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Abstract. Cancer‑associated fibroblasts (CAFs) promote the 
progression of pancreatic ductal adenocarcinoma (PDAC) 
via tumor‑stromal interactions. Neutrophil extracellular traps 
(NETs) are extracellular DNA meshworks released from 
neutrophils together with proteolytic enzymes against foreign 
pathogens. Emerging studies suggest their contribution to liver 
metastasis in several types of cancer. Herein, in order to inves-
tigate the role of NETs in liver metastasis in PDAC, the effects 
of NET inhibitors on spontaneous PDAC mouse models were 
evaluated. It was demonstrated that DNase I, a NET inhibitor, 
suppressed liver metastasis. For further investigation, further 
attention was paid to liver micrometastasis and an experimental 
liver metastasis mouse model was used that was generated 
by intrasplenic tumor injection. Furthermore, DNase I also 
suppressed liver micrometastasis and notably, CAFs accumu-
lated in metastatic foci were significantly decreased in number. 
In vitro experiments revealed that pancreatic cancer cells 
induced NET formation and consequently NETs enhanced 
the migration of hepatic stellate cells, which was the possible 
origin of CAFs in liver metastasis. On the whole, these results 
suggest that NETs promote liver micrometastasis in PDAC via 
the activation of CAFs.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth 
leading cause of cancer‑related mortality in western countries 
and has a 5‑year survival rate of <8% (1). This dismal outcome 
partly results from its aggressive metastatic nature. In addition, 
up to 80% of patients with PDAC already have distant organ 
metastasis at the time of diagnosis and they rarely receive 
survival benefits from surgical resection. Furthermore, the 
lack of effective therapeutics for the treatment of metastasis 
makes it difficult to overcome metastatic PDAC. Therefore, 
novel strategies with which to prevent metastasis are urgently 
required in order to improve the outcome of patients with 
pancreatic cancer.

PDAC is characterized by abundant stroma known as 
‘desmoplasia’, not only in primary tumors, but also in liver 
metastasis. Desmoplasia constitutes up to 90% of the total 
tumor volume and contains extracellular matrix (ECM) and 
stromal cells, such as immune cells, vascular endothelial cells 
and cancer‑associated fibroblasts (CAFs). CAFs are the major 
component of the tumor microenvironment, as well as meta-
static sites. In addition, emerging studies have revealed that 
CAFs contribute to tumor growth, invasion and metastasis via 
the secretion of various growth factors, cytokines, chemokines 
and the production of ECM proteins (2‑5).

Neutrophils are the most abundant cell population in 
leukocytes and kill microbes through a variety of mechan-
sisms, such as through phagocytosis, the release of reactive 
oxygen intermediates, cytokines and lytic enzymes, which 
can also damage cancer cells. However, previous studies 
have revealed that neutrophils also have pro‑tumorigenic 
roles; clinical investigations have indicated that high levels 
of neutrophils both in the tumor and in the circulation (6‑9), 
as well as a high neutrophil‑to‑lymphocyte ratio, have a close 
association with worse oncological outcomes of patients 
with solid tumors (10‑14). Furthermore, neutrophils accel-
erate tumor progression, not only in the primary tumor, but 
also in the metastatic tumor through various mechanism, 
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such as the recruitment of immuno‑suppressive regulatory 
T cells (15), angiogenesis (16) and the establishment of 
the pre‑metastatic niche (17). On the other hand, in 2004, 
Brinkmann et al first documented a novel neutrophil function 
termed neutrophil extracellular traps (NETs) (18). NETs are 
extracellular networks consisting of DNA filaments released 
from neutrophil nuclei together with antimicrobial peptides, 
proteases and histones derived from neutrophil granules 
in response to infection. NETs have been demonstrated to 
capture and destroy foreign pathogens, and consequently 
contribute to host defense, while it has been also reported 
that NETs are associated with various human pathologies, 
not only in infectious diseases, but also in non‑infectious 
diseases, such as preeclampsia (19), rheumatoid arthritis (20), 
thrombosis (21‑23), and lung fibrosis (24), as well as cancer 
metastasis (25,26). However, the mechanisms through which 
NETs promote cancer metastasis and their role in PDAC 
progression remain largely unknown.

