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Abstract

Background & Aims: Little is known about mechanisms of perineural invasion (PNI) by 

pancreatic ductal adenocarcinomas (PDAs) or other tumors. Annexin A2 (ANXA2) regulates 

secretion of SEMA3D, an axon guidance molecule, which binds and activates the receptor 
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PLXND1 to promote PDA invasion and metastasis. We investigated whether axon guidance 

molecules promote PNI and metastasis by PDA cells in mice.

Methods: We performed studies in a dorsal root ganglion (DRG) invasion system, wild-type 

C57BL/6 mice (controls), mice with peripheral sensory neuron-specific disruption of PlxnD1 
(PLAC mice), LSL-KRASG12D/+;LSL-TP53R172H/+;PDX-1-CRE+/+ (KPC) mice, and KPC mice 

crossed with ANXA2-knockout mice (KPCA mice). PDA cells were isolated from KPC mice and 

DRG cells were isolated from control mice. Levels of SEMA3D or ANXA2 were knocked down 

in PDA cells with small hairpin and interfering RNAs and cells were analyzed by immunoblots in 

migration assays, with DRGs and with or without antibodies against PLXND1. PDA cells were 

injected into the pancreas of control and PLAC mice, growth of tumors was assessed, and tumor 

samples were analyzed by histology. DRG cells were incubated with SEMA3D and analyzed by 

live imaging. We measured levels of SEMA3D and PLXND1 in PDA specimens from patients 

with PNI and calculated distances between tumor cells and nerves.

Results: DRG cells increase the migration of PDC cells in invasion assays; knockdown of 

SEMA3D in PDA cells or antibody blockade of PLXND1 on DRG cells reduced this invasive 

activity. In mice, orthotopic tumors grown from PDA cells with knockdown of SEMA3D, and in 

PLAC mice, orthotopic tumors grown from PDA cells, had reduced innervation and formed fewer 

metastases than orthotopic tumors grown from PDA cells in control mice. Increased levels of 

SEMA3D and PLXND1 in human PDA specimens associated with PNI.

Conclusions: DRG cells increase the migratory and invasive activities of pancreatic cancer 

cells, via secretion of SEMA3D by pancreatic cells and activation of PLXND1 on DRGs. 

Knockdown of SEMA3D and loss of neural PLXND1 reduces innervation of orthotopic PDAs and 

metastasis in mice. Increased levels of SEMA3D and PLXND1 in human PDA specimens 

associated with PNI. Strategies to disrupt the axon guidance pathway mediated by SEMA3D and 

PLXND1 might be developed to slow progression of PDA.

“Lay Summary”

This study links the axon guidance pathway to pancreatic cancer invasion toward nerves and also 

describes a role of axon guidance molecules in pancreatic cancer metastasis.

Keywords
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Introduction:

Pancreatic ductal adenocarcinoma (PDA) is a devastating malignant disease in which the 5-

year stage combined survival rate is lower than any other cancer type in the United States at 

9% and it is the fourth leading cause of cancer death1. A major attribute to the poor 

prognosis is the lack of effective treatments in preventing and controlling metastasis. Many 

patients present with metastatic disease upon diagnosis; and, nearly all patients with 

localized disease recur and die from uncontrolled metastatic disease, even if their local 

disease had been controlled by surgical resection and radiation therapy2. Accumulating 

evidence suggests the PDA tumor microenvironment (TME) consisting of stroma, 
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fibroblasts, immune cells, endothelial cells, nerves, and the extracellular matrix attributes to 

tumor growth and metastasis 3–7. However, among all the TME components, the tumor-

neural paracrine signaling interaction is the least understood.

Perineural invasion (PNI), the neoplastic invasion of tumor cells into or surrounding the 

nerves, is a common histological feature among cancer types, but has the highest incidence 

in PDA at 80-100% and is an indicator of aggressive tumor behavior and poor prognosis8–13. 

PNI can occur in the absence of lymphatic or vascular invasion and is thought to represent 

the initial steps of metastasis14,15. Patients with PNI have been found to have an overall 

survival of over two years shorter than patients without PNI16. Moreover, neuroplastic 

changes such as increased neural hypertrophy and sprouting occur early in PDA 

development and, along with PNI, these factors have been implicated to provide a route for 

cancer dissemination3,8,17.

Whole exome sequencing of PDA samples demonstrated the axon guidance gene family was 

the most frequently altered gene family, including mutations and copy number changes18. 

Several neuron-derived factors have been identified to regulate PNI such as neural growth 

factor (NGF), glial cell-derived neurotrophic factor (GDNF), Artemin and SLIT 

signaling11,14,19–22; however, the role of semaphorin-plexin signaling, molecules involved in 

axon guidance, has not been determined in PNI. Multiple semaphorins and plexins, such as 

Semaphorin 3D (SEMA3D), SEMA3E, SEMA3A, Plexin A1, and Plexin D1 (PLXND1), 

have been found overexpressed in tumorigenesis and aid disease progression and 

metastasis23–25. We recently reported SEMA3D expression is upregulated during PDA 

development and is an essential secreted protein involved in PDA metastasis. SEMA3D 

secretion was found to be regulated by Annexin A2 (ANXA2), a phospholipid binding 

protein involved in exocytosis26. Secreted SEMA3D acts in an autocrine manner to increase 

