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Abstract
Background: Pancreatic cancer (PC) is a fatal malignancy that frequently involves 
perineural invasion (PNI). This study aims to investigate the function and underlying 
mechanisms of matrix metalloproteinase-1 (MMP1) in PNI of PC.
Methods: Human pancreatic cancer PANC-1 cells were co-cultured with dorsal root 
ganglion in vitro. The expression of MMP1, epithelial–mesenchymal transition (EMT) 
markers, Schwann cell markers, neurotrophic factors, NT-3, and TrkC was measured by 
qRT-PCR or Western blot. Transwell assay was performed to evaluate cell migration 
and invasion. In vivo model of PNI was established via inoculating PANC-1 cells into 
mice. PANC-1 cells and mice were also treated with LM22B-10 (an activator of TrkC) 
to confirm the mechanisms involving NT-3/TrkC in PNI of PC both in vivo and in vitro.
Results: The expression of MMP1 was significantly higher in PDAC tissues than non-
cancerous tissues, which was positively associated with PNI. MMP1 knockdown 
repressed the migration and invasion of PANC-1 cells. Except for E-cadherin, the 
expression of EMT markers, Schwann cell markers, neurotrophic factors, NT-3, and 
TrkC was inhibited by MMP1 silencing. The same effects of MMP1 knockdown on the 
above factors were also observed in the PNI model. Moreover, MMP1 knockdown 
elevated the sciatic nerve function and reduced PNI in the model mice. LM22B-10 
partially abolished the effects of MMP1 knockdown both in vivo and in vitro.
Conclusions: Silencing of MMP1 prevents PC cells from EMT and Schwann-like cell 
differentiation via inhibiting the activation of the NT-3/TrkC signaling pathway, thus 
alleviating the PNI of PC.
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1  |  INTRODUC TION

Since 2016, pancreatic cancer (PC) has become the third lead-
ing cause of cancer death.1 Pancreatic ductal adenocarcinoma 
(PDAC), accounting for more than 90% of PC cases, is the most 
frequent type of PC.2,3 From 1990 to 2017, the number of pa-
tients with pancreatic cancer has increased from 196,000 to 
441,000 worldwide.4 At an early stage, PC is difficult to be di-
agnosed. Thus, a majority of PC patients present at an advanced 
stage along with surgically inoperable.5 Most patients experience 
relapse even after a potential radical treatment, presenting a low 
5-year survival rate of only 2–9%.6

Perineural invasion (PNI) refers to the invasion of malignant cells 
into or around nerves, which is a major pathologic hallmark of a va-
riety of malignancies, including PDAC. PNI occurs in approximately 
100% patients with PDAC.7–9 The invasion of cancer cells into periph-
eral nerves provides a route for the metastasis through cross-talking 
with neuron cells.7,10,11 Additionally, PNI is also related to an increased 
risk of local recurrence and decreased survival rate.12,13 It is critical to 
understand how cancer invades nerves and to develop relevant ther-
apeutic strategies.

Matrix metalloproteinase-1 (MMP1) is a MMP family mem-
ber that functions in degrading the extracellular matrix (ECM) 
and basement membrane components.14,15 MMP1 enhances the 
migration and invasion of tumor cells and is strongly associated 
with adverse outcomes of tumors.16–18 A gene expression pro-
file of MMPs revealed that MMP1 expression is significantly up-
regulated in 11 different cancer types, such as bladder, breast, 
lung squamous, and other cancers.19 The upregulation of MMP1 
has also been detected in human PDAC tissues, and silencing of 
MMP1 mediated by miRNA can inhibit PC metastasis.20 Besides, 
the expression of MMP1 is associated with PNI in prostate carci-
noma.21 Recently, a study reported that MMP1 modulates early 
PNI of PC cells,22 which indicates a crucial role of MMP1 in the 
PNI of PC.

Neurotrophin-3 (NT-3) is a neurotrophic factor that works by 
interacting with a specific downstream receptor, tropomyosin re-
ceptor kinase C (TrkC). NT-3 and TrkC can mediate osteosarcoma 
cell growth and metastasis.23 The expression of NT-3 and TrkC is 
both up-regulated in PC and prostate cancer with PNI.24,25 Also, a 
previous study indicated that the NT-3/TrkC axis facilitates the PNI 
progression in human SACC.26 These findings suggest a vital role of 
the NT-3/TrkC signaling pathway in PNI.