The present study demonstrated the role of NETs in liver 
metastasis from PDAC, with particular focus on microme-
tastasis. DNase I, a NET inhibitor, was found to suppress 
liver metastasis in both spontaneous and experimental liver 
metastasis mouse models. Neutrophils were recruited during 
the very early stages of liver micrometastasis followed by CAF 
activation, which was attenuated by DNase I. The findings of 
the present study suggest that NETs promote liver metastasis, 
and indicate that they may thus be a promising therapeutic 
target which can be used to suppress the liver metastasis of 
PDAC.

Materials and methods

Human samples. The collection of human PDAC tumor 
samples was approved by the Ethics Committee of Kyushu 
University. Written informed consent was obtained from the 
patients as required. Two PDAC samples from a 65‑year‑old 
and 72‑year‑old male who underwent pancreatoduodenectomy 
in 2014 at Kyushu University were collected.

Mouse strains. The following strains were used: KrasLSL‑G12D, 
PDX1‑Cre and Trp53R172H (KPC mouse); KrasLSL‑G12D, 
PDX1‑Cre, Trp53R172H and LuciferaseLSL (KPCL mouse); and 
C57BL/6 mice. All mice were purchased from Charles River 
Laboratories at the age of 4 weeks and kept in a P2 type 
mouse room with a temperature of 20‑26˚C and a humidity of 
40‑60% and were provided with free access to food and water. 
The KPC mice and KPCL mice were used as spontaneous 
PDAC mouse models. Luminescence in the upper abdomen 
of the KPCL mice was observed using an IVIS image system 
(Caliper Life Sciences) following an intraperitoneal injection 
of 150 mg/body D‑Luciferin potassium salt (#LK10000; OZ 
Biosciences). The KPCL mice were sacrificed by cervical 
dislocation under anesthesia with isoflurane (5% for induction 
and 2% for maintenance) when they lost >10% of their body 
weight or the tumors reached a size of 2 cm in the largest 
diameter and death verification were conducted by confirming 
the lack of heartbeat, respiration and pupillary response to 
light. All mouse experiments were approved by the Ethics 
Committee of Kyushu University and all mice were used in 
accordance with institutional guidelines.

Cells and culture conditions. Murine pancreatic cancer 
cells (PCCs) were established from PDAC tissues obtained 
from KPC mice using the outgrowth method, as previously 
reported (27), and cultured in DMEM supplemented with 
10% fetal bovine serum (FBS). Cells were confirmed to 
be PCCs by morphology and immunofluorescent staining 
for cytokeratin 19 (data not shown). The PCC1, PCC‑Li1, 
2 and PCC‑Lu1 cells were established from primary, liver 
metastasis and lung metastasis, respectively. All of the 
established murine cancer cell lines were not authenticated. 
Human hepatic stellate cells (HSCs) were purchased from 
KAC (#BBHPFS‑01) and cultured in DMEM supplemented 
with 10% FBS. Although immortalized HSCs, such as LX‑1 
and LX‑2 are used in several experiments, this study used 
HSCs which are not immortalized to avoid the effects of 
immortalization on their biological features. In addition, the 
authors also tried to isolate primary HSCs from murine liver 
by the widely used in vivo digestion method as previously 
described (28). However, the isolated HSCs were no suit-
able for use in the experiments due to the low yield and low 
viability.

Visualization of extracellular DNA in vivo. In vivo extracel-
lular DNA released along with NET formation was labeled 
with 5 µM SYTOX Green (Thermo Fisher Scientific) 
membrane impermeable nucleic acid stain. SYTOX Green 
was injected intravenously 10 min before harvesting tumors 
from tumor‑bearing KPCL mice. Each explanted tumor was 
cut into two sections and the cross‑sections and sliced sections 
were observed under a fluorescence microscope (BZ‑9000; 
Keyence).

Experimental liver micrometastasis model. Green fluores-
cent protein (GFP)‑transfected murine PCCs were generated 
using lentivirus according to the manufacturer's instructions. 
Blasticidine S hydrochloride (#15205; Sigma‑Aldrich) was 
used for selection for >3 weeks. A total of 1x105 cells was 
injected into the spleens of immunocompetent C57BL/6 mice. 
Mice were sacrificed by cervical dislocation under anesthesia 
with isoflurane (5% for induction and 2% for maintenance) at 
days 1‑4 after the tumor injection.

