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Abstract

The molecular mechanism of perineural invasion (PNI) is unclear, and insufficient detection during early-stage
PNI in vivo hampers its investigation. We aimed to identify a cytokine paracrine loop between pancreatic ductal
adenocarcinoma (PDAC) cells and nerves and established a noninvasive method to monitor PNl in vivo.

Methods: A Matrigel/ dorsal root ganglia (DRG) system was used to observe PNI in vitro, and a murine sciatic
nerve invasion model was established to examine PNI in vivo. PNI was assessed by MRI with iron oxide
nanoparticle labeling. We searched publicly available datasets as well as obtained PDAC tissues from 30
patients to examine MMP1 expression in human tumor and non-tumor tissues.

Results: Our results showed that matrix metalloproteinase-1 (MMPI1) activated AKT and induced
protease-activated receptor-1 (PART)-expressing DRG to release substance P (SP), which, in turn, activated
neurokinin | receptor (NKIR)-expressing PDAC cells and enhanced cellular migration, invasion, and PNI via
SP/NKITR/ERK. In animals, hind limb paralysis and a decreased hind paw width were observed approximately 20
days after inoculation of cancer cells in the perineurium. MMP1 silencing with shRNA or treatment with either
a PAR1 or an NKI1R antagonist inhibited PNI. MRI detected PNI as early as 10 days after implantation of PDAC
cells. PNl also induced PDAC liver metastasis. Bioinformatic analyses and pathological studies on patient tissues
corroborated the clinical relevance of these findings.

Conclusion: In this study, we provided evidence that the MMP1/PAR1/SP/NKIR paracrine loop contributes to
PNI during the early stage of primary tumor formation. Furthermore, we established a sensitive and
non-invasive method to detect nerve invasion using iron oxide nanoparticles and MRI.

Key words: perineural invasion, iron oxide nanoparticles, MR imaging, metastasis, pancreatic ductal
adenocarcinoma

Introduction

The process by which neoplastic cells invadeand  the mid-1800s, not much information on this
migrate through nerves is defined as perineural pathological process was available until recent years.
invasion (PNI). Although PNI was first described in ~ For some malignancies, including pancreatic cancer,
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PNI is a marker of poor prognosis [1]. The exact
mechanism of PNI remains unclear. However, the
propensity of a tumor to invade nerves depends on
various factors, including the specific properties of
cancer cells as well as their interaction with stromal
cells and with nerves and/or neural stroma [2-6].

Pancreatic ductal adenocarcinoma (PDAC) is
characterized by a dense tumor stroma with large
numbers of tumor-associated macrophages (TAMs)
[7]. Based on clinical and epidemiological evidence,
there is a positive correlation between TAMs density
and metastasis in several types of cancers, including
PDAC [8, 9]. In our previous study, PNI was
identified in 83% of cases and was determined to be
related to TAMs density [10]. M2-macrophages are
commonly regarded as pro-tumorigenic [11]. Further
mechanistic studies have revealed that TAMs
promote cancer progression and metastasis by
releasing activators or by inducing cancer cells to
release a variety of cytokines, including chemokines,
inflammatory factors, and growth factors [12, 13].

Among the important factors involved in
TAMs-promoted  tumor  progression,  matrix
metalloproteinases (MMPs), especially MMP-2 and
MMP-9, are believed to be crucial for collagen
degradation and enhance cancer cell adhesion to the
extracellular matrix in the tumor stroma [14, 15].
Notably, MMP1 has been identified as an agonist
against protease-activated receptor 1 (PAR1) [16].
Endothelial PAR1 is a non-tumor cell/non-matrix
target of MMP1 produced by carcinoma cells. The
activation of endothelial PAR1 by MMP1 enhanced
endothelial permeability resulting in transendothelial
migration [17]. Neuronal PAR1 is associated with
plasma extravasation by a neurogenic mechanism.
When neuronal PAR1 is activated by agonists (i.e.,
thrombin), sensory nerves release substance P (SP),
which activates endothelial neurokinin 1 receptor
(NK1R) to induce plasma extravasation [18]. As a
PAR1 agonist similar to thrombin, whether MMP1
can induce dorsal root ganglia (DRG)-releasing SP is
unclear. SP is an undecapeptide released from
primary sensory nerve fibers and is widely expressed
in the central and peripheral nervous systems [19]. It
is overexpressed in both normal and neoplastic cell
types including PDAC cell, and plays an important
role in cancer cell metastasis [20, 21].