Based on the previous findings, we hypothesize that MMP1 
may regulate the PNI of PC via regulating the NT-3/TrkC signal-
ing pathway. Thus, this study sought to elucidate the function of 
MMP1 in the PNI of PC, and the underlying mechanism involv-
ing the NT-3/TrkC signaling. Our study may reveal a novel action 
mechanism of MMP1 in PNI and also provide a potential therapeu-
tic target for PC.

2  |  MATERIAL S AND METHODS

2.1  |  Tumor specimens

Between April 2020 and October 2020, a total of 170 PDAC tis-
sues and matched adjacent non-tumor tissues were excised from 
patients at Soochow University's First Affiliated Hospital. This study 
was performed in accordance with the principles of the Declaration 
of Helsinki. Each patient signed an informed consent form. This 
research was approved by the Ethics Committee of Soochow 
University's First Affiliated Hospital. The study is also reported in 
accordance with ARRIVE guidelines.

2.2  |  Cell culturing and transfection

Normal pancreatic epithelial cell line HPC-Y5 was purchased from 
Shanghai Institute of Biochemistry and Cell Biology, Chinese 
Academy of Sciences, and human pancreatic cancer cell lines, 
SW1990 and PANC-1, were obtained from CTCC. Cells were cul-
tured in Dulbecco's modified Eagle's medium (DMEM) containing 
10% fetal bovine serum (FBS; Gibco). Nerve-derived cell microglia 
BV2 was obtained from Procell Life Science&Technology Co., Ltd. 
and cultured in DMEM containing 10% FBS and 1% penicillin–
streptomycin (Thermo Fisher Scientific). All cells were cultured at 
37°C with 5% CO2. In addition, a siRNA targeting MMP1 (si-MMP1) 
and a negative siRNA (si-NC) that synthesized in GenePharma were 
transfected into PANC-1 cells (2 × 105 cells/well) using Lipofectamine 
3000 (Invitrogen). After the transfection for 48 hours, cells were 
harvested for the following assays.

2.3  |  Dorsal root ganglion (DRG) co-culturing

The newborn Balb/c mice were euthanatized, and DRGs were 
isolated as previously described.11 The harvested DRGs were 
immediately placed in PBS and implanted in a drop of growth factor-
depleted Matrigel.27 DRGs in Matrigel drops were incubated in 
DMEM containing 10% FBS. Subsequently, 5 × 104 cancer cells were 
added around the DRG at 7 days after DRG implantation. PANC-1 
cells were co-cultured with DRG for 24 h and then used for the fol-
lowing analysis.

2.4  |  Transwell assay

For detecting cell migration, the upper chambers were loaded with 
approximately 1 × 105 PANC-1 cells suspended in serum-free me-
dium. The medium containing 10% FBS was added to the lower 
chamber. For detecting cell invasion, the steps were the same as 
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those of cell migration. The only difference was that the transwell 
membrane was pre-coated with fresh Matrigel (Corning) before cell 
seeding in the upper chamber. Cells not migrated or invaded were 
scraped off at 48 h later. Cells on the lower chamber were fixed with 
methanol and then stained with crystal violet. Finally, the images 
were captured and cells were counted under a microscope.

2.5  |  qRT-PCR

Total RNAs in samples were extracted using TRIzol reagent (Takara). 
Equal quantity of RNAs was synthesized into first cDNAs using M-
MLV Reverse Transcriptase (Vazyme). Interest genes were amplified 
using a SYBR green pro kit (Accyrate Biology). Gene expression was 
calculated by the 2−ΔΔCt method and normalized to GAPDH. Table 1 
presented the primers of different genes.