DNase I treatment in mouse models. In both spontaneous and 
experimental liver metastasis mouse models, 75 U of DNase I 
was injected daily into the peritoneal cavity. In the experi-
mental liver metastasis mouse model, DNase I administration 
was commenced 10 min prior to the intrasplenic tumor injec-
tion.

Murine neutrophil isolation. Murine neutrophils were isolated 
from the bone marrow of femurs and tibias of C57BL/6 mice, 
as described previously (29). In brief, harvested bone marrow 
cells suspended in Hank's buffered salt solution (HBSS) 
without Ca2+/Mg2+ were centrifuged at 1,000 x g for 5 min at 
4˚C and the pellets were resuspended in red blood cell lysing 
buffer (BD Pharm Lyse, BD Biosciences). After washing with 
HBSS, neutrophils were separated from mononuclear cells by 
layering the cell suspension on 81% Percoll (GE Healthcare) 
and under 62% Percoll following centrifugation at 1,000 x g 
for 20 min at 4˚C. The neutrophils were then collected from the 
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enriched layer between the 81 and 62% Percoll and cultured in 
RPMI‑1640 medium supplemented with 10% FBS. The purity 
of the isolated neutrophils was determined by flow cytometry 
(SH800; SONY) using PE‑conjugated anti‑Ly6G antibody 
(#127607; BioLegend) and FITC‑conjugated anti‑CD11b 
antibody (#101205; BioLegend) and NETs were induced by 
the addition of 40 nM phorbol‑12‑myristate 13‑acetate (PMA; 
Sigma‑Aldrich).

Immunohistochemistry. In vivo tumor tissues were immu-
nostained as previously described (30) with the following 
primary antibodies: Rabbit anti‑GFP antibody (1:500, #598; 
MBL), mouse anti‑α‑smooth muscle actin (α‑SMA) antibody 
(1:100, #M0851; Dako), rabbit anti‑F4/80 antibody (1:100, 
#ab234530; Abcam), rat anti‑Ly6G antibody (1:100, #551459; 
BD Pharmingen; BD Biosciences), goat anti‑myeloperoxi-
dase antibody (MPO; 15 µg/ml, AF3667; R&D Systems) and 
rabbit anti‑citrullinated‑histone H3 antibody (Cit‑H3) (1:100, 
ab5103; Abcam) and the following secondary antibodies: 
EnVisionþ System‑HRP Labeled Polymer Anti‑Rabbit 
(#K4003; Dako), EnVisionþ System‑HRP Labeled Polymer 
Anti‑Mouse (#K4001; Dako), goat anti‑rat IgG antibody 
(1:500, #ab97057; Abcam). Tissues were incubated with the 
primary antibodies overnight at 4˚C and stained with the 
secondary antibodies.

Immunofluorescence staining. Immunofluorescence staining 
was performed as previously described (31) with the following 
antibodies: Rabbit anti‑GFP antibody (1:500, #598; MBL), 
mouse anti‑α‑SMA antibody (1:100, M0851; Dako), rat 
PE‑conjugated anti‑Ly6G antibody (1:50, #127607; BioLegend), 
rabbit anti‑Cit‑H3 antibody (1:100, ab5103; Abcam), Alexa 
546‑conjugated anti mouse IgG antibody (1:200, #A‑11030; 
Invitrogen; Thermo Fisher Scientific) and Alexa 488‑conju-
gated anti‑rabbit IgG antibody (1:200, #A‑11034; Invitrogen; 
Thermo Fisher Scientific). Slides were visualized using a 
fluorescence microscope (BZ‑9000; Keyence).