PDA invasion and metastasis through binding to its co-receptors, PLXND1 and Neuropilin-1 

(NRP1)25. Moreover, in human PDA SEMA3D expression is associated with poor survival 

and metastasis25. Since SEMA3D and PLXND1 are axon guidance molecules involved in 

neuroplasticity during development, we hypothesized paracrine SEMA3D and PLXND1 

signaling could contribute to the increased PNI and neuroplasticity observed in PDA leading 

to increased invasive tumor capabilities and increased metastatic disease. Further elucidation 

of tumor-nerve signaling may provide new therapeutic targets that preclude PNI and aid 

survival.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Experiments

All animal experiments were performed in line with the Animal Care and Use Committee of 

Johns Hopkins University and maintained according to the American Association of 

Laboratory Animal Care guidelines. The KPC mouse is a genetically engineered mouse 

model of PDA, previously established though a pancreatic specific knock-in of conditional 

alleles of the KrasG12D and TP53R172H mutations on a mixed background of 129/SvJae/

C57Bl/627. Once these mice are crossed with PDX-1-CRE+/+ mice, they develop PanIN 

lesions that progress stepwise to full PDA development comparable to human disease with 

the LSL-KRASG12D/+;LSL-TP53R172H/+;PDX-1-CRE+/+ genotype. ANXA2 homozygous 
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knockout mice (ANXA2−/−) with C57Bl/6 background were previously crossed with KPC 

mice to generate LSL-KRASG12D/+;LSL-TP53R172H/+;PDX-1-CRE+/+;ANXA2−/− 

(KPCA)25. Conditional PLXND1 mice with loxP sites flanking exon one of the PLXND1 

gene were purchased from The Jackson Laboratory (stock number: 018319). Conditional 

PLXND1 mice were crossed with ADV-CRE (EMMA mouse repository) mice to create 

PLXND1 ADV-CRE+/− mice (PLAC).

The mouse pancreatic orthotopic injection model was previously described28. In summary, 

mice ages 8-12 weeks were anesthetized, the abdomen was opened and KPC tumor cells 

(1×105) suspended in 20uL PBS were injected into the pancreas.

Cell Culture

The development and culture method of primary murine KPC cell lines was previously 

described25. COS7 cells were cultured in DMEM with 10% FBS at 37°C in 5% CO2.

Primary DRG cells were collected from postnatal day 1-7 mice. Mice were euthanized and 

the vertebral column was removed and transferred to Leibovitz’s L15 medium (Gibco) with 

the dorsal side facing up under a microscope (Nikon SMZ Stereo Zoom) and DRGs were 

individually extracted. After collection, DRGs were resuspended in 5mg/mL collagenase 

and 2mg/mL dispase for 40 minutes shaking at 37°C. Cells were washed and cultured in 

DMEM with 10% FBS at 37°C in 5% CO2.

Human PDA specimens:

All human PDA specimens were obtained by patients who underwent 

pancreaticoduodenectomy between 1998-2004 at Johns Hopkins Hospital and received only 

adjuvant chemotherapy in accordance with Johns Hopkins Medial Institution Institutional 

Review Board approved protocol as previously described29. Patients who were primarily 

followed at JHMI and whose archived paraffin-embedded tissue blocks were in suitable 

condition were included. PNI was scored directly by a blinded pathologist using 

Hematoxylin & Eosin (H&E) stained slides. Tumor presence in the perineurium/

endoneurium region or a minimum of 120 degree encasement of the nerves by tumor cells 

was considered to be PNI.

Western Blot Analysis:

Western Blot analysis with rabbit anti-ANXA2 (Santa Cruz Biotechnology), rabbit anti-

SEMA3D (Abcam), mouse β-actin (Santa Cruz Biotechnology), rabbit anti-PLXND1 

(Novus) and rabbit anti-GAPDH (Cell Signaling) was described previously25.

Immunohistochemistry:

Immunohistochemistry(IHC) on mouse tissue was performed manually with anti-rabbit IgG 

ImmPRESS Excel Staining Kit (Vector) per manufacture instruction. Detail method is 

provided in supplement. IHC on human tissue for SEMA3D and PLXND1 was performed 

on an automatic stainer (Leica Microsystems) as previously described25,26.
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Multiplex and duplex IHC was performed using the sequential staining and striping method 

on mouse and human tissue as previously described30 and detailed method is provided in 

supplement.

Plasmid transfection, RNA interference and shRNA knockdown of SEMA3D in KPC cells:

Plasmid transfections and RNA interference, lentiviral expressing mouse SEMA3D shRNA 

(GeneCopeia) KPC cells, and recombinant AP-SEMA3D, AP-SEMA3E and AP-control was 

produced as described previously25.

Neurite Outgrowth Analysis:

DRG cells were isolated from WT C57Bl/6 mice 1-7 days after birth. Following culture, 

DRG cells were plated at 3,000 cells/well in 96-well plate and treated with KPC conditioned 

medium, AP-Ctrl, AP-S3D, anti-PLXND1 antibody, and/or IgG isotype antibody. Phase 

contrast images were taken every 3-4 hours for 5 days by IncuCyte ® Live imaging. After 

imaging, the IncuCyte ® NeuroTrack Software Module (Cat. No. 9600-0010) was utilized to 

determine neurite length and neurite branch points per cell body cluster area. Analysis was 

defined as cell-body cluster segmentation adjustment=0.3, Hole fill (μm2)=0.00, Minimum 

cell width (μm:10.00). cell-body cluster filters: Area (μm2)=min-500 max-4000. Neurite 

Parameters: filtering=better, neurite sensitivity=0.25, and neurite width=1 μm.