Based on these data, in this study, we
investigated the role of MMP1 in PDAC PNI and
identified an MMP1/PAR1/SP/NKI1R paracrine loop
between PDAC cells and nerves both in vitro and in
vivo. We found that carcinoma-produced MMP1
activates neuronal PAR1 and induces SP release,
activating carcinoma NKI1R. Consequently, both the
tumor MMP1/neuronal PAR1 axis and the neuronal

SP/tumor NKI1R axis contribute to carcinoma cell
PNI. Furthermore, we labelled PDAC cells with iron
oxide nanoparticles (IONPs), an ideal MRI enhancer
[22], to assess the onset and distance of nerve invasion
by cancer cells using murine sciatic nerve invasion as
a modified in vivo model of PNI Finally, the analysis
of MMP1 expression in publicly available datasets
and PDAC tissues identified MMP1 as a potential
pharmacological target for PDAC therapy.

Methods

Cell lines and mice

Human pancreatic cancer cell lines PANC-1 and
MiaPaCa-2 were purchased from the American Type
Culture Collection (ATCC) (Manassas, VA, USA).
Human monocyte cell line U937 was purchased from
the Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China).
BABL/c nude mice (13 g £ 1 g) were purchased from
Sun Yat-Sen University Laboratory Animal Center.
All animal experiments were conducted in full
compliance with the National Institutes of Health
Guide for Care and Use of Laboratory Animals, and
were approved by the Animal Care and Use
Committee of Sun Yat-Sen University.

TAMs induction and co-culture

U937 cells were treated with PMA (10 ng/mL)
and IL-4 (10 ng/mL) for TAMs induction [23]. TAMs
were seeded onto a 0.4 pm pore Transwell chamber
(Corning Life Sciences, MA, USA) to allow cytokines
to cross over without cell-cell contact. PANC-1 and
Mia PaCa-2 cells were seeded in 6-well plates and
co-cultured with TAMs in 5% CO; at 37 °C for 24 h.
PCR and Western blot assays are described in the
supplementary materials, and the sequences of
primers and shRNA are shown in Table S1.

Soluble MMP1 production by cancer cells and
soluble SP production by DRG

PANC-1 and MIA PaCa-2 cells with/without
pre-co-culturing with activated macrophages were
reseeded in 6-well plates and cultured in FBS-free
DMEM for 48 h. The supernatants were then collected
for MMP1 evaluation. DRG isolated from mice were
cultured in DMEM or DMEM containing MMP1 (5
nM) in a 96-well plate for 10 min, 30 min, 1 h,2h,4 h
and 6 h. The supernatants were then collected for SP
evaluation. To observe the inhibitory effect of the
PAR1 antagonist and the AKT inhibitor on SP release,
DRGs were incubated with SCH79797 (100 pM) and
LY294002 (30 pM) for 1 h, followed by the addition of
MMP1 for 2 h. The concentrations of MMP1 and SP
were  measured using an  enzyme-linked
immunosorbent assay (ELISA) kit (Cusabio Biotech,
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Wuhan, China).

In vitro co-culture model of nerve invasion

A Matrigel/DRG model was used to observe
cancer cell invasion into nerves. This model was first
established by Ayala [5] and is frequently used to
study the paracrine interaction between neuronal and
cancer cells in vitro. Briefly, DRG was implanted
beside the cell cluster approximately 800 pm in
Matrigel. The Matrigel/DRG system was cultured in
DMEM containing 10% FBS in 5% CO; at 37 °C. The
neural invasion index was calculated as the nearest
distance of a cancer cell cluster to DRG at d1 divided
by the distance at d8 [24].

In vivo model of murine sciatic nerve invasion

The murine sciatic nerve invasion model is one
of the most widely used animal models of PNI [25,
26]. BALB/c nude mice were randomly divided into
six groups (n = 4) as follows: (i) PANC-1, (ii) PANC-1
+ TAMs, (iii) PANC-1 shRNA negative control (shNC)
+ TAMs, (iv) PANC-1 shMMP1 + TAMs, (v) PANC-1
+ TAMs + SCH79797, and (vi) PANC-1 + TAMs +
L732,138. The cell mixture (in 3 pL PBS) was
microscopically injected into the perineurium using a
microliter syringe (Hamilton, 10 puL, 33G). The right
sciatic nerves were injected with 3 pL PBS as controls.
SCH79797 and L-732,138 were given by intra-
peritoneal injection every three days and mice in
parallel groups were treated with 100 pL PBS.

