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Purpose: The biological functions of neuropilin and tolloid-like 2 (NETO2) in the progres-

sion of pancreatic cancer remained unexplored. We aimed to investigate the biological roles

and underlying molecular mechanisms of NETO2 in pancreatic cancer.

Materials and methods: Thirty paired pancreatic tumor tissue samples and corresponding

nontumor tissues were obtained from 30 pancreatic cancer patients who did not receive pre

operative chemotherapy or radiotherapy. The changes in multiple cellular functions asso-

ciated with tumor progression were assessed after NETO2 knockdown/overexpression in

pancreatic cancer cell lines. Additionally, a mouse-xenograft model was developed to verify

the in vitro results.

Results: NETO2 was upregulated in pancreatic tumor tissues. Elevated expression of

NETO2 was not only associated with an advanced tumor stage, but was also a prediction

of poor prognosis for pancreatic cancer patients. Knockdown of NETO2 in pancreatic cancer

cell lines arrested the cell cycle and inhibited cell proliferation, colony formation, invasion,

and migration; in contrast, overexpression of NETO2 had an opposite effect on all of these

parameters. A STAT3 specific inhibitor, cryptotanshinone, reversed the tumor-promoting

effects induced by NETO2 overexpression in pancreatic cancer. Western blot analysis showed

that invasion and migration were closely related to epithelial–mesenchymal transition, and

that the STAT3 signaling pathway was involved in NETO2-mediated oncogenic transforma-

tion in pancreatic cancer cells. Furthermore, NETO2 knockdown significantly inhibited the

growth of pancreatic tumor xenografts in nude mice.

Conclusion: NETO2 has an important role in the progression and metastasis of pancreatic

cancer and could serve as a novel candidate for targeted therapy of pancreatic cancer.

Keywords: pancreatic cancer, NETO2, proliferation, metastasis, STAT3

Introduction
Pancreatic cancer is a deadly malignancy with a current overall 5-year survival rate

of 8%, and the major reason for its dismal survival rate has been ascribed to its

early metastasis and delayed diagnosis.1 Surgical resection, which is regarded as the

only curative treatment, is not applicable for over 80% of patients in which the

disease is locally advanced or metastasized.2 For these patients, standard che-

motherapy regimens—including gemcitabine-based combination chemotherapy

and FOLFIRINOX chemotherapy—cannot significantly prolong survival.3,4

A major reason for this lack of treatment efficacy is that the molecular mechanisms

of pancreatic cancer carcinogenesis and metastasis remain unclear. Therefore, it is
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crucial to elucidate these molecular mechanisms and to

identify early diagnostic biomarkers and potential thera-

peutic targets for pancreatic cancer.

Neuropilin and tolloid-like 2 (NETO2) gene, located on

chromosome 16, encodes a single-pass transmembrane

protein.5,6 Initial studies have mainly focused on its biological

functions in neural-specific processes.7 However, subsequent

reports have revealed that the expression of NETO2 is also

found in several non-neural tissues, and recent studies have

further indicated that NETO2 expression is associated with

various cancers such as renal, lung, colon, cervical and color-

ectal cancer.8,9 In particular, a clinical study of the relationship

between dysregulation of NETO2 expression and colorectal

cancer progression has suggested that NETO2 upregulation is

associated with poor prognosis andmay function as a potential

biomarker of advanced carcinoma progression.10 However,

the expression pattern and biological roles of NETO2 in pan-

creatic cancer remain unexplored.

The present study investigated NETO2 expression in the

tumor tissues and adjacent nontumor tissues of pancreatic

cancer patients and assessed the correlation between NETO2

expression and clinical consequences. Furthermore, we

explored the biological functions of NETO2 in proliferation,

invasion, and migration of pancreatic cancer cells and their

underlying molecular mechanisms.

Materials and methods
Tissue samples
This study was approved by the Ethics Committee of the

First Hospital of Shanxi Medical University, and written

informed consent was provided by all patients for the

clinical-research use of their tumor tissues. Thirty paired

pancreatic tumor tissue samples and corresponding adja-

cent nontumor tissues were obtained from 30 pancreatic

cancer patients who did not receive preoperative che-

motherapy or radiotherapy at the First Hospital of Shanxi

Medical University (Taiyuan, China). The fresh tumor

tissue samples and corresponding nontumor tissue samples

were stored at −80 °C within 15 mins of harvesting, until

further real-time quantitative PCR (qPCR) analysis.

