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Abstract
Pancreatic neuroendocrine neoplasms (panNENs) are rare pancreatic neoplasms, and 
descriptions of treatment remain limited. Autotaxin (ATX) is a secreted autocrine mo-
tility factor involved in the production of lysophosphatidic acid (LPA), a lipid media-
tor that promotes the progression of various cancers. The aim of this study was to 
clarify the importance of the ATX-LPA axis in panNENs and to confirm its contribu-
tion to panNEN progression using clinical data, cell lines, and a mouse model. Serum 
ATX level was higher in patients with panNEN than in patients with other pancreatic 
diseases (chronic pancreatitis, pancreatic ductal adenocarcinoma [PDAC], intraductal 
papillary mucinous neoplasm, autoimmune pancreatitis) and healthy controls, and 
61% of clinical specimens stained strongly for ATX. In a case we encountered, serum 
ATX level fluctuated with disease progression. An in vitro study showed higher ATX 
mRNA expression in panNEN cell lines than in PDAC cell lines. Cell proliferation and 
migration in panNEN cell lines were stimulated via the ATX-LPA axis and suppressed 
by RNA interference or inhibitors. An in vivo study showed that intraperitoneal injec-
tion of GLPG1690, an ATX inhibitor, suppressed tumor progression in a xenograft 
model. These findings revealed that ATX expression is significantly elevated in pan-
NEN and is related to the progression of panNEN. We showed the potential of ATX as 
a novel biomarker and therapeutic target.
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1  |  INTRODUC TION

Neuroendocrine neoplasms (NENs) are considered rare but have 
been increasing in recent years. According to statistical data from 
the United States, the annual age-adjusted incidence of neuroen-
docrine tumor (NET) was 6.98 per 100,000 individuals in 2012, rep-
resenting an about sixfold increase from 1973.1 Most NENs arise in 
the digestive system, in the small intestine, and rectum most fre-
quently, followed by the pancreas.1 Characteristically, nearly half of 
pancreatic NENs (panNENs) are found incidentally and frequently 
show regional invasion or distant metastasis.2 Some blood-based 
biomarkers have been identified for panNENs, including insulin for 
insulinoma, gastrin for gastrinoma, and chromogranin A and neuron-
specific enolase (NSE) for nonfunctional panNEN.3 Although vari-
ous investigations have been making efforts to discover more useful 
biomarkers, practically applicable results for use in clinical practice 
remain scarce.4–9

The treatment of patients with panNENs is wide ranging, with op-
tions including surgery, somatostatin analogs, molecularly targeted 
therapies, peptide receptor radionuclide therapy, and cytotoxic che-
motherapy.10 In recent years, multidisciplinary treatments have be-
come more important. panNENs tend to develop relatively slowly, 
and sustained strategies with a number of regimens are important to 
control tumor development. In contrast, the number of molecularly 
targeted therapies against panNENs remain limited compared with 
other cancers. Novel targets for therapy are therefore needed.

Lysophosphatidic acid (LPA) is a lysophospholipid mediator with 
many physiological activities, including working as a growth factor 
for cancer cells.11 Autotaxin (ATX) is a member of the ectonucleotide 
pyrophosphate and phosphatase family and is recognized as an auto-
crine motility-stimulating factor originally identified from melanoma 
cells.12 ATX works as an enzyme in the hydrolysis of lysophosphati-
dylcholine (LPC) to LPA and has also been reported to contribute to 
cancer development via the ATX-LPA axis.13–18 ATX has therefore 
attracted attention for potential use as a biomarker and therapeutic 
target.19–25 Some studies have suggested the utility of ATX inhibitors 
for antitumor effects.26,27 However, whether ATX and the ATX-LPA 
axis contribute to oncogenesis in panNENs remains unclear. The 
present study therefore investigated the role of the ATX-LPA axis in 
panNENs and clarified the oncogenic role of ATX with the aim of ex-
ploring its utility as a biomarker and therapeutic target for panNENs.

2  |  MATERIAL S AND METHODS

2.1  |  Clinical samples

From May 2021 to May 2023, a total of 145 blood samples were col-
lected from patients with pancreatic diseases at Nagoya City Univer-
sity Hospital. Underlying pathologies were pancreatic NET (panNET) 
in 14 patients (7 males, 7 females), pancreatic ductal adenocarcinoma 
(PDAC) in 62 (30 males, 32 females), chronic pancreatitis (CP) in 29 
(26 males, 3 females), and intraductal papillary mucinous neoplasm 

(IPMN) in 14 (5 males, 9 females), and there were 26 healthy con-
trols (16 males, 10 females). Pathological specimens were obtained 
from patients with panNET treated between December 2010 and 
May 2021 at Nagoya City University Hospital (n = 21) and Japanese 
Red Cross Aichi Medical Center Nagoya Daini Hospital (n = 15). This 
retrospective study was approved by the institutional review board 
at Nagoya City University Hospital and Japanese Red Cross Aichi 
Medical Center Nagoya Daini Hospital (approval no. 60-22-0008) in 
accordance with the Declaration of Helsinki on ethical principles for 
medical research involving human participants. To measure serum 
ATX level, 0.5 mL of patients' serum was applied with a reagent of 
AIA-packCL (Tosoh Bioscience). According to the manufacturer's in-
struction, enzyme-linked immunosorbent assay was performed with 
AIA-CL2000 LA (Tosoh Bioscience).