Sciatic nerve function was measured weekly as
previously described [27]. The sciatic nerve score was
graded from 4 (normal) to 1 (total paw paralysis). The
sciatic nerve function index indicates the distance
between the first and fifth toes of the mouse hind
limbs (millimeter, mm). At the end of the experiment,
mice were sacrificed and sciatic nerves and tumor
tissues were isolated, measured and fixed for
histological analysis. Areas of 2 mm, 4 mm, and 6 mm
distance from the injection site were measured, with
the mean value representing the nerve width.

MRI of sciatic nerves

PANC-1 cells were pre-labeled with IONPs
(PANC-1IONP) - Subsequently, 3x105 PANC-1'ONP cells
were suspended in 3 pL PBS (with and without 3x104
TAMs). Each mouse was microscopically injected
with PANC-1IONP cells under the epineurium at the
right sciatic nerve, and PANC-1'ONP cells with TAMs
were injected in the left side. MRI was carried out at
day 0, 3, 7, 10, 17, 20, and 24 (n=4). MRI was
performed on a 3.0 T imaging system MAGNETOM
Verio (Siemenz Medical System, Erlangen, Germany)
with 40 mm loop coils. T2-weighted images (T2WI)
parallel to the sciatic nerve were acquired using a
two-dimensional turbo spin echo sequence (repetition

time 2700 ms, echo time 70 ms, field of view 37 mm x
25 mm, slice thickness 1.0 mm, and flip angle 150°;
turbo factor 15, matrix 192 x 138, averages 32).
T2*-weighted images (T2*WI) were acquired using a
three-dimensional gradient echo sequence (repetition
time 13.4 ms, echo time 5.2 ms, field of view 83 mm x
52 mm, slice thickness 0.24 mm, and flip angle 30°;
matrix 256 x 243, averages 8). The T2*WI volume data
were post-processed on a SyngoViews Workstation
and multiple plane reconstruction images, including
sagittal and coronal images parallel to the bilateral
sciatic nerve, were acquired as minimum-intensity
projection (MIP) images.

Dataset information and tissue sample and
data collection of PDACs

The GSE28735 dataset (http://www.ncbi.nlm.
nih.gov/geo/), which integrates a variety of gene
data for 45 pairs of PDAC tissues and adjacent
non-tumor tissues, was used to analyze differences in
the mRNA expression of MMP1 between PDAC and
adjacent non-tumor tissues. In total, 30 PDAC samples
were obtained from 11 men and 19 women (median
age 56 years, range 28-83 years) at Sun Yat-sen
Memorial Hospital from September 2004 to December
2011. The study was approved by the Hospital
Research Ethics Committee. The grading of MMP1
staining in human tissue was described detailly in the
supplementary material. The H&E and S-100
immunohistochemistry staining (DAKO, prediluted)
was used to diagnose PNI in human tissues. The
methodology of PNI staining and diagnosis was
described in our previous study [10].

Statistical analyses

All statistical analyses were performed using
SPSS software, version 17.0. Spearman test was used
for correlation analyses. One-way analysis of variance
(ANOVA) was used for statistical analysis in multiple
subgroups, and the significant difference was
determined by Bonferroni method. P < 0.05 was
considered statistically significant. Results are
reported as mean * standard deviation (SD). Error
bars in figures represent SD.

Results

TAMs enhanced the migration and PNI of
PDAC cells

After incubation with PMA and IL-4, the smooth
surface morphology of U937 cells had a thorny
appearance because of pseudopodia, and the
suspended cells became adherent. The immuno-
phenotype, as detected by qPCR, demonstrated that
CD68 and CD163 expression was upregulated,
indicating that the monocytes transformed into
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M2-type macrophages (Figure S1A). After co-culture
with TAMs, the migration and invasion abilities of
PANC-1 and Mia PaCa-2 cells markedly enhanced
(Figure 1A and Figure S1B). In the Matrigel/DRG
model (Figure 1B), cancer cells dissociated from their
colonies and migrated in a unidirectional fashion
along the nerve toward the ganglion. Over time,
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cancer cells clustered around and connected with the
DRG. The neural invasion index was used to quantify
PNI (Figure S1C). Pre-co-culture with TAMs
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Figure 1. MMP1 was a key factor during the invasion of pancreatic carcinoma cells. (A) PANC-1 and Mia PaCa-2 cells were co-cultured with TAMs for
24 h and reseeded into Transwell plates. TAMs enhanced pancreatic carcinoma cell migration and invasion. (B) Nerve invasion of pancreatic carcinoma cells in a
Matrigel/dorsal root ganglion (DRG) model. Eight days after implantation, cancer cells pre-co-cultured with TAMs exhibited extensive nerve invasion. (C) Microarray,
qPCR, and ELISA analyses revealed that MMP1 was the most upregulated cytokine in pancreatic carcinoma cells after co-culture with TAMs. (D) Upregulation of
MMP1 enhanced PANC-1 and Mia PaCa-2 cell migration and invasion, which was inhibited by shRNA targeting MMP1. (E) MMP-1 overexpression enhanced PNI,
which was inhibited by PARI antagonist or shRNA targeting MMP1. Data are shown as the mean + SD. * P < 0.05, ** P < 0.01, and *** P < 0.001.
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MMPI1/PARI contributed to the migration and
PNI of PDAC cells

