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Abstract

Although the upregulation of autotaxin (ATX) is associated with many solid tumours, 

its role in pancreatic neuroendocrine neoplasms (pNEN) has not been well elucidated. 

The expression of ATX in pNEN tissues and pNEN cell line BON1 was analysed by Western 

blot, PCR and immunocytochemistry upon exposure to interleukin-6 (IL-6). Additionally, 

pNEN cell line BON1 was transfected with siRNAs against ATX or signal transducer 

and activator of transcription 3 (STAT3) and assessed by in vitro invasion assays. The 

following results were obtained. The expression of ATX in pNEN tissues was significantly 

increased compared with that in normal pancreatic tissues. High ATX expression was 

strongly correlated with tumour grade, lymph node metastasis and tumour-node-

metastasis stage. Furthermore, ATX downregulation notably inhibited the metastatic 

capacity of pNEN cells, whereas STAT3 knockdown was found to downregulate the 

expression of ATX. ATX expression was upregulated in BON1 cells upon stimulation 

with IL-6, and this was accompanied by activation/phosphorylation of STAT3. Western 

blot analysis of human pNEN tissue extracts confirmed increased ATX expression and 

STAT3 phosphorylation with elevated expression levels of IL-6. In conclusion, ATX is 

upregulated in pNEN and is correlated with the metastatic capacity of pNEN cells, 

potentially via interaction with STAT3 activation.

Introduction

The incidence of pancreatic neuroendocrine neoplasm 
(pNEN), the most aggressive neuroendocrine malignancy 
among gastroenteropancreatic neuroendocrine neoplasms 
(GEP-NENs), has increased significantly over the past few 
decades, with the incidence rate increasing approximately 
4.6-fold from 1973 (0.18 per 100,000) to 2012 (0.82 per 
100,000) in the United States (1, 2, 3). PNEN is a clinically 
rare and heterogeneous disease of the pancreas with 
variable clinical presentation that depends on histological 
features and disease staging, resulting in widely variable 
prognoses for different pNENs (4). Therefore, there is 

a critical need to better define the molecular features 
associated with prognosis in these tumours.

Autotaxin (ATX), or nucleotide pyrophosphatase-
phosphodiesterase 2 (ENPP2), is a secreted glycoprotein 
with lysophospholipase D activity that primarily catalyses 
the hydrolysis of lysophosphatidylcholine, resulting in 
lysophosphatidic acid (LPA) production (5, 6). ATX was 
initially identified as an autocrine motility factor in 
human melanoma cells, and it is endogenously expressed 
in multiple tissues such as the ovary, intestine, kidney, 
prostate, testis, colon and lung (7, 8, 9). Proper regulation 
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of the expression and activity of ATX was found to play an 
essential role in embryogenesis by regulating vasculature 
maturation and angiogenesis, and this activity was 
responsible for the correct concentration of LPA in plasma 
(10, 11, 12).

Signal transducer and activator of transcription 
3 (STAT3) is a crucial regulator of gene expression in 
response to signalling of the glycoprotein 130 (gp130) 
family of cytokines that includes IL-6 (13). The STAT3 
signalling pathway plays a key role in regulating growth, 
survival, differentiation and pathogen resistance (14). 
Constitutive activation of the STAT3 signalling pathway 
has been observed in several human cancers, including 
breast cancer, multiple myeloma, head and neck cancer, 
ovarian cancer and prostate cancer (15, 16, 17, 18). The 
activation/phosphorylation of STAT3 is dependent on 
certain cytokines (19). One of these cytokines, IL-6, is 
suspected of mediating malignant behaviours in various 
cancers, including breast cancer, renal cell carcinoma, 
gastric cancer and colorectal cancer, by enhancing the 
expression of angiogenesis-related genes such as VEGF 
(20, 21, 22, 23). ATX has been reported to be a target of 
STAT3 transcriptional regulation in breast cancer (24).

Recently, ATX was reported to play an important role 
in the development and progression of some tumour 
types (8). Elevated levels of ATX have been demonstrated 
to be positively associated with the aggressive behaviour 
of tumours including renal cell carcinoma (25), 
hepatocellular carcinoma (26), melanoma (11), ovarian 
cancer (27) and breast cancer (28). However, to the best 
of our knowledge, the potential role of ATX in promoting 
the progression of pNEN has not been reported. Therefore, 
in the present study, we aimed to explore the underlying 
mechanisms of ATX and its possible usefulness in 
improving treatment and determining the prognosis of 
pancreatic neuroendocrine neoplasms.

