, dried at room temperature for 
1h. Dissociated DRGs (50 ȝL) were added to glass coverslips and incubated at 37ºC for 1h. 
Adult Complete Medium was added to the DRGs and the cells were incubated at 37°C in a 5% 
CO2 atmosphere with constant humidity for 3 weeks. Conditioned medium was collected every 
72h and was stored at -80°C.  
 
RESULTS 
 
Immortalized S16 and S16Y rat Schwann cell lines expressed Schwann cell specific 
markers 
 
S16 rat Schwann cells were isolated from the sciatic nerves of 2-3 day old Sprague Dawley rats 
as previously described by others [15].  The cells were spontaneously immortalized following at 
least 10 passages over a 6 month period and exhibit characteristics of Schwann cells early in the 
myelination process. This includes decreased proliferation, clustering around neurons in culture 
and increased expression of myelin associated glycoprotein [15]. The S16Y cells are a 
spontaneous clone of the S16 cells and exhibit rapid proliferation, decreased expression of MAG 
and laminin and the inability to cluster around neurons in vitro which are characteristics of non-
myelinating Schwann cells [15].  The S16 and S16Y cells are easily maintained in cell culture 
compared to primary Schwann cells and provide an efficient model for myelinating and non-
myelinating Schwann cells.  Previous studies have determined the requirement of Sox-10 and 
S100ȕ expression in Schwann cell lineages to confirm Schwann cell identity and progression 
into the mature Schwann cell stage [16]. We therefore determined whether Sox-10 and S100ȕ 
were expressed in the S16 and S16Y Schwann cells using immunoblot analysis and indirect 
immunofluorescence. Figure 4A demonstrates that S16 and S16Y cells expressed both Sox-10 
(top panel) and S100ȕ (bottom panel) proteins as detected by immunoblot analysis. Figure 4B a 
and b demonstrates S100ȕ expression in S16 (a) and S16Y (b) cells as detected by indirect 
immunofluorescence.  
 
In vitro model of perineural and endoneural invasion  
 
We next asked whether the myelinating phenotype of Schwann cells promoted increased 
Schwann and tumor cell contact in vitro. S16 and S16Y cells were cultivated in tissue culture 
dishes for 24h. DU145 human prostate tumor cells were grown with the Schwann cells and the 
co-cultures were incubated for 48h. Results in Figure 5 demonstrate that DU145 cells grew 
interspersed with the S16 cells (Figure 5A) and formed distinct clusters which repulsed the S16Y 
cells (Figure 5B).  The interaction observed between S16Y Schwann cells and DU145 cells 
correlated with co-cultures of DU145 cells and neuron/glial cells isolated from male SCID 
mouse dorsal root ganglia (DRG) (Figure 5C). Small rodent dorsal root ganglia (DRG) contain 
functional neurons and all nerve associated glial cells and can be cultivated in in vitro tissue 
culture models.  The DRG neuron/glial cells were isolated and cultivated on glass coverslips in a 
6-well plate for 7 days. The DU145 cells were grown on adjacent coverslips in the same well and 
the cultures were incubated for an additional 7 to 12 days. It was observed that the tumor cells 
preferentially migrated to coverslips harboring DRG cultures and formed distinct clusters 
interspersed throughout the DRG cells (Figure 5C).  
 
 



Schwann cell conditioned medium does not affect tumor cell morphology  
 
We next determined whether cell-cell contact was required to induce the interspersed or 
clustered tumor cell morphology observed in tumor and Schwann cell co-cultures by providing 
the tumor cells with Schwann cell conditioned medium.   Figure 7 displays phase contrast images 
of DU145 cells grown in control DMEM media (Figure 7A), S16 conditioned media (Figure 7B) 
and S16Y conditioned media (Figure 7C) for 72h. The Schwann cell conditioned media did not 
induce remarkable phenotypic changes or proliferation rates of DU145 tumor cells (data not 
shown). 
 