We detected mRNA expression profile by
microarray analysis using pooled RNA samples of
PANC-1 cells co-cultured with or without TAMs.
MMP1 gene expression was up-regulated over
150-fold after co-culturing with TAMs (Figure 1C,
arrow). All genes and the relative expression assessed
in the array are presented in Table S2. Quantitative
RT-PCR (qRT-PCR) and ELISA confirmed the
significant increase of MMP1 expression in both
PANC-1 and Mia PaCa-2 cells (Figure 1C). We also
tested the expression of PAR1 in neuron and NKIR
expression in pancreatic cancer cell lines (Figure S2).
To investigate the effect of MMP1 on PDAC cell
migration, an MMPl-expressing vector and its
negative control (NC) vector were transiently
transfected into PANC-1 and Mia PaCa-2 cells and
MMP1 over-expression was confirmed by qRT-PCR,
as well as ELISA assay. MMP1 silencing effect of
stable transfection of ShRNA-MMP1 and shRNA-NC
plasmids was confirmed by qPCR (Figure S1D). As
shown in Figure 1D-E, MMPIl-overexpressing
PANC-1 and Mia PaCa-2 cells exhibited enhanced
invasion and PNI capabilities. Furthermore, PNI was
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Figure 2. The MMP1/PARI axis induced DRG-releasing SP by activating Akt. (A) Thirty minutes after MMP1 (5 nM) stimulation, the SP concentration in
the DRG supernatant began to increase and the peak concentration was detected at 2 h. The concentration of SP protein decreased almost to baseline levels at 6 h.
(B) DRG were incubated in DMEM with MMP1 (5 nM) and different concentrations of PARI antagonist SCH79797 (0, 25, 50, and 100 nM) for 2 h, and the SP
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compared to the SP+L-732,138 group.

The SP/NKIR axis induced cancer cell
migration, invasion, and PNI by activating
ERK1/2

As displayed in Figure 3A-B, SP promoted
migration, invasion, and PNI in both PANC-1 and
MiaPaCa-2 cells, whereas the NKIR antagonists
(L-732,138) significantly reduced these effects.
Western blot analysis also revealed that SP
stimulation activated the ERK1/2 pathway in both
PANC-1 and Mia PaCa-2 cells (Figure 3C and Figure
S3A). As shown in Figure 3D and Figure S3B-C, in
both PANC-1 and MiaPaCa-2 cells, SP treatment
upregulated the expression of Vimentin and Twist,
markers that represent mesenchymal features during
the epithelial-mesenchymal transition (EMT) of
cancer cells and are consistent with cell invasion in
vitro and metastasis in vivo [28]. Treatment with the
NK1R or ERK1/2 antagonist significantly reduced the
expression of Vimentin and Twist in both pancreatic
cancer cell lines, indicating the role of SP/NKIR axis
activating ERK1/2 and exerting pro-tumor activities.

