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Abstract. Heparanase (HPSE) and vascular endothelial 
growth factor  C (VEGF-C) are important cytokines that 
promote metastasis and angiogenesis in numerous malignant 
neoplasms, however, their association remains unclear in 
pancreatic ductal cell adenocarcinoma (PDAC). The present 
study aimed to investigate whether HPSE has a positive 
correlation with VEGF‑C expression and to uncover the role 
it plays in the in vitro invasion of BxPC‑3 cells (a pancreatic 
carcinoma cell line), and to analyze the value of joint detec-
tion of HPSE and VEGF‑C for PDAC patients. A recombinant 
plasmid, GV230/HPSE was constructed and BxPC‑3 cells were 
transiently transfected with GV230/HPSE or siRNA against 
HPSE. The expression levels of HPSE and VEGF‑C were 
compared using reverse transcription quantitative PCR 
(RT‑qPCR) and immunoblotting. The metastatic potential of 
treated BxPC‑3 cells was evaluated using a Transwell® inva-
sion assay. The relative mRNA levels of HPSE and VEGF‑C in 
34 PDAC specimens were assessed by RT‑qPCR. The results 
of the RT‑qPCR demonstrated a 10.7‑ and 3.24‑fold elevation 
(P<0.01) of HPSE mRNA and VEGF‑C mRNA, respectively, 
in GV230/HPSE group, whereas the HPSE siRNA group 
were downregulated for these mRNAs (‑2.45‑fold, P<0.01; 
‑1.84‑fold, P<0.01). The same pattern for protein expression 
was detected using immunoblot assays. In Transwell® invasion 
assays 138±5 cells in GV230 /HPSE group and 53±4 cells 
in siRNA group migrated through the Matrigel®. A negative 
correlation between the mRNA levels of HPSE and VEGF‑C 
in PDAC specimens and the prognosis factors of the postopera-
tive patients was identified. Spearman rank correlation analysis 
indicated a positive correlation between HPSE and VEGF‑C 
in PDAC (r=0.812, P<0.01). HPSE regulates the expression 

of VEGF‑C and facilitates invasion of BxPC‑3 in vitro. Joint 
detection of HPSE and VEGF‑C may therefore be clinically 
useful in determining the prognosis of pancreatic cancer 
patients.

Introduction

Pancreatic cancer has a high mortality rate, with the worst 
1‑ and 5‑year survival rates of all cancers. In 2015, it is esti-
mated that there will be 48,960 new cases of pancreatic cancer 
and an ~40,560 individuals are expected to succumb to this 
disease, according to the Surveillance, Epidemiology and End 
Results database (1). The incidence of infiltrating pancreatic 
ductal cell adenocarcinoma (PDAC) is increasing, especially 
in age groups >50 years (2). Due to the late presentation of 
symptoms, PDAC is often diagnosed at an advanced stage. 
The long‑term survival rates cannot be improved with radical 
resection. Although numerous biomarkers of PDAC are 
awaiting progression to the clinic, there has been a concerted 
effort to explore tumor markers that may be valuable in diag-
nosing PDAC earlier, improving prognosis, and subsequently 
progressing through to clinical pharmacology experiments. 
The approaches of the potential biomarker studies include 
genomics, proteomics and metabolomics (3). Identification of 
biomarkers with a relatively high susceptibility and specificity 
for PDAC is necessary.