Materials and methods

Clinical samples

A total of 34 snap-frozen tumour tissues (n = 17), paired 
normal adjacent pancreatic tissues (n = 17) and paraffin-
embedded tissues (n = 34) from patients with pNENs 
were obtained from the Department of General Surgery, 
The Third Xiangya Hospital, Central South University 
(Changsha, China). The study was approved by The Third 
Xiangya Hospital Clinical Research Ethics Committee. 
Consent was obtained from each patient after full 

explanation of the purpose and nature of all procedures 
used. Samples were stored at −80°C (frozen tissue) or 
room temperature (paraffin samples) for expression 
analysis by quantitative reverse transcriptase PCR, 
Western blot and/or immunohistochemistry. None of the 
patients had received radiotherapy or chemotherapy prior 
to surgery. The diagnosis of all pNEN patients was based 
on the results of pathological sections. Tumour grade was 
determined according to the World Health Organization 
(WHO) grading system (29).

Cell culture

The human metastatic, adherent pNEN cell line, BON1, 
was obtained from the American Type Culture Collection 
and grown as a monolayer in 75 cm2 flasks (Corning, 
NY, USA) in a 1:1 mixture of RPMI 1640 and Ham’s F-12 
media supplemented with 10% foetal bovine serum, 
penicillin and streptomycin (100 IU/mL) at 37°C with 5% 
CO2 (30). To investigate the role of interleukin-6 (IL-6) 
in the activation of STAT3, BON1 cells were treated with 
recombinant human IL-6 (25 ng mL−1) (Cell Signaling 
Technology) for different periods (24 h, 48 h, 72 h). The 
period (72 h) at which IL-6 exerted its maximum effect on 
BON1 cells was chosen for study.

Protein extraction and Western blot analysis

Proteins from tissue (1 × 2 mm) or BON1 cells were 
extracted using RIPA buffer containing complete protease 
inhibitors (Sigma-Aldrich) according to the manufacturer’s 
instructions, and the protein concentration was determined 
using a BCA Protein Determination Kit (Thermo Scientific) 
following the manufacturer’s instructions. Western blots 
were processed as previously described (31) using the 
following antibodies: anti-IL-6, anti-total-STAT3, and  
anti-ATX (all from Abcam); and anti-phospho-STAT3 
(Tyr705) (Cell Signaling Technology). A goat anti-rabbit 
secondary antibody was used (R&D Systems). Protein 
expression was quantified using ImageJ (NIH).

Immunohistochemistry

The expression of ATX was assessed on paraffin-embedded 
primary tumour samples by immunohistochemistry as 
previously described (32). Briefly, tissue sections were 
deparaffinised and rehydrated in a graded ethanol series. 
Heat-based antigen retrieval was carried out in citrate 
buffer. Tissue sections were then blocked with Universal 
Blocking Reagent (BioGenex, Fremont, CA, USA) and 
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incubated with anti-ATX antibody (Cell Signalling), 
before being washed and developed using goat anti-rabbit 
secondary antibody (Santa Cruz Biotechnology) and a DAB 
kit (Cell Signaling Technology). After the tissue sections 
were counterstained with haematoxylin and washed with 
water, they were incubated in graded alcohol solutions 
and mounted. Optical image capture and analysis were 
performed using a microscope (IX71; Olympus Corp.). 
The evaluation method of staining widely used by 
pathologists in pathological analysis was performed as 
previously described (33). Briefly, staining intensity was 
scored as 0 (no staining), 1 (light yellow), 2 (brown) or  
3 (tan), for absent, weak, moderate or strong, respectively, 
and the staining percentage was given a score of 0 (absent) 
for <5% positive staining, 1 (focal) for 5–<50% positive 
staining or 2 (diffuse) for ≥50% positive staining. The sum 
of the intensity and distribution scores was then used to 
determine ATX immunoreactivity. A score of 1 or 0 was 
considered to be indicative of low expression, whereas 
higher scores were considered to indicate high expression. 
Two pathologists assessed the specimens independently 
according to double-blind method. Negative slides were 
processed in the absence of primary antibody.

RNA extraction and quantitative reverse 
transcriptase PCR (qRT–PCR)

Total RNA was extracted from fresh specimens using 
TRIzol reagent (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. cDNA was prepared 
using a Superscript III cDNA Synthesis kit (Takara Bio, 
Inc.) following the manufacturer’s protocol. qRT–PCR 
was performed using the FastStart Essential DNA Green 
Master mix (Roche Diagnostics) with the following 
primer pairs: ATX 5′-CGTGAAGGCAAAGAGAACACG-
3′/5′-AAAAGTGGCATCAAATACAGG-3′ and GAPDH  
5′-ATGTTCGTCATGGGTGTGAA-3′/5′-GTCTTCTGG 
GTGGCAGTGAT-3′.