S16 and S16Y Schwann cell conditioned medium influenced pancreatic tumor invasion  
 
We tested whether the S16 or S16Y cells increased tumor cell invasion using a modified Boyden 
chamber chemotactic Matrigel invasion assay. Pancreatic tumor CFPAC1 and BXPC3 cells were 
grown on top of solidified Matrigel in inserts with 8.0 PM pores.  The underside of the insert was 
exposed to control DMEM medium supplemented with 10% FBS, S16 or S16Y conditioned 
medium. The cells were incubated for 24h at 37°C and the underside of the inserts were fixed 
with methanol and stained with DAPI. The fluorescently labeled nuclei were detected using an 
Axiovert fluorescence microscope and 5 random fields per insert were counted. Figure 7A-C 
shows CFPAC1 tumor cell invasion when the cells were exposed to control DMEM containing 
10% FBS (Figure 7A) S16 (Figure 7B) or S16Y (Figure 7C) conditioned medium.  Figure 7D 
shows results from 3 independent experiments for both CFPAC1 and BXPC3 pancreatic tumor 
cells. The results indicate S16 conditioned medium increased invasion of CFPAC1 cells by 68% 
and BXPC3 cells by 67% when compared to control medium. S16Y conditioned medium 
decreased CFPAC1 cell invasion by 63% and BXPC3 cell invasion by 88% when compared to 
control medium.  
 
Schwann cell conditioned medium altered Į6p formation in pancreatic and prostate tumor 
cell lines 
 
Previous work has demonstrated the functional role of the cleaved form of the laminin binding 
Į6ȕ1 receptor, Į6pȕ1, in promoting tumor cell migration, invasion and metastasis [10, 14]. We 
have shown that Į6ȕ1 is highly expressed on tumor cells invading laminin rich nerves in human 
tissue samples [1]. We therefore tested whether conditioned medium from S16 or S16Y Schwann 
cells altered Į6pȕ1 formation on pancreatic and prostate cancer cells.  The DU145 and PC3 
prostate tumor cells and pancreatic CFPAC1 tumor cells were treated with control DMEM 
medium supplemented with FBS and conditioned medium from S16 and S16Y cells for 24h. The 
cells were lysed and Į6pȕ1 expression was analyzed using immunoprecipitation and immunoblot 
analysis. The results in Figure 8 demonstrate that S16 conditioned media increased the 
expression of Į6pȕ1 on tumor cells, while S16Y conditioned media significantly decreased the 
expression of the Į6p variant in all three cell lines.  
 
 
 
 
 



S16Y Schwann cell conditioned medium decreased Į6p formation is reversible 
 
We next determined whether decreased Į6pȕ1 expression on tumor cells exposed to S16Y 
conditioned medium was permanent or reversible. CFPAC1 tumor cells were treated with S16Y 
conditioned media for 24, 48 and 72h. Figure 9 demonstrates that Į6pȕ1 was reduced following 
24h of treatment. The S16Y medium was replaced with control DMEM medium supplemented 
with 10% FBS for an additional 24, 48 and 72h.  The results show that constitutive levels of 
Į6pȕ1decreased by S16Y conditioned medium recover within 24h once the medium is replaced 
with DMEM control medium.  
 
Schwann cell regulation of pancreatic tumor cell invasion is Į6pȕ1 dependent 
 
We next determined whether increased tumor cell invasion observed in response to S16 
conditioned medium was Į6pȕ1 dependent. CFPAC1 cells were treated with 50 ȝg/mL of the 
Į6pȕ1 formation blocking antibody J8H [14] prior to plating in a modified Matrigel Boyden 
chamber chemotactic assay. The cells were exposed to control DMEM medium supplemented 
with FBS and S16 conditioned medium for 24h at 37°C and the underside of the inserts were 
fixed with methanol and stained with DAPI. The fluorescently labeled nuclei were detected using 
an Axiovert fluorescence microscope and 5 random fields per insert were counted. The results in 
Figure 10 demonstrate that J8H decreased S16 induced pancreatic tumor cell invasion by 72% 
when compared to untreated cells.  
 