Metastasis to distant sites in the body, via blood vessels and 
lymphatic ducts results in poor prognosis. Cancer cell spread 
is facilitated by the secretion of enzymes that can degrade the 
main structural elements of the basement membrane (BM) and 
extracellular cell matrix (ECM). Heparin sulfate proteoglycans 
(HSPGs) are an important constituent of the BM, and these 
interact with collagen IV, laminin, and numerous cytokines, 
chemokines, and growth factors. Heparanase (HPSE) is often 
secreted by cancer cells, and degrades the heparin sulfate (HS) 
chain of HSPGs, thus damaging the anionic and mechanical 
barriers surrounding the cells and promoting the proteolysis 
of cytokines, including members of the vascular endothelial 
growth factor (VEGF) family (4). The VEGF family consists 
of VEGFs‑A‑E, placental growth factor and snake venom 
VEGF. VEGF‑A predominantly promotes angiogenesis 
through interactions with VEGF receptor‑1,2 (VEGFR‑1,2), 
whereas VEGF‑C induces lymphangiogenesis by attaching to 
VEGF receptor‑3 (VEGFR‑3) (5). 
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PDAC is known to be predominantly hypovascular and its 
blood flow volume reaches only one‑third of the pancreatic 
tissues of a healthy organ (6,7). Lymph node metastasis is 
an independent risk factor of PDAC. VEGF‑C is of impor-
tance in increasing lymphatic vessel density (LVD), and 
VEGFR‑3 expression is highly restricted to lymphatic endo-
thelial cells (8,9). On the basis of these previous studies, it 
seems that VEGF‑C has a greater role in PDAC than VEGF‑A. 
For this reason, the present study has selected HPSE and 
VEGF‑C as experimental indicators to investigate whether 
HPSE can regulate VEGF‑C expression and its role in inva-
sion of pancreatic carcinoma cells in vitro, and to analyze 
the clinicopathological characteristics of PDAC patients. The 
present study was approved by the ethics committee of Qilu 
Hospital, Shandong University (Jinan, China) and written 
informed consent was obtained from all patients.

Materials and methods

Cell culture and HPSE expression vector construc‑
t ion. Human pr imary pancreat ic adenocarcinoma 
BxPC‑3  cells were purchased from American Type 
Culture Collection (Manassas, VA, USA) and maintained 
in Dulbecco's modified Eagle's medium (DMEM; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) containing 10% 
fetal calf serum (Gibco; Thermo Fisher Scientific, Inc.), 
50 U/ml penicillin and 50 µg/ml streptomycin (Sigma‑Aldrich, 
St. Louis, MO, USA). A GV230 plasmid was purchased, 
containing the gene for enhanced green fluorescent protein 
(EGFP) and the XhoI/Kpnl restriction sites (GeneChem 
Co., Ltd., Shanghai, China). Total RNA was isolated from 
BxPC‑3 with TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) and then treated with RQ1 RNAse‑Free 
DNase (2 units DNase/1 µg RNA; Promega Corporation, 
Sydney, Australia). Following reverse transcription of 
5 µg total RNA using oligo(dT) primers (Thermo Fisher 
Scientific, Inc.), the resulting cDNA was then amplified by 
polymerase chain reaction (PCR) using Pfu DNA polymerase 
(Thermo Fisher Scientific, Inc.) and the following HPSE 
primers: Forward 5'‑TCCTGCGTACCTGAGGTTTG‑3', 
and reverse 5'‑CCATTCCAACCGTAACTTCTCCT‑3'. The 
following PCR protocol was used: 95˚C initial denaturation 
3 min, 35 cycles (95˚C subsequent denaturation 45 sec, 61˚C 
annealing 50  sec, 72˚C extension 3 min), and 72˚C final 
extension 10 min. Glyceraldehyde‑3‑phosphate dehydroge-
nase (GAPDH) was used as a reference gene, using the same 
PCR conditions. The PCR products were separated using 
1.5% agarose gel electrophoresis and visualized with 6X 
DNA Loading Buffer (Beyotime Institute of Biotechnology, 
Haimen, China) under ultraviolet light. The amplified HPSE 
DNA fragment was purified from the corresponding band in 
the agarose gel and incubated with XhoI/Kpnl at 37˚C for 
2 h. The processed HPSE fragment was then cloned into 
GV230  using T4  DNA ligase (Thermo Fisher Scientific, 
Inc.). The recombinant plasmid was transformed into DH5α 
(Beyotime Institute of Biotechnology) and confirmed by both 
PCR of the bacterial solution and enzymatic digestion. The 
PCR detection used the following HPSE primers: Forward 
5'‑CGCGTAGTGATGCCATGTAACTGAAT‑3', and reverse 
5'‑CGCTTCGATCCCAAGAAGGAATCAAC‑3'. The PCR 

program was 95˚C for 3 min, 30 cycles (95˚C 45 sec; 59˚C 
45 sec; 72˚C 50 sec), 72˚C for 6 min.

