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Abstract. Alterations in Wiskott-Aldrich syndrome protein 
family verprolin-homologous protein 3 (WAVE3) expression 
play various roles in certain types of cancer. However, the roles 
of WAVE3 expression in pancreatic cancer remain unknown. 
The present retrospective study demonstrated that WAVE3 
expression was higher in cancerous pancreatic tissues than in 
non-neoplastic tissues. Moreover, WAVE3 overexpression was 
related to lymphatic metastasis, a poor differentiation and high 
pre-operative CA19-9 levels and was an adverse prognostic 
factor for patients with pancreatic cancer. In vitro, the knock-
down of WAVE3 inhibited the proliferative, migratory and 
invasive potential of pancreatic cancer cells and promoted cell 
apoptosis. Western blot analysis demonstrated that WAVE3 
influenced the protein kinase B (PBK/AKT) pathway by 
suppressing the expression of pyruvate dehydrogenase kinase 
isoform 2 (PDK2) and then negatively inhibiting the phos-
phorylation of Ser473 on AKT. Furthermore, the expression 
of AKT pathway downstream proteins [certain epithelial-
mesenchymal transition (EMT)-related proteins, p53, Bcl-2 
and cyclin D1] was accordingly altered. Taken together, our 

findings suggest that WAVE3 influences cell proliferation, 
migration and invasion via the AKT pathway, and targeting 
WAVE3 and/or the AKT pathway may potentially serve as a 
treatment strategy for pancreatic cancer.

Introduction

Pancreatic cancer is a lethal malignant neoplasm, and its 
morbidity and mortality rates have not noticeably decreased, 
despite advances in pancreatic cancer treatment strategies. 
Patients suffering from early-stage pancreatic cancer can be 
treated by surgery, with a relatively positive outcome. However, 
the majority of patients are diagnosed at an advanced stage of 
pancreatic cancer. Recently, clinical trials examining chemo-
therapy to cure pancreatic cancer have been undertaken to 
identify a more effective method with which to prolong the life 
expectancy of patients; however, the long-term curative effects 
and better choices of different chemotherapeutic combina-
tions remain uncertain (1-3). Moreover, early metastasis is 
another non-negligible cause of a poor outcome for patients 
with pancreatic cancer (4). Thus, elucidating the mechanisms 
responsible for metastasis is probably an important strategy 
for the treatment of pancreatic cancer.

Wiskott-Aldrich syndrome protein family verprolin-
homologous protein 3 (WAVE3) is in the WASP/WAVE 
family of actin cytoskeleton remodeling proteins. Some 
researchers have demonstrated that WAVE3 is closely related 
to cell cytokinesis, motility and proliferation (5). WAVE3 is 
overexpressed in certain types of cancer, including ovarian 
cancer (6), breast cancer (7), prostate cancer (8), hepatocellular 
carcinoma (9), gastric cancer (10), and colorectal cancer (11). 
High expression levels of WAVE3 are associated with stronger 
capabilities for migration and invasion in some cancer types, 
and researchers have discovered that WAVE3 promotes the 
epithelial-mesenchymal transition (EMT) process to enhance 
the metastatic potential of certain types of cancer (10,12). 
Moreover, WAVE3 has also been shown to be associated 
with cell survival in certain types of cancer (6,8,10-12). The 
mechanisms through which WAVE3 influences the biological 
properties of certain types of cancer have been examined in 
a few studies. For example, WAVE3 has been shown to affect 
matrix metalloproteinases (MMPs), mitogen-activated protein 
kinase (MAPK) and Snail (6,8,10,11,13). Thus, WAVE3 
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enhances the proliferative, migratory and invasive abilities of 
cells in certain types of cancer, and similarities and differ-
ences exist in the underlying mechanisms. However, whether 
WAVE3 affects pancreatic cancer and the mechanisms through 
which it affects the biological characteristics of pancreatic 
cancer have not yet been determined.

Phosphatidylinositol 3-kinase (PI3K) and protein kinase B 
(PBK/AKT) are the key proteins in the AKT pathway. This 
pathway is regulated by multiple mechanisms and is related to 
a range of diseases, particularly cancer, and pancreatic cancer 
is no exception. Activated AKT is involved in the proliferative, 
cycle, growth, survival (also known as anti-apoptosis), migra-
tory and invasive abilities of cells. Phosphoinositide-dependent 
kinase (PDK1) partially activates AKT via the phosphorylation 
of T308, and the phosphorylation of S473 by phosphoinositide-
dependent kinase 2 (PDK2) is needed for full activation (14,15).

In this study, we focused on determining the effects of 
WAVE3 on the biological behavior of pancreatic cancer and 
aimed to elucidate the underlying mechanisms of the effect of 
WAVE3 on pancreatic cancer. The findings of this study may 
aid in the development of novel treatment strategies targeting 
WAVE3 and/or the AKT pathway for pancreatic cancer.