S16Y Schwann cell medium does not alter tumor cell uPA or uPAR expression levels 
 
Previous work has shown that the cell surface receptor uPAR and its ligand urokinase 
plasminogen activator (uPA) are required for cleavage of Į6ȕ1 to form Į6pȕ1 in the presence of 
macrophage conditioned medium [17]. Therefore, we next determined whether decreased Į6p on 
tumor cells treated with S16Y conditioned media was dependent on uPAR or secreted uPA 
expression. Figure 11A demonstrates ELISA results for total uPA expression from tumor cells 
treated with S16Y conditioned medium or control medium. The results indicate that CFPAC1 
cells secreted 2 fold and 3 fold higher levels of uPA when compared to DU145 and PC3 cells, 
respectively. Secreted uPA from CFPAC1 and PC3 tumor cells was not significantly decreased 
(1.5 fold) or increased in DU145 cells (0.7 fold) in response to S16Y conditioned medium. 
Results in Figure 11B show that tumor cell uPAR levels remain constant in the presence of S16Y 
conditioned medium as determined by immunoblot analysis.   
 
Dorsal root ganglia increased pancreatic and prostate tumor cell invasion 
 
Peripheral nerves contain nerve axons, Schwann cells, glial cells, fibroblasts and nerve 
associated immune cells. We therefore asked the question whether all cell types in the nerve 
environment were required to induce tumor cell invasion. Here, dorsal root ganglia (DRG) were 
isolated from adult Sprague Dawley rats, dissociated, grown in tissue culture dishes and 
conditioned media was collected at 48h intervals. The conditioned media from DRG cells was 
used in a modified Matrigel Boyden chamber chemotactic migration assay with PC3 and 
CFPAC1 cells. The results in Figure 12 indicate PC3 cell invasion increased by 45% and 
CFPAC1 cell invasion increased by 76% in the presence of DRG conditioned media.   



FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Perineural and endoneural tumor cell invasion and tumor/Schwann cell 
interactions. Human prostate cancer tissue was stained with the Schwann cell specific marker S-
100. (A) Cancer cells (Ca) invade nerves with Schwann cells around the perineurium 
(magnification 20x). (B) Endoneural invasion exhibits Schwann cells interspersed throughout the 
invaded nerve and in contact with prostate tumor cells (arrows). The nerve structure is lost 
during endoneural invasion and Schwann cells encircle the invading tumor cells.  
 
 
 
 

 
 
Figure 2. The laminin receptor Į6ȕ1 is expressed during human pancreatic cancer 
perineural invasion. (A) Human pancreatic cancer specimens were formalin fixed and paraffin 
embedded and reacted with hemotoxylin and eosin. Dark purple indicates tumor cells and the 
presence of the nerve is indicated. (B) Schwann cells in the nerve were detected using the 
Schwann cell specific S100 antibody. (C) The anti-Į6 integrin specific antibody AA6NTwas 
used to detect Į6 expression (dark brown) on cancer cells invading nerves. The Į6 subunit is also 
expressed in Schwann cells as expected (nerve).  
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Figure 3. Schematic demonstrating the hypothesized role of the laminin receptor Į6ȕ1 and 
the Į6pȕ1 variant during nerve invasion. The laminin receptor Į6ȕ1 binds the extracellular 
matrix laminin proteins (laminin 511) expressed by Schwann cells on nerves through the N-
terminal ligand binding domains. uPA binds to uPAR and cleaves Į6 to form the variant Į6pȕ1 
on the cell surface to release adhesion and promote tumor cell motility and invasion on nerves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Immortalized rat Schwann cell S16 and S16Y lines expressed Schwann cell 
specific markers. (A) Prostate cancer DU145 and PC3 cells and immortalized rat S16 and S16Y 
Schwann cell lines were lysed and proteins were analyzed using immunoblot to identify 
expression of the Schwann cell specific transcription factor Sox-10 and the S100ȕ protein. The 
prostate cells do not express Sox-10 and S100ȕ as expected (B) The S16 (a) and S16Y (b) 
Schwann cells were grown on glass coverslips, fixed with 2% formaldehyde and permeabilized 
with 0.1% triton to analyze S100ȕ expression using indirect immunofluorescence. The coverslips 
were probed with a Schwann cell specific anti-S100ȕ antibody and a fluorescently labeled 
secondary antibody and analyzed by immunofluorescence microscopy. 
 