2.2  |  Cell cultures

The AsPC-1 and Capan-2 PDAC cell lines were purchased from 
RIKEN Cell Bank, QGP-1 pancreatic neuroendocrine carcinoma (pan-
NEC) cell line was purchased from JCRB Cell Bank and the BON-1 
panNET cell line was kindly provided by Dr. Keiichiro Sakuma (Di-
vision of Pathophysiology, Aichi Cancer Center Research Institute). 
QGP-1, AsPC-1, and Capan-2 cells were maintained in RPMI-1640 
medium (FUJIFILM Wako Pure Chemical Corporation) and BON-1 
cells in Dulbecco's Modified Eagle Medium DMEM (FUJIFILM Wako 
Pure Chemical Corporation). All media were supplemented with 10% 
fetal bovine serum (FBS) in an incubator with 5% CO2 at 37°C.

2.3  |  Cell viability assay

Cells were seeded at a density of 5 × 103 cells per well on 96-
well plates and cultured overnight. Next, cells were washed with 
phosphate-buffered saline (PBS) (Sigma Aldrich) and cultured in me-
dium with 10% FBS condition. We added 15 μmol/L of LPA for QGP-
1, 1 μmol/L of LPA for BON-1, 1 μmol/L of LPC for QGP-1 and BON-1, 
and 10 μmol/L of the ATX inhibitor GLPG1690 (MedChemExpress) 
for QGP-1 and BON-1 every 24 h. GLPG1690 was solubilized in di-
methyl sulfoxide (DMSO) according to the protocol for GLPG1690 
provided by the manufacturer. Cell viability was measured at fixed 
intervals using a Cell Counting Kit-8 (CCK-8) assay (Dojindo) and was 
evaluated by the absorption of water-soluble tetrazolium salt (WST-
8). These experiments were independently conducted four times.

2.4  |  Wound-healing assay (scratch assay)

A wound-healing assay was conducted to measure cell migration. 
A straight wound was scratched with a sterile 200-μL pipette tip 
after the cells were cultured to confluence in 12-well plates. Next, 
10 μmol/L of GLPG1690 was added. In cases of RNA interference, 
the scratch was made 24 h after transfection of siATX. DMSO was 
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added for the control. The straight wound was photographed and 
measured under microscopy at 0 and 24 h. All experiments were in-
dependently conducted three times.

2.5  |  In vivo experiments

Female nude mice (BALB/c Slc-nu/nu) were obtained from Japan 
SLC. All animal experiments were performed according to protocols 
approved by the Institutional Animal Care and Use Committee of 
Nagoya City University Graduate School of Medical Science. The 
xenograft model was made using mice at 5–6 weeks old by the im-
plantation of 5 × 105 BON-1 cells. Seven days after implantation, 
mice were allocated to two groups: control or GLPG1690 treatment. 
GLPG1690 was solubilized in a solvent. According to the protocol for 
GLPG1690, the solvent was made by adding each of the following 
solvents one by one: 5% DMSO (WAKO Pure Chemical Corporation); 
40% polyethylene glycol 300; 5% Tween 80; and 50% saline. As pre-
viously described, 60 mg/kg of GLPG1690 was injected intraperito-
neally every day, once a day.26,28,29 Tumor volume was calculated as 
(depth) × (width) × (height) × 0.5. The body weight of mice and tumor 
size were measured twice a week. The mice were sacrificed on day 
14. Tumor samples and serum were collected for further analyses. 
For the validation, we also carried out the same in vivo experiment 
using QGP-1 cells for analysis of the effect of GLPG1690; 5 × 105 
QGP-1 cells were implanted.

2.6  |  Statistical analysis

All data were analyzed using Student's t-test and the Mann–Whitney 
U-test. Differences were considered statistically significant at the 
level of p < 0.05. Receiver-operating characteristic (ROC) analy-
sis was used to calculate the area under the ROC curve (AUC) for 
serum ATX, and the AUC value with a 95% confidence interval (CI) 
was shown as representative value. All of the statistical analyses 
were undertaken using EZR software (version 1.61; Saitama Medi-
cal Center, Jichi Medical University). Data are expressed as the 
mean ± standard error.

We described fundamental materials and methods in 
Appendix S1.