Transient transfection and semiquantitative PCR. Three pairs 
of small interfering RNAs (siRNAs) targeting HPSE mRNA 
were designed and chemically synthesized (GenePharma 
Co., Ltd., Shanghai, China). These siRNA sequences are as 
follows: Sense 5'‑GCUUCGAGUAUACCUUCAUTT‑3', 
and anti‑sense 5'‑AUGAAGGUAUACUCGAAGCTT‑3' for 
siRNA‑1 (targeting the 1425‑1446 encoding region of human 
HPSE); sense 5'‑GUCCAACUCAAUGGUCUAATT‑3', 
and anti‑sense 5'‑UUAGACCAUUGAGUUGGACTT‑3' 
for siRNA‑2  (targeting the 1612‑1633  encoding region of 
HPSE); sense 5'‑CUUGCCAGCUUUCUCAUAUTT‑3', 
and anti‑sense 5'‑AUAUGAGAAAGCUGGCAAGTT‑3' for 
siRNA‑3 (targeting the 1704‑1725 encoding region). Addi-
tionally, a negative control siRNA and siGAPDH were used 
as controls, and negative control‑FAM was used to evaluate 
the transfection efficiency of siRNA. BxPC‑3  cells were 
inoculated in 6‑well plates and then transfected with the 
GV230/HPSE plasmid and 3 pairs of siRNAs in the presence 
of Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.) when 
80‑90% confluent. Cells were divided into seven groups as 
follows: siRNA‑1 group, siRNA‑2 group, siRNA‑3 group, 
GV230/HPSE group, GV230  group, blank control group, 
and siGAPDH group. Following transfection and 24 h of cell 
culture, total RNA and cDNA were prepared as described 
earlier. The HPSE expression status in every group was evalu-
ated by PCR using specific primers. Semiquantitative analysis 
performed using the data generated from electrophoresis 
was carried out using Quantity One software (version 4.6.2; 
Bio‑Rad Laboratories, Inc., Hercules, CA, USA). Utilizing the 
absorbance value of the HPSE band normalized to GAPDH, 
the siRNA with the best interference efficiency was selected 
for use in experiments in the present study.

Reverse transcription‑quantitative PCR (RT‑qPCR). The 
cDNA sample of each group (siRNA group, GV230/HPSE 
group, GV230  group, blank control group), generated by 
reverse transcription, was diluted to working concentration 
(1  µl  cDNA HPSE in 50  µl ddH2O; 1  µl cDNA VEGF‑C 
in 50 µl ddH2O and 1 µl cDNA GAPDH in 100 µl ddH2O). 
The following PCR primers were used in the present study: 
Forward, 5'‑TCCTGCGTACCTGAGGTTTG‑3', and reverse, 
5'‑CCATTCCAACCGTAACTTCTCCT‑3' for HPSE (product, 
169  bp); forward, 5'‑ATGTGTGTCCGTCTACAGATGT‑3' 
and reverse, 5'‑GGAAGTGTGATTGGCAAAACTGA‑3' 
for  V EGF‑ C (p roduc t ,  16 0   bp)  a nd  for wa rd, 
5'‑GGAGCGAGATCCCTCCAAAAT‑3' and reverse, 
5'‑GGCTGTTGTCATACTTCTCATGG‑3' for GAPDH 
(product, 197 bp). RT‑qPCR was performed using a Master-
cycler Ep Realplex (Eppendorf, Hamburg, Germany) using 
SYBR Green Real‑time PCR Master Mix (Toyobo Co., Ltd., 
Osaka, Japan) with the following settings: Initial denaturation 
at 95˚C, followed by 40 cycles of denaturation for 15 sec at 
95˚C, annealing for 15 sec at 63˚C and extension for 45 sec at 
72˚C. Melting curves were used to exclude nonspecific ampli-
fication and the emergence of primer dimers. The comparative 
cycle threshold method (2‑ΔΔCq) was applied to present the gene 
of interest relative to the internal reference gene.
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Immunoblotting assay. At 48 h following transfection, cells were 
dissolved in RIPA Lysis Buffer (Beyotime Institute of Biotech-
nology) containing 1 mmol/l phenylmethanesulfonyl fluoride, 
incubated at 4˚C for 2 h and then centrifuged at 14,000 x g 
for 20 min. The protein concentration of the supernatant was 
measured using a BCA Protein Assay Kit (Thermo Fisher 
Scientific, Inc.). Proteins (100 mg loading) were separated by 
electrophoresis on 10% SDS‑polyacrylamide gel and transferred 
to polyvinylidene fluoride membrane (PVDF; Merck Millipore, 
Darmstadt, Germany) by wet electroblotting (Bio‑Rad Laborato-
ries, Inc.). The PVDF membrane for each sample was incubated 
with rabbit monoclonal antibodies (anti‑HPSE, anti‑VEGF 
and anti‑β‑actin), purchased from Abcam (Cambridge, UK). 
β‑actin was used to confirm equal loading of every sample. The 
secondary antibody used was horseradish peroxidase‑labeled 
goat‑anti‑rabbit IgG (Sigma‑Aldrich). Immunoreactive bands 
were visualized by enhanced chemiluminescence (Merck Milli-
pore), exposed in the luminescent image analyzer (FluorChemE; 
ProteinSimple; Bio‑Techne, San Jose, CA, USA) and semiquan-
tified using Quantity One software (Bio‑Rad Laboratories, Inc.).