 
Figure 5. In vitro model of perineural and endoneural invasion. (A) S16 immortalized 
Schwann cells, which express myelinating proteins or (B) immortalized S16Y Schwann cells 
were grown in tissue culture dishes for 24h. DU145 cells were grown with the S16 or S16Y cells 
and the co-cultures were cultivated for an additional 24h. Phase contrast images were taken with 
a Zeiss Axiophot microscope (10x magnification). DU145 cells cultured with S16Y cells form 
distinct islands and repulse the S16Y cells. (C) Neuron/glial cells were isolated from dorsal root 
ganglia (DRGs) extracted from male SCID mice.  The DRG cells were grown on poly-D-lysine 
(PDL) coated coverslips in 6-well plates and incubated for 7 days at 37qC. DU145 cells were 
grown on an adjacent coverslip in each well and the co-cultures were grown for an additional 7 
days. The growth patterns were observed using phase contrast microscopy. The DU145 cells 
form distinct islands among cords of DRG cells as noted. 
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Figure 6. Schwann cell conditioned medium and pancreatic tumor cell invasion. CFPAC1 or 
BXPC3 cells were plated on Matrigel coated inserts with 8 PM pores with (A) control DMEM  
(B) S16 or (C) S16Y conditioned medium on the bottom of the insert. The cells were allowed to 
invade for 24h and the undersides of the inserts were fixed and cells were stained with DAPI. 
Three random fields per insert were counted using an Axiovert fluorescence microscope. (D) The 
number of invaded cells per condition are represented graphically. The S16 conditioned medium 
significantly increased tumor cell invasion and the S16Y conditioned medium significantly 
decreased tumor cell invasion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Schwann cell conditioned medium does not affect tumor cell morphology. Prostate 
tumor DU145 cells were grown for 72h with (A) control medium (DMEM) (B) 48h S16 
conditioned media or (C) 48h S16Y conditioned medium. Phase contrast images were taken with 
a Zeiss Axiophot microscope (10x magnification). The DU145 cells did not exhibit 
morphological changes or altered growth rates in the presence of Schwann cell condition media.  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 8. Schwann cell conditioned media altered Į6p formation on pancreatic and 
prostate tumor cell lines. Pancreatic and prostate cell lines were treated with control medium 
(DMEM), or S16 and S16Y conditioned medium for 24h, the cells were lysed and the proteins 
analyzed using immunoblot analysis to detect Į6 and Į6p expression. The conditioned medium 
from S16 cells increased and S16Y conditioned medium decreased Į6p formation on both 
prostate and pancreatic tumor cells.  
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  S16 conditioned medium increased tumor cell invasion is dependent on Į6p 
formation. CFPAC1 pancreatic tumor cells were incubated for 24h in a modified Boyden 
Chamber invasion assay with control medium (IMDM) or conditioned medium from S16 
immortalized Schwann cells (S16 CM) on the underside of the insert. The CFPAC1 cells 
demonstrated increased invasion in response to S16 CM, which was significantly blocked by the 
Į6 cleavage blocking antibody J8H.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. S16Y conditioned medium decreased Į6p formation is reversible. CFPAC1 cells 
were treated with control medium (DMEM, 24h con) or S16Y conditioned medium (S1YM) for 
24 to 72h. The S16YM was aspirated and replenished with IMDM control medium for 24 to 72h. 
Exposure of the CFPAC1 cells to control medium following S16Y medium increased Į6p 
expression.  
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Figure 11.  S16Y conditioned medium effects on the uPA/uPAR axis in human prostate and 
pancreatic cancer cells. (A) CFPAC1, DU145, and PC3 tumor cells were incubated in S16Y 
conditioned medium or control medium (IMDM) for 48h. The medium was removed and a uPA 
ELISA was used to detect uPA concentration. The S16Y cells did not secrete detectable uPA 
(light grey bar, control). CFPAC1 cells exhibited decreased uPA levels (black bar) and PC3 cell 
uPA levels remain unchanged (dark grey bar). DU145 cells exhibited increased uPA levels 
(medium grey). (B) DU-145 prostate cancer cells were treated with S16 and S16Y medium for 
48h and uPAR levels were measured from total cell lysates using immunoblot analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Dorsal root ganglia conditioned medium increased pancreatic and prostate 
tumor cell invasion. CFPAC1 or PC3 cells were plated on Matrigel coated inserts with 8 PM 
pores with control DMEM/F12 or media collected from the dissociated cells of rat dorsal root 
ganglia (DRG CM). The cells were allowed to invade for 24h. The undersides of the inserts were 
fixed and cells were stained with DAPI. The graph represents the percent of invasion for each 
condition. The DRG conditioned medium significantly increased CPFAC1 and PC3 tumor cell 
invasion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