Quantitative PCR was performed in a 20 µL reaction 
solution containing 6 µL of nuclease-free water, 2 µL of 
cDNA template, 10 µL of Master Mix and 1 µL each of the 
forward and reverse primers. The amplification conditions 
were as follows: initial denaturation at 95°C for 15 min, 
followed by 45 cycles of denaturation at 95°C for 10 s, 
annealing at 60°C for 30 s and elongation at 72°C for 20 s. 
The experiment was performed in triplicate. Qualitative 
PCR was also performed to confirm the presence of single, 
appropriately sized bands for each primer set. PCR data 
were analysed using the ΔΔCT method as previously 
described (34).

ATX and STAT3 siRNA transfection

To specifically inhibit ATX and STAT3, siRNAs targeting 
these two proteins were used. The BON1 cells were cultured 
in 6-well plates (3.0 × 105 cells/well) for 72 h prior to 
transfection. Subsequently, ATX siRNA (20 μmol/L; Thermo 
Fisher Scientific) and STAT3 siRNA (20 μmol/L; Thermo Fisher 
Scientific) were individually transfected into the BON1 cells. 
Negative control siRNA (20 μmol/L; Thermo Fisher Scientific) 
was used as a negative control in parallel. Transfections 
were performed with HiPerFect (Invitrogen) according to 
the manufacturer’s protocol. Knockdown effectiveness was 
assessed by Western blot for total ATX and STAT3 levels.

Cell migration and invasion assay

A 24-well plate containing a 12-µm pore size polycarbonate 
membrane insert (Corning) coated with a uniform layer 
of dried basement membrane matrix solution (Corning) 
on the upper surface of the insert membrane was used 
for BON1 cell migration and invasion assays as previously 
described (35). Briefly, the lower compartment was filled 
with RPMI 1640/Ham’s-F12 medium containing 30% 
FBS. After 48 h of transfection, single-cell suspensions 
(3 × 105 cells/well in a volume of 300 µL) of BON1 cells 
were added to the upper chamber of each insert. After 48 h 
of incubation at 37°C in a 5% CO2 atmosphere, the inserts 
were removed, and cells on the upper surface of the insert 
membrane were removed with a cotton swab. The invaded 
cells were fixed and stained with 0.05% crystal violet. 
Membranes were excised. Cells that were able to invade 
or migrate (located on the bottom of the membrane) were 
counted with a microscope (IX71; Olympus Corp.) in 
nine individual fields per membrane.

Statistical analysis

Statistical analyses were performed using Prism 5 (GraphPad 
Software). Differences between two groups were estimated 
with Student’s t test or Fisher’s exact test as appropriate. 
Data were presented as the mean ± standard deviation.  
A P value <0.05 was considered statistically significant.

Results

ATX expression is upregulated in pNENs

The expression of ATX in pNEN and matched adjacent 
normal pancreatic tissue samples was detected by 
qRT‑PCR and immunohistochemistry. As shown in 
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Fig. 1, the expression of ATX was significantly higher in 
pNEN tissues than that in the matched adjacent normal 
pancreatic tissues.

ATX expression levels are significantly correlated 
with tumour grade, lymph node metastasis and 
TNM stage

Our previous studies showed that ATX expression in 
pNEN tissues is significantly increased compared with 
that in matched adjacent normal pancreatic tissues. To 
investigate the associations between ATX expression and 
pNEN clinicopathologic characteristics, we performed 
immunohistochemistry to detect ATX expression in 34 
paraffin-embedded pNEN tissues. The results revealed 
that 22 (64.7%) of 34 patients with pNEN exhibited 

high ATX expression and that ATX expression was 
significantly lower in normal pancreatic tissues than in 
pNEN tissues. The relationships between ATX expression 
and clinicopathological pNEN features are shown in 
Table 1. Our results indicate that high ATX expression was 
positively correlated with tumour grade (P = .029), lymph 
node metastasis (P = .013) and TNM stage (P = .012).

ATX and STAT3 affect the invasion capacity of 
BON1 cells

To investigate the role of ATX in the development and 
progression of pNEN, BON1 cells were transfected with 
ATX or STAT3 siRNA, and the effects on cell invasion 
were investigated using a cell invasion assay (Fig. 2). The 
expression of ATX and STAT3 in BON1 cells transfected 

Figure 1
Expression of ATX in pNEN tissues. (A) Human 
pNEN tissues and matched adjacent NC tissues 
were tested by RT‑qPCR for the expression of ATX. 
(B) Immunohistochemical analysis of ATX 
expression in tumour and normal control tissues. 
Student’s t test was used for statistics analysis. 
★P < 0.001 vs NC. ATX, autotaxin; NC, normal 
control; pNEN, pancreatic neuroendocrine 
neoplasms.
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with ATX and STAT3 siRNAs was significantly inhibited 
(Fig. 2A and B). The number of invaded BON1 cells on the 
bottom of the membrane was significantly reduced after 
transfection with ATX or STAT3 siRNA (Fig. 2C, D, E and 
F) compared with negative control transfection. These 
data indicated that ATX and STAT3 affected the invasion 
capacity of the BON1 cells.