Quantification of NETs induced by PCCs. Freshly isolated 
neutrophils from C57BL/6 mice were seeded in the lower 
wells of 24‑well Transwell chambers at a density of 
2.0x104/well in 750 µl of RPMI supplemented with 10% FBS. 
For indirect co‑culture, murine PCCs (4.0x104/well), derived 
from either primary tumor or metastatic tumor, in 250 µl 
of RPMI supplemented with 10% FBS, were seeded in the 
upper well with 8 µm pores. For cancer supernatant treat-
ment, the murine PCCs were cultured in RPMI without 
FBS for 72 h and the cells in the supernatants were removed 
using Millex filters (0.22 µm pore size; Merck) and were 
then concentrated with centrifugal filter tubes. Collected 
supernatants were added to fresh RPMI and adjusted to 
the same concentration as the original medium. Following 
24 h of either indirect co‑culture or supernatant treatment, 
neutrophils in the lower wells were fixed with 4% parafor-
maldehyde and incubated with rabbit anti‑Cit‑H3 antibody 
(1:50, ab5103; Abcam) for 2 h at room temperature followed 
by 1 h of incubation with FITC‑conjugated secondary anti-
body (1:200, ab6717; Abcam) and DAPI at room temperture. 
Neutrophils that produced NETs were double‑stained with 
FITC and DAPI and observed under a fluorescence micro-

scope. The percentage of neutrophils that released NETs 
was measured.

Migration assay. The HSC migratory capabilities were investi-
gated by counting the number of migrating HSCs through 8‑µm 
pores of Transwell chamber membranes (BD Biosciences), as 
previously described (30). For co‑cultures with or without PCCs 
(2.0x104/well), neutrophils (2.0x105/well) and apocynin (10 µM) 
in 750 µl of DMEM supplemented with 10% FBS in the lower 
chambers of 24‑well dishes, HSCs were seeded with or without 
apocynin in the upper chambers and incubated at 37˚C for 24 h. 
Following incubation, cell migration was evaluated by counting 
the number of cells that migrated through the Transwell cham-
bers. Migrated cells on the bottom surface of the membranes 
were fixed with 70% ethanol and stained with hematoxylin for 
5 min and eosin for 3 min. Cells in 5 random fields at x200 
magnification were counted under a light microscope (BZ‑9000; 
Keyence). Each experiment was performed in triplicate.

Cell proliferation assay. Cell proliferation was evaluated using 
the Cell Titer‑Glo luminescent cell viability assay. PCC1 and 
HSCs were seeded in 96‑well polystyrene cell culture micro-
plates (#655083; Greiner Bio‑One International) at a density 
of 1x103 cells/well, and 24 h after seeding, 100 ml medium 
was replaced. The medium was replaced with fresh Dulbecco's 
modified Eagle's medium (DMEM) containing 10% FBS 
with 5, 10, or 15 U/ml DNase I or H2O. Cell proliferation was 
evaluated after 0, 24, 48 and 72 h of culture according to the 
manufacturer's instructions.

Reverse transcription‑quantitative polymerase chain reac‑
tion. Total RNA was extracted from the PSCs using a High 
Pure RNA Isolation kit (#11828665001, Roche) according to 
the manufacturer's instructions. RT‑qPCR) was performed 
using the SYBR‑Green RT‑PCR kit (#170‑8892; Bio‑Rad 
Laboratories) and the CFX96 Real‑Time PCR System 
(Bio‑Rad Laboratories). The reactions were incubated at 50˚C 
for 10 min; 95˚C for 1 min; 95˚C for 10 sec; 60˚C for 30 sec for 
39 cycles; 60˚C for 5 sec; 95˚C for 5 sec. The results were 
analyzed using the 2-ΔΔCq method (32). Primers for actin 
alpha 2, smooth muscle (Acta2) and collagen type i alpha 1 
cha i n  (Col1A1)  were  pu rchased  f rom Ta ka ra. 
Glyceraldehyde‑3‑phosphate dehydrogenase (GAPDH) was 
used to normalize messenger RNA (mRNA) expression. The 
primers used were as follows: mouse GAPDH forward, 5'‑TGT 
GTCCGTCGTGGATCTGA‑3' and reverse, 5'‑TTGCTGTTG 
AAGTCGCAGGAG‑3'; mouse Acta2 forward, 5'‑CAGATG 
TGGATCAGCAAACAGGA‑3' and reverse, 5'‑GACTTAGAA 
GCATTTGCGGTGGA‑3'; and mouse Col1A1 forward, 5'‑GA 
CATGTTCAGCTTTGTGGACCTC‑3' and reverse, 5'‑GGG 
ACCCTTAGGCCATTGTGTA‑3'.