Materials and methods

Patients and samples. A cumulative total of 87 pairs of 
pancreatic cancer tissues and pancreatic cancer-adjacent 
non-cancerous samples were collected from patients that 
underwent radical surgery at the First Affiliated Hospital 
of Sun Yat-Sen University (Guangzhou, China) from 
January, 2014 to December, 2015. The patients with pancre-
atic cancer who suffered from other types of cancer or who 
received chemotherapy and/or radiotherapy prior to surgery 
were excluded. Tumor-node-metastasis staging was assessed 
according to the Cancer Staging Manual (7th edition) of the 
American Joint Committee on Cancer (16). The tumor grade 
was detected by pathological sectioning. Overall survival was 
defined as the period from the date of surgery to the date of 
death (or the last follow-up). We obtained follow-up survival 
information by telephone from 79 of the 87 pancreatic cancer 
patients following surgery. Die to the lack of contact, we were 
not able to follow-up the remaining 8 patients. The study was 
approved by the Institute Research Ethics Committee of the 
First Affiliated Hospital at Sun Yat-Sen University. As this 
study is a retrospective study, the patient consent was allowed 
to be waived by the ethics committee.

Immunohistochemistry. The paraffin-embedded tissue 
sections were first baked in an oven at 60˚C for 2 h before 
being immediately deparaffinized with xylene and rehydrated 
with diminishing concentrations of alcohol. The endogenous 
peroxidase activity in the tissues was then blocked with 3% 
H2O2 at room temperature for 15 min. Antigen retrieval was 
performed at a high temperature in saline sodium citrate 
(pH 6.0) for 15 min. After slow cooling, the tissue sections 
were stained with an anti-WAVE3 antibody (1:200, 2806S; 
Cell Signaling Technology, Danvers, MA, USA) at 4˚C over-
night. After washing with phosphate-buffered saline (PBS), 
the sections were incubated with HRP-labeled goat anti-rabbit 
IgG for 15 min at room temperature (Beyotime, Shanghai, 

China), stained with the DAB+ Staining Kit (Gene Tech, 
Shanghai, China) and counterstained with hematoxylin. Two 
experienced pathologists independently scored the magnitude 
of the staining according to the staining intensity and the 
area that was positive for staining. The score of the positive 
staining intensity was defined according to the following stan-
dards (17): Zero points was assigned to no positive staining, 
one point was assigned to a light yellow color (weak staining), 
two points were assigned to a yellow-brown color (moderate 
staining), and three points were assigned to a brown color 
(strong staining). For the area of positive staining, tumor cells 
without positive staining were awarded zero points, those 
with 30% positive staining were awarded one point, those 
with 30-60% positive staining were awarded two points, and 
those with >60% positive staining were awarded three points. 
Multiplying the staining intensity score by the score for the 
positively stained area provided the final immunohistochem-
istry staining score. The results could then be distinguished 
by a score of 0, 1, 2, 3, 4, 6 or 9. The median of the scores 
was statistically analyzed (approximately 4.3), which was 
equal to 4. Thus, the cut-off value was 4. Finally, an immuno-
histochemistry staining score ≤4 was defined as a tissue with 
a low WAVE3 expression, while scores >4 were defined as 
having a high WAVE3 expression.

Cells and cell culture. Five pancreatic cancer cell lines 
(Panc-1, BxPC-3, HPAF-II, SW-1990 and CFPAC-1) and 
a non-neoplastic human pancreatic ductal epithelial cell 
line (hTERT-HPNE) were cultured for use in the following 
experiments. The Panc-1 cells were cultured from an 
adenocarcinoma at the head of the pancreas, which has been 
demonstrated to have a better migratory and invasive ability. 
The CFPAC-1 cells were obtained from a liver metastasis 
that has been demonstrated to be well-differentiated (18). 
All the pancreatic cancer cell lines were purchased from 
the Chinese Academy of Sciences (Beijing, China). The 
hTERT-HPNE cells were obtained from the prestigious 
Professor Huang Peng at the Sun Yat-Sen University Cancer 
Center. The Panc-1 and hTERT-HPNE cells were maintained 
in DMEM supplemented with 10% FBS (Gibco/Thermo 
Fisher Scientific, Waltham, MA, USA), 100 U/ml penicillin 
and streptomycin; the CFPAC-1 cells were maintained in 
Iscove's modified Dulbecco's medium IMDM supplemented 
with 10% FBS, 100 U/ml penicillin and streptomycin; the 
BxPC-3 cells were maintained in RPMI-1640 supplemented 
with 10% FBS, 100 U/ml penicillin and streptomycin; the 
HPAF-II cells were maintained in Eagle's minimal essential 
medium (EMEM) supplemented with 10% FBS, 100 U/ml 
penicillin and streptomycin; and the SW-1990 cells were 
maintained in L-15 supplemented with 10% FBS, 100 U/ml 
penicillin and streptomycin. All the cell lines were cultured 
at 37˚C in a humidified incubator with 5% CO2 and used for 
experiments during the logarithmic growth phase.