3  |  RESULTS

3.1  |  High expression of ATX in panNEN

In this study using clinical specimens, we analyzed serum ATX lev-
els and immunohistochemically stained pancreatic tissues for ATX. 
The serum level of ATX was significantly higher in panNEN (male, 
1.31 ± 0.55 mg/L; female, 1.58 ± 1.07 mg/L) than in other pancre-
atic diseases in both males and females. Males: healthy controls, 
0.63 ± 0.13 mg/L (p < 0.01); IPMN, 0.62 ± 0.27 mg/L (p < 0.01); PDAC, 

0.78 ± 0.17 mg/L (p < 0.01); CP, 0.64 ± 0.09 mg/L (p < 0.01). Females: 
healthy controls, 0.73 ± 0.12 mg/L (p < 0.01); IPMN, 0.77 ± 0.12 mg/L 
(p < 0.05); PDAC, 0.90 ± 0.25 mg/L (p < 0.05); and CP, 0.57 ± 0.03 mg/L 
(p < 0.05) (Figure 1A). ROC curve analysis was performed to calcu-
late the AUC for the biomarker to diagnose panNEN. These data 
showed significant differences between panNEN and PDAC/healthy 
controls: panNEN and PDAC/healthy control in male, AUC = 0.855 
(95% CI, 0.670–1.000)/0.951 (0.869–1.000); panNEN and PDAC/
healthy control in female, 0.795 (0.594–0.995)/0.921 (0.794–1.000) 
(Figure  S1). Immunohistochemical analyses showed that ATX was 
strongly expressed in tumor cells on the membrane and in plasma, 
although normal pancreatic duct epithelial cells did not express ATX 
(Figure 1B). In 61% of cases, ATX was highly expressed. We further 
compared characteristics between high- and low-expression groups. 
For all the terms we considered, no significant differences were seen 
between the two groups (Table 1), indicating that the production of 
ATX by tumor cells might not be independent of tumor status and 
characteristics.

We also monitored serum ATX levels in a case (Figure 2). This 
70-year-old woman had panNET G2 and multiple metastases in the 
liver (Figure 2A). Serum ATX level was 2.98 mg/L at diagnosis, and 
streptozocin was administered as the first-line therapy. ATX level 
gradually increased along with exacerbation of findings on imaging 
(Figure  2B), reaching 4.14 mg/L 6 months after starting treatment. 
Everolimus was then administered as the second-line therapy. This 
achieved rapid cytoreduction (Figure 2C), and the tumor response 
was judged as partial response 2 months after switching drugs. 
ATX level decreased to 1.22 mg/L along with the tumor response 
assessed on imaging. This second-line therapy was effective for a 
limited time; then, the tumor gradually started to progress again. The 
serum ATX level rose to 2.51 mg/L by 6 months after starting ever-
olimus. Unfortunately, the patient experienced rapid, uncontrollable 
tumor progression 15 months after diagnosis. The serum ATX level 
showed a transition paralleling both tumor progression and serum 
level of NSE (Figure 2D).

In vitro, relative mRNA expression levels of ATX were much 
higher in cell lines of panNEN (QGP-1, 1.00 ± 0.67; BON-1, 
2961 ± 763) than in PDAC cell lines (AsPC-1, 0.65 ± 1.57; Capan-2, 
0.07 ± 0.37) (Figure  1C), showing that panNEN itself expressed 
abundant ATX. These results indicate that panNEN cells are highly 
expressive of ATX, and transitions in serum levels of ATX reflect the 
tumor burden on imaging.

3.2  |  Lysophosphatidic acid contributes to 
proliferation via LPA receptor by phosphorylating 
ERK1/2 in panNEN

Autotaxin produces LPA from LPC and induces various effects 
via binding with LPA receptor (LPAR). Cell proliferation was sig-
nificantly promoted by LPA administration in QGP-1 (relative 
cell number at 48 h: 2.089 ± 0.10 vs. 2.33 ± 0.06, p < 0.01) and 
BON-1 (48 h: 2.76 ± 0.02 vs. 3.28 ± 0.10, p < 0.01) (Figure 3A). The 
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mitogen-activated protein kinase (MAPK) pathway has been re-
ported as a major downstream pathway of LPA-LPAR signaling.30 
In our study, phosphorylation of ERK1/2 was increased by LPA 
activation in QGP-1 and BON-1 (Figure  3B). These results indi-
cate that LPA promotes cell proliferation via MAPK signaling in 
panNEN cells. LPC is the precursor to LPA that is hydrolyzed by 
ATX. We confirmed a significant upregulation of cell proliferation 
by LPC administration in QGP-1 (48 h: 2.21 ± 0.10 vs. 2.74 ± 0.02, 
p < 0.01) and BON-1 (48 h: 4.53 ± 0.09 vs. 5.15 ± 0.15, p < 0.01) 
(Figure 3C). LPC also induced ERK1/2 phosphorylation as well as 
LPA (Figure  3D). LPC-induced phosphorylation in these two cell 
lines was greater than that in Capan-2 which showed weaker AXT 
mRNA expression (Figure  S2). These results confirmed that the 
LPA precursor, LPC, achieved the same biological activation as 
LPA.