Transwell invasion assay. Invasion assays utilized 24‑well 
cell Transwell® inserts, coated with Matrigel® (Corning Inc., 
Corning, NY, USA). A total of 1x107 cells/ml from each group 
(siRNA group, GV230/HPSE group, blank control group) 
suspended in 200 µl DMEM (Thermo Fisher Scientific, Inc.) 
containing 2% fetal calf serum were seeded in the upper part 
of each chamber, and the lower section was filled with 500 µl of 
complete medium. Following 48 h of incubation, non‑invading 
cells on the upper surface of the Transwell® membrane (8 µm 
pores, polyethylene membrane) were removed with a cotton 
swab, and the attached cells on lower surface of the filter were 
fixed with methanol, stained with Giemsa and counted in at 
least four fields under an Olympus IX71 inverted fluorescence 
microscope (Olympus Corp., Tokyo, Japan). The invasion 
assay was performed in triplicate.

Sample collection and RT‑qPCR analysis of patient tissues. 
34 PDAC specimens were acquired from 20 male and 14 female 
patients (age range, 42‑78 years; median age, 61 years) during 
September 2012 to December 2013 at Qilu Hospital. According 

to the American Joint Committee on Cancer staging system, 
there were 9 stage I, 11 stage II, 11 stage III, and 3 stage IV 
ductal cell adenocarcinomas. Among these specimens, 
11 tumors were well‑differentiated, 13 tumors were moder-
ately‑differentiated, and 10 tumors were poorly‑differentiated. 
Patients were diagnosed by imaging‑based findings, such as 
contrast‑enhanced computed tomography, endoscopic ultra-
sonography and magnetic resonance imaging. No patients 
received chemotherapy or radiation therapy prior to surgery, 
however, percutaneous transhepatic cholangial drainage 
(PTCD) was allowed. Five  patients underwent pancre-
aticoduodenectomy, 7 patients underwent pylorus‑preserving 
pancreatoduodenectomy, 8 with distal pancreatectomy plus 
splenectomy, 8 with laparoscopic exploration or exploratory 
laparotomy and 6 with bilioenteric anastomosis or gastrojeju-
nostomy (some with chemical impairment of celiac ganglion). 
Immediately following surgical removal, specimens were 
snap‑frozen and stored in liquid nitrogen container until use. 
The frozen tissues were homogenized in TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), and total RNA was 
isolated according to the manufacturer's guideline. RT‑qPCR 
was performed as described earlier. Pathological reports were 
obtained to analyze the association between prognosis factors 
for PDAC and HPSE and VEGF‑C mRNA expression.

Statistical analysis. Results are presented as mean ± standard 
error. Student's t test was used for statistical analysis of the semi-
quantitative PCR, 2‑ΔΔCq values from RT‑qPCR experiments, 
immunoblotting and invasion assays. The Mann‑Whitney U 
test was used to assess the correlation of HPSE and VEGF‑C 
expression and clinicopathological parameters. Spearman 
rank correlation analysis was used to justify the relationship of 
HPSE to VEGF‑C in PDAC. P<0.05 was taken to represent a 
statistically significant differences in all tests.