Halo Image Analysis:

Stained slides were scanned using the Hamamatsu (Nano Zoomer) at 20-40x magnification 

and distance analysis was performed using HALO 2.0 software as described in detail in the 

supplement methods.

Quantification and Statistical Analysis:

Statistical analysis was performed using GraphPad Prismx7.0c (GraphPad Software). Data 

was presented as means±SEM. A P value of < 0.05 was considered statistically significant.

Results:

Reduction of SEMA3D decreases tumor cell invasion in vitro and nerve density in murine 
PDA tumor model.

Accumulating evidence on the biological function of semaphorins and plexins in 

tumorigenesis 23,24,31, as well as, our previous report on SEMA3D in PDA25, provided clues 

to direct our attention to a potential role in PNI of PDA. We investigated if tumoral 

SEMA3D could regulate invasion towards nerves in a paracrine manner. To model PNI in 
vitro, we used a modified Boyden chamber invasion assay, in which Dorsal Root Ganglion 

(DRG) cells obtained from postnatal wild-type C57BL/6 (WT) mice were used as a source 

of nerves, and as a chemoattractant to tumor cells32. Murine PDA cells were previously 

derived from a KPC (LSL-KRASG12D/+;LSL-TP53R172H/+;PDX-1-CRE+/+) mouse that 

develops PDA spontaneously25,27. Using this assay, we demonstrated KPC tumor cells have 

an inherent migratory ability which is significantly increased upon co-culture with DRG 

cells (Supplementary Fig. S1A). SEMA3D (shSEMA3D) or scramble control (shCTRL) was 

Jurcak et al. Page 5

Gastroenterology. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



knocked down in KPC tumor cells using a lentiviral system and confirmed by western blot 

(Supplementary Fig. S1B). ShSEMA3D KPC cells had decreased invasive potential 

compared shCTRL cells. In addition, the invasion of KPC cells towards DRG is SEMA3D 

dependent, as cells with SEMA3D knock down lose their invasive potential enhanced by 

DRGs. The invasion of shSEMA3D cells tends to be lower in the absence of DRG, 

suggesting secreted factors from DRGs can partially rescue the invasion of shSEMA3D cells 

(Fig. 1A). These results demonstrate tumoral SEMA3D acts in a paracrine fashion important 

for invasion towards nerves in vitro.

To further establish the paracrine role of tumoral SEMA3D on neural invasion in PDA, we 

utilized a murine orthotopic injection model, previously described28 to examine changes in 

neural innervation in vivo. KPC shSEMA3D or shCTRL tumor cells were orthotopically 

injected into the pancreas of WT mice. After 10 days of growth, the time found optimal to 

view nerves within the tumor environment before the expansive tumor growth crushed the 

nerves, tumors were collected. Nerve innervation was analyzed by H&E, and previously 

described neuron-specific class III β-tubulin TUJ1 immunohistochemistry33 (Fig. 1B and 

1C). Mice who received shSEMA3D cells had significantly less nerve innervation present in 

the tumor area compared to control (Fig. 1D). These results suggest decreased tumoral 

SEMA3D is associated with less nerve innervation in the TME.

Blockade of neural PLXND1 reduces tumor cell invasion towards nerve.

Since our data demonstrates nerve presence increases the invasion capability of PDA tumor 

cells in vitro, we next examined if axon guidance molecules expressed by the nerves are 

important for paracrine mediated tumor invasion. PLXND1 has been identified as a co-

receptor for SEMA3D signaling25,34,35 and is expressed during development and in adult 

murine peripheral nervous tissue36,37. Therefore, we hypothesized the receptor PLXND1 

expressed by the nerves is important for paracrine mediated tumor cell invasion. We 

confirmed PLXND1 protein expression on postnatal murine DRG through 

immunohistochemical staining (Supplementary Fig. S2). Next, KPC cell invasion was 

measured after co-culture with DRG cells treated with PLXND1 neutralizing antibodies to 

block the putative SEMA3D receptor or isotype control antibodies. Blockade of PLXND1 

resulted in diminished invasion of KPC tumor cells towards DRG cells compared to control 

treatment (Fig. 2A). KPC tumor cells still maintained their baseline motility, implicating 

enhanced invasion of tumor cells towards DRGs is PLXND1 dependent.

Next, we tested if exogenous recombinant SEMA3D protein could rescue the decreased 

invasion capabilities in shSEMA3D KPC cells and neuronal PLXND1 blockade. Exogenous 

addition of alkaline phosphatase tagged-SEMA3D recombinant protein(AP-S3D), prepared 

as previously described38, to shSEMA3D KPC tumor cells rescued the enhanced invasive 

potential compared to AP-Ctrl treatment (Fig. 2B), confirming the role of SEMA3D in 

increased invasion. Furthermore, we examined if SEMA3E, previously been found to also 

bind PLXND1, could compensate for loss of SEMA3D in invasion 25,38. Alkaline 

phosphatase tagged-SEMA3E recombinant protein (AP-S3E), and AP-Ctrl was added to 

shSEMA3D cells in the presence of DRG cells. However, SEMA3E treatment did not 

significantly increase KPC cell invasion in shSEMA3D KPC cells (Figure 2C). These results 
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suggest that SEMA3E cannot compensate for the loss of SEMA3D to increase invasion 

capabilities of KPC cells. Moreover, when shCTRL or shSEMA3D KPC cells were co-

cultured with DRG cells treated with PLXND1 neutralizing antibody, exogenous addition of 

AP-S3D did not restore tumor cell invasion (Fig. 2D and 2E). These results indicate 

blockade of neuronal PLXND1 reduces tumoral invasion in vitro even in the presence of 

exogenous SEMA3D.