Cell transfection. The cells were cultivated in 6-well plates 
and transfected with WAVE3 siRNA or a negative control 
siRNA using Lipofectamine® 3000 Transfection reagent 
(Invitrogen, Carlsbad, CA, USA) following the manufacturer's 
instructions. Briefly, the cells were cultured in an incubator 
at 37˚C, and after 24 h, the cellular proteins were extracted 
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or certain functional experiments were performed (Transwell 
assays, plate clone formation assay, CCK-8 test, flow cytom-
etry and co-immunoprecipitation). Three candidate WAVE3 
siRNA sequences were assessed for the highest interference 
efficiency by western blot analysis. The WAVE3 siRNA 
sequences were WAVE3-1 (GGU UUC AAA GAA CAG CAU 
UTT), WAVE3-2 (GCA AAC AUG CUG AAG ACA UTT), 
and WAVE3-3 (GCU CUG CCU GAA GGG AUU ATT). 
The negative control siRNA sequence was sense: UUC UCC 
GAA CGU GUC ACG UTT. The above-mentioned siRNA 
sequences were designed by Shanghai GenePharma Co., Ltd. 
(Shanghai, China).

Western blot analysis. The cells were lysed with a radioim-
munoprecipitation assay (RIPA) lysis buffer and PMSF (both 
from Cell Signaling Technology) for 30 min using a RIPA to 
PMSF volume ratio of 100:1. For p-AKT 308 and p-AKT 473, 
the cells were also lysed with Phosphatase Inhibitor Cocktail I 
(MedChemExpress, Monmouth Junction, NJ, USA). A BCA 
Protein Assay kit (Thermo Scientific Pierce, Rockford, IL, USA) 
was used to measure the total protein concentrations. Aliquots 
(40 µg) of total cellular proteins were resolved by SDS-PAGE 
(5-12%), electrotransferred onto PVDF membranes and then 
blocked with 5% skim milk (w/v) at room temperature for 1 h. 
The membranes were then incubated with primary antibodies 
against WAVE3 (1:1,000, 2806S), PI3K (1:1,000, 4249S), 
AKT (1:1,000, 4691S), p-AKT 308 (1:1,000, 13038S), p-AKT 
473 (1:1,000, 4060S) (all from Cell Signaling Technology), 
PDK2 (1:1,000, ab68164; Abcam, Cambridge, MA, USA), 
E-Cadherin (1:1,000, 3195S), N-Cadherin (1:1,000, 13116S), 
Slug (1:500, 9585S), Snail (1:500, 3879S), Vimentin (1:1,000, 
5741S), zincfinger Ebox binding homeobox 1 (ZEB1; 1:1,000, 
3396S), p53 (1:500, 2527S), Bcl-2 (1:500, 4223S) (all from Cell 
Signaling Technology), cyclin D1 (1:20,000, ab134175; Abcam) 
and GAPDH (1:6,000, G8795; Sigma-Aldrich), which served 
as an internal control on an orbital shaker at 4˚C overnight, 
and the secondary antibodies (HRP-labeled goat-anti-mouse 
(1:1,000, 14709S) and HRP-labeled goat-anti-rabbit (1:1,000, 
14708S) (both from Cell Signaling Technology) were added, 
and the mixtures were incubated for 1 h at room tempera-
ture. The protein-antibody complexes were then detected by 
chemiluminescence (Pierce ECL Western Blotting Substrate; 
Thermo Scientific Pierce).

Cell growth curve. The cell lines seeded in medium with 10% 
FBS were added to 96-well plates at a density of 2x103 per 
well. Each cell line consisted of 6 replicate wells per plate 
and 4 plates. Following incubation at 37˚C for 24, 48, 72 and 
96 h, the cell viability in each well was determined using Cell 
Counting kit (CCK)-8 (Beyotime). The absorbance was then 
recorded at 450 nm with a 96-well plate reader (Thermo Fisher 
Scientific).

Plate clone-forming assay. The cells were cultured with 
medium containing 10% FBS in 6-well plates at a density of 
500 cells per well at 37˚C in 5% CO2. After 14 days, the cell 
clones were washed with PBS, fixed in 4% formaldehyde for 
15 min, and stained with crystal violet. The number of stained 
cell clones with diameters larger than 1 mm were counted and 
analyzed as previously described.