Next, we evaluated the function of LPAR using small interfer-
ing RNA (siRNA) transfection. We analyzed mRNA expressions 
of LPA receptors 1 (LPAR1), 2 (LPAR2), and 3 (LPAR3) in four cell 
lines. Figure  3E shows relative expression levels of each recep-
tor. LPAR2 was predominantly expressed in QGP-1 and BON-1 as 
compared with the AsPC-1 cell line, but significant expressions of 
LPAR1 and LPAR3 were also confirmed. We investigated whether 
repression of each LPAR affected cell proliferation. Knockdown 
efficiency of each LPA receptor was confirmed to be around 20% 
(Figure 3G). Each of siLPAR1, siLPAR2, and siLPAR3 significantly 
suppressed cell proliferation in QGP-1 (48 h: siLPAR1, 3.05 ± 0.15 

vs. 1.65 ± 0.07, p < 0.01; siLPAR2, 7.58 ± 0.35 vs. 4.94 ± 0.38, 
p < 0.01; siLPAR3, 3.07 ± 0.04 vs. 1.91 ± 0.03, p < 0.01) and BON-1 
(48 h: siLPAR1, 5.93 ± 0.05 vs. 4.87 ± 0.35, p < 0.01; siLPAR2, 
5.47 ± 0.17 vs. 2.51 ± 0.10, p < 0.01; siLPAR3, 4.03 ± 0.19 vs. 
3.40 ± 0.03, p < 0.01) (Figure  3H–M). These results provide im-
portant insights into the significance of LPA-LPAR signaling in the 
progression of panNEN.

3.3  |  Inhibition of ATX suppresses cell 
proliferation and migration in panNEN

We conducted cell viability and wound-healing assays to assess 
the effects of ATX on cell proliferation and migration in panNEN. 
Two approaches were applied to achieve ATX inhibition. First, we 
inhibited ATX expression using RNA interference. Knockdown 
efficiency of ATX in both QGP-1 and BON-1 was confirmed to 
be under 20% (Figure 4A,B). Cell proliferation of siATX was sig-
nificantly suppressed compared with control in QGP-1 (48 h, 
10.8 ± 0.49 vs. 7.93 ± 0.18, p < 0.01) and BON-1 (48 h, 3.89 ± 0.01 
vs. 3.02 ± 0.07, p < 0.01) (Figure 4C). In a scratch assay of BON-1 
cells, silencing ATX significantly suppressed the migration rate 
compared with control (migration rate: 0.32 ± 0.05 vs. 0.11 ± 0.01, 
p < 0.01). (Figure 4D,E).

Second, we administered GLPG1690 as an inhibitor of ATX. 
GLPG1690 treatment achieved significant suppression of proliferation 

F I G U R E  1  Pancreatic neuroendocrine 
neoplasm (panNEN) shows high 
expression of autotaxin (ATX). (A) Serum 
ATX level in panNEN, intraductal papillary 
mucinous neoplasm (IPMN), pancreatic 
ductal adenocarcinoma (PDAC), chronic 
pancreatitis (CP) and healthy control by 
sex. The number of patients with each 
pathology was: in males, panNEN in 7, 
IPMN in 5, PDAC in 30, CP in 26, with 16 
healthy controls; in females, panNEN in 
7, IPMN in 9, PDAC in 32, CP in 3, with 
10 healthy controls. Bars, standard error; 
*p < 0.05, **p < 0.01. (B) Representative 
images of immunohistochemical staining 
for ATX expression in panNEN. Insets 
show magnified views of boxed areas. 
Magnification: ×40; inset ×200. Case 1 
was a patient with panNET G2, and case 
2 involved neuroendocrine carcinoma. 
Bottom: normal pancreatic duct from the 
same slide in case 1. (C) Relative mRNA 
expression of ATX in AsPC-1 (n = 3), 
Capan-2 (n = 4), QGP-1 (n = 4), and BON-1 
(n = 3). Bars, standard error.
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compared with control in QGP-1 (relative cell number at 48 h: 2.81 ± 0.10 
vs. 1.89 ± 0.13, p < 0.01) and BON-1 (48 h: 4.14 ± 0.09 vs. 1.17 ± 0.02, 
p < 0.01) (Figure 4F). In migration assays, migration in the GLPG1690 
group was significantly suppressed compared with control (Figure 4G), 
and the migration rate was also reduced with GLPG1690 (0.29 ± 0.02 
vs. 0.20 ± 0.0, p < 0.05) (Figure 4H). GLPG1690 treatment in addition to 
LPC administration attenuated phosphorylation of ERK1/2 (Figure 4I).