ATX may be a direct target of STAT3

ATX was predicted to be a downstream target of STAT3 from 
genecard database (http://www.genecards.org/) by using 
bioinformatics tools including BLAST and PathCards (36). 
To test this hypothesis in pNEN, Western blot was used to 
detect the expression of ATX following the downregulation 
of STAT3 expression. As shown in Fig.  3, in BON1 cells, 
the siRNA-mediated downregulation of STAT3 caused a 
significant reduction in ATX protein expression. These 
findings indicated that ATX may be a direct target of STAT3.

IL-6 expression in human pNEN is associated with 
STAT3 pathway activation
It has been demonstrated that IL-6 impacts the metastatic 
behaviour of various tumours (37). We examined IL-6 

expression and invasive signalling pathways in human 
pNEN tissues. By Western blot analysis, IL-6 expression 
was significantly higher in pNEN tissues than that in 
paired adjacent normal pancreatic tissues. Additionally, 
increased IL-6 levels were associated with increased 
phosphorylation of STAT3 (Fig. 4).

Impact of IL-6 on signalling pathways in BON1 cells

To examine the impact of IL-6 on signalling pathways 
in BON1 cells, we first determined STAT3 expression 
in IL-6-treated BON1 and control cells. IL-6 treatment 
led to robust STAT3 activation as reflected by increased 
STAT3 phosphorylation in IL-6-treated BON1 cells 
compared to control cells, which did not show any STAT3 
phosphorylation (Fig. 5A, B and C). ATX expression was 
investigated and shown to be strongly upregulated in 
IL-6-treated BON1 cells (Fig. 5A and B).

Discussion

In the present study, we showed that ATX expression level 
was significantly upregulated in pNEN tissues compared 
with adjacent normal pancreatic tissues and that high ATX 
expression was positively correlated with tumour grade, 
lymph node metastasis and TNM stage. Additionally, 
the function of ATX in the pNEN cell line BON1 was 
investigated, and we found that ATX downregulation 
suppressed the invasive capacity of BON1 cells. In 
this study, we also showed that pNEN cell line BON1 
upregulated ATX expression when stimulated by IL-6. 
Furthermore, STAT3 signalling was implicated as a critical 
effector pathway in response to IL-6 treatment. These in 
vitro observations were consistent with observations in 
human neuroendocrine disease, in which increased ATX 
expression and STAT3 phosphorylation were identified in 
pNEN tissues with elevated IL-6 expression levels.

The expression of ATX has been reported to be 
upregulated in many different types of cancer and to be 
associated with the oncogenesis and development of these 
cancers (8). Kishi et al. showed that the overexpression of 
ATX in glioblastoma contributed to the invasiveness of 
cancer cells by converting lysophosphatidylcholine to LPA 
(38). Yang et al. reported that ATX expression was closely 
linked to the invasiveness of breast cancer cells (39). 
The overexpression of ATX has also been demonstrated 
to be positively correlated with the migratory behaviour 
of thyroid carcinomas (40). Similar observations were 
identified in our studies, and in these pNENs, significant 

Table 1  Correlations between ATX expression and the 

clinicopathologic variables of 34 pNEN patients.

Variables No.
NRP-1 expression

PLow (n = 12) High (n = 22)

Sex
  Male 19 6 13 .724
  Female 15 6 9
Age
  ≤60 20 8 12 .717
  >60 14 4 10
Tumour localisation
  Head 18 7 11 .728
  Body and tail 16 5 11
Tumour size (cm)
  ≤2 cm 13 6 7 .462
  >2 cm 21 6 15
Lymph node metastasis
  N0 18 10 8 .013a

  N1 16 2 14
TNM stage
  I–II 15 9 6 .012a

  III–IV 19 3 16
Grading (WHO 2010)
  G1–G2 16 9 7 .029a

  G3 18 3 15
Type
  Insulinomas 7 3 4 .676
  Nonfunctional 27 9 18

aStatistical significance (Fisher’s exact test).
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ATX expression was found only in cancerous tissue not 
in paired adjacent normal pancreas tissue. In this study, 
we also showed that high ATX expression was positively 
correlated with tumour stage, lymph node metastasis 
and tumour grade and that the downregulation of ATX 
suppressed the invasive capacity of BON1 cells, indicating 
that ATX might play a crucial role in the metastasis  
of pNEN.