Statistical analysis. Results are presented as the means ± SD. 
For experiments comparing differences between 2 groups, 
Student's t‑tests were used. For experiments comparing 
>2 groups, ANOVA followed by Tukey's or Dunnett's multiple 
comparisons tests were used. α‑SMA‑positive areas in the 
micrometastases were analyzed using the Wilcoxon test. 
Statistical significance was defined as P<0.05. All statistical 
analyses were performed using JMP 11 software (SAS Institute).
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Results

PCCs trigger neutrophil recruitment and NET formation in 
PDAC. To investigate the accumulation of neutrophils in PDAC 
tumors, specimens obtained from human primary PDAC and 
KPC mouse liver metastatic tumors were first analyzed using 
immunohistochemistry or immunofluorescence staining. In 
both tissues, the Ly6G‑positive neutrophil density was higher 
in the tumors than in the adjacent non‑tumor tissue. The 
majority of the neutrophils in the human non‑tumor tissues 
were located in the blood vessels (Fig. 1A). To investigate NET 
formation in the PDAC tumors, immunohistochemistry of 
citrullinated‑histone H3 was performed. Histone H3 is known 
to be citrullinated during the process of NET formation (21). 
Immunohistochemical analysis revealed the infiltration of 
citrullinated‑histone H3‑positive cells to the liver metastases 
of KPCL mice (Fig. 1B). In addition, to visualize NETs, 
SYTOX Green, a membrane impermeable nucleic acid stain 
that stains extracellular DNA released along with NET 
formation, was intravenously administered to KPCL mice 
before harvesting the tumors. Heterogeneously distributed 
extracellular DNA was detected during the direct observation 
of tumor cross‑sections (Fig. 1C), and extracellular DNA was 
also observed in the sliced sections (Fig. 1D).

Treatment with NET inhibitor prevents liver metastasis and 
suppresses tumor growth in KPCL mice. NETs have previ-
ously been reported to promote the blood‑borne metastasis of 

breast and colon cancer in an experimental liver metastasis 
model (26,29,33); however, the significance of NETs in 
PDAC remains unknown. Therefore, this study investigated 
the effect of DNase I, which is known to be a NET inhibitor, 
on spontaneous PDAC tumors in KPCL mice. In these mice, 
the luminescent intensity of the tumor increases as the tumor 
grows. In a preliminary experiment, it was found that approxi-
mately half of the palpable pancreatic tumors in the KPC mice 
emerged at the age of 8‑12 weeks and grew over time (Fig. S1). 
To investigate the effect of DNase I on liver metastasis forma-
tion at a very early stage, the KPCL mice were divided into 
2 groups, and daily intraperitoneal DNase I administration 
was commenced from the age of 8 or 13 weeks, respectively 
(Fig. 2A). All mice were sacrificed when they lost >10% of 
their body weight.

When DNase I was administered to 8‑week‑old mice 
(Early group), the DNase I group exhibited significantly 
lower levels of luminescence than the control group (Fig. 2B, 
P<0.05). One of the KPCL mice in the DNase I‑treated 
group was excluded from the analysis. By contrast, when 
DNase I was administered to 13‑week‑old mice (Delayed 
group), no significant difference was observed in the levels 
of luminescence between the DNase I and control groups. 
In addition, in the DNase I group, the incidence of liver 
metastasis was significantly suppressed (Fig. 2C, P<0.05). 
These data suggest that the inhibition of NET prevents liver 
metastasis, whereas it is insufficient for tumors that have 
already grown.

Figure 1. PDAC cells trigger neutrophil recruitment and NET formation. (A) Neutrophils infiltrating human primary PDAC, adjacent non‑tumor tissue and 
murine liver metastatic PDAC tumors stained with Ly6G. White arrow indicates neutrophils in a blood vessel. Scale bar, 100 µm. (B) Representative image 
of NETs, positive for Cit‑H3, in the liver metastasis of KPCL mouse. Scale bar, 100 µm. (C) Representative image of extracellular DNA in the tumor of a 
KPCL mouse visualized with SYTOX Green administered prior to killing. The cross‑sections of the bulk tumors were observed by fluorescence microscopy. 
(D) Representative microscopic images of extracellular DNA stained with SYTOX Green in the sliced tumor in (C). White arrows indicate DNA stained with 
SYTOX Green. Scale bar, 50 µm. PDAC, pancreatic ductal adenocarcinoma; NETs, neutrophil extracellular traps.
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Figure 2. NET inhibitor treatment prevents liver metastasis and suppresses tumor growth in KPCL mice. (A) Schematic timeline of DNase I treatment for 
KPCL mice. (B) Changes in the average luminescence intensity of KPCL mice in both the Early and Delayed group (left panels) and representative IVIS 
images before and after DNase I treatment was commenced (right panels). (C) IVIS images of liver explant (left panels) and percentage of KPCL mice with 
liver metastasis (right panel). *P<0.05. NET, neutrophil extracellular trap.