These results suggest that inhibition of ATX decreased LPA-
derived signal transduction and suppressed cell proliferation and 
migration.

3.4  |  Autotaxin inhibitor suppresses panNEN 
progression in a murine xenograft model

In our vivo study, we subcutaneously implanted BON-1 cells into 
nude mice and intraperitoneally injected 60 mg/kg of GLPG1690 
dissolved in DMSO once a day for 13 days. Tumor size of BON-1 
was significantly smaller with GLPG1690 treatment compared 

with control, which were injected equivalent amount of DMSO in 
terms of both volume (day 13: 197.5 ± 28.7 vs. 110.4 ± 18.0 mm3, 
p < 0.01) and weight (day 13: 0.21 ± 0.03 vs. 0.10 ± 0.02 g, p < 0.01) 
(Figure 5A,B). In the result of the experiment using QGP-1 for vali-
dation, the tumor volume of QGP-1 with GLPG1690 treatment was 
significantly smaller than that of control (day 13: 324.7 ± 28.9 vs. 
185.8 ± 39.9 mm3, p < 0.05). The tumor weight tended to be lighter 
(day 13: 0.34 ± 0.04 vs. 0.20 ± 0.05 g, p = 0.065) (Figure S3).

Immunohistochemistry (IHC) analysis was performed using 
tumor samples (Figure 5C). Rates of Ki-67-positive cells and phos-
phorylated ERK1/2-positive cells were significantly lower in the 
GLPG1690 group than in the control group (Ki-67: 50.4% ± 2.1% vs. 
38.2% ± 1.6%, p < 0.01; pERK1/2: 37.4% ± 2.9% vs. 25.5% ± 4.1%, 
p < 0.05) (Figure  5D). In contrast, the rate of cleaved caspase-3-
positive cells showed no significant difference between groups 
(data not shown). These results showed that ATX inhibitor sup-
pressed tumor proliferation by inhibiting LPA production and sub-
sequent MAPK signaling, in line with the results of the previous 
vitro study.

ATX expression

p-ValuesVariables Number Low (n = 14) High (n = 22)

Sex

Male 18 8 10 0.733

Female 18 6 12

Age, year

≥60 18 7 11 1

<60 18 7 11

Tumor location

Head 11 6 5 0.273

Body/tail 25 8 17

Tumor size, cm

≥2 15 7 8 0.701

<2 20 7 13

TNM stage

I–II 21 8 13 1

III–IV 15 6 9

Ki-67 index, %

≥20 4 3 1 0.277

<20 32 11 21

Type

Functional 8 2 6 0.441

Nonfunctional 28 12 16

Grading

NET G1 21 8 13 0.741

NET G2 10 3 7

NET G3 2 1 1

NEC 3 2 1

Abbreviations: ATX, autotaxin; NEC, neuroendocrine carcinoma; NET, neuroendocrine tumor.

TA B L E  1  Clinicopathological features.
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4  |  DISCUSSION

Lysophosphatidic acid is a lysophospholipid mediator that shows 
various physiological activities. Particularly in cancer cells, LPA 
stimulates tumor cell proliferation, migration, and invasion via LPA 
receptors and is associated with cancer survival.25 The ATX-LPA axis 
has been considered an important pathway and many researchers 
have investigated the possibility for targeted therapies against vari-
ous cancers.

The present study first investigated serum ATX levels in a num-
ber of pancreatic diseases to reveal that serum ATX levels were sig-
nificantly increased in patients with panNEN than in patients with 
other diseases. ATX has been reported to be highly expressed and 
has recently gained popularity as a biomarker in many kinds of can-
cer, such as lung cancer,31 breast cancer,20 thyroid cancer,32 endo-
metrial cancer,21 and pancreatic cancer.14,19,33,34 In our study, serum 
ATX levels in pancreatic cancer patients were significantly higher 
than in healthy controls, in line with previous studies. Furthermore, 