SEMA3D increases neurite outgrowth on DRG cells.

Previous studies have shown PDA tumor conditioned media is capable of increasing neurite 

outgrowth of DRG cells, implicating secreted factors are partially responsible for increased 

neural hypertrophy and sprouting detected in the PDA TME39. We also found KPC 

conditioned medium significantly increases DRG cell neurite outgrowth; which, is 

diminished upon addition of PLXND1 neutralizing antibodies (Supplemental Fig 3A and B). 

To test the role of SEMA3D in increased neural remodeling, recombinant AP-S3D and AP-

Ctrl was added to DRG cells and live imaged every 3-4 hours. AP-S3D significantly 

increased DRG neurite length and neurite branch points per cell body cluster areas which 

was significantly decreased upon the addition of PLXND1 neutralizing antibodies (Fig. 2F 

and 2G). This data suggests, SEMA3D signaling through PLXND1 impacts neuronal 

outgrowth implicating reciprocal signaling between neural and PDA cells.

Presence of perineural invasion and increased nerve innervation in murine PDA is ANXA2 
dependent.

We previously found ANXA2 to regulate the tumoral secretion of SEMA3D; therefore, next 

we investigated if loss of ANXA2 expression in PDA tumors, and consequently low amounts 

of secreted SEMA3D25, impacted the incidence of PNI. To evaluate role of ANXA2 in the 

mechanism of PNI in PDA development we utilized two mouse models, LSL-

KRASG12D/+;LSL-TP53R172H/+;PDX-1-CRE+/+ (KPC) mice, which are genetically 

engineered to develop spontaneous PDA tumors, and KPCA mice, obtained by crossing 

KPC and ANXA2 knockout mice. PDA development in KPC and KPCA mice recapitulates 

human disease progression starting with low-grade pancreatic intraepithelial neoplasms 

stepwise to invasive PDA; however, the KPCA mice lack metastatic potential in their 

primary tumors25. H&E and TUJ1 stained primary tumor slides of similar size from both 

KPC and KPCA mice were scored for PNI (Fig 3A and 3B). We found 31% of the KPC 

mice (5/16) had PNI present, whereas PNI was not found in the KPCA mice (0/26) (Fig. 

3C), suggesting the presence of PNI is ANXA2 dependent. Next, we investigated the loss of 

ANXA2 on intratumoral nerve density. Nerve density in H&E stained tissue from KPC and 

KPCA mice were analyzed. Overall nerve density was generally low in the KPC model, 

potentially explained by the aggressive tumor cell expansion and consequent nerve crushing 

during tumor growth. Nevertheless, tumors from KPC mice had significantly higher nerve 

density compared to KPCA mice (Fig. 3D) implicating a role for ANXA2 in regulating 

innervation of PDA tumors.

Next, we used the DRG invasion assay in vitro model to confirm the role of ANXA2 in 

tumor cell invasion towards nerves. Small interfering RNA targeting ANXA2 (siANXA2) or 

scrambled RNA (siCTRL) was used to knock down ANXA2 expression in KPC cells 
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(Supplementary Fig. S1C). Knockdown of ANXA2 significantly reduced tumor cell invasion 

compared to control cells in the absence of DRG, confirming its importance in the invasion 

process (Fig. 3E). Moreover, in the presence of DRG, ANXA2 knockdown decreased tumor 

cell invasion toward nerve, whereas control transfected tumor cells showed significant DRG 

dependent increased invasion (Fig. 3E). These results support a role for tumoral ANXA2 in 

the paracrine signaling mechanism of tumor cells migrating towards nerves.

Reduction of neuronal PLXND1 expression decreases intratumoral nerve density and 
metastasis in murine model of PDA.

To further establish the role of neuronal PLXND1 in the paracrine tumor cell invasion 

signaling we created a mouse model to study the nerve innervation and tumor cell metastasis 

in vivo. Conditional PLXND1, PlxnD1f/f (PL) mice, with loxP sites flanking exon one of the 

PLXND1 gene, were crossed with Advillin-Cre (Adv-Cre+/−) to create PlxnD1f/f ADV-CRE
+/− (PLAC) mice. Advillin is expressed in almost all peripheral sensory neurons of the DRG 

and trigeminal ganglia40; therefore, in PLAC mice PLXND1 expression is knocked out in 

peripheral sensory neurons to study paracrine neuron-tumor signaling. PLXND1 knock out 

was confirmed by immunohistochemical staining in DRG and pancreas tissue 

(Supplementary Fig. S4). The orthotopic PDA tumor cell injection model was used study the 

role of neuronal PLXND1 on nerve density. Upon histological examination of nerves present 

per whole tumor area, we found PLAC mice had a significantly lower intratumoral nerve 

density in comparison to their littermate controls (Fig. 4A), while no innervation differences 

were observed in the pancreas of mice without pancreas tumors (data not shown). This result 

suggests neural PLXND1 is involved in regulating intratumoral nerve density.