Cell apoptosis and cell cycle analysis. According to the 
instructions supplied with the eGFP Annexin V and PI 
Apoptosis kit (GeneCopoeia, Inc., Rockville, MD, USA), eGFP 
Annexin V and PI double staining and flow cytometry were 
conducted to analyze cell apoptosis. The pancreatic cancer 
cell lines (Panc-1 and CFPAC-1) were plated in 6-well plates 
(1x106 cells/well) and harvested after a 24 h of incubation. 
The cells were washed with PBS at pH 7.4 and centrifuged 
at 110 x g for 5 min, 3 times. Single-cell suspensions were 
then resuspended in 500 µl of binding buffer containing 5 µl 
of eGFP Annexin V and 2 µl of PI in the dark for 15 min. Cell 
apoptosis was analyzed by flow cytometry using FlowJo 7.6 
(Tree Star, Inc., Ashland, OR, USA) software.

The cells were collected as described above. After washing 
3 times with PBS, the cells were resuspended in cold PBS, 
fixed in 70% ethanol, and stored at 4˚C for 30 min. The cells 
were centrifuged at 110 x g for 5 min, resuspended in 500 µl 
of PI (50 µg/ml) and then incubated on ice in the dark for 
15 min. Cell cycle analysis was conducted by flow cytometry 
and analyzed using ModFit LT 4.1 (Verity Software House, 
Topsham, ME, USA) software.

Wound healing assays. The cells were cultivated in 6-well 
plates at a density of 1x106 cells per well. The cells were 
cultured in medium containing 10% FBS for 24 h at 37˚C and 
5% CO2. A scratch wound was then created by introducing a 
vertical line on the cell surface with a 200-µl plastic pipette 
tip. Cell debris was removed by washing 3 times with PBS, 
followed by the addition of medium containing 1% FBS and 
mitomycin C (MedChemExpress). A region with a defined area 
within the scratch was imaged using a microscope equipped 
with a digital camera at one (0 h), 24 and 48 h. The length of the 
scratch was measured using Image-Pro Plus 6.0. The migra-
tion rate was calculated as follows: (% at 0 h) = (D0-DT)/D0 
x100% (D0, distance measured at 0 h; DT, distance measured 
at 24 or 48 h).

Transwell migration and invasion assays. The tumor cell 
migration and invasion potentials were determined using 
Transwell® chambers (8 µm; Corning, Corning, NY, USA, 
BioCoat Control Cell Culture Inserts and BioCoat Matrigel 
Invasion Chambers). Three independent experiments were 
conducted under the same conditions. The upper Boyden 
chambers, containing serum-free medium, were seeded with 
2x105 cells (for migration), while 5x105 cells were seeded in 
the upper membranes with serum-free medium (for invasion). 
Subsequently, 600 µl of medium containing 20% FBS was 
added to the lower chamber. The cells were cultured in a 37˚C 
incubator with 5% CO2. Twenty-four hours later, the cells were 
washed 3 times with PBS and fixed in 4% formaldehyde for 
10 min. Non-invading cells in the upper chamber (for migra-
tion) or on the upper membrane (for invasion) were removed 
carefully with a cotton swab, and the cells were then washed 
again 3 times with PBS. The cells that adhered to the lower 
surface of the upper chamber (for migration) or the upper 
membrane (for invasion) were stained with 0.1% crystal violet. 
Ten randomly selected fields of fixed cells at x200 magnifi-
cation were captured using the microscope equipped with a 
digital camera, and the numbers of cells that were stained 
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purple were counted. The numbers of cells in the different 
groups were statistically analyzed as previously described.

Statistical analysis. All statistical analyses were conducted 
using SPSS for Windows, version 20.0 (SPSS, Inc., Chicago, 
IL, USA). The significance of the results obtained for the 
different groups was analyzed by the Student's t-test and 
one-way analysis of variance (ANOVA) followed by appro-
priate post hoc tests (Fishers' Least Significant Difference). 
Differences between categorical variables were compared 
using the Chi square test, while when the number of variables 
was <5, Fisher's exact test was used to detect the difference. 
The survival curve was calculated using the Kaplan-Meier 
method and analyzed with the log-rank test using GraphPad 
Prism 6 (GraphPad Software, San Diego, CA, USA). In all the 
statistical analyses, statistical significance was set as P<0.05.

Results

Association between WAVE3 expression and the clinicopath-
ological characteristics of patients with pancreatic cancer. 
To determine the role of WAVE3 protein expression in the 
development of pancreatic cancer, the association between the 
clinicopathological characteristics of the patients with pancre-
atic cancer and WAVE3 protein expression was analyzed. The 
data presented in Table I demonstrate that a high expression 
level of WAVE3 was associated with lymphatic metastasis 
(P<0.05), poorly differentiated tumors (P<0.05) and high 
pre-operative CA19-9 levels (P<0.05). There were no obvious 
associations between WAVE3 protein expression and sex 
(P=0.2535), age (P=0.2555), distant metastasis (P=0.2775), 
pre-operative CA125 (P=0.5564) and CEA (P=0.7736) levels, 
smoking history (P=0.4193), history of alcohol consumption 
(P=0.5747) or clinical stage (P=0.7469), while in clinical 
stage II, there was no evidence that single tumors with vascular 
invasion (T2a) or multiple tumors with or without vascular 
invasion (T2b) were related to WAVE3 expression (P=0.2833).