2.6  |  Western blot

Pancreatic cancer tissues or PANC-1 cells were lysed in RIPA buffer 
(Solarbio) containing 1% PMSF. A BCA kit (Solarbio) was used to quan-
tify the protein concentration. Subsequently, the proteins were sepa-
rated by SDS-PAGE and transferred onto PDVF membranes (Roche). 
The membranes were blocked with 5% nonfat milk, incubated with 
primary antibodies against NT-3 (ab16640, Abcam), TrkC (ab227289, 
Abcam), Vimentin (ab8978, Abcam), N-Cadherin (ab76011, Abcam), E-
Cadherin (ab1416, Abcam), and GAPDH (ab8245, Abcam) at 4°C over-
night, and then incubated with a horseradish peroxidase-conjugated 
secondary antibody. The bands of proteins were visualized using an ECL 
Plus detection system, and the gray value was normalized to GAPDH.

2.7  |  In vivo PNI model

Animal experiments were approved by the Ethics Committee of 
The First Affiliated Hospital of Soochow University in accordance 
with the National Institutes of Health's guidelines for the care and 
use of laboratory animals. Twenty nude mice (5 weeks old; Antaik 
Biotechnology) were used for the establishment of in vivo model of 

PNI following one week of acclimation. Mice were randomly divided 
into three groups, including the si-NC group (si-NC-transfected 
cells; n  =  6), si-MMP1 group (si-MMP1-transfected cells; n  =  7), 
and si-MMP1 + LM22B-10 group (si-MMP1-transfected cells and 
LM22B-10; n = 7). Mice were anesthetized and inguinally injected 
with 2.5 × 106 PANC-1 cells of different groups. The mice in the si-
MMP1 + LM22B-10 group were treated with 50 mg/kg LM22B-10 
(a TrkC activator) daily for 2 weeks. The following indexes were re-
corded every week to assess the function of the hind limbs in mice: 
(a) Sciatic nerve function index represents the extension length be-
tween the first and fifth toes of the hind limbs; (b) Hind limb func-
tion is classified from 4 (normal) to 1 (total paw paralysis) based on 
the response of hind limb to manual extension. After the injection 
for 7 weeks, all mice were euthanized by intraperitoneal injection 
of pentobarbital sodium (100 mg/kg body weight). The tumor xeno-
grafts were excised and used for subsequent experiments.

2.8  |  Histological analyses

The histological changes in tumor xenografts were detected by hema-
toxylin and eosin (H&E) staining. The paraffin-embedded tissue sec-
tions (5 μm) were deparaffinized with xylene and then stained with 
hematoxylin and eosin. The morphologic changes of tumor xenografts 
were observed under a light microscope. In addition, the sections of 
PC tissues and non-tumor tissues (normal control) from patients were 
used to detect MMP1 expression by immunohistochemistry. The sec-
tions were incubated at high temperature for 30 mines for antigen re-
trieval, blocked with blocking solution, and incubated with anti-MMP1 
antibody (ab52631, Abcam) at 4°C overnight. The sections were then 
incubated with the secondary IgG antibody (ab6728, Abcam) for 
30 min at 37°C. After exposed to diaminobenzidine (DAB) and coun-
terstained with hematoxylin, positive MMP1 staining was observed 
in tissues.

2.9  |  Statistical analysis

Data were presented as mean ± SD. The statistical significance was 
analyzed using SPSS software. The differences between two groups 

TA B L E  1 Primers used for qRT-PCR

Genes Forward (5′-3′) Reverse (5′-3′)

MMP1 AACCGGATCAGCCATGAGGGT CCAGCCTAGTCGGTACTCCCA

BDNF TAACGGCGGCAGACAAAAAGA TGCACTTGGTCTCGTAGAAGTAT

GDNF AGAGGAAAAGGTCGGAGAGG CCTTGGTTTCATAGCCCAGA

NGF TGTGGGTTGGGGATAAGACCA GCTGTCAACGGGATTTGGGT

NRTN GCTGTCCATCTGGATGTGTCG CAGGAGTGCACGGTACTGG

S100A4 CTCAGCGCTTCTTCTTTC GGGTCAGCAGCTCCTTTA

GFAP CCTCTCCCTGGCTCGAATG GGAAGCGAACCTTCTCGATGTA

P75NTR GGAAGCGAACCTTCTCGATGTA TGAAGGCTATGTAGGCCACAA

GAPDH GCATTGCCCTCAACGACCAC CCACCACCCTGTTGCTGTAG
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were assessed by Student's t test, and one-way or two-way ANOVA 
followed by Tukey's test was used to analyze the differences 
among multiple groups. The associations between MMP1 expres-
sion and other factor expression were evaluated using two-tailed 
Pearson correlation analysis. The significant level was defined as a 
p-value < 0.05.