F I G U R E  2  Autotaxin (ATX) works as 
a biomarker of both tumor presence and 
tumor response. (A, B, C) Serial enhanced 
CT imaging showing tumor progress (A) 
at diagnosis, (B) with PD at 6 months after 
diagnosis, and (C) with PR at 9 months 
after diagnosis. (D) Clinical course of the 
patient from diagnosis (0 months). The 
left-side scale shows serum levels of 
neuron-specific enolase (NSE). The right-
side scale shows serum levels of ATX. 
Above the graph, drugs for treatment and 
tumor response are shown. SD, stable 
disease; PD, progressive disease; PR, 
partial response.
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F I G U R E  3  Lysophosphatidic acid (LPA) and lysophosphatidylcholine (LPC) promote cell proliferation and signal transduction in pancreatic 
neuroendocrine neoplasm (panNEN) cell lines (A). PanNEN cells (QGP-1 and BON-1) were cultured in media without FBS with 15 μmol/L 
LPA in QGP-1 and 1 μmol/L LPA in BON-1 (LPA [+]) or equivalent amount of 0.1% BSA (LPA [−]). Number of cells was measured daily by 
CCK-8. Representative results from four independent experiments are shown. Data represent mean of LPA (+) and LPA (−). Bars, standard 
error; *p < 0.05, **p < 0.01. (B) PanNEN cells were treated with LPA (10 μmol/L) for the indicated duration. Western blotting showed analysis 
of ERK1/2 phosphorylation in QGP-1 and BON-1 cells. Quantification of p-ERK1/2 expression normalized to total ERK levels using ImageJ 
software. (C) panNEN cells (QGP-1 and BON-1) were cultured in media without FBS with 1 μmol/L LPC in QGP-1 and BON-1 (LPC [+]) or an 
equivalent amount of 0.1% BSA (LPC [−]). Cell numbers were measured daily using CCK-8. Representative results from four independent 
experiments are shown. Data represent mean values for LPC (+) and LPC (−). Bars, standard error; *p < 0.05, **p < 0.01. (D) panNEN cells 
were treated with 10 μmol/L LPC for the indicated duration. Western blotting showed the analysis of ERK1/2 phosphorylation in QGP-1 
and BON-1 cells. (E) Relative mRNA expression of LPA receptor subtypes in AsPC-1, Capan-2, QGP-1, and BON-1. Data gained from three 
independent experiments represent mean relative mRNA expressions of each LPA receptor subtype in AsPC-1, Capan-2, QGP-1, and BON-1 
cell lines. Bars, standard error. (F, G) Knockdown efficiency of siLPAR in QGP-1 (F) and BON-1 (G). Knockdown efficiency of siLPAR was as 
follows: QGP-1: LPAR1 (14.4%), LPAR2 (24.7%), and LPAR3 (32.7%); BON-1: LPAR1 (26.5%), LPAR2 (18.2%), and LPAR3 (11.4%). Data gained 
from three independent experiments represent mean relative mRNA expressions of each LPA receptor subtype in QGP-1 and BON-1. Bars, 
standard error; *p < 0.05, **p < 0.01. (H–M) PanNEN cells with transduction of RNA interference for LPA receptor subtypes cultured in 
complete media with 10% FBS. Number of cells was counted daily using CCK-8. Data gained from eight independent experiments represent 
means for control group as nontargeted small interfering RNA (siRNA) and the treatment group with siRNAs siLPAR1 (H, I), siLPAR2 (J, K), 
and siLPAR3 (L, M). Bars, standard error; *p < 0.05, **p < 0.01.



    |  4577TOYOHARA et al.

0

3

6

0 1 2

siNT

siLPAR1

0

2

4

0 1 2

siNT

siLPAR3

0
0.2
0.4
0.6
0.8

1
1.2

siNT siLPAR1 siNT siLPAR2 siNT siLPAR3

0

2

4

0 1 2

siNT

siLPAR1

0

4

8

0 1 2

siNT

siLPAR2

0

3

6

0 1 2

siNT

siLPAR3

0

3

6

0 1 2

siNT

siLPAR2
**

0

2

4

6

0 1 2

LPC(-)

LPC(+)

0

1

2

3

4

0 1 2

LPA(-)

LPA(+)

0

1

2

3

0 1 2

LPA(-)

LPA(+) *

**

**

*

QGP-1 BON-1

ERK

pERK1/2

β-actin

0  10 30 60LPA 0 10 30 60 (min)

(A)

(B) QGP-1 BON-1
(Days)

reb
munllec

evitale
R 0

1

2

3

0 1 2

LPC(-)

LPC(+)
**

**

*

QGP-1 BON-1(C)

ERK

pERK1/2

β-actin

0  10 30 60LPC 0 10 30 60 (min)
(D) QGP-1 BON-1

QGP-1

BON-1

(E)

(I)

(J)

(K)

(L)

(M)
**

**

**

**

**

**

**

**

**

**

**

(Days)

(Days)

(H)

reb
munllec

evitale
R

reb
munllec

evitale
R

0
0.2
0.4
0.6
0.8

1
1.2

siNT siLPAR1 siNT siLPAR2 siNT siLPAR3

(F) (G)

0

10

20

30

LPAR1 LPAR2 LPAR3
0

50

100

LPAR1 LPAR2 LPAR3

0

100

200

LPAR1 LPAR2 LPAR3
0

250

500

LPAR1 LPAR2 LPAR3

R
el

at
iv

e
m

R
N

A
ex

pr
es

si
on

R
el

at
iv

e
m

R
N

A
ex

pr
es

si
on

A
N

R
m

evitale
R ex

pr
es

si
on

R
el

at
iv

e
m

R
N

A
ex

pr
es

si
on

QGP-1 BON-1

BON-1

Capan-2AsPC-1

QGP-1

************

1  4.1 3.4  4.4  1   2.6   2.2   2.3 1 1.3  2.8   2.2 1   1.9  5.2 3.5



4578  |    TOYOHARA et al.