Essential role of MMP1/PARI and SP/NKIR
during PNI in vivo
To further examine the role of MMP1/PAR1 and

SP/NKIR during PNI in vivo, we used BALB/c mice
and PANC-1 cells to establish a model of murine
sciatic nerve invasion. Nerve function was assessed
by the sciatic nerve score and sciatic nerve function
index (hind limb paralysis and hind paw width).
Nerve caliber was observed at the end of the
experiment. Mice with PANC-1 + TAMs and PANC-1
shNC + TAMs tumors suffered from progressive
ipsilateral hind limb paralysis over 3 weeks, with an
apparent decrease in hind paw width (Figure 4A).
Both were significantly higher than mice treated with
PANC-1 cells alone, PANC-1 + TAMs + shMMP1,
PANC-1 + TAMs + SCH79797, and PANC-1 + TAMs
+ L1732,138 (all P < 0.05). Animals injected with
PANC-1 + TAMs or PANC-1 shNC + TAMs also
exhibited tumor growth along nerves. When the
MMP1 gene was knocked down by shRNA, or mice
were treated with antagonists that blocked
MMP1/PAR1 or SP/NKIR axis, the growth along the
nerves was significantly inhibited. Interestingly, there
was no visible tumor growth in mice inoculated with
PANC-1 only (no apparent changes in never function
or nerve caliber; Figure 4B).
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Figure 4. MMPI1/PARI and SP/NKIR contributed to PNI in vivo. (A) Sciatic nerve score and sciatic nerve function index of mice with different treatments.
(a) Paralysis occurred approximately 20 days after implantation. (b-d) The most severe bilateral hind limb paralysis was observed in mice treated with PANC-1 +
TAMs or PANC-1 shNC + TAMs tumors on day 28. Mice receiving MMP1-shRNA, the PAR1 antagonist, or the NK1R antagonist exhibited much less severe paralysis.
(B) Surgical images of sciatic nerve PNI. Cancer cells were injected into perineurium of left sciatic nerves (red arrow), and the right sciatic nerves were injected with
3 YL PBS as controls (black arrow). Mice treated with PANC-1 + TAMs or PANC-1 shNC + TAMs tumors exhibited obvious PNI. Knock down of MMP1 by shRNA
or treatment with the PARI antagonist or the NKIR antagonist significantly reduced PNI. (C) Histological images of sciatic nerves and liver tissues of mice with
different treatments. On day 28, the PBS-treated group exhibited normal proximal sciatic nerve histology and caliber and negative MMP1 IHC staining. Injection of
PANC-1 cells only resulted in a slightly expanded nerve caliber with cancer cell infiltration and low MMP1 expression. Injection of PANC-1 + TAMs or PANC-1 shNC
+ TAMs resulted in extensive PNI and highly positive MMP1 IHC staining. MMP1-shRNA significantly reduced MMP1 expression in cancer cells and treatment with the
PARI antagonist or the NKIR antagonist did not affect MMP1 protein expression. Less nerve caliber expansion with cancer cell infiltration was observed in these
three groups. Liver metastases were detected in all experimental groups except for the PBS group. ** P < 0.01 compared to the control and 2 P < 0.01 compared to
other groups.

Histological analysis revealed normal proximal indicating that PNI caused liver metastasis (Figure
sciatic nerve histology and caliber 4 weeks after 4C). In a parallel experiment, PANC-1 cells were
injection with PBS. MMP1 expression was negative  pre-co-cultured with TAMs for 24 hours in vitro, then
and liver tissue was normal. The most extensive PNI  collected and injected into perineurium of left sciatic
with expansion of the nerve by infiltrating tumor cells  nerves. These cells showed enhanced sciatic nerve
was observed in mice after injection with PANC-1 +  invasion compared to PANC-1 cells without TAMs
TAMs or PANC-1 shNC + TAMs. Less severe PNI  pre-co-culture, indicating that even transient
was observed in mice after MMP1 silencing or  co-culture with TAMs robustly enhanced the nerve
treatment with PAR1 or NK1R antagonists. Positive  invasion and migration ability of PANC-1 cells
MMP1 immunochemical staining was observed in  (Figure S4D).

PANC-1 cells co-cultured with TAMs (4+). The

immunochemical staining of tumor sections exhibited )
CK19* and CD68, which further confirmed Approximately 3 weeks after PANC-1 cancer cell
inoculation, paralysis or diminished hind paw width

was observed while gross appearance of tumor
volume was delayed for 4 weeks. Notably, there was
no gross appearance of a tumor, although liver
metastasis occurred. To assess nerve invasion in the
early stage, we developed a non-invasive and
sensitive method. PANC-1 cells were marked with an
MR-negative contrast agent IONP to enhance MRI,