Varying expression levels of WAVE3 in pancreatic cancer 
tissues and adjacent non-cancerous tissues. A positive 
WAVE3 protein expression was obseved in the cytoplasm 
of pancreatic cancer cell tissues (Fig. 1B-F), while in the 
adjacent non-cancerous tissues, a low or scarce WAVE3 
protein expression was detected (Fig. 1A). Moreover, the 
immunostaining scores for WAVE3 protein expression in the 
pancreatic cancer tissues were significantly higher than those 
in the non-cancerous tissues (Fig. 2A). Among the pancreatic 
cancer cases, the levels of WAVE3 expression were lower in 
the well-differentiated adenocarcinomas than in the poorly 
differentiated adenocarcinomas (Fig. 2B). Furthermore, the 
WAVE3 protein levels were prominently higher in the pancre-
atic cancer cases with higher pre-operative CA19-9 levels and 
lymphatic metastasis than in those without these characteris-
tics (Fig. 2C and D).

The prognostic value of WAVE3 expression in patients with 
pancreatic cancer. To elucidate the prognostic value of 
WAVE3 in patients pancreatic cancer, the associations of 
WAVE3 expression with survival time and recurrence-free 
survival time were detected in 79 of the 87 pancreatic cancer 

Table I. Association of WAVE3 expression with the clinico-
pathological characteristics of the patients with pancreatic 
cancer.

 WAVE3 expression
 -------------------------------------
Characteristics High Low P-valuea

Sex   0.2535
  Male 31 24
  Female 22 10
Ageb   0.2555
  ≥62 30 15
  <62 23 19
Lymphatic metastasis   0.0004
  Negative 27 30
  Positive 26 4
Distant metastasis   0.2775
  Negative 50 34
  Positive 3 0
Clinical stage   0.7469
  I 9 9
  II 40 23 0.2833
    T2a 17 13
    T2b 23 10
  III 3 2
  IV 1 0
Differentiation   <0.0001
  Poor 25 2
  Moderate 28 25
  Well 0 7
Pre-surgery level of CA19-9c   <0.0001
  High 49 16
  Low 4 18
Pre-surgery level of CA125d   0.5564
  High 9 4
  Low 44 30
Pre-surgery level of CEAe   0.7736
  High 10 5
  Low 43 29
Smoking history   0.4193
  Yes 15 7
  No 38 27
History of alcohol consumption   0.5747
  Yes 12 6
  No 41 28

aDifferences between categorical variables were compared using the 
Chi-square test, and when the number of variables was <5, Fisher's 
exact test was used to detect the difference; bage, the median age of the 
pancreatic cancer patients was 62; cCA19-9>37 U/ml was classified as 
high, and CA19-9≤37 U/ml was classified as low; dCA125>35 U/ml 
was classified as high, and CA125≤35 U/ml was classified as low; 
eCEA>5 ng/ml was classified as high, and CEA≤5 ng/ml was classi-
fied as low.
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patients. As shown in Fig. 3A, a prominent difference in the 
overall survival between the low WAVE3 expression group 
(median survival time, 16.0 months) and the high WAVE3 
expression group (median survival time, 5.0 months; P<0.05) 
was observed. As shown in Fig. 3B, a significant difference in 
recurrence-free survival between the low WAVE3 expression 

group (median recurrence free survival time, 12.0 months) and 
the high WAVE3 expression group (median recurrence free 
survival time, 5.0 months; P<0.05).

High expression of WAVE3 in pancreatic cancer cell lines. 
The pancreatic cancer cell lines, BxPC-3, CFPAC-1, PANC-1, 

Figure 1. Differential expression levels of WAVE3 in pancreatic cancer tissues and adjacent non-cancerous tissues as shown by immunohistochemistry. 
(A) Adjacent non-cancerous tissues. (B) Pancreatic cancer detected as well-differentiated adenocarcinoma. (C) Pancreatic cancer detected as moderately dif-
ferentiated adenocarcinoma. (D) Pancreatic cancer detected as poorly differentiated adenocarcinoma. (E) Pancreatic cancer detected as well-differentiated 
adenocarcinoma with a higher pre-operative CA19-9 level. (F) Pancreatic cancer detected as moderately differentiated adenocarcinoma with lymphatic metas-
tasis. Images captured at x200 and x400 magnification under a microscope. WAVE3, Wiskott-Aldrich syndrome protein family verprolin-homologous protein≈3.