Cell culture and reagents
Human pancreatic cancer cell lines—including PANC-1,

Capan-1, AsPC-1, PATU 8988, and MIA PaCa-2—were pur-

chased from the Shanghai Institutes for Biological Sciences

(Shanghai, China). PANC-1, PATU 8988, and MIA PaCa-2

were maintained in high-glucose DMEM (Gibco, Waltham,

MA, USA) supplemented with 10% FBS (Gibco) and 1%

antibiotics (100 μg/mL streptomycin and 100 U/mL penicillin

G); AsPC-1 was maintained in RPMI-1640 (Gibco) supple-

mented with 10% FBS (Gibco) and 1% antibiotics (100 μg/
mL streptomycin and 100 U/mL penicillin G); Capan-1 was

maintained in high-glucose DMEM (Gibco) supplemented

with 15% FBS (Gibco) and 1% antibiotics (100 μg/mL strep-

tomycin and 100 U/mL penicillin G). All cell lines were

cultured at 37°C in a humidified incubator containing 5%CO2.

Cryptotanshinone (Cat. No. S2285), a potent STAT3

inhibitor, was purchased from Selleck, and incubated

with PATU 8988 and MIA PaCa-2 at 5.8 μM for 24 hrs.

Cell transfection
Full-length NETO2 cDNA (GenBank accession number

NM_001201477.1) was subcloned into an expression

vector (pcDNA3.1/+) using the primer sequences 5’-

AGCTGCTCCACGTCAAAGAA-3’ and 5’-GCTCCC-

GAGAGCTCGAA-3’. Then, a NETO2 overexpression

plasmid and control vector (ie an empty pcDNA3.1/+

plasmid) was transfected into MIA PaCa-2 and PATU

8988 cells. The NETO2 expression level was examined

by western blot.

The sequences of the siRNA specifically targeting

NETO2 and its negative control (NC) were 5′-

GCAGGAGUAUUUGAACAAA-3′ and 5ʹ-TTCTC-

CGAACGTGTCACGT-3ʹ, respectively. A lentivirus-

NETO2-shRNA (lv-shNETO2) that expressed NETO2-

siRNA and a lentivirus-NC-shRNA (lv-shNC) that

expressed NC-siRNA were purchased from Genechem

(Shanghai, China). These lentiviruses—which con-

tained puromycin resistance and a green-fluorescent

protein reporter gene—were then stably transfected

into PANC-1 and Capan-1 cells over 48 hrs at

a multiplicity of infection of 50. These transfected

cells were selected by puromycin (2 μg/mL) for 3

days and were used in subsequent experiments.

Quantitative real-time PCR
Total RNAwas extracted from tissue samples and cultured

cells using TRIzol reagent (Invitrogen, Waltham, MA,

USA). Then, a reverse transcription reagent kit (TaKaRa,

Dalian, China) was used to synthesize the cDNA.

Quantitative real-time PCR was performed to amplify the

target genes and measure their expression with glyceralde-

hyde 3-phosphate dehydrogenase (GAPDH) as an internal

loading control. The SYBR-Green method was used

according to the manufacturer’s instructions for this
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process and the results were analyzed with the 2−ΔΔCT

method described previously.11

Western blot analysis
Cells were lysed in RIPA buffer (Beyotime, Shanghai, China)

with a phosphatase inhibitor cocktail and protease inhibitor.

After measuring the concentration of the extracted proteins

with a BCA Protein Assay kit (Beyotime), equal amounts of

protein were separated by SDS-PAGE and then transferred to

polyvinylidene difluoride membranes. Membranes were then

blocked with 5% skim milk. After 1 hr of blocking, the

membranes were incubated at 4°C overnight with the follow-

ing primary antibodies: anti-NETO2 (1:200; Abcam), anti-

N-cadherin (1:1,000; CST), anti-E-cadherin (1:1,000; CST),

anti-vimentin (1:1,000; CST), STAT3 (1:1,000; CST), phos-

pho-STAT3 (p-STAT3) (Tyr705) (1:1,000; CST), Cyclin D1

(1:1,000; CST) and the internal control anti-GAPDH (1:5,000;

Abways). After being washed in TBST three times, the mem-

branes were incubated for 1 hr at room temperature with

a secondary antibody (goat anti-mouse/anti-rabbit IgG-HRP;

1:2,000, Abcam). The bands were visualized with

a chemiluminescent substrate enhanced chemiluminescence

kit according to the manufacturer’s instruction.