DISCUSSION  
 

The laminin family of extracellular matrix glycoproteins derived from myelinating 
Schwann cells coat nerve axons and play a prominent role in the development and maintenance 
of the peripheral nervous system [1]. Evidence has shown that the Į6ȕ1 laminin receptor 
promotes tumor cell migration and invasion following cleavage of the receptor to form the 
variant Į6pȕ1 by the serine protease urokinase plasminogen activator (uPA) [10, 14] and that 
tumor cells utilize Į6pȕ1 to metastasize to secondary locations. Immunohistochemistry 
performed on formalin fixed samples of human prostate and pancreatic tissue demonstrate 
remarkable Į6ȕ1 expression on tumor cells interacting with nerves wrapped with Schwann cells 
during NI. The hypothesis for this study was that Schwann cells in the nerve environment 
promote tumor cell invasion and migration on nerves by regulating Į6ȕ1 and Į6pȕ1 on tumor 
cells. The goal of this project was to evaluate the requirement for the laminin receptor Į6ȕ1 
expressed on tumor cells in driving prostate and pancreatic tumor cell invasion in response to 
Schwann cells using in vitro tissue culture models. Results presented here are the first to 
demonstrate the role of Schwann cells in dictating the invasive cancer phenotype. 

Here, immortalized rat Schwann cell lines and neurotropic prostate and pancreatic tumor 
cells provided a unique model system to study tumor and Schwann cell interactions.  The S16 
and S16Y cells are easily maintained in cell culture compared to primary Schwann cells and 
provide an efficient model for myelinating and non-myelinating Schwann cells. The S16 cells 
exhibit characteristics of Schwann cells early in the myelination process including decreased 
proliferation, clustering around neurons in culture and increased expression of myelin associated 
glycoprotein MAG and laminin glycoproteins [15]. The S16Y cells are a spontaneous clone of 
the S16 cells and exhibit rapid proliferation, decreased expression of MAG and laminin proteins 
and the inability to cluster around neurons in vitro which are all characteristics of non-
myelinating Schwann cells [15].  Results from this study demonstrated that prostate tumor cells 
grow interspersed with S16 Schwann cells as observed during endoneural invasion in vivo. 
Conversely, the tumor cells grow in distinct colonies adjacent to the Schwann cells when 
cultured with S16Y Schwann cells; a morphology similar to tumor and nerve interactions 
observed during perineural invasion in vivo. This suggests that the interaction between Schwann 
cells and tumor cells may be dictated by the myelinating morphology of Schwann cells. 
Interestingly, DU145 growth patterns were not affected by Schwann cell conditioned media. This 
suggests that direct tumor and Schwann cell contact may dictate tumor cell nerve invasion 
characteristics.  