3  |  RESULTS

3.1  |  MMP1 is overexpressed in PC and correlated 
with PNI

The expression of MMP1 in PC tissues and non-tumor tissues was de-
termined by immunohistochemistry. As shown in Figure 1A, MMP1 
expression in non-cancerous tissues was negative, but most PDAC 
tissues showed positive MMP1 staining. Afterward, we examined 
the mRNA expression of MMP1 in normal pancreatic epithelial cell 
line HPC-Y5, human pancreatic cancer cell lines SW1990 and PANC-
1, and mouse microglial line BV2. As a result, SW1990, PANC-1, 
and BV2 cells exhibited a higher MMP1 expression compared with 
HPC-Y5 cells, and BV2 cells displayed the highest MMP1 expression 
among these four cell lines (Figure 1B). Besides, the increased mRNA 
expression of MMP1 was also observed in PDAC tissues and isolated 
DRGs (Figure 1C). The data in Table 2 showed that MMP1 expression 

in PDAC patients is positively associated with PNI. These results in-
dicate that MMP1 may play a positive role in PNI and PC progres-
sion. A loss-of-function analysis was then performed to evaluate the 
function of MMP1 in PC. We detected the efficiency of siRNAs tar-
geting MMP1 in PANC-1 cells. The results in Figure 1D showed that 
si-MMP1 effectively inhibited MMP1 expression in PANC-1 cells.

3.2  |  MMP1 knockdown suppresses Epithelial–
mesenchymal transition (EMT) and Schwann-like cell 
differentiation of PC cells

PANC-1 cells were co-cultured with excised murine DRG for 24 hours. 
The effect of MMP1 silencing on PC metastasis was assessed in vitro. 
Transwell assay revealed that MMP1 downregulation significantly 
inhibited the migration and invasion of PANC-1 cells (Figure 2A,B). 
EMT is a key process in the migration and invasion of cancer cells.28 
Also, we performed Western blot to detect the levels of EMT-related 
proteins, including Vimentin, N-cadherin, and E-cadherin in PANC-1 
cells. As expected, knockdown of MMP1 significantly increased E-
cadherin expression but reduced N-cadherin and Vimentin expression 
in PANC-1 cells (Figure 2C). These results indicate that MMP1 knock-
down represses the migration and invasion of PC cells via inhibiting 
EMT. Moreover, the mRNA expression of pancreatic neurotrophic fac-
tors, including nerve growth factor (NGF), brain-derived neurotrophic 

F I G U R E  1 MMP1 is highly expressed in PC tissues and cell lines. (A) Representative images of immunohistochemistry of MMP1 
expression in PDAC tissues and corresponding non-cancerous pancreatic tissues (NP). (B) Relative mRNA expression of MMP1 in HPC-Y5, 
SW1990, PANC-1, and BV2 cells was measured by qRT-PCR. (C) Relative mRNA expression of MMP1 in normal pancreatic tissues and PDAC 
tissues from patients, and DRG isolated from mice was measured by qRT-PCR. (D) The efficiency of MMP1 knockdown was examined by 
qRT-PCR in PANC-1 cells transfected with si-MMP1-1/2.
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factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), and 
neurturin (NRTN) was all down-regulated by the knockdown of MMP1 
in PANC-1 cells (Figure 2D), indicating that MMP1 may contribute to 
PNI by promoting the expression of neurotrophic factors in PC. Since 
these neurotrophic factors were secreted by Schwann cells, the ex-
pression of Schwann cell markers, including S100 calcium-binding 
protein A4 (S100A4), p75 neurotrophin receptor (p75NTR), and glial 
fibrillary acidic protein (GFAP), was detected. The results showed that 
MMP1 knockdown significantly down-regulated the expression of 
these markers in PC cells (Figure 2E), indicating a critical role of MMP1 
in the differentiation of PC cells into Schwann-like cells.