Cell proliferation assay
Cell proliferation was quantitatively analyzed by cell count-

ing kit-8 (CCK8) assay (Dojindo, Japan) according to the

manufacturer’s instructions. The OD was detected at the

wavelength of 450 nm using a microplate reader (TEK,Bio-

Saxony, USA).

Colony formation assay
The same number of transfected and non-transfected cells

were separately seeded at a density of 500 cells/well into

6-well plates. The cells were subsequently cultured on the

plates for 2–3 weeks. Then, the cell colonies (>50 cells/

colony) were counted and photographed after crystal violet

staining.

Cell cycle analysis
Cells were seeded and cultured in 6-well plates. Forty-eight

hours after transfection, the cells were collected and then

fixed with chilled 70% ethanol at 4°C for 12 hrs.

Subsequently, the cells were stained with propidium iodide

(Sigma-Aldrich, St Louis, MO, USA) at room temperature in

the dark for 30min and then analyzed by flow cytometry (BD

Biosciences, San Jose, CA, USA).

Cell invasion and migration assays
Cell invasion and migration capability were evaluated using

transwell chambers (pore size of 8 µm; Corning Incorporated,

Corning, NY, USA) with Matrigel and without Matrigel,

respectively. The same number of differently treated cells

were separately resuspended in 200 μL of serum-free

DMEM and then plated in the upper chambers (PANC-1,

2×104; Capan-1, 5×104; PATU 8988, 3×104; and MIA PaCa-

2, 3.5×104). The lower chambers were loaded with 600 μL of

DMEM/10% FBS media. After incubation for 24 hrs (migra-

tion assay) or 48 hrs (invasion assay), the cells were fixed with

4% paraformaldehyde and then stained with 0.1% crystal

violet. Five random visual fields at 100× magnification were

selected for quantification of penetrated cells in each well.

Mouse xenograft model
A suspension of PANC-1 (5×106) cells transfected with lv-

shNETO2 or lv-shNCwere injected into the right flank of 4- to

6-week-old male BALB/c nude mice (Slac, Shanghai, China)

which were cared for under standard conditions in accordance

with the guidelines of First Hospital of Shanxi Medical

University Ethics Committee. Tumor volume was calculated

every week by measuring the tumor width and length and then

employing the equation: V=4π/3× (width/2)2 × (length/2).

After 30 days, the mice were sacrificed and the tumors were

collected and weighed. In this study, all animal experiments

were approved by the First Hospital of Shanxi Medical

University Ethics Committee.

Immunohistochemical staining
After collection and weighing, the xenograft tumors were

immediately fixed in 10% formalin. Subsequently, the tumors

were embedded in paraffin and cut into 5-mm sections with

the following steps. Briefly, these sections were incubatedwith

the anti-Ki67 primary antibody (1:400; Abcam) at 4°C over-

night and a goat anti-rabbit-peroxidase-conjugated secondary

antibody (1:1,000; Santa Cruz Biotechnology Inc., Dallas, TX,

USA) at room temperature for 1 hr, successively. Then, a DAB

Substrate Kit (Maxin) was used for the following immunohis-

tochemical staining according to the manufacturer’s instruc-

tions and staining results were observed and imaged through

a light microscope.

Statistical analysis
All experiments were conducted three times and statistical

analyses were performed using GraphPad Prism 5

(GraphPad Software, Inc., La Jolla, CA, USA) and SPSS
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19.0 software (SPSS Inc., Chicago, IL, USA). Quantified

values are expressed as the mean ± SD. χ2 tests and indepen-

dent Student’s t-tests were used to evaluate the effects of

NETO2 on pancreatic cancer cell lines. Survival analysis was

performed with Kaplan-Meier analysis. P<0.05 (*P<0.05,

**P<0.01, ***P<0.001) was considered to represent statistical

significance.