0h

24h

siNT siATX(D)

(E)

(C) (F)

0

1

2

3

0 1 2

DMSO

GLPG1690

0

1

2

3

4

0 1 2

DMSO

GLPG1690

0

2

4

0 1 2

siNT

siATX

0

4

8

12

0 1 2

siNT

siATX

*

QGP-1 BON-1

reb
munllec

evitale
R

QGP-1 BON-1
**

**

**

**
**

**

**

(Days)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

DMSO GLPG1690

M
ig

ra
tio

n
ra

te

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

siNT siATX

etar
noitargi

M

** *

DMSO GLPG1690(G)

(H)

ERK

pERK1/2

β-actin

GLPG1690 0 10       20       40          0 10        20       40 (μM)            
QGP-1 BON-1(I)

0h

24h

(A) (B)

0
0.2
0.4
0.6
0.8

1
1.2

siNT siATX
0

0.2
0.4
0.6
0.8

1
1.2

siNT siATX
noisserpxe

A
N

R
m

evitale
R R

el
at

iv
e

m
R

N
A

ex
pr

es
si

on

QGP-1 BON-1

** **

1            0.51       0.29        0.40            1          0.97        0.67        0.52



    |  4579TOYOHARA et al.

serum ATX levels were significantly higher in panNEN patients than 
in those with pancreatic cancer. We successfully reveled panNEN as 
a key disease in which serum ATX level could work as a diagnostic 
biomarker, among a number of pancreatic diseases.

Some studies have suggested a relationship between ATX and on-
cogenesis. Previous studies have shown that ATX expression as eval-
uated by IHC is upregulated in various types of cancers and high ATX 
expression correlates with cancer prognosis. Immunohistochemical 

F I G U R E  4  Autotaxin (ATX) inhibition suppresses proliferation and migration in QGP-1 and BON-1. (A, B) Knockdown efficiency of siLPA 
in QGP-1 (A) and BON-1 (B). Knockdown efficiency of siATX was: QGP-1, 30.0%; BON-1, 11.6%. Data gained from three independent 
experiments represent means for relative mRNA expression of ATX in QGP-1 and BON-1. Bars, standard error; *p < 0.05, **p < 0.01. (C) Cell 
proliferation by RNA interference of ATX in QGP-1 and BON-1. Data represent means for control group with nontargeting siRNA (siNT) 
(n = 4) and the treatment group with siATX (n = 4). Bars, standard error; *p < 0.05, **p < 0.01. (D) Representative images obtained at 0 and 
24 h after scratch wound made in confluent monolayers of BON-1 cells. At 24 h before scratch, BON-1 cells were transfected with siNT or 
siRNA for ATX (siATX). (E) Quantification of wound-healing assay in BON-1 cells. Data represent means of three independent experiments. 
Bars, standard error; *p < 0.05, **p < 0.01. (F) Cell proliferation by ATX inhibitor (GLPG1690) in QGP-1 and BON-1. Data represent means 
of the control group with dimethyl sulfoxide (DMSO) (n = 4) and treatment group with GLPG1690 (n = 4). Daily treatment was GLPG1690 
at 10 μmol/L in QGP-1 and BON-1 or equivalent amount of DMSO. Bars, standard error; *p < 0.05, **p < 0.01. (G) Representative images 
obtained at 0 and 24 h after scratch wound was made in confluent monolayers of BON-1 cells. Just after scratching, BON-1 cells were 
treated with 10 μmol/L of DMSO or GLPG1690. (H) Quantification of wound-healing assay in BON-1 cells. Data represent means of four 
independent experiments. Bars, standard error; *p < 0.05, **p < 0.01. (I) Western blotting analysis of ERK phosphorylation after addition of 
GLPG1690 and 10 μmol/L of lysophosphatidylcholine. Concentrations of GL PG1690 were 0, 10, 20, and 40 μmol/L, respectively.