3.3  |  MMP1 knockdown inactivates the NT-3/TrkC 
signaling pathway

The NT-3/TrkC signaling pathway is involved in tumor growth and 
metastasis. We further measured the protein levels of NT-3 and TrkC 
in PANC-1 cells. As shown in Figure 3, silencing of MMP1 reduced 
the expression of NT-3 and TrkC in PANC-1 cells. The downregula-
tion of MMP1 may block the activation of the NT-3/TrkC signaling 
pathway in PC.

3.4  |  The effects of MMP1 on EMT and Schwann-
like cell differentiation are mediated by the NT-
3/TrkC signaling pathway

To confirm the action mechanisms of MMP1 involving the NT-3/
TrkC signaling pathway in the PNI of PC, LM22B-10, an activator 
of TrkC was used to activate TrkC in PANC-1 cells. Cell migration 
and invasion suppressed by MMP1 knockdown were partially re-
stored by LM22B-10 treatment, indicating that TrkC facilitates the 
PC metastasis in vitro (Figure 4A,B). Besides, LM22B-10 decreased 
the protein expression of E-cadherin while increasing that of N-
cadherin and Vimentin (Figure 4C). Furthermore, the activation of 
TrkC also enhanced the expression of neurotrophic factors BDNF, 
GDNF, NRTN, and NGF, as well as Schwann markers S100A4, P75, 
and GFAP (Figure 4D,E). To confirm these findings in vivo, PANC-1 
cells were injected into mice to establish the PNI model. The mice in 
the si-MMP1 group exhibited higher sciatic nerve function index and 
sciatic nerve score compared with mice in the si-NC group, and these 
changes were weakened by LM22B-10 treatment (Figure  5A,B). 
Tumor xenografts were excised for HE staining at 7 weeks after in-
jection. MMP1 knockdown decreased the incidence of PNI and this 
inhibitory effect was abolished by LM22B-10 treatment (Figure 5C). 

Clinicopathological 
parameters

cases
170

MMP1 high 
expression 85

MMP1 low 
expression 85 p-Value

Age(years)

<50 93 42 51 0.218

≥50 77 43 34

Sex

Male 87 45 42 0.759

Female 83 40 43

Tumor size

<5 cm 95 42 53 0.122

≥5 cm 75 43 32

Histological grade

G1 48 15 33 0.005**

G2 63 39 24

G3 59 31 28

Lymph node metastasis

N0 95 40 55 0.005**

N1 75 45 30

pTNM stage

I 21 3 18 <0.001***

II 84 59 25

III 65 49 16

Perineural invasion (PNI)

− 99 37 62 <0.001***

+ 71 48 23

Note: **p < 0.01 and ***p < 0.001 represent significantly different between MMP1 high expression 
and MMP1 low expression.

TA B L E  2 Correlations between MMP1 
expression and clinicopathological 
parameters in PDAC patients
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These results indicate that the activation of the NT-3/TrkC signal-
ing pathway aggravates PNI. In consistent with the results in vitro, 
LM22B-10 treatment exhibited similar effects on EMT, neurotrophic 
factors, and Schwann-like cell differentiation in vivo (Figure 5D–F). 
The above results demonstrate that MMP1 plays a key role in PNI 
through regulating the NT-3/TrkC signaling pathway.

3.5  |  MMP1 expression is closely correlated 
with the expression of EMT markers, neurotrophic 
factors, and Schwann cell markers

In human PC specimens, the associations of MMP1 expression 
with the expression of EMT markers, neurotrophic factors, and 
Schwann cell markers were analyzed. As shown in Figure  6A , 
MMP1 was negatively correlated with E-cadherin (R = −0.5027), 

while positively correlated with N-cadherin (R  =  0.632) and 
Vimentin (R  =  0.594). Besides, MMP1 was also positively corre-
lated with Schwann cell markers, including S100A4 (R  =  0.662), 
P75NTR (R  =  0.499), and GFAP (R  =  0.121) (Figure 6B), as well 
as neurotrophic factors, including BDNF (R  =  0.572), GDNF 
(R = 0.439), and NRTN (R = 0.405) and NGF (R = 0.650) (Figure 6C). 
Thus, MMP1 expression was positively correlated with EMT, neu-
rotrophic factor production, and Schwann-like cell differentiation 
in the PNI of PC.