In vivo monitoring of PNI by MRI scans

adenocarcinoma (Figure S4A). Mice injected with
TAMs alone did not exhibit any neoplastic growth or
changes in nerve function or caliber (Figure S4B-C).
In mice injected with PANC-1 cells alone, most cancer
cells remained in the inoculation area but expansion
of the nerve by infiltrating tumor cells was observed
microscopically. Liver metastasis was detected in all
experimental groups except in the PBS group,
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they exhibited a low signal in T2WI and T2*WI. The
concentration of IONP was 36mg/L according to the
results of cellular uptake, T2-value, and the influence
on cell viability (Figure S5). After injection of PANC-1
IONP cells or PANC-1 NP + TAMs under the
epineurium of sciatic nerves, low-signal regions
represented PANC-1 cell infiltration (Figure 5, day 0,
blue and yellow arrows). From day 0 to day 7, there
was no apparent difference between the two sides of
the sciatic nerves and no apparent nerve invasion was
observed. On day 10, a low-signal area on the left
sciatic nerve injected with PANC-1IONP + TAMs
enlarged and demonstrated expanded sciatic nerves
indicating sciatic nerve invasion. The right sciatic
nerve injected with PANC-1IONP  remained
unchanged. At this time point, all mice exhibited
intact hind limb function and normal hind paw width.
On day 17, both the left and right sciatic nerves
exhibited invasion with the left side being more
apparent than the right side. However, no tumor
formation was detected by MRI or surgical images in
any of the mice and hind limb function and hind paw
width were normal. On day 20, left hind limb
paralysis occurred and the left hind paw width
decreased from 9.3330.26 mm to 7.3841.23 mm.
Tumor formation was also detected by MRI and
surgical images. No tumor formation or change in
nerve function was observed on the right sciatic
nerve. The experiment was terminated on day 24 due
to the severity of left hind limb paralysis. MRI clearly
showed cancer cell invasion along the nerves
extending from the left sciatic nerve injection area to
the spine nerve root. Newly growing tumors were
more distinct in T2WI than T2*WI because of the
lower/no IONP content (Figure 5, day 24, yellow and
white arrows). At this time point, the right side
injected with PANC-1 cells exhibited normal hind
limb function and hind paw width, and no tumor
formation was detected by MRI. Nerve invasion was
further confirmed by histological analysis with H&E
staining. As shown in Figure 6, on days 0, 3, and 7,
cancer cells remained in the injection area under the
epineurium (black arrow) without contacting a nerve
bundle (yellow arrow) in both the left and right sciatic
nerves. On day 10, cancer cells infiltrated into the
nerve tract in the left sciatic nerve, while the right
sciatic nerve did not exhibit nerve invasion.
Infiltration in the left sciatic nerve was more advanced
on day 17, while few cancer cells began to invade into
the right nerve bundle. On days 20 and 24, tumor
formation and aggressive nerve infiltration were
observed in the left sciatic nerve. Invasion also
progressed in the right sciatic nerve but was less
severe than the left side. Our data showed that, at all
time points examined, MRI results were consistent

with those from the pathology and indicated that
nerve invasion occurred much earlier than nerve
function impairment or detectable tumor formation.

MMP1 expression was upregulated in PDAC
tissues and was correlated with PNI in patients

Results obtained from the public dataset
GSE28735 showed higher expression of MMP1 mRNA
in tumor tissues than in adjacent non-tumor tissues
(Figure 7A). Immunohistochemical staining of MMP1
protein was performed on tissue sections from 30
surgically excised human PDAC samples and was
read by two independent experienced pathologists.
The clinicopathological features of PDAC patients are
presented in Table S3. Figure 7B shows
representative IHC images of PDAC and adjacent
non-tumor tissues. MMP1-positive staining was
scattered in the cytoplasm of 26 of 30 PDAC samples.
Negative or very weak positive staining was observed
in the non-tumor tissues. Since the correlation
between non-invaded nerves and tumor progression
remains unclear, in the present study, only invaded
nerves were counted. Spearman correlation analyses
showed that MMP1 protein expression was positively
correlated with PNI (Figure 7C, R=0.599, P=0.00046).
PDAC patients with MMP1-positive staining had
more PNI than MMP1-negative patients (Figure 7D),
consistent with a role for MMP1 in the PNI of PDAC.