F I G U R E  5  Blocking autotaxin (ATX) attenuates tumor growth. Assessment of an in vivo experiment using a xenograft model. 
(A) Representative images of whole tumor exenterated from nude mice with BON-1 implantation and addition of dimethyl sulfoxide (DMSO) 
or GLPG1690 on day 14 after beginning drug treatment. The solvent was made by adding each solvent one by one: 5% DMSO (WAKO Pure 
Chemical Corporation), 40% polyethylene glycol 300, and 5% Tween 80 and 50% saline. GLPG1690 solubilized in the solvent above was injected 
intraperitoneally at the dose of 60 mg/kg body weight once a day. (B) Quantification of tumor volume and weight. Data represent mean values 
from the control group (n = 15) and GLPG1690 group (n = 14). Bars, standard error; *p < 0.05, **p < 0.01. (C) Representative immunohistochemical 
images of Ki-67 and p-ERK1/2 in the control and GLPG1690 groups. (D) Quantification of Ki-67 and p-ERK1/2 index in the control and 
GLPG1690 groups. Data representative means of the control group and GLPG1690 group. Bars, standard error; *p < 0.05, **p < 0.01.
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analyses in our study showed high expression of ATX by tumor cells 
in 61% of panNEN cases. Unexpectedly, ATX expression in tumor 
tissue did not correlate with the degree of clinical malignancy in our 
immunohistochemical analysis, but ATX could be widely expressed 
in a certain number of panNEN tumors regardless of stage or grade. 
This seems to differ from previous reports but might depend on the 
type of solid tumor. In fact, Singh et al. reported that ATX expression 
was decreased in a poor-prognosis group of patients with melanoma, 
representing contradictory evidence.35 We also revealed significant 
mRNA expression of ATX in two panNEN cell lines, supporting the 
notion that significant amounts of ATX are generated from panNEN 
tumor cells. Based on the accumulating evidence, we expected that 
in some panNEN patients, increases in serum ATX level could depend 
on the amount of tumor cells that could produce ATX. We encoun-
tered a case in which serum ATX levels showed an interesting trend. 
These results suggest that serum ATX level offers a useful biomarker 
for not only diagnosis but also follow-up of panNEN. To the best of 
our knowledge, this is the first report to investigate serum ATX level as 
a biomarker for panNEN. These novel discoveries in clinical research 
strongly motivated us to investigate the role of ATX in panNENs using 
laboratory-based research.

Autotaxin catalyzes the hydrolysis of LPA from LPC, which 
shows various physiological activities by stimulating the LPAR. 
The relationship between the ATX-LPA axis and cancer progres-
sion has been observed in various cancers, but few reports have 
examined NETs. In our study, LPA and LPC stimulation both ac-
tivated cell proliferation and phosphorylation of ERK1/2 in two 
panNEN cell lines. This reveals that ligand-derived LPAR activation 
promotes proliferation via the MAPK signaling pathway, in line 
with previous studies.21,24,25,36,37 In the present study, the dom-
inant LPA receptors, LPAR1–3, were confirmed to be expressed 
at sufficient amounts in panNEN cell lines as well as pancreatic 
cancer cell lines, and knockdown of LPAR1–3 suppressed prolifer-
ation, implying that each of LPAR1–3 in panNEN cells can be cat-
egorized as oncogenic factors and that comprehensive regulation 
targeting all LPARs could be expected to provide more effective 
treatment for panNEN. Treatments targeting LPA are theoretically 
worthy of note. However, controlling LPA itself is difficult because 
LPA is an unstable mediator with a short half-life of approximately 
3 min.38 From this perspective, ATX could enter the limelight as an 
enzyme with an important role in stably generating a significant 
amount of LPA.

Many ATX inhibitors are known,34,39,40 but few have been ap-
plied to clinical trials. Among them, GLPG1690 has been applied to 
clinical-phase trials in idiopathic pulmonary fibrosis and could be 
expected to show promise in future clinical studies of panNEN.29,41

The present study had various limitations, particularly the 
small clinical sample size. The number of NEC was too small to an-
alyze and reach any conclusion with statistical significance. Only 
three cases of NEC were enrolled for immunohistochemical anal-
ysis and none for serum ATX analysis in the present study. Many 
reports have discussed the differences between NET and NEC and 
have suggested differences from a variety of perspectives.42–44 In 

the present study, the rate of ATX positivity in IHC analysis was 
64% for NET and 33% for NEC. The positive rate for ATX seems 
higher in NET than in NEC, although no significant difference was 
seen between two groups, which might be affected by the small 
sample size. Moreover, in vitro experiments showed that relative 
ATX expression by transcription polymerase chain reaction (PCR) 
analysis was much higher in BON-1 (2962 ± 763) than in QGP-1 
(1.00 ± 0.67). These data indicated that NET tumors might show 
greater ATX expression than NEC tumors. Nevertheless, an in 
vitro and in vivo study showed that targeting ATX could hold po-
tential as a molecularly targeted therapy in the QGP-1 NEC cell 
line and BON-1 NET cell line. We also encountered a valuable case 
of NEC in which immunohistochemical analysis showed high ATX 
expression in the tumor. These results imply that ATX could play 
a common role in the oncogenesis of both NET and NEC. The de-
tailed characteristics of ATX in NEC remain to be clarified. These 
limitations could be overcome by future analyses with a larger 
sample size. Clinical benefits beyond differential diagnosis, such 
as treatment selection and prediction of treatment efficacy, would 
be also expected to be clarified in future research.

In conclusion, we showed that ATX expression is significantly 
high in panNEN and could contribute to its progression. We also 
showed the potential of ATX as a novel biomarker and therapeutic 
target for panNEN.
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