4  |  DISCUSSION

Perineural invasion is often the first route of metastasis and a promi-
nent characteristic of PC.13,29 In this study, we assessed the func-
tion of MMP1 in PNI of PC and identified a novel action mechanism 

F I G U R E  2 Knockdown of MMP1 represses the migration, invasion, EMT, and Schwann-like cell differentiation in PC cells. (A and B) 
Transwell assay was performed to detect the migration (A) and invasion (B) of PANC-1 cells. (C) Relative protein expression of E-cadherin, N-
cadherin, and Vimentin in PANC-1 cells was detected by Western blot. (D and E) Relative mRNA expression of neurotrophic factors (BDNF, 
GDNF, NRTN, and NGF) (D) and Schwann cell markers (S100A4, P75NTR, and GFAP) (E) in PANC-1 cells.
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involving the NT-3/TrkC signaling pathway. We found that MMP1 
expression was up-regulated in PC tissues and cells. Knockdown of 
MMP1 inhibited cell migration and invasion, EMT, Schwann-like cell 
differentiation, and neurotrophic factor expression to retrain the 
PNI of PC, and these effects were associated with the deactivation 
of the NT-3/TrkC signaling pathway.

Mechanisms of matrix metalloproteinase-1 are keys enzymes 
function in regulating ECM turnover in tumor microenvironment, 
and their expression is closely associated with the tumorigenesis 
and progression of multiple tumors.30 MMP1 is a collagenase in 
the MMP family, which involves the progression of a variety of 
tumors. For instances, the upregulation of MMP1 contributes to 
the growth and metastasis of non-small cell lung cancer and breast 
cancer.31,32 Downregulation of MMP-1 represses the invasion and 
migration of gastric cancer.33 These findings indicate a positive 
role of MMP1 in the progression of cancers. Similarly, we discov-
ered that MMP1 was overexpressed in PC tissues and cell lines, 
and siRNA-mediated knockdown of MMP1 weakened the migra-
tory and invasive abilities of PC cells. Additionally, MMP1 expres-
sion was positively related to PNI in PC patients. Based on these 
findings, we suspect that MMP1 is involved in the development 
of PNI in PC.

The loss of epithelial marker E-cadherin and the acquisition 
of mesenchymal markers Vimentin and N-cadherin occur in EMT, 
and this is a biological process in which cells lose their epithelial 
traits and acquire mesenchymal ones.34 EMT is associated with a 
variety of tumor behaviors, including tumorigenesis, progression, 
metastasis, and other phenotypes.35 It has been reported that PNI 
is related to EMT in human cutaneous squamous cell carcinoma.36 
Here, we assessed the function of MMP1 on EMT in PC both in 
vivo and in vitro. MMP1 knockdown up-regulated E-cadherin and 
down-regulated N-cadherin and Vimentin in PC cells, indicating 
an inhibitory effect of MMP1 silencing on EMT. In consistent with 
our findings, a previous study showed that MMP1 knockdown en-
hances E-cadherin expression and inhibits Vimentin expression in 
cervical cancer.37

Schwann cells are the primary glia of the vertebrate peripheral 
nervous system, presenting a range of activities in peripheral nerves 
and ganglia.38 Researchers also point out that the differentiation 
of cancer cells into Schwann-like cells may be an inducer in the oc-
currence of PNI in tumors.39,40 Meanwhile, increasing evidence has 
demonstrated that Schwann cell markers S100A4, P75NTR, and 
GFAP are up-regulated in multiple tumors with PNI, including breast 
cancer, prostate cancer, and colorectal cancer.41–43 BDNF, GDNF, 
NRTN, and NGF are neurotrophic factors secreted by Schwann cells 
that can promote neuronal growth and PNI progression.12 NGF, 
GDNF, and NRTN are significantly increased during the progres-
sion of pancreatic intraepithelial neoplasm (PanIN).44 In our study, 
the downregulation of MMP1 restricted the expression of Schwann 
cell markers and neurotrophic factors in PC, which indicates that 
MMP1 downregulation prevents the differentiation of PC cells into 
Schwann-like cells. These findings also suggest that MMP1 may con-
tribute to PNI progression through enhancing the differentiation of 
PC cells toward Schwann-like cells. Similarly, a previous study also 
indicated that macrophage migration inhibitory factor mediates the 
EMT and Schwann-like cell differentiation to promote the PNI of 
SACC.45 Based on these findings, we conclude that MMP1 regulates 
PNI of PC via facilitating EMT and the differentiation of PC cells into 
Schwann-like cells.