Figure 3. Neutrophil recruitment in liver metastasis precedes CAF activation. (A) Schematic timeline of experimental liver metastasis mouse model. 
(B) Metastatic foci with single tumor cell and surrounding CAFs in the experimental liver identified with immunofluorescent staining of GFP and α‑SMA at 
day 3. (C) Representative images of GFP+ tumor cells, Ly6G+ neutrophils and α‑SMA‑positive CAFs in the experimental liver metastasis at days 1 and 3. Scale 
bars, 100 µm. CAF, cancer‑associated fibroblast; GFP, green fluorescent protein; α‑SMA, α‑smooth muscle actin.
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Neutrophil recruitment in liver metastasis precedes CAF 
activation. To evaluate the type of stromal cells accumulating 
around cancer cells during the very early stages of liver metas-
tasis, an experimental liver micrometastasis mouse model was 
used, in which mice were transplanted with cancer cells by an 
intrasplenic injection with or without DNase I (Fig. 3A). In this 
model, PDAC cells from KPC mice were labeled with GFP to 
allow the identification of the PDAC cells even at the single cell 
level by the immunofluorescence staining of GFP (Fig. 3B). 
When examined microscopically, regardless of DNase I treat-
ment, metastatic foci containing only a couple of GFP‑positive 
PCCs were observed at post‑injection day 1 surrounded by 
Ly6G‑positive neutrophils, whereas α‑SMA‑positive CAFs 
were not observed at that time. However, at post‑injection day 
3, the dense accumulation of CAFs was observed around the 
PDAC cells, while neutrophils still existed (Fig. 3C).

Macrophages, which have also been reported to play a 
pro‑tumorigenic role in liver metastasis (34,35), were not 

observed during days 1‑3 (Fig. S2). The time lag between 
neutrophils and macrophages during the recruitment indicated 
their differences in the mechanisms of recruitment and in their 
role in the initiation of metastasis.

NET inhibitor prevents liver metastasis and the recruitment 
of activated CAFs in an experimental liver micrometastasis 
mouse model. The present experimental results for the KPCL 
mice treated with the DNase I NET inhibitor suggested that 
NETs were associated with tumor progression, particularly at 
the early stage. Therefore, in order to focus on liver micro-
metastasis, an experimental liver metastasis model was used 
as described above. GFP‑transfected tumor cells derived from 
KPC mice were injected into the spleens of immunocompetent 
mice, which were sacrificed from day 1 to 4. To examine the 
effects of NET inhibitor on liver micrometastasis formation, 
DNase I was administered daily to this mouse model. First, the 
number of metastatic nodules in DNase I‑treated and control 

Figure 4. DNase I prevents liver metastasis and CAF activation in an experimental liver micrometastasis mouse model. (A) Representative images of liver explants 
acquired using fluorescence microscopy. (B) Quantification of the number of metastatic regions and tumor area in the control group and DNase I‑treated group. 
Data shown represent the means ± SD. (C) Quantification of the density of metastatic foci (left panel) and the percentage of α‑SMA‑positive foci (right panel) 
at days 1‑3 by immunohistochemical analysis of GFP and α‑SMA (n=3, each group in each day.) Data shown represent the means ± SD. (D) Representative 
immunohistochemical images of micrometastatic foci (left panel). α‑SMA/GFP ratio in each micrometastatic foci at days 2‑3 (right panel). Scale bar, 50 µm. 
*P<0.05, **P<0.001; ns, not significant. CAF, cancer‑associated fibroblast; GFP, green fluorescent protein; α‑SMA, α‑smooth muscle actin.
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mice at day 4 was evaluated. Fluorescence microscopic 
analysis revealed a significant decrease in both the number 
and area of metastatic nodules in the DNase I‑treated group 
compared with the control group (Fig. 4A and B). Furthermore, 
immunohistochemical analysis of GFP revealed that there was 
no significant difference in the number of metastatic nodules 
between the 2 groups at days 1 and 2, while the DNase‑I‑treated 
mice exhibited significantly fewer liver micrometastasis at 
day 3 than the control mice (P<0.05; Fig. 4C, left panel).