Results

Construction of GV230/HPSE expression vector. The PCR 
product of HPSE and GV230 plasmid linearized by XhoI/KpnI 
digestion were subjected to 1.5% agarose gel electropho-
resis (Fig. 1A and B). The correct recombinant plasmid was 

Figure 1. Construction of GV230/HPSE. (A) Electrophoresis of PCR products on 1.5% agarose gels. Lane 1, DNA ladder marker(5 kb‑100 bp; lane 2, 
PCR product of HPSE (1.6 kb). (B) Electrophoresis of GV230 vacant plasmid and product after restricted enzyme digestion. Lane 1, DNA ladder maker 
(10 kb‑250 bp); lane 2, Linear plasmid after digestion with XhoI/Kpnl (4.7 kb); lane 3, GV230 plasmid extracted from DH5a. (C) PCR product of DNA isolated 
from bacterial solution. Lane 1, negative control (ddH2O); lane 2, negative control (linear plasmid self‑ligation); lane 3, amplified GAPDH fragment of DH5a; 
lane 4, DNA ladder marker (2 kb‑100 bp); lane 5, HPSE identifying band (591 bp). (D) Digestion product of recombinant plasmid GV230/HPSE. Lane 1, DNA 
ladder marker (2 kb‑100 bp), lane 2, GV230 fragment and HPSE fragment.
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confirmed by both PCR of the bacterial solution and enzymatic 
digestion of restriction sites (Fig. 1C and D). Furthermore, 
according to the sequencing report, HPSE full‑length gene 
was successfully cloned into eukaryotic expression vector 
without base mutations, mismatches or frame shifts.

Transfection efficiencies of GV230, GV230/HPSE and siRNA. 
At 48 h following transfection, fluorescence images (Fig. 2A‑C) 
were captured using an Olympus IX71 inverted fluorescence 
microscope (Olympus Corp.). After calculating the propor-
tion of fluorescent cells to total cells in several fields, the 
approximate transfection efficiencies of the GV230 plasmid, 
GV230/HPSE recombinant plasmid and siRNA were calculated 
as 46.14±3.8%, 33.89±6.65% and 58.06±4.3%, respectively.

The influences of GV230/HPSE and HPSE‑siRNAs on mRNA 
levels of HPSE and VEGF‑C in vitro. Images of the agarose 
gel PCR results were acquired (Fig. 3A), and the absorbance 

value of the HPSE band was normalized to that of GAPDH 
using Quantity One software. The relative absorbancies were 
0.048±0.022 (siRNA‑1 group), 0.186±0.112 (siRNA‑2 group), 
0.136±0.077  (siRNA‑3 group), 0.935±0.159  (GV230/HPSE 
group), 0.448±0.047 (GV230 group) and 0.441±0.101 (blank 
control group). The siRNA‑1 with the best interference effect 
was selected for use in subsequent trials. BxPC‑3 cells were 
divided into four groups: siRNA group, GV230/HPSE group, 
GV230 group, blank control group. RT‑qPCR was performed 
and the 2‑ΔΔCq

 value of each sample was calculated relative to 
the blank control, to reflect the relative gene expression levels 
following treatment (Fig. 3B and C) (10,11). It was ascertained 
that no primer dimerisation and non‑specific amplification 
occurred, according to melting curves (Fig. 3C and D). As shown 
in Table I, there was a 10.7‑ and 3.24‑fold (All P<0.01) eleva-
tion of HPSE mRNA and VEGF‑C mRNA in GV230/HPSE 
group, respectively, whereas siRNA group exhibited decreased 
mRNA expression (‑2.45‑fold, P<0.01; ‑1.84‑fold, P<0.01).

Figure 2. Transfection efficiencies, demonstrated by GFP positivity and FAM. (A) GV230, (B) GV230/HPSE and (C) siRNA‑FAM.