Discussion

Increasing clinical evidence indicates that PNI
occurs in the early stage of PDAC and is also
associated with relapse after surgery, resulting in an
overall short survival of patients [29, 30]. In recent
years, the process of PNI and the underlying
mechanisms have been studied by examining gene
profiles, cytokine chemotaxis, and cell-cell
interactions [31-33]. However, most studies were
unable to identify a direct paracrine loop between
cancer cells and nerves. In this study, we used
Matrigel/DRG and a murine sciatic nerve invasion
model as in wvitro and in vivo PNI models and
identified MMP1 as a pivotal factor during PDAC cell
PNI and revealed an MMP1/PAR1/SP/NKI1R
paracrine loop between PDAC cells and DRG. We
selected PANC-1 cells with low PNI capability [4] to
establish the Matrigel/ DRG in vitro model as well as
for in vivo studies.

It has been well-established that TAMs play a
pivotal role in tumor progression and invasion by
up-regulating MMPs [34, 35]. The canonical activation
of PARI, the first identified thrombin receptor [36], is
induced by thrombin. MMP1 induces noncanonical
PAR1 activation by cleaving at the N-terminal
extracellular domain (exodomain) LD3-P#RS site of
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PAR1, which differs from the thrombin cleavage site
PR#-S#2FL [37, 38]. MMP-2 was recently shown to
enhance platelet activation by cleaving PAR1 at
TL3B-D¥PR using integrin allbp3 as a cofactor [39].
Thus, it is clear that the activation of PAR1 by MMP1
is peptide-specific [38]. Previous studies have also
shown that MMP1-PAR1 activation induces secretion
of several angiogenic factors from ovarian carcinoma
cells. This indicates that, in addition to the direct role
of extracellular matrix degradation and cell invasion,
MMP1 mediates tumor migration by cleaving special
receptors releasing other bioactive proteins [40].

Day 0

Day3

Day7

Day 17

Day 20

Day 24

Thrombin and the PAR1 agonist TFLLR-NH2
(TF-NH2) induce plasma extravasation by inducing
sensory nerves to release SP and by stimulating Ca?*
mobilization in cultured neurons [18]. Our results
confirmed that MMP1/PAR1 induced SP release from
the DRG via AKT phosphorylation. MMP1

cleavage-generated PAR1-dependent Ca?* signals in a
neuron may also contribute to SP release [38]. These
observations prompted us to focus on MMP1 as a
unique MMP member that connects PDAC cells to the
peripheral nerves and may be functionally essential
for PNL

Figure 5. Monitoring of PNI by MRI scans in vivo. PANC-1 cells labeled with IONP, PANC-ONP. exhibited low signals upon MRI. Right sciatic nerves were
injected with PANC-[ IONP (blue arrow) and left sciatic nerves were injected with PANC-1 IONP + TAMs (yellow arrow). From day O to day 7, no apparent PNI was
observed in either sciatic nerve. On day 10, a low-signal area on the left sciatic nerve became enlarged and demonstrated thickened sciatic nerves, indicative of PNI.
On day 17, both sciatic nerves exhibited PNI, but the left side was more apparent than the right side. On day 20, left hind limb paralysis was observed and tumor
formation was detected on the left side by MRI and surgical images. The right hind limb did not exhibit paralysis and no tumor formation was detected. On day 24,
left hind limb paralysis was more severe. MRI clearly showed cancer cell invasion along nerves from the left sciatic nerve injection area (yellow arrow) toward the

spinal cord (white arrow).
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PANC-1 + TAMs (H&E)

PANC-1 (H&E)

Day 0

Day 3

Day7

Day 10

Day 17

Day 20

Day 24

Figure 6. H&E staining of sciatic nerves at individual time points was consistent with MRI. Cancer cells were restricted to the injection area under the
epineurium (black arrow) without contacting a nerve bundle (yellow arrow) on days 0, 3, and 7. From day 10, cancer cells infiltrated into the left sciatic nerve tract
and progressed thereafter. Cancer cells infiltrated into the right sciatic nerve tract on day 17 and the progression was much less severe than that on the left side.

MMP1 expression has been observed in the early
stages of a variety of cancers and is associated with a
poor prognosis [41, 42]. RAS oncogenes may play a
critical role in the constitutive expression of MMP1 in
human pancreatic cancer cells by activating MAPK
pathways [43]. Also, the interaction between cancer
cells and TAMs dramatically upregulated MMP1
expression in PDAC cells. Temporary stimulation by