Figure 2. Abnormal WAVE3 expression in patients with pancreatic cancer. (A) Box plots are presented to compare the expression of WAVE3 between pancre-
atic cancer tissues and adjacent non-cancerous tissues. (B) Differences in WAVE3 expression with different tumor differentiations. (C) Difference in WAVE3 
expression between low pre-operative CA19-9 and high pre-operative CA19-9 levels in pancreatic cancer. (D) Expression of WAVE3 in pancreatic cancer 
cases with or without lymphatic metastasis (LM). The boxes represent 25-75% of the observations. The median is indicated by the bold lines, and the mean is 
indicated by the ‘+’. *P<0.05. WAVE3, Wiskott-Aldrich syndrome protein family verprolin-homologous protein 3.
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HPAF-II and SW-1990, and a non-neoplastic human pancreatic 
ductal epithelial cell line (hTERT-HPNE) were cultured, and 
the protein expression of WAVE3 was detected in different 
cells types by western blot analysis. The results demonstrated 
that the WAVE3 expression levels were much higher in the 
pancreatic cancer cell lines than in the non-neoplastic human 
pancreatic ductal epithelial cell line (hTERT-HPNE). In 
addition, the different pancreatic cancer cell lines presented 
differential levels of WAVE3 protein expression. A previous 
study demonstrated that the PANC-1 cells exhibited better 
migratory and invasive abilities, while the CFPAC-1 cells 
were shown to be well-differentiated (18). In this study, 
PANC-1 expressed relatively higher WAVE3 protein levels, 
while the CFPAC-1 cells presented lower WAVE3 protein 
levels (Fig. 4A). Thus, the PANC-1 and CFPAC-1 were selected 
for use in the following experiments. The protein expression of 
WAVE3 was knocked down by WAVE3 siRNA in both the 
PANC-1 and CFPAC-1 cell lines. Three different sequences 
of WAVE3 siRNA (Si-1, Si-2 and Si-3) were used to knock 
down its expression. The results demonstrated that Si-3 was 

the most effective siRNA. The expression level of WAVE3 
was decreased in both the PANC-1 and CFPAC-1 cell lines 
following WAVE3 siRNA interference (Fig. 4B and C).

Knockdown of WAVE3 inhibits the migratory and invasive 
potentials of pancreatic cancer cells. The expression of 
WAVE3 in the PANC-1 and CFPAC-1 cell lines was knocked 
down by transfection with WAVE3 siRNA (Si-3). Wound 
healing and Transwell (migration and invasion) assays were 
then conducted to determine the invasive and metastastic poten-
tials of the pancreatic cancer cells with or without transfection. 
Following RNA interference, the PANC-1 and CFPAC-1 cell 
lines displayed weakened cell migratory and invasive capabili-
ties compared with the control group (P<0.05) (Fig. 5A-C). We 
also observed that the expression levels of certain EMT-related 
proteins were altered after the knockdown of the expression 
of WAVE3 in the PANC-1 and CFPAC-1 cell lines. As indi-
cated, the expression levels of certain EMT-related proteins, 
such as Slug, Snail, Vimentin, ZEB1 and N-Cadherin, were 
predominantly decreased, while E-cadherin protein expression 

Figure 3. The effect of WAVE3 expression on the prognosis of patients with pancreatic cancer. (A and B) Survival curve showing the prominent differ-
ence in overall survival and recurrence-free survival between the low WAVE3 expression group and the high WAVE3 expression group (P<0.05). 
WAVE3, Wiskott-Aldrich syndrome protein family verprolin-homologous protein 3.

Figure 4. WAVE3 expression in different cell lines and following WAVE3 siRNA interference. (A) Difference in WAVE3 expression between the pancreatic 
cancer cell lines and a non-neoplastic human pancreatic ductal epithelial cell line (hTERT-HPNE). (B and C) The WAVE3 expression level was decreased 
to a much greater extent in the WAVE3 siRNA-transfected pancreatic cancer cells lines (PANC-1 and CFPAC-1) compared to that in their negative control 
siRNA (NC siRNA)-transfected counterparts, particularly with Si-3. *P<0.05/(n-1), n means the number of groups vs. the hTERT-HPNE cells or the NC 
siRNA-transfected cells. WAVE3, Wiskott-Aldrich syndrome protein family verprolin-homologous protein 3.
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Figure 5. Knockdown of WAVE3 suppresses the migratory and invasive potentials of the cells by influencing the EMT process in the PANC-1 and CFPAC-1 
cell lines. (A and B) Wound healing (magnification, x50) and Transwell migration (magnification, x200) assays indicated that WAVE3 knockdown suppressed 
the migratory capabilities of pancreatic cancer cells (*P<0.05 vs. the NC siRNA-transfected cells). (C) Transwell invasion assays (magnification, x200) showed 
that the invasion potentials were decreased in the cells in which WAVE3 was knocked down compared with the controls (*P<0.05 vs. the NC siRNA-transfected 
cells). (D) WAVE3 suppression affected EMT, resulting in the acquirement of an epithelial-like phenotype in the pancreatic cancer cell lines. *P<0.05 vs. the 
NC siRNA-transfected cells. WAVE3, Wiskott-Aldrich syndrome protein family verprolin-homologous protein 3; EMT, epithelial-mesenchymal transition.
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was markedly increased (Fig. 5D). Thus, the knockdown of 
WAVE3 led to the acquisition of an epithelial-like phenotype 
from a neural-like phenotype in the pancreatic cancer cell 
lines (19). Overall, the knockdown of WAVE3 negatively influ-
enced the migratory and invasive capabilities of the PANC-1 
and CFPAC-1 cell lines.