However, the underlying down-steam signaling pathway for 
MMP1 in regulating PNI remains unclear. TrkC is a receptor tyrosine 
kinase that binds NT-3. After binding with NT-3, TrkC manifests au-
tophosphorylation and results in the activation of distinct intracel-
lular signaling pathways.46 Previous researches have demonstrated 
that NT-3 and TrkC expression are increased in PC and prostate 
cancer with PNI.24,25 In this study, the protein expression of NT-3 
and TrkC was inhibited by MMP1 knockdown, while promoted by 
TrkC activator. The activation of the NT-3/TrkC signaling pathway 
promoted PNI of PC via facilitating EMT and Schwann-like cell 
differentiation. These findings are similar to a previous research 
that miR-429-mediated inhibition of NT-3 mitigates PNI of PC.47 
Moreover, abnormal activation of TrkC and TrkC fusion proteins 

F I G U R E  3 Knockdown of MMP1 inactivates the NT-3/TrkC signaling pathway. The protein expression of NT-3 and TrkC in PANC-1 cells 
was detected by Western blot.
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F I G U R E  4 Action mechanism of MMP1 on EMT and PNI is associated with the NT-3/TrkC signaling pathway. (A-B) The migration (A) and 
invasion (B) of PANC-1 cells treated with LM22B-10 were determined by Transwell assay. (C) Relative protein expression of E-cadherin, N-
cadherin, and Vimentin in LM22B-10-treated PANC-1 cells was detected by Western blot. (D–E) Relative mRNA expression of neurotrophic 
factors (BDNF, GDNF, NRTN, and NGF) (D) and Schwann cell markers (S100A4, P75NTR, and GFAP in PANC-1 cells) (E).
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significantly promotes EMT.48 The function of the NT-3/TrkC sig-
naling pathway in EMT and Schwann-like cell differentiation has also 
been confirmed in SACC.26 Therefore, MMP1 may contribute to the 
PNI of PC via activating the NT-3/TrkC signaling pathway.

According to the findings of this study, we consider the NT-3/
TrkC signaling pathway is involved in the action mechanisms of 
MMP1 in PNI of PC. Overall, MMP1 silencing decreases the expres-
sion of NT-3 and TrkC, thereby leading to the inactivation of this 
pathway. The blocking of the NT-3/TrkC signaling pathway then in-
hibits the EMT and Schwann-like cell differentiation, thus suppress-
ing the PNI of PC. In addition, the effects of MMP1 knockdown 
were abrogated by a TrkC activator in this study, which further illus-
trate that MMP1 functions in the PNI of PC through regulating the 

NT-3/TrkC signaling pathway. Indeed, the activation of the NT-3/
TrkC signaling pathway can also activate a variety of other signal-
ing pathways, including PI3K/Akt, MAP kinase, and Bcl2 signaling 
pathways.23 However, the downstream effectors of the NT-3/TrkC 
signaling pathway in PNI of PC are not explored here, which need to 
be studied in future experiments.

5  |  CONCLUSIONS

In conclusion, MMP1 knockdown inhibits the EMT and Schwann-like 
cell differentiation of PC cells via blocking the NT-3/TrkC signaling 
pathway, thus suppressing the PNI of PC.

F I G U R E  5 Knockdown of MMP1 inhibits PNI of PC in vivo. (A) The sciatic nerve function index. (B) The sciatic nerve score. (C) 
Representative images of HE staining of PNI in tumor xenografts. Scale bar = 100 μm. (D) Relative protein expression of E-cadherin, N-
cadherin, and Vimentin in tumor xenografts. (E, F) Relative mRNA expression of neurotrophic factors (BDNF, GDNF, NRTN, and NGF) (E) 
and Schwann cell markers (S100A4, P75NTR, and GFAP) (F) in tumor xenografts.
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