PNI has recently been appreciated as an emerging route for tumor cell dissemination14. 

Studies indicate reciprocal tumor-nerve signaling may contribute to PNI41. We hypothesized 

neural PLXND1 involved in paracrine tumoral SEMA3D signaling may influence tumor cell 

metastasis. To test this hypothesis, orthotopic tumors grown from PDA cells from age and 

gender-matched WT and PLAC mice were evaluated for tumor size and metastasis. Tumor 

size measured at necropsy was not significantly different (Fig. 4B), in line with previous 

research that PLXND1 expression does not change tumor growth 25. In the control group of 

10 mice, 5 mice were identified with liver, diaphragm or gut metastasis by histological 

examination; however, only 1 out of 12 PLAC mice were identified with metastasis (Fig. 4C 

and 4D). Furthermore, PDA tumors in littermate PL and PLAC were also examined. 

Twenty-nine percent of control (PL) mice developed liver, diaphragm or gut metastasis; 

whereas, only 6% of PLAC developed metastasis. In addition, the number of metastasis per 

organ was significantly higher in PL mice comparing to PLAC mice (Fig. 4E), suggesting 

neuronal PLXND1 is important for paracrine signaling to promote tumor metastasis. These 

results indicate decreased neuronal PLXND1 decreases murine PDA metastasis but does not 

alter primary tumor growth.

High SEMA3D and PLXND1 expression and shorter distance between SEMA3D/PLXND1-
high tumor cells and nerves in human PDAs is associated with PNI.

We have previously shown PDA tumor cells increase expression of SEMA3D and PLXND1 

over disease progression25; however, we sought to investigate if nerves innervating murine 
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PDA tumors expressed these axon guidance proteins. Multiplex immunohistochemical 

staining was performed on KPC PDA tissue for hematoxylin, TUJ1, PLXND1 and 

SEMA3D on a single tissue slide. SEMA3D and PLXND1 expression co-localizes on tumor 

cells and peripheral nerves in the adult KPC tumor pancreas tissue (Fig. 5A and 

Supplemental Fig. S5). Next, we wanted to examine SEMA3D and PLXND1 expression and 

PNI in primary human PDA specimens. PNI was analyzed through multiplex staining of 

epithelial maker EpCam and neural marker TUJ1 (Figure 5B) in banked human paraffin-

embedded resected PDA tissue. SEMA3D and PLXND1 were determined to have semi-

quantitative high or low immunohistochemical staining (Fig. 5C and Supplementary Fig. 

S6). Tissue with histological confirmation of PNI was significantly associated with high 

SEMA3D staining compared to tissue without PNI (Fishers Exact Test p=0.002) (Fig. 5C, 

Supplementary Fig. S6, and Table 1). Furthermore, high staining of PLXND1 was 

significantly associated in tissue with PNI compared to without PNI (Fishers Exact Test 

p=0.002) (Fig. 5C and Table 1). Co-localization of SEMA3D and PLXND1 was also found 

in tumor cells and nerves in PNI positive samples (Fig. 5D). These results suggest SEMA3D 

and PLXND1 expression is increased in PNI and co-localizes in nerve and tumor cells.

Moreover, we used Halo image analysis software to quantitatively measure the distance of 

positively stained SEMA3D or PLXND1 cells to nerves in human PDA tissue with and 

without PNI (Supplementary Fig. S7). The number of SEMA3D positively stained tumor 

cells per μm2 was significantly higher in tissue with PNI when the tumor cells were within 

300-500 microns of the nerves compared to tissue without PNI. A strong trend towards 

increased SEMA3D positive tumor cells within 0-200 microns of nerves in tissue with PNI 

was also observed (Fig. 5E). In addition, the number of PLXND1 positively stained cells per 

μm2 was significantly higher in tissue with PNI when tumor cells were within 0 to 500 

microns of the nerves compared to tissue without PNI (Fig. 5F). Increase in SEMA3D or 

PLXND1 positive cells was not due to an increase in overall tumor cellularity as there is no 

significant difference in cell density between PNI positive and negative samples 

(Supplementary Fig. S7). These results suggest that shorter distance between tumor cells, 

which express high-level SEMA3D/PLXND1, and nerves in PDAs is associated with PNI.

Decrease in both tumoral SEMA3D and neural PLXND1 DRG shows further reduction in 
tumor invasion and nerve density.

To better elucidate the mechanism of paracrine SEMA3D/PLXND1 signaling, we analyzed 

tumor cell invasion with tumoral SEMA3D knockdown and DRG cells treated with a 

PLXND1 neutralizing antibody. We found when both tumoral SEMA3D is decreased and 

DRG cells are treated with PLXND1 neutralizing antibody, there is a significant further 

reduction in the KPC tumor cell invasion capability compared to shSEMA3D or PLXND1 

antibody treatment alone (Fig. 6A). In addition, the orthotopic PDA tumor cell injection 

model was used to study neuronal PLXND1 and tumoral SEMA3D in PDA invasion in vivo 
in littermate PL and PLAC mice. Ten days after orthotopic cell injection, tumors were 

collected. Upon histological examination of nerve abundance in the whole tumor area, we 