Since S16 cells express myelin associated proteins and recapitulate endoneural invasion 
when co-cultured with tumor cells in vitro, we hypothesized that the myelinated laminin rich 
nerve axons may promote an invasive tumor cell morphology dependent on the laminin binding 
integrin Į6ȕ1. Interestingly, conditioned medium from S16Y Schwann cells decreased Į6pȕ1 
and tumor cell invasion whereas S16 Schwann cell conditioned medium increased cellular levels 
of Į6pȕ1 and tumor cell invasion. The increased tumor invasion observed in the presence of S16 
conditioned medium was dependent on Į6pȕ1 since a cleavage blocking antibody inhibited the 
increased invasion. These results indicate that S16 cells secrete chemotactic factors which 
promote cleavage of Į6 to the more motile and aggressive variant which is required for increased 
invasion of tumor cells on nerves. The non-myelinating S16Y Schwann cell conditioned medium 
decreased Į6p formation on tumor cells and decreased tumor cell invasion. This was unexpected 
as it demonstrated that S16Y cells secrete factors which reverse the aggressive tumor cell 



morphology. This suggests that non-myelinated nerves may not promote the aggressive tumor 
cell morphology. 

Previous studies have determined the prominent role of the uPA/uPAR axis in regulating 
cleavage of Į6 to form the aggressive variant Į6p. It is known that the interaction of uPA with its 
cell-surface receptor uPAR regulates cleavage of integrin Į6ȕ1. Therefore, we hypothesized that 
reduced expression of Į6p on tumor cells treated with S16Y conditioned medium was dependent 
on decreased uPA and uPAR.  However, results presented here demonstrate that a uPAR 
independent mechanism may play a role in regulating Į6pȕ1 formation on tumor cells in the 
nerve microenvironment since uPAR expression remained constant in tumor cells treated with 
S16Y conditioned medium. Further, tumor cells treated with S16Y conditioned medium did not 
demonstrate changes in secreted uPA and decreased Į6p expression observed following with 
S16Y conditioned medium was reversible. This demonstrates that mechanisms regulating Į6p 
formation in the non-myelinated nerve environment rely on constant exposure of tumor cells to 
secreted factors provided by Schwann cells which do not alter expression of the uPA/uPAR axis.  

In conclusion, results presented here indicate that myelinating Schwann cells increased 
Į6p formation and invasiveness of tumor cells. Further, cell-cell contact between myelinating 
Schwann cells and tumor cells demonstrated an endoneural in vitro growth pattern which may be 
associated with a more aggressive form of cancer (Figure 13). Non-myelinating S16Y Schwann 
cells and tumor cell co-cultures demonstrated an in vitro growth pattern which correlated with 
perineural invasion observed in vivo. Further, S16Y conditioned medium decreased tumor cell 
invasion and decreased Į6p formation which was not dependent on uPAR and uPA expression 
(Figure 13).  It is possible that S16Y cells secrete factors which reduce uPA activity or active 
uPA inhibitors such as PAI1 or promote a previously unidentified mechanism which regulates 
cleavage of integrin Į6ȕ1. Determining the identity of factors secreted by myelinating and non-
myelinating Schwann cells and the mechanisms by which they stimulate or impede tumor cell 
invasion will be the focus of future studies.  Understanding the factors which dictate the tumor 
cell endoneural and perineural invasion phenotypes are critical to understanding cancer 
metastasis and developing treatments that may improve the lives of individuals diagnosed with 
aggressive forms of neurotropic cancers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Effects of immortalized S16 and S16Y Schwann cells on neurotropic tumor cells. 
(A) S16 Schwann cell conditioned medium increased Į6p expression in DU145, CFPAC1 and 
PC3 cells and increased CFPAC1 and BXPC3 pancreatic tumor cell invasion. Co-culturing 
tumor cells with S16 Schwann cells resulted in an endoneural in vitro growth pattern. (B) S16Y 
Schwann cell conditioned medium decreased Į6p expression in DU145, CFPAC1 and PC3 cells 
and decreased CFPAC1 and BXPC3 pancreatic tumor cell invasion but did not affect uPA or 
uPAR expression. Co-culturing tumor cells with S16Y Schwann cells resulted in a perineural in 
vitro growth pattern. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A B 