Results
NETO2 is upregulated in pancreatic tumor

tissues and correlates with poor survival
To determine the expression pattern of NETO2 in pan-

creatic tumor tissues, we conducted real-time qPCR

analysis to compare the relative mRNA levels of

NETO2 in 30 pairs of matched pancreatic tumor tissue

samples. NETO2 was significantly upregulated in

pancreatic tumor tissues compared with that of adjacent

nontumor tissues (Figure 1A and B). Furthermore, these

pancreatic tumor tissue samples were divided into three

groups (stage I, stage II and stage III-IV) according to

the current American Joint Committee on Cancer

(AJCC) staging system. The results of real-time qPCR

analysis showed that mRNA levels of NETO2 in later-

stage groups were significantly higher than those in

lower stage groups (Figure 1C). This correlation sug-

gested that NETO2 may be closely linked with pancrea-

tic cancer progression and development. In addition, we

divided these pancreatic tumor samples into two groups

according to the expression of NETO2 (ie, high/low

NETO2 expression groups) by setting the median

NETO2 expression level as the cutoff point. Kaplan-

Meier analysis showed that higher NETO2 expression

was correlated with worse overall survival (Figure 1D).
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Figure 1 NETO2 expression and its significance in pancreatic tumor tissues and cell lines.

Notes: (A) Relative NETO2 mRNA levels in 30 pancreatic tumor tissue samples and adjacent nontumor tissues. ***P<0.001. (B) Comparison of NETO2 mRNA levels

between pancreatic tumor tissues and their corresponding adjacent nontumor tissues. (C) Relative NETO2 mRNA levels in three different cancer stages of pancreatic tumor

samples. **P<0.01. (D) Kaplan-Meier overall survival curve of pancreatic cancer patients with high (n=15) and low (n=15) NETO2 mRNA levels. ***P<0.001. (E) Relative
NETO2 mRNA levels in five pancreatic cancer cell lines. (F) Relative NETO2 protein levels in five pancreatic cancer cell lines.
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These clinical data suggest that NETO2 is upregulated in

pancreatic cancer and that this upregulation is associated

with an advanced tumor stage and poor prognosis.

Different NETO2 expression levels in

various pancreatic cancer cell lines
To explore the biological function of NETO2 in pan-

creatic cancer cells, we first conducted real-time qPCR

and western blot assays to assess NETO2 expression

levels in five pancreatic cell lines (Figure 1E and F).

The results showed that NETO2 was differentially

expressed both at mRNA and protein levels.

Specifically, PANC-1 and Capan-1 cells expressed

higher levels of NETO2 compared with those in MIA

PaCa-2 and PATU 8988 cells. Thus, for further func-

tional experimentation, we selected PANC-1 and Capan-

1 cell lines to construct knockdown models and MIA

PaCa-2 and PATU 8988 cell lines to construct overex-

pression models. NETO2 expression was determined by

using western blot analysis (Figure 2A and B).

NETO2 enhances proliferative capability

of pancreatic cancer cells in vitro
CCK8 and colony formation assays were performed to

assess the effects of NETO2 in pancreatic cancer cells. As

CCK8 assays showed, NETO2 knockdown restrained the

proliferation of PANC-1 and Capan-1 cells (Figure 2C).

Similarly, we obtained the same results from colony assays

in that the number of colonies was significantly reduced

after NETO2 knockdown (Figure 2E and G). In contrast,

NETO2 overexpression in MIA PaCa-2 and PATU 8988

cells displayed the opposite pattern in that cell proliferation

and the number of colonies were significantly increased

(Figure 2D, F and G). These results demonstrate that

NETO2 expression enhances the proliferative capability of

pancreatic cancer cells.

NETO2 knockdown suppresses pancreatic

tumor growth in vivo
We then explored the effects of NETO2 on tumor growth.

Compared with the NC group, tumor volume and weight

were significantly reduced in the NETO2-knockdown

group (Figure 2H and I). Immunohistochemical staining

also showed that the expression of the cell proliferation

marker, Ki-67, in the NETO2-knockdown group was lower

than in the NC group (Figure 2J and K). These results

suggested that NETO2 may play an important role in

pancreatic tumor growth in vivo.