A recent study demonstrated that NETs promote the 
differentiation and function of lung fibroblasts triggered by 
fibrosis‑related agents (24). Therefore, this study investigated 
the effects of DNase I on the recruitment of activated CAFs, 
which play a crucial role in the fibrotic stroma, in liver metas-
tasis. The immunohistochemical analysis of experimental 
liver metastasis revealed that α‑SMA‑positive activated 
CAFs were recruited to the metastatic foci from day 2 and 
the proportion of metastatic foci with CAFs increased over 
time. The proportion of metastatic foci with CAFs was 
significantly lower in the DNase I‑treated group than the 
control group at day 2, while there was no difference at day 3 
(Fig. 4C, right panel), as the majority of the metastatic foci 
were accompanied by CAFs in both groups. Furthermore, 
the ratio of the α‑SMA‑positive area to the GFP‑positive 
area in each metastatic focus was significantly lower in the 
DNase I‑treated group than the control group (Fig. 4D). To 
examine the direct effects of DNase I on the function of 
PCCs and CAFs, PCCs and CAFs were treated with DNase I 

in vitro. By cell proliferation assay, it was confirmed that 
DNase I had no effect on the proliferation of PCCs and 
HSCs (Fig. S3). These results suggest that DNase I inhibits 
the recruitment of activated CAFs during the formation of 
metastasis.

PCCs induce NET formation in vitro. To investigate the 
effects of PCCs on NETs, murine neutrophils were isolated 
from bone marrow as previously described (29), and the purity 
was measured by flow cytometry with FITC‑conjugated 
anti‑Ly6G and PE‑conjugated anti‑CD11b (Fig. 5A). Isolated 
neutrophils released NETs following the addition of 40 nM 
PMA (Fig. 5B). A total of 1x106 isolated murine neutrophils 
were indirectly co‑cultured with PCCs or treated with the 
supernatant of PCCs for 24 h. All cultures of PCCs derived 
from primary tumors or metastatic tumors induced NETs 
(Fig. 5C). Notably, several cultures of PCCs derived from liver 
and lung metastases more potently induced NETs than those 
from primary tumors (Fig. 5C and D).

NETs promote the activation of HSCs. The findings of the 
present study suggested that PCCs promote NET formation. 
The effects of NETs on CAF activation in vitro were then 
examined. A previous study demonstrated that CAFs in liver 
metastasis originated from resident hepatic stellate cells 
(HSCs) (34). Thus, this study used human hepatic stellate 
cells in the subsequent experiments. The mechansism through 
which NETs affect the migration of HSCs were examined 

Figure 5. PCCs induce NET formation in vitro. (A) Purity of isolated neutrophils was measured using flow cytometry with Ly6G and CD11b. (B) Isolated 
neutrophils (left panel, red) and induced NETs with 40 nM PMA (right panel, green). Scale bar, 100 µm. (C) Quantification of NETs induced by murine PCCs. 
The blue and yellow columns indicate the NETs induced by PCCs established from primary and metastatic tumors, respectively. Data shown represent the 
means ± SD. (D) Representative images of induced NETs by PCCs. Neutrophils that released NETs were visualized by immunofluorescent staining of Cit‑H3. 
Scale bars, 100 µm. *P<0.05, **P<0.001. PCCs, murine pancreatic cancer cells; NET, neutrophil extracellular trap.
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using Transwell migration assays (Fig. 6A). When HSCs 
were indirectly co‑cultured with either PCCs or neutrophils 
alone, the number of migrated HSCs was not altered. On the 
contrary, when co‑cultured with both PCCs and neutrophils, 
the number of migrated HSCs was significantly increased 
compared with those when HSCs were co‑cultured with either 
PCCs or neutrophils alone. When treated with apocynin, a 
NET inhibitor, the increase in the number of migrated HSCs 
co‑cultured with both PCCs and neutrophils was attenu-
ated to the level observed with co‑culture with either PCCs 
or neutrophils alone (Fig. 6B and C). These results suggest 
that PCC‑enhanced NETs promote the migration of HSCs. 
However, quantitative PCR (qPCR) revealed that NETs had no 
significant effect on the expression levels of Acta2 and Col1A1 
in HSCs (Fig. S4).