Figure 3. The influences of GV230/HPSE and HPSE‑siRNAs on mRNA levels of HPSE and VEGF‑C. (A) Semiquantitative PCR of HPSE and GAPDH. Two 
repeats of the same assay are presented. Lane 1: DNA ladder marker (2 kb‑100 bp); lane 2, siRNA‑1 group; lane 3, siRNA‑2 group; lane 4,siRNA‑3 group; 
lane 5, GV230/HPSE group; lane 6, GV230 group; lane 7, blank control group; lane 8, siGAPDH group. (B and C) RT‑qPCR results of relative expression of 
HPSE and VEGF in treated BxPC‑3 cells. (D) Melting curves for the RT‑qPCR assays (a: HPSE, b: VEGF‑C, c: GAPDH). *P<0.05. HPSE, heparanase; VEGF, 
vascular endothelial growth factor; siRNA, small interfering RNA; RT‑qPCR, reverse transcription quantitative PCR.
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Expression of HPSE and VEGF‑C proteins. Western blot 
images were acquired using FluorChemE (Fig. 4) and scanned 
by Quantity One to calculate the relative optical density of 
HPSE and VEGF bands. Due to the relatively low expression 
of VEGF‑C and HPSE in BxPC‑3, increased protein loading 
and exposure time were necessary and therefore increased 
background was visible. HPSE and VEGF‑C had significantly 
increased expression in cells transfected with GV230/HSPE 
when compared to control cells (1.245±0.077 and 0.307±0.016 

fold respectively; P<0.01). Cells treated with siRNA targeted 
at HSPE has significantly reduced expression of HPSE and 
VEGF‑C compared to the untreated control cells groups 
when compared to the blank control group (0.161±0.024 and 
0.094±0.004, respectively).

BxPC‑3  cells invasion upon HPSE overexpression and 
suppression. Compared to the blank control group, 
138±5 cells in the GV230/HPSE group and 53±4 cells in the 

Figure 4. Expression of HPSE and VEGF‑C proteins. Two repeats of the same assay are presented. Lane 1, siRNA group; lane 2, blank control; lane 3, 
GV230 group; lane 4, GV230/HPSE group. HPSE, heparanase; VEGF, vascular endothelial growth factor.

Table I. Comparison of relative mRNA levels.
 
	 HPSE mRNA	 VEGF‑C mRNA
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Group	 2‑ΔΔCq	 ta	 Pa	 2‑ΔΔCq	 ta	 Pa

 
Blank control group	 1.000±0.094			   1.000±0.043		
siRNA group	 0.408±0.038	‑ 8.970	 <0.01	 0.542±0.016	‑ 17.479	 <0.01
GV230 group	 0.892±0.065	‑ 1.677	 0.169	 0.951±0.114	‑ 0.715	 0.514
GV230/HPSE group	 10.707±0.948	 17.642	 <0.01	 3.239±0.233	 16.344	 <0.01
 
aCalculated against blank control using the independent sample t‑test. HPSE, heparanase; VEGF, vascular endothelial growth factor; mRNA, 
messenger RNA; siRNA, small interfering RNA.
 

Table II. Correlation between mRNA levels and clinicopathological characteristics.

Clinicopatheological
characteristic	 Samples, no.	 HPSE (2‑ΔΔCq)	 PHPSE

a	 VEGF‑C (2‑ΔΔCq)	 PVEGF‑C
a

Lymph node metastasis
  No	 12	 0.0594±0.0299	 <0.01	 0.0097±0.0059	 <0.01
  Yes	 22	 0.1336±0.0587	 <0.01	 0.0334±0.0157	 <0.01
Pathology staging
  Well differentiated	 11	 0.0668±0.0279	 <0.01	 0.0119±0.0058	 <0.01
  Moderately differentiated	 13	 0.0977±0.0531	 <0.01	 0.0262±0.0100	 <0.01
  Poorly differentiated	 10	 0.1455±0.0496	 <0.01	 0.0346±0.0151	 <0.01
TNM staging
  Stage Ⅰ and Ⅱ	 20	 0.0656±0.0372	 <0.01	 0.0136±0.0064	 <0.01
  Stage Ⅲ and Ⅳ	 14	 0.1672±0.0767	 <0.01	 0.0413±0.0191	 <0.01

aP‑values determined using the Mann‑Whitney U test. HPSE, heparanase; VEGF, vascular endothelial growth factor; mRNA, messenger RNA; 
TNM, tumor‑node‑metastasis; Cq, quantification cycle.
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siRNA group invaded through the Matrigel and Transwell® 
membrane (Fig. 5A‑D). This indicates that overexpression of 
HPSE induces BxPC‑3 cell invasion, whereas knockdown of 
HPSE by siRNA reduces cell invasion.