NETO2 promotes pancreatic cancer cell

invasion and migration by regulation of

the epithelial–mesenchymal transition
In order to explore the role of NETO2 in changes to

pancreatic tumor aggressiveness, we performed invasion

and migration transwell assays. Since the expression

level of NETO2 also influenced cell proliferation, we

first conducted statistical analysis of the 24/48 hr CCK8

data to evaluate the effect of cell proliferation on the

results. The result showed that there were no statistical

differences in the cell proliferation level between differ-

ent treatment groups after cells were cultured for 24 h/

48 h, which meant that the differences of penetrated cell

number between different treatment groups were due to

cell migration (24 hr)/invasion (48 hr) rather than cell

proliferation. As shown in Figure 3A, NETO2 knock-

down remarkably impaired the invasive and migratory

capacities of PANC-1 and Capan-1 cells. Corresponding

to the above results, NETO2 overexpression increased

the invasiveness and migratory capacities of MIA PaCa-

2 and PATU 8988 cells (Figure 3B). Given that tumor

cell invasion and migration is usually associated with

epithelial–mesenchymal transition (EMT), we assessed

the expression of EMT-associated markers by western

blot analysis. As shown in Figure 3C, NETO2 knock-

down in PANC-1 and Capan-1 cells increased

E-cadherin expression, but reduced the expression of

N-cadherin and vimentin. Remarkably, NETO2 overex-

pression in MIA PaCa-2 and PATU 8988 cells caused

the opposite results. Such findings suggest that NETO2

promotes pancreatic cancer cell invasion and migration

by regulation of EMT.

NETO2 accelerates cell cycle progression

of pancreatic cancer
We investigated the effects of NETO2 on cell cycle pro-

gression to further explore the promoting function of

NETO2 on cell proliferation. NETO2 knockdown, both in

PANC-1 and Capan-1 cells, led to more cells remaining in

G1 phase because the cell cycle transition from G1 to

S phase was blocked, thus inhibiting cell proliferation

(Figure 3D). In contrast, NETO2 overexpression in MIA

PaCa-2 and PATU 8988 cells induced the converse effect

(Figure 3E).
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Furthermore, we examined the expression level of Cyclin

D1, a key cell cycle regulating protein. As shown in Figure 3F,

we found that Cyclin D1 expression levels in NETO2-

knockdown cells were lower than that in NC cells.

Additionally, NETO2-overexpressed cells had higher expres-

sion levels of Cyclin D1 protein than that in NC cells. Taken

together, these results demonstrate thatNETO2 accelerates the

cell cycle progression of pancreatic cancer.
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Figure 3 Effects of NETO2 knockdown and overexpression on migration, invasion and cell cycle progression of pancreatic cancer cells.

Notes: (A and B) Migration and invasion analysis of pancreatic cancer cell lines with NETO2 knockdown (A) or overexpression (B). Scale bar =100 μm. *P<0.05, **P<0.01.
(C) Western blot analysis of E-cadherin, vimentin and N-cadherin. GAPDH was used as a loading control. (D and E) Cell cycle analysis of pancreatic cancer cell lines with the

NETO2 knockdown (D) or overexpression (E). The x-axis represents the cell cycle distribution, and the y-axis represents the cell number. (F) Western blot analysis of Cyclin

D1, p-STAT3, STAT3. GAPDH was used as a loading control.

Abbreviations: lv, lentivirus; NC, negative control.
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NETO2 regulates the STAT3 signaling

pathway in pancreatic cancer cells
To further elucidate the underlying mechanism of NETO2 in

pancreatic cancer cells, we compared the expressions of sev-

eral cell proliferation-associated genes upstream of Cyclin D1

by western blot analysis. We found that NETO2 knockdown

decreased the phosphorylation of STAT3, while NETO2 over-

expression increased STAT3 activation (Figure 3F). Thus, we

speculated that NETO2 might be associated with the STAT3

signaling pathway in pancreatic cancer cells. The STAT3 inhi-

bitor cryptotanshinone was used for further exploration. As

shown in Figure 4A and B, cryptotanshinone blockedNETO2-

mediated cell invasion and migration in these cancer cells.

Likewise, CCK8 assays and cell cycle analysis revealed that
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Figure 4 Suppression of STAT3 phosphorylation antagonizes NETO2-mediated pancreatic cancer cell proliferation, invasion and migration.

Notes: (A and B) Invasion and migration assays for NETO2-overexpressed pancreatic cancer cells with or without 5.8 μM cryptotanshinone treatment. Scale bar = 100 μm.