Discussion

Although it has been documented that DNase I suppresses 
blood‑borne metastasis in mouse models of breast, lung 
and liver cancer (36‑38), the underlying mechanisms have 
remained unclear for decades. Recent studies have revealed 
that DNase I suppresses metastasis via NET inhibition (26,29), 
which leads to fewer cancer cells being entrapped in the vascu-
lature of metastatic organs (33,38,39). However, the present 
study, using an experimental PDAC liver metastasis model, 
demonstrated no difference in the number of metastatic foci 
between the DNase I‑treated and control groups until day 2 
after the injection of cancer cells, suggesting that there are 

other mechanisms through which DNase I can suppress tumor 
colonization, apart from tumor cell entrapment.

The tumor microenvironment is widely recognized to 
promote PDAC progression through tumor‑stromal interac-
tions. However, the involvement of tumor‑stromal interactions 
in NET‑enhanced liver metastasis is unknown. Therefore, 
this study examined the effect of NETs on CAFs, which play 
a pivotal role in the tumor‑supportive microenvironment 
and found that NET inhibitors suppressed the recruitment 
of activated CAFs in the micrometastatic foci. Furthermore, 
the present in vitro data demonstrated that NETs enhanced 
the migration of HSCs, which are known to be the origin of 
CAFs in liver metastasis. Previous studies have demonstrated 
the tumor‑promoting role of CAFs in metastatic coloniza-
tion (40,41) as well as in the primary tumor. Together with 
these findings, the findings of the present study suggest that 
NETs induce liver metastasis via the enhanced recruitment of 
activated CAFs.

The vast majority of previous studies on liver metastasis 
have mainly focused on macrometastasis (42,43), resulting in 
a lack of concern about micrometastasis, even though it is one 
of the most critical steps of the metastatic cascade. This study 
analyzed micrometastasis in an experimental liver metastasis 
model. Notably, neutrophils infiltrated the liver metastatic foci 
within a day of intrasplenic injection of PCCs, while CAFs 
were absent until day 2, suggesting that neutrophils play an 
important role in the initial microenvironmental response 
before the activation of CAFs. DNase I treatment inhibited liver 
metastasis in this model, as well as in KPCL mice. In addition, 

Figure 6. NETs promote the activation of HSCs. (A) Schematic representation of Transwell migration assay. (B) Quantification of migrated cell numbers under 
each condition. Data shown represent the mean ± SD. (C) Representative images of migrated cells. Scale bar, 50 µm. (D) Schematic model showing the role 
of NETs in liver micrometastasis formation. *P<0.05, **P<0.001; ns, not significant. NETs, neutrophil extracellular traps; HSCs, human hepatic stellate cells.
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immunohistochemical analysis of GFP and α‑SMA revealed 
that DNase I suppressed CAF activation in micrometastatic 
foci. Further in vitro analysis demonstrated that NETs induced 
by PCCs promoted the migration of HSCs, which was attenu-
ated by NET inhibitors. By contrast, the expression levels of 
fibrosis‑related genes in HSCs were not affected by NETs at 
the mRNA level. This may result from the high basal expres-
sion of these genes in HSCs related to culture activation as 
previously reported (28). In summary, these findings described 
above indicate that there NETs play a crucial role in the initial 
step of the liver micrometastasis formation of PDAC and that 
NETs can enhance micrometastasis formation through the 
activation of CAFs (Fig. 6D).

Conventional anticancer therapies that predominantly 
target cancer cells have only a limited effect on patient 
outcome. Even though CAFs are also assumed to be a prom-
ising therapeutic target because of their tumor‑promoting 
nature through tumor‑stroma interactions, there is no agent 
targeting CAFs that has a clinical application. The present data 
suggest that NETs are one of the candidate therapeutic targets 
which may be used to inhibit liver metastasis enhanced via 
CAF activation in PDAC.
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