Suppression of WAVE3 negatively affects the survival of 
pancreatic cancer cells. The cell growth curve was generated 
over 4 consecutive days using the CCK-8 assay. Moreover, 
plate clone formation assays were conducted to detect the 
cell survival abilities of the PANC-1 and CFPAC-1 cell lines. 
WAVE3 played a significant role in cell growth. Following 
WAVE3 siRNA interference (Si-3), the PANC-1 and CFPAC-1 
cell lines exhibited a decrease in cell viability in the CCK-8 
assays and poorer cell growth than the control cells in the 
plate clone formation assays (P<0.05) (Fig. 6A and B). Flow 
cytometry demonstrated that the decreased WAVE3 protein 
expression led to an increased rate of apoptosis of the pancre-
atic cancer cell lines (P<0.05) (Fig. 6C). Western blot analysis 
revealed that the protein level of p53 increased following the 
knockdown of WAVE3 in the PANC-1 and CFPAC-1 cell 
lines, while the expression of its downstream protein, Bcl-2, 
which is inhibited by p53, was decreased in comparison to that 
in the control group (Fig. 6D).

WAVE3 affects the cell cycle of pancreatic cancer cells. The 
role of WAVE3 expression in the pancreatic cancer cell cycle 
was assessed by flow cytometry. Compared with the control 
groups, the fraction of cells in the G1 phase increased following 
the knockdown of WAVE3, while the fraction in S phase 
decreased (P<0.05) (Fig. 7A and B). Thus, the knockdown of 
WAVE3 induced cell cycle arrest in the G1 phase. To explore the 
molecular mechanisms involved in the induction of G1 phase 
caused by WAVE3 knockdown, western blot analysis was 
conducted to assess the protein expression of cyclin D1, a key 
cell cycle-regulated protein that influences the G1 phase transi-
tion to S phase. The cyclin D1 protein level decreased after the 
knockdown of WAVE3 (Fig. 7C). Thus, the G1 phase arrest 
induced by the knockdown of WAVE3 in pancreatic cancer cell 
lines was mediated via the downregulation of cyclin D1.

WAVE3 affects the biological behaviors of pancreatic cancer 
cells via the AKT pathway. Western blot analysis was conducted 
to determine whether WAVE3 affects the AKT pathway. 
Following the knockdown of WAVE3 by siRNA (Si-3), the 
protein expression of PDK2 and p-AKT 473 was decreased 
compared with that in the control groups in both the PANC-1 
and CFPAC-1 cell lines (Fig. 8). Therefore, the knockdown of 
WAVE3 suppressed the expression of PDK2, thus inhibiting 
the activation of p-AKT 473 and altering downstream protein 
expression levels. On the whole, our data indicate that WAVE3 
affects the survival, invasion, migration and the cell cycle of 
pancreatic cancer cell lines (PANC-1 and CFPAC-1) via the 
AKT pathway (Fig. 9).

Discussion

Pancreatic cancer is considered a malignant tumor and is asso-
ciated with high mortality rates even with improved treatment 

methods (20). Metastasis is the non-negligible cause of a poor 
prognosis of patients with pancreatic cancer. A series of studies 
have demonstrated the involvement of EMT in the progression 
of pancreatic cancer metastasis (21-23). Thus, exploring the 
mechanisms of EMT in pancreatic cancer is a very important 
research strategy for the treatment of pancreatic cancer.

The majority of research investigating WAVE3 has demon-
strated its overexpression in each cancer type studied, such as 
ovarian cancer, breast cancer, prostate cancer, hepatocellular 
carcinoma, gastric cancer and colorectal cancer (6-11). As 
mentioned previously, some studies have shown that high 
expression levels of WAVE3 lead to enhanced migratory and 
invasive capabilities via EMT in certain types of cancer (10,12). 
In addition, researchers have suggested that WAVE3 is linked 
to cell survival in certain types of cancer (6,8,10-12). However, 
the function and molecular mechanisms of WAVE3 in EMT 
and its association with cell survival remain unclear due to the 
limited number of studies.