found PL mice receiving shSEMA3D tumors had a similar nerve density compared to PLAC 

mice with shCTRL tumors and, shSEMA3D knockdown tumors in PLAC mice exhibited a 

further reduction in intratumoral nerve innervation (Fig. 6B). Possible explanation for the 
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combined further reduction in tumor cell invasion and intratumoral nerves could result from 

incomplete antibody blockade of DRG cells or incomplete PLXND1 sensory nerve knock 

out (Supplementary Fig. S4C); however, we do not rule out the possibility of involvement of 

other secreted semaphorins in this pathway (Fig. 6C). Further investigation is necessary to 

determine if reduction of both tumoral SEMA3D and sensory neural PLXND1 can further 

inhibit tumor cell metastasis. Taken together, these results suggest that both neural PLXND1 

and tumoral SEMA3D are involved in regulating increased tumor cell invasion and 

intratumoral nerve density.

Discussion:

Perineural invasion is a well-established pathological feature of PDA associated with 

negative prognostic outcomes after surgical resection10–12,42; however, the mechanistic 

relationship between tumor cells and nerves leading to disease progression remains unclear. 

ANXA2, SEMA3D and PLXND1 have previously been linked to tumor growth and 

metastasis through an autocrine pathway; however, this study, for the first-time links 

ANXA2-SEMA3D-PLXND1 signaling to PNI in PDA through a paracrine pathway. Here, 

we have found PDA tumor cell invasion towards DRG cells is dependent on tumoral 

SEMA3D and ANXA2 expression. We believe functional ANXA2 allows for the exocytosis 

of SEMA3D, therefore regulating SEMA3D secretion25. As ANXA2 expression is increased 

during PDA development26, it will be interesting to explore how this process impacts PNI 

more in the future. Reduced expression of the SEMA3D co-receptor, PLXND1, on DRG 

cells led to reduced invasion of tumor cells toward nerves. Hyper-innervation is another 

well-established characteristic of PDA associated with PNI9,17; we found decreased tumoral 

SEMA3D decreased tumoral nerve innervation in our murine model of PDA. In addition, 

SEMA3D increased neurite outgrowth of DRG cells in a PLXND1-dependent manner. 

Moreover, transgenic mice which lack PLXND1 expression on sensory nerves presented a 

reduction in tumoral neural innervation, as well as, a significant decrease in PDA tumor 

metastasis compared to control mice. We found high tumoral expression of SEMA3D and 

PLXND1 and shorter distance between tumor cells, which express high-level SEMA3D/

PLXND1, and nerves to be associated with PNI in human PDAs. These results provide 

further mechanistic understanding of paracrine interactions between tumor cells and nerves 

in PDA.

SEMA3E has been implicated in tumor cell migration24 and can bind to PLXND1 

independently of NRP138, providing a possible paracrine interaction. Surprisingly, our study 

demonstrated SEMA3E did not increase shSEMA3D KPC cell invasion capability, 

suggesting SEMA3E is not involved in the paracrine function of regulating PNI. SEMA3A 

expression has also been negatively implicated in PDA23; however, is unlikely involved in 

this particular paracrine interaction because SEMA3A does not bind PLXND1. 

Nevertheless, we cannot exclude the possibility of other semaphorin involvement other than 

SEMA3E. Additionally, reduction of the autocrine SEMA3D pathway, previously 

established25, can potentially contribute to decreased invasion and intratumoral innervation. 

Consistent with this notion, Figure 1A demonstrates knockdown of SEMA3D from KPC 

cells lowered the migratory capability of KPC cells to a larger extent than just losing the 

capability of migrating toward DRG. Therefore, the autocrine effect of SEMA3D likely also 
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plays a role in PNI. A future study on how SEMA3D coordinates the tumor intrinsic 

migratory capability with its capability of migrating toward the nerve in vivo is warranted.

Human PDA immunohistochemistry demonstrated the distance of SEMA3D-positive cells 

were found in close proximity to nerves, supporting our in vitro data that tumor cells migrate 

toward nerves; however, the impact of tumor cell invasion in other co-culturing models with 

tumor and nerve cells remains to be investigated. In addition, to define tumor cellularity 

differences between samples, we were limited to use weak SEMA3D or PLXND1 staining 

to identify tumor cell populations per area of tissue. In the future studies, it will be 

interesting to co-stain tumor cells and axon guidance markers to further investigate the 

spatial role of SEMA3D and PLXND1 expression in relation to PNI. Intratumoral nerve 

density was measured in orthotopic tumors from PDA cells as a surrogate for PNI, as the 

rapid tumor cell growth often crushed nerves in the later stages of this disease model. 

However, the murine KPC model is capable of developing PNI during disease progression43; 

therefore, we utilized KPCA tumors to confirm the role of ANXA2 in vivo. The rate of PNI 

is much lower in KPC mice compared to humans, which is an anticipated characteristic of 

the KPC model. KPC mice primarily die from primary tumor growth, not metastasis; 

therefore, KPC tumors may not have as high metastatic potential as human PDAs. Moreover, 

because SEMA3D knock out mice cannot survive past birth, AnxA2 knock out mice were 

utilized.