REFERENCES 
 
1. Sroka, IC., TA. Anderson, KM McDaniel, RB. Nagle, MB. Gretzer, AE. Cress. "The laminin 

binding integrin Į6ȕ1 in prostate cancer perineural invasion." Journal of Cellular 
Physiology. 224.2 (2010): 283-288. (8) 

2. Liebig, C., G. Ayala, JA. Wilks, DH. Berger, and D. Albo. "Perineural invasion in cancer: a 
review of the literature." Cancer. 115.15 (2009): 3379-91. (6) 

3. Kimura, W., and T. Watanabe. "Anatomy of the pancreatic nerve plexuses and significance 
of their dissection." Nihon Geka Gakkai Zasshi. 112.3 (2011): 170-6. (13) 

4. Bapat, AA., G. Hostetter, DD. Von Hoff, H. Han, and . "Perineural invasion and associated 
pain in pancreatic cancer." Nature Reviews Cancer. 11.10 (2011): 695-707. (14) 

5. Villers, A., JE. McNeal, EA. Redwine, FS. Freiha, and TA. Stamey. "The role of perineural 
space invasion in the lcoal spread of prostatic adenocarcinoma." J. Urology. 142.3 (1989): 
763-8. (12) 

6. Hirai I. Et al. 2002. Perineural invasion and pancreatic cancer. Pancreas. 15-25 (15) 
7. "What are the key statistics about prostate cancer? "Prostate Cancer. American Cancer 

Society, 27 Feb 2012. Web. 8 March 2012. 
<http://www.cancer.org/Cancer/ProstateCancer/DetailedGuide/prostate-cancer-key-
statistics>. (1)  

8. "Pancreatic Cancer." National Cancer Institute. National Institutes of Health, n.d. Web. 8 
March 2012. <http://www.cancer.gov/cancertopics/types/pancreatic>. (2) 

9. Feltri, ML., and L. Wrabetz. "Laminins and their receptors in Schwann cells and hereditary 
neuropathies." J. Peripheral Nervous System. 10.2 (2005): 128-43. (10) 

10. Pawar, SC, MC Demetriou, RB Nagle, GT Bowden, and AE Cress. "Integrin alpha6 
cleavage: a novel modification to modulate cell migration."Experimental Cell Research. 
313.6 (2007): 1080-1089. Print. (5) 

11. Giancotti, F. and E, R. Integrin signaling. Science. 285: 1028-32. Review., 1999. (11) 
12. Demetriou, M.C. and Cress, A.E. (2004) Integrin clipping: a novel adhesion switch? J Cell 

Biochem, 91, 26-35. (3) 
13. Demetriou, M.C., Pennington, M.E., Nagle, R.B. and Cress, A.E. (2004) Extracellular alpha 

6 integrin cleavage by urokinase-type plasminogen activator in human prostate cancer. Exp 
Cell Res, 294, 550-8. (4)  

14. Ports, MO, RB Nagle, GD Pond, and AE Cress. "Extracellular engagement of alpha6 integrin 
inhibited urokinase-type plasminogen activator-mediated cleavage and delayed human 
prostate bone metastasis. ." Cancer Research. 69.12 (2009): 5007-14. Print. 

15. Toda, K., JA. Small, S. Goda, and RH. Quarles. "Biochemical and cellular properties of three 
immortalized Schwann cell lines expressing different levels of the myelin-associated 
glycoprotein." J. Neurochemistry. 63.5 (1994): 1646-57. 

16. Finzsch M. et al. Sox-10 is required for Schwann cell identity and progression beyond the 
immature Schwann cell stage. J. Cell Biol. May 17; 189 (4): 701-12. 2010 

17. Sroka, IC, CP Sandoval, H Chopra, JM Gard, SC Pawar, and AE Cress. "Macrophage-
dependent cleavage of the laminin receptor Į6ȕ1 in prostate cancer" Molecular Cancer 
Research. 9.10 (2011): 1319-28. Print. 

 
Supported in part by NIH CA23074 and CA159406 and HHMI Grant 52005889 