inflammatory factor IL-6 induced constitutive
activation of an inflammatory signaling circuit during
mammary epithelial cell transformation and
tumorigenesis [44]. Previous studies have reported a
paracrine loop between MMP1/PAR1 and
IL-8/CXCR1/2 [40, 45]. We hypothesized that, after
co-culture with TAMs, PDAC cells could be activated
by a pro-inflammatory factor (possibly IL-8) secreted
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Figure 7. MMP1 expression data from public datasets and post-operation PDAC patients. (A) MMP1 mRNA expression levels were higher in PDAC
tissues than adjacent non-tumor tissues from the public dataset GSE28735. (B) Immunohistochemical images for MMP1 expression in PDAC and adjacent
non-tumor tissues collected from clinical PDAC patient specimens. The positive rate of PDAC tissues was 86.7% (26/30). Negative or very weak positive staining was
observed in the most of non-tumor tissues. (C) MMP1 expression positively correlated with PNI (R=0.599, P=0.00046). (D) The number of PNI in PDAC patients
with IHC MMPI positivity was higher than MMP|-negative patients. Data are shown as the mean * SD. * P < 0.05.

by TAMs and that the inflammatory signaling circuit
in PDAC cells was constitutively activated, resulting
in increased levels of MMP1.

The animal experiments performed in this study
have shown that TAMs promoted the proliferation
and PNI of PANC-1 cells. However, after MMP1
knockdown by shRNA, PANC-1 cells grew locally
and PNI was inhibited indicating the pivotal effect of
MMP1 during the PNI process. At the end of the
experiment, aggressive tumors were detected in mice
treated with PANC-1 + TAMs, whereas mice treated
with PANC-1 cells alone did not exhibit visible tumor
growth. Among several pancreatic cancer cell lines,
PANC-1 is known to have high latency periods before
tumor development following allograft [46]. Also, in
the absence of TAMs, the tumor microenvironment
provides insufficient growth factors essential for
tumor development [47].

Our study established a sensitive, convenient,
and non-invasive method to observe nerve invasion
from the early stage of PNI. IONPs have been used to
enhance MRI with their high biocompatibility and
low cytotoxicity and to detect lymph node metastasis
in patients [48, 49]. In this study, PANC-1 cells were
marked with IONP and cell movement along the
sciatic nerve was observed by MRI. MR images clearly

demonstrated that PANC-1 cells migrated along the
sciatic nerve as early as 10 days after implantation
under the epineurium, and the nerve invasion signals
were consistent with the pathological assays.
However, there was no obvious change in the sciatic
nerve index or nerve caliber until 20 days after
implantation. These data indicate that, prior to
measurable tumor growth or functional deficiency,
spreading along the nerve had already occurred.

Another unexpected finding of the present study
was that sciatic nerve invasion by PDAC cells resulted
in liver metastasis. Although we observed distant
spread of carcinoma cells along the spine, the reason
for liver metastasis remains obscure and should be
further elucidated. PNI is believed to be one source of
locoregional recurrence in resected PDAC [29]. Our
results provide a new perspective that PNI may be a
risk factor of liver metastasis in PDAC patients.
Finally, results from PDAC tissues and a publicly
available dataset indicated that MMP1 is highly
expressed in tumors and is positively correlated with
PNI Although the cases in the dataset and clinical
samples were limited, our comprehensive results
indicate MMP1 as a pharmacological target that may
be intercepted to reduce relapse and metastasis of
PDAC.
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There are certain limitations in the present study.
In the animal experiments, we injected tumors cells
directly into perineurium and could clearly observe
the migration of tumor cells along sciatic nerve, but
we could not address how PNI is initiated in PDAC
progression. In addition, TAMs injected with PANC1
are not expected to stay in the nerve for days. Our
experiment showed the advantage of intermediate
effect of TAMs on PNI, further investigations should
be performed using transgenic mice which lack
macrophages trafficking. Also, the findings of the
present study need to be repeated using a gene knock
out mouse or a spontaneous pancreatic cancer model
in mice to understand many other biological factors
implicated in PNI. Finally, the correlation between
MMP1 and PNI need to be further evaluated using a
larger number of patients.

In conclusion, the present study showed that the
paracrine loop between PDAC cells and the DRG
mediated by MMP1 contributes to PNL
Characterization of this paracrine loop provides
important clinical implications. Our results suggest
that pharmacological targeting of MMP1 is an
adjuvant therapy to prevent PDAC metastasis. Our
study also provides evidence that metastasis through
nerves occurs in a very early stage of primary tumor
formation. Furthermore, we established a sensitive
and non-invasive method to monitor nerve invasion
using IONP and MRI. To some extent, this method
overcomes the limitations of current in vivo PNI
assessment methods and would be helpful for future
PNI research.
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