SEMA3D is dually expressed by the tumor cells and by the intrapancreatic nerves (Fig. 5C), 

implicating two possible mechanisms of PNI: the tumor cells travel towards the nerves or the 

nerves sprout towards the tumor. While both options may be happening synergistically, our 

DRG in vitro data supports the hypothesis that tumor cells expressing SEMA3D can travel 

towards PLXND1 expressing neurons. Similarly, without DRG in the invasion chamber, 

SEMA3D positive tumor cells still exhibit increased motility, possibly due to the autocrine 

effect of SEMA3D25. Furthermore, if this perineural invasion activity is a route for 

metastasis or just a surrogate marker for increased metastasis needs to be further explored. 

The celiac plexus is adjacent to the pancreas and is often invaded by PDA tumors before 

surgical resection. However, after primary and marginal surgical resection, there is no 

specific recurrence pattern along the nerve, suggesting the classical route of systemic 

hematogenous spread of cancer cells44. While tumor cell invasion into the nerves might 

provide a route for metastasis, based on recurrence pattern data, it seems nerves are 

providing a reservoir for tumor cells after resection, allowing tumor cells to thrive and then 

become a source of hematogenous dissemination and peritoneal metastasis.

This is the first time a PNI mechanism is associated with the semaphorin and plexin gene 

family that is genetically altered in PDA. In future studies, it will be important to link the 

role of axon guidance molecules in PNI to specific genetic alterations in human PDAs. It 

will be interesting to explore how the ANXA2-SEMA3D-PLXND1 signaling pathway fits in 

with other signaling molecules currently identified to be involved in PNI in PDA such as 

NGF, GDNF, Artemin and SLIT12/ROBO19–22. Furthermore, the exact signaling 

mechanism of SEMA3D inducing increased tumor cell invasion remains to be explored.
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“What You Need to Know”

Background and Context:

Why pancreatic cancer is associated with high incidence of perineural invasion and the 

underlying mechanism involved is not fully understood.

New Findings:

The Sema3D-PlexinD1 axon guidance pathway mediates paracrine signaling between 

tumor cells and nerves to enhance innervation and perineural invasion in pancreatic 

cancer.

Limitation:

This study has not examined the relationship between the role of axon guidance 

molecules in perineural invasion with specific pancreatic cancer genetic alterations.

Impact:

Increased elucidation of tumor-nerve signaling will provide new therapeutic targets that 

preclude perineural invasion and enhance patient survival.

Jurcak et al. Page 16

Gastroenterology. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Reduction of SEMA3D decreases tumor cell invasion in vitro and nerve density in 
murine PDA tumor model.
(A) Invasion potential of shSEMA3D or shCTRL KPC cells was measured in the presence 

and absence of DRG. Tumor cells were plated on the top chamber while DRG were plated 

on the bottom chamber and invasion was measured 24 hours later by CCK8 at 450nm. Data 

are means ± SEM from 4 technical replicates and representative of at least 3 experiments. 

(B) Mice with orthotopic tumors from shSEMA3D or shCTRL PDA cells were utilized. 

H&E images of the pancreas tumor area on day 10 post-injection. Arrows indicate nerve 

innervation into the tumor area. Images representative of 10 mice in each group. (C) Duplex 

immunohistochemical staining of tumor tissue was examined using hematoxylin and nerve 

specific marker, TUJ1 to analyze nerve density. (D) The number of nerves per whole tumor 

area from orthotopic tumors from shSEMA3D or shCTRL PDA cells was analyzed by H&E. 

Data are means ± SEM from 10 mice in each group *p<0.05, **p<.01, ***p<0.001 

(unpaired student t-test).
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Figure 2: Blockade of neural PLXND1 reduces tumor cell invasion towards nerve.
(A) Invasion assay using KPC tumor cells were plated in the top chamber and untreated, IgG 

isotype control or PLXND1 neutralizing antibody treated DRGs were plated in the bottom 

chamber, invasion was quantified 24 hours later by CCK8. (B) Recombinant AP-Ctrl or AP-

S3D was added to shSEMA3D KPC cells and invasion was measured after 24 hours. (C) 

Invasion capability of shSEMA3D KPC cells was measured after 24 hour treatment with 

AP-Ctrl or AP-SEMA3E (AP-S3E). (D) KPC shCTRL or (E) shSEMA3D were plated on 

the top chamber with AP-S3D and DRG was plated on the bottom chamber with either 
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control or PLXND1 neutralizing antibody, invasion was measured 24 hours later (unpaired, 

student t-test). (F) DRG cells were treated with AP-Ctrl or AP-S3D and (G) AP-S3D and 

control antibody (goat-IgG) or PLXND1 antibody (PLXND1-IgG). DRG cells were phase 

contrast imaged every 3-4 hours and images were used for analysis of neurite length or 

neurite branch point per cell body cluster area over time (Kruskal-Wallis Test). Data are 

means ± SEM from 4 technical replicates and representative of at least 2 experiments. ns− 

not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure 3: Presence of perineural invasion and increased nerve innervation in murine PDA is 
ANXA2 dependent.
(A) H&E staining of PDA tissue from KPC and KPCA mice indicating PNI (arrows) in KPC 

mouse. Images representative of 16 KPC mice and 26 KPCA mice. (B) Duplex 

immunohistochemical staining of KPC and KPCA mouse PDA tissue was performed with 

hematoxylin and TUJ1. Representative images are shown. (C) Percentage of perineural 

invasion found in KPC versus KPCA mice, Fisher’s Exact Test. (D) Nerves were counted in 

the pancreas tumor area of KPC and KPCA mice on H&E slide. The samples were defined 

as having low (0-1), medium (2-3), or high (>3) nerve density. Differences in KPC and 