Expression of HPSE and VEGF‑C mRNA in human 
pancreatic cancer tissue and their association with prog‑
nostic factors of postoperative PDAC patients. The lymph 
node metastasis status, tumor differentiation grade and 
tumor‑node‑metastasis (TNM) stage were selected as the 
predictors of prognosis (12,13). The diameter and lymphatic 
metastasis status of unresectable pancreatic mass were esti-
mated by imaging tests combined with operative findings. 
According to Mann‑Whitney U test, earlier lymphatic metas-
tasis, poorer differentiation and more advanced tumor stages 

were more frequently noted in PDAC patients with high HPSE 
or VEGF‑C expression than in patients with low HPSE or 
VEGF‑C expression (Table II, Fig. 6). Furthermore, Spearman 
rank correlation analysis of 2‑ΔΔ Cq values indicated a positive 
correlation between HPSE and VEGF‑C (r=0.812, P<0.01).

Discussion

PDAC is among the leading causes of gastrointestinal cancer 
fatalities in China and worldwide. The 5‑year survival rate is 
reported to be 6.8‑25%, and the median survival time of post-
operative patients ranges from 8 to 12 months (14). Patients 
with lymph node metastasis have shorter survival times, with 
the majority of individuals surviving ≤2 years. VEGF‑C 
is expressed in several cancers, such as gastrointestinal 

Figure 5. BxPC‑3 cells invasion upon HPSE overexpression and suppression. (A) Number of cells invaded through the Matrigel. (B) Blank control group, 
(C) siRNA group and (D) GV230/HPSE group. *P<0.05. HPSE, heparanase; VEGF, vascular endothelial growth factor.

Figure 6. (A) HPSE mRNA and (B) VEGF‑C mRNA  expression correlated with tumor pathological characteristics. LM, lymph node metastasis; WD, well 
differentiated; MD, moderately differentiated; PD, poorly differentiated; TNM, tumor‑node‑metastasis stage; HPSE, heparanase; VEGF, vascular endothelial 
growth factor.
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malignant tumor, ovarian cancer, prostate cancer and breast 
cancer (15‑19). Some clinical follow‑up studies have associ-
ated the negative correlation of VEGF‑C expression and the 
5‑year survival rate. Additionally, upregulation of VEGF‑C is 
identified in those who have multiple and distant lymph node 
metastasis (20). These previous studies have demonstrated 
that HPSE, together with VEGF‑C, play an essential role in 
the metastasis of PDAC. The present study sought to elucidate 
the underlying association between the two proteins using 
in vitro and tumor tissues experiments, including siRNA 
and gene overexpression techniques. The GV230 eukaryotic 
expression vector containing the pUC promoter and EGFP 
gene allowed the upregulation of HPSE and estimation of 
transfection efficiency. Although the GV230/HPSE vector 
produced less fluorescent brightness and lower transfec-
tion efficiencies compared to the empty vector, due to the 
recombinant size (6.3 kb) and the sharing of one promoter 
(HPSE and EGFP), this had no significant impact on the 
test results. Our results demonstrate a 10.7‑ and 3.24‑fold 
increase of HPSE mRNA and VEGF‑C mRNA, respec-
tively, in the GV230/HPSE group, and a 2.45‑and 1.84‑fold 
decrease in siRNA group were detected by RT‑qPCR. 
Compared to control cells, a 2.84‑fold increase in HPSE 
protein and a 1.70‑fold of VEGF‑C protein was expressed 
in GV230 /HPSE cells, while a 2.72‑ and 1.91‑fold reduc-
tion of proteins, respectively, were observed in the siRNA 
group. Thus, we conclude that HPSE modulates VEGF‑C 
expression, although, the rangeability of HPSE is higher than 
VEGF‑C. HPSE and other cytokines may influence VEGF‑C 
at the same time, including components of VEGF autocrine 
signaling pathway (21,22). Additionally, other uncontrollable 
factors in the present study may have weakened the regula-
tion effect, such as the transfection efficiency and loading 
errors. Zetser et al (23) demonstrated that HPSE overexpres-
sion in human embryonic kidney 293, MDA‑MB‑435 human 
breast carcinoma, and rat C6  glioma cells generated a 
3‑ to 6‑fold increase in VEGF protein and mRNA levels. 
This increase may consist predominantly of variations in 
VEGF‑A and VEGF‑C. The recombinant plasmid used in 
the present study contains full length of HPSE‑mRNA CDS 
and encodes secretory HPSE, a signal peptide (amino acids 
1‑35 located at the ‑NH2 terminus of the 50 kDa subunit). 
The signal peptide oriented precursor protein is positioned 
and processed at endoplasmic reticulum and Golgi apparatus, 
and the resulting HPSE in its native conformation is stored in 
the lysosome and secreted when necessary (24). It has been 
previously demonstrated that elevation of VEGF in cells is 
associated with upregulated HPSE secretion, demonstrated 
by using several artificial variants of HPSE, such as dele-
tion of the signal peptide, which generates a variant of HPSE 
that fails to get secreted,is resistant to proteolysis, and lacks 
enzymatic activity (25). Another HPSE variant is targeted 
to cell membrane by introducing the platelet derived growth 
factor receptor (PDGFR) transmembrane domain at the 
HPSE‑COOH terminus. No significant change in VEGF 
expression was observed in cells expressing non‑secretory 
HPSE, therefore VEGF upregulation requires HPSE secre-
tion, but not its enzymatic function (24).