*P<0.05, **P<0.01, ***P<0.001. (C) CCK8 assay for NETO2-overexpressed pancreatic cancer cells with or without 5.8 μM cryptotanshinone treatment. **P<0.01,
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cryptotanshinone treatment inhibited NETO2-mediated cell

proliferation in MIA PaCa-2 and PATU 8988 cells (Figure

4C and D). Consistently, western blot analysis showed that

cryptotanshinone reversed the effects of NETO2 overexpres-

sion on the expression of Cyclin D1, E-cadherin, vimentin,

N-cadherin, and p-STAT3 (Figure 4E). These results suggest

thatNETO2 enhances the capabilities of proliferation, invasion

and migration of pancreatic cancer cells by activation of the

STAT3 pathway.

Discussion
Previous studies of NETO2 have mainly focused on its

neurobiological aspects. Nevertheless, the association

between elevated expression of NETO2 and malignant

tumor transformation has been subsequently revealed for

many types of tumors. In the present study, we found that

NETO2 was upregulated in pancreatic cancer tissues com-

pared with adjacent nontumor tissues. Moreover, the ele-

vated expression of NETO2 was associated with an

advanced tumor stage of pancreatic cancer patients and

indicated poor prognosis. These results are in line with

previous studies that have indicated that increased NETO2

expression can be detected in various cancers and may

contribute to early diagnosis.8–10 Therefore, NETO2

could serve as a potential therapeutic target in pancreatic

cancer and may be useful for diagnosis and prognosis.

STAT3, amember of the STAT family, has been identified as

a critical transcription factor in themalignant transformation of

many types of tumors.12–14 Upstream stimuli activate the

STAT3 signaling pathway through promotion of STAT3 phos-

phorylation. The increased phosphorylation at Tyr 705 of

STAT3 induces the interaction of the SH2 domain and phos-

photyrosine, thereby causing STAT3 dimerization and the

following translocation to the nucleus. Once within the

nucleus, dimerized STAT3 regulates the expression of target

genes related to proliferation and metastasis, such as Cyclin

D1.15,16 In the present study, we demonstrated that NETO2

knockdown induced G0/G1 phase cell cycle arrest and thus

inhibited pancreatic cancer cell proliferation by reducing the

phosphorylation of STAT3 and subsequently attenuating the

expression of Cyclin D1.

The EMT process has been demonstrated to be

required for invasion and metastasis in many types of

human cancers.17–19 In the EMT process, which is also

considered to be regulated by many signaling pathways,

including the STAT3 signaling pathway,20 epithelial cells

lose their epithelial properties, such as decreased

expression of epithelial markers (eg, E-cadherin), and

gain mesenchymal phenotypes, such as increased

expression of mesenchymal markers (eg, vimentin,

N-cadherin).21,22 In the present study, we found that

NETO2 participates in the regulation of EMT through

the STAT3 signaling pathway which alters the expression

of these EMT-related proteins. It should be noted that

a previous study indicated there was no significant cor-

relation between the mRNA expression levels of NETO2

gene and EMT-related genes in colorectal cancer

tissues.8 The possible reasons for this discrepancy

include the following: (1) the effects of NETO2 on

EMT vary between cancer types; (2) non-tumor cells

in tumor tissues may interfere with real-time qPCR

analysis of EMT-related genes at the mRNA level; and

(3) a different selection of samples may have a different

impact on the results. To summarize, we argue that

NETO2 upregulation drives the process of EMT by

activating the STAT3 signaling pathway and hence pro-

motes invasion and migration of pancreatic cancer cells.

Our research further demonstrated that NETO2-mediated

oncogenic function in pancreatic cancer cells could be

reversed by cryptotanshinone (a STAT3-specific inhibi-

tor) via inhibition of STAT3 phosphorylation.

Furthermore, we found that NETO2 knockdown could

significantly inhibit tumor growth in vivo in nude mice.

Conclusion
NETO2 acts as an oncogenic gene in pancreatic cancer by

activating the STAT3 signaling pathway. The detection of

NETO2 expression may provide help for early diagnosis

and prognosis of pancreatic cancer. We also argue that

NETO2 could serve as a novel candidate for targeted therapy

of pancreatic cancer.
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