KPCA nerve density is shown by overall percentage, Fisher’s exact test. (E) Cell invasion 

was quantified in KPC cells with siRNA targeting ANXA2 (siANXA2) or scramble control 

(siCTRL) in the presence and absence of DRGs. Data are means ± SEM from 4 technical 

replicates and representative of at least 3 experiments, unpaired student’s T-test. * p<0.05, 

**p<0.01, ****p<0.0001
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Figure 4: Reduction of neuronal PLXND1 expression decreases intratumoral nerve density and 
metastasis in murine model of PDA.
(A) PLXND1f/f mice and PLXND1 Adv-Cre+/− mice underwent orthotopic injection of KPC 

cells into the pancreas. Nerves per whole tumor area were quantified. Data are means ± 

SEM from n=14 PLXNDf/f and n=19 PLXND1 Adv-Cre+/− mice in each group, unpaired, 

two-tailed student t-test. (B) Orthotopic tumors grown from PDA tumor cells were collected 

and measured in WT and PLXND1 Adv-Cre+/− mice 28 days later. Data are means ± SEM 

from at least 10 mice, unpaired, two-tailed student t-test. (C) Representative H&E staining 

of the diaphragm from WT and PLXND1 Adv-Cre+/− mice indicating metastasis in the WT 
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tissue (metastasis indicated with arrows). Scale bars=50μm. (D) Micrometastasis formation 

was assessed by H&E staining of the liver, gut, and diaphragm tissue collected 28 days after 

injection (Fisher’s Exact Test). (E) Number of metastatic organ sites/mouse in liver, gut and 

diaphragm was analyzed in organs collected upon autopsy. PLXND1f/f n=17, PLXND1 

Adv-Cre+/− n=18 mice. Note: both WT and PL mice were used as control. n.s.− not 

significant, *p<0.05
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Figure 5: High SEMA3D and PLXND1 expression and shorter distance between SEMA3D/
PLXND1-high tumor cells and nerves in human PDAs is associated with PNI.
(A) Multiplex IHC was performed on a single slide of mouse PDA tissue for Hematoxylin, 

TUJ1, SEMA3D and PLXND1. An intratumoral nerve bundle is shown and arrows indicate 

single nerve cells stained with respective markers. (B) Multiplex IHC was used to identify 

PNI positive and negative human PDA tissue with epithelial marker, EpCam, staining tumor 

cells and nerve marker, TUJ1, staining neural cells. Representative images are shown, scale 

bar =100μm. (C) Banked human paraffin-embedded resected PDA tissue with or without 

PNI was stained for H&E, SEMA3D and PLXND1. Arrows indicate nerves and arrowheads 

indicate tumor cells. Images representative of n=16 with PNI and n=8 without PNI. (D) Co-

localization of SEMA3D and PLXND1 on tumor cells and nerves in human PDA was 

analyzed using multiplex IHC. Respective images are from PNI positive and negative 

samples. Tumor cells and nerves are from different areas of the same PNI positive or 

negative slide. EpCam identifies tumor cells, TUJ1identifies nerves, and the merge image 

displays SEMA3D and PLXND1 co-localization. Scale bar =300pm for tumor cells and 

=200μm for nerve images. (E) Halo image analysis software was used to measure the 

amount of SEMA3D or (F) PLXND1 positively stained cells per μm2 within 100-500 
microns of nerves in human PDA tissue with and without PNI, unpaired two-tailed 
student’s t-test. *p<0.05
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Figure 6: Decrease in both tumoral SEMA3D and neural PLXND1 shows further reduction in 
tumor invasion and nerve density.
(A) ShSEMA3D or shCTRL KPC cells were plated on the top chamber and DRG cells were 

plated on the bottom with control goat antibody or neutralizing PLXND1 antibody, invasion 

was measured after 24 hours. Data are means ± SEM from 4 technical replicates, unpaired, 

two-tailed students t-test. (B) Orthotopic tumors were grown from shSEMA3D or shCTRL 

PDA cells in PLXND1 f/f and PLXND1 Adv-Cre+/− mice. The number of nerves per whole 

tumor area from mice pancreas H&E slides were quantified. Note PL and PLAC shCTRL 

data from Figure 4A is combined for comparison. Data are means±SEM from at least 6 mice 

in each group, unpaired, two-tailed student t-test. *p<0.05, **p<0.01, ***p<0.0001 (C) 

Model presenting the proposed paracrine signaling mechanism. ANXA2 (yellow block) 
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controls the extracellular release of SEMA3D (purple circle) allowing interaction with its 

receptor PLXND1 (blue) on neurons aiding in increased tumor cell invasion and metastatic 

capabilities. The black circles and orange receptors indicate other axon guidance molecules 

potentially contributing to this signaling pathway.
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Table 1:

Analysis of High SEMA3D and PLXND1 positive staining in human PDA tissue shows significant association 

with PNI positive samples compared to PNI negative samples. Fishers Exact Test p=0.002

PNI Positive (n=16) PNI Negative (n=8)

SEMA3D staining High 13 (81%) 0 (0%)

Low 3 (19%) 8 (100%)

PLXND1 staining High 15 (94%) 1 (13%)

Low 1 (6%) 7 (87%)
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