A number of previous studies have reported non‑enzymatic 
activity of HPSE, as follows: i) Extrinsic addition of HPSE 

stimulates Akt‑dependent endothelial cell migration  (26); 
ii) extracellular signal–regulated kinase activation enhances 
the adhesive capability of certain cell lines, mediated by 
β1‑integrin, Akt and Pyk2 (27‑29); iii) inducing peritumoral 
angiogenesis and lymphangiogenesis by regulating VEGF 
expression; iv) Upregulating tissue factor, and interacting with 
the tissue factor pathway inhibitor on the cell surface, resulting 
in increased endothelial and tumor cell surface coagulation 
activity (30). Furthermore, Zetser et al (23) provided evidence 
that HPSE enhanced p38  phosphorylation and is actively 
involved in regulation of VEGF gene expression via Src acti-
vation. Src is a cytosolic tyrosine kinase, regulated by several 
extracellular signal molecules and is important in the occur-
rence and development of tumors (31). P38 is the member of 
the mitogen‑activated protein kinase family and participates in 
signaling initiated by a wide variety of extracellular stimuli. It is 
implicated in cell biological behaviors ranging from apoptosis, 
proliferation, differentiation, and to some extent, tumor cell 
survival and metastasis (32). We suggest that HPSE promotes 
lymphangiogenesis and facilitates invasion of pancreatic carci-
noma cells by acting as a critical cytokine implicated in signal 
pathways that include VEGF‑C, p38 and Src. Further trials 
are required to identify the HPSE receptor located in the cell 
membrane or cytoplasm. The metastatic potential of PDAC cells 
needs to be further studied in transplanted tumor models.

Based on the 34 ductal cell adenocarcinomas examined 
in the present study, patients with relatively high mRNA 
levels of HPSE and VEGF‑C possess more advanced tumor 
stages, especially lymphatic metastasis, which is a sign of poor 
prognosis. In addition, a positive correlation (r=0.812) demon-
strates that the elevation of VEGF‑C may be partly attributed 
to the induction of HPSE. Therefore, HPSE may serve as a 
novel target for cancer chemotherapy. Several HPSE inhibi-
tors have been discovered to date, ranging from HS analogues 
to neutralizing antibodies. PI‑88 is a chemically synthesized 
compound with a non‑cleavable structure that can competi-
tively inhibit HS‑related angiogenesis. As a potent counterpart 
of HS, PI‑88 exerts significant anti‑tumor, anti‑angiogenic, 
and anti‑metastatic activity in numerous animal models. The 
activities mentioned above are attributed to intervening in 
HS recognition with angiogenic factors, such as VEGF and 
basic fibroblast growth factor, as well as suppression of HPSE 
activity. Other HS analogues with the same pharmacological 
activity, such as necuparanib and roneparstat, are already in 
early stage clinical development (4). 

In conclusion, the present study suggests that joint 
detection of HPSE and VEGF‑C may be of significance as 
a diagnostic marker and therapeutic target for patients with 
pancreatic cancer.
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