It has been suggested that IL-6 expression is increased 
in the tumour microenvironment (41). IL-6 was found 
to contribute to the development and progression of 
various malignancies (20, 21, 37). Furthermore, the IL-6 
signalling pathway, especially the IL-6/STAT3 signalling 
pathway, ultimately leads to transcriptional changes 

that impact survival, proliferation, differentiation and 
migration (42). We examined the effects of IL-6 treatment 
on ATX expression and signalling pathways in BON1 cells 
and demonstrated that ATX expression was increased 
upon IL-6 exposure. The response of BON1 cells to IL-6 
is most likely mediated by STAT3 activation, which has 
been reported to be associated with many tumours that 
have a poor prognosis, including bladder cancer (43). Our 
data showed that the effect of IL-6 on ATX upregulation 
in BON1 cells is likely mediated via STAT3 activation. 
It is unknown whether IL-6 is produced by pancreatic 
neuroendocrine tumour cells, but it has been reported 
that IL-6 was derived from intratumoral immune cells 
including tumour-associated macrophages (44).

Figure 2
The impact of ATX and STAT3 on the invasive 
capacity of BON1 cells. (A) Relative ATX 
expression levels in negative control and ATX 
siRNA‑treated BON1 cells. (B) Relative STAT3 
expression in negative control and STAT3 
siRNA-treated BON1 cells. (C and D) Cell invasion 
assays (magnification, 400×). (C and E) 
Knockdown of ATX strongly decreased the 
invasive capability of BON1 cells compared with 
the negative control. (D and F) BON1 cells 
transfected with STAT3 siRNA exhibited decreased 
invasion compared with those transfected with 
the negative control. Experiments were 
performed thrice and representative images of 
invaded cells are shown. Data are presented as 
mean ± s.d. of three independent experiments. 
Student’s t test was used for statistics analysis. 
★P<0.01 vs NC. ATX, autotaxin; NC, normal 
control; siRNA, small interfering RNA; STAT3, 
signal transducer and activator of transcription 3.
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To investigate the possible function of ATX and 
to reveal its underlying molecular mechanisms, the 
identification of regulatory targets is required. In this study 
of BON1 cells, the downregulation of STAT3 expression 
caused a reduction in the ATX protein level. This finding 
indicated that ATX may be a target of STAT3. STAT3 has 
previously been reported to be overexpressed and to be 
associated with malignant behaviours in numerous types 
of cancer (42). Additionally, STAT3 plays a crucial role in 

the STAT3 signalling pathway, which has been shown to 
be involved in several cellular functions, including cell 
proliferation, survival and metastasis (42). Based on these 
results, ATX may be a target of STAT3. STAT3 may represent 
a drug target and STAT3 inhibitors may play a role in the 
treatment of pancreatic neuroendocrine neoplasms.

In conclusion, the present study has demonstrated 
that ATX expression is upregulated in pNEN tissues and 
is correlated with the metastatic capacity of pNEN cells, 

Figure 3
(A and B) Transfection with ATX siRNA downregulated the protein expression of ATX in BON1 cells. (A and C) Transfection with STAT3 siRNA decreased 
the protein levels of STAT3 and ATX in BON1 cells. Experiments were performed thrice and blots are representative of one experiment. Data are 
presented as mean ± s.d. of three independent experiments. Student’s t test was used for statistics analysis. ★P < 0.05 vs NC. ★★P < 0.01 vs NC. ATX, 
autotaxin; NC, normal control; siRNA, small interfering RNA; STAT3, signal transducer and activator of transcription 3.

Figure 4
Impact of IL-6 in pNENs. (A and B) Western blot 
analysis showing high IL-6 expression in pNEN 
tissues in comparison to normal control tissues.  
(A and B) High IL-6 expression levels were 
associated with significant phosphorylation of 
STAT3 and increased ATX expression in tumour 
tissue compared to normal control tissue. All the 
normal and tumoural tissues were tested and 
were positive and only representative examples 
are shown. Data are presented as mean ± s.d. 
Student’s t test was used for statistics analysis. 
★P < 0.01 vs NC. ATX, autotaxin; NC, normal 
control; STAT3, signal transducer and activator of 
transcription 3.
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potentially via interaction with STAT3 activation. A better 
understanding of the mechanisms by which ATX regulates 
pNEN invasive capacity might help to design novel and 
more effective strategies for the treatment of this disease.
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