In the present study, the protein expression levels of WAVE3 
were significantly higher in pancreatic cancer tissues than in 
non-cancerous tissues. Furthermore, the clinical data of our 
retrospective study demonstrated that the overexpression of 
WAVE3 was associated with lymphatic metastasis (P<0.05), 
poorly differentiated tumors (P<0.05) and high pre-operative 
CA19-9 levels (P<0.05) and that the high expression of 
WAVE3 indicated a poor outcome of patients with pancreatic 
cancer. In vitro, the WAVE3 expression levels were also mark-
edly higher in the pancreatic cancer cell lines compared with 
those in a non-neoplastic human pancreatic ductal epithelial 
cell line. Additionally, a comparison of the different pancre-
atic cancer cell lines suggested that the WAVE3 expression 
levels may be associated with cell differentiation and mobility. 
Thus, we selected PANC-1 (better migration and invasion 
abilities and higher expression of the WAVE3 protein) and 
CFPAC-1 (well-differentiated and a lower WAVE3 expression) 
to conduct the following experiments. Our analysis revealed 
that the cell migratory and invasive capacities were inhibited 
following the knockdown of WAVE3. Western blot analysis 
demonstrated that the knockdown of WAVE3 decreased the 
expression of certain EMT-related proteins, such as Slug, Snail, 
Vimentin, ZEB1 and N-Cadherin, and upregulated E-cadherin 
expression. Thus, the pancreatic cancer cell lines acquired 
an epithelial-like phenotype from a neural-like phenotype, 
decreasing their migratory and invasive potentials, following 
WAVE3 knockdown. WAVE3 suppression decreased the 
proliferation and increased the apoptosis of the pancreatic 
cancer cell lines. Flow cytometry revealed that the knockdown 
of WAVE3 induced cell cycle arrest in the G1 phase. Taken 
together, the suppression of WAVE3 decreased the prolif-
eration, migration and invasion abilities and increased the 
apoptosis of the pancreatic cancer cell lines analyzed.

A number of studies have shown that Snail inhibits the 
expression of E-cadherin, which is closely related to cancer 
invasion and metastasis via EMT (24,25). The enhancement of 
AKT activity with Snail stabilization is essential for EMT and, 
subsequently, improves the invasive and metastatic potential of 
tumors (26,27). High-intensity p-AKT expression is related to 
poor outcomes of patients with pancreatic ductal adenocarci-
noma (28). The inhibition of the AKT pathway in pancreatic 
cancer cell lines (PANC-1 and HPAF) shows a promising effect 
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by reducing cell growth and promoting apoptosis (29). Taken 
together, from the above-mentioned findings, we hypothesized 

that WAVE3 influences the proliferation, migration and inva-
sion of pancreatic cancer cell lines via the AKT pathway.

Figure 6. Knockdown of WAVE3 negatively affects the survival of pancreatic cancer cells lines. (A and B) Cell growth potential was inhibited in the pancreatic 
cancer cell lines following transfection with WAVE3 siRNA, as demonstrated by the plate clone formation and CCK-8 assays (*P<0.05 vs. the NC siRNA-trans-
fected cells). (C) Flow cytometry demonstrated that the percentages of apoptosis were increased in both cell lines following the knockdown of WAVE3 (*P<0.05) 
(D) Western blot analyses revealed that the expression of cell survival-related proteins (p53 and Bcl-2) was altered following the knockdown of WAVE3 in the 
PANC-1 and CFPAC-1 cell lines. *P<0.05 vs. the NC siRNA-transfected cells. WAVE3, Wiskott-Aldrich syndrome protein family verprolin-homologous protein.
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To further confirm this hypothesis, western blot analysis 
was conducted to determine whether WAVE3 affects the 
AKT pathway to alter the biological behaviors of pancreatic 
cancer cell lines. The knockdown of WAVE3 decreased the 
expression of PDK2 and then negatively inhibited the phos-
phorylation of its downstream molecule, AKT, at the Ser473 
site. As a result, the expression of downstream proteins in the 
AKT pathway was affected, accordingly affectin cell survival, 
invasion and migration as well as the cell cycle (Fig. 9). The 
p53 and Bcl-2 proteins downstream of the AKT pathway are 
known to affect cell survival, and another downstream protein, 
cyclin D1, influences the cell cycle (15,30). Therefore, western 
blot analysis was conducted to assess whether the expression 
levels of p53, Bcl-2 and cyclin D1 were altered following the 
knockdown of WAVE3. The p53 protein level was increased 
following the knockdown of WAVE3, while the expression 

of its downstream protein, Bcl-2, which is inhibited by p53, 
was decreased. Moreover, the protein level of cyclin D1 was 
decreased following the knockdown of WAVE3. This result 
was consistent with the phenomenon that the knockdown 
of WAVE3 induced cell cycle arrest in the G1 phase. Taken 
together, WAVE3 influences the AKT pathway to modify the 
biological behaviors of pancreatic cancer cell lines.

Previous studies have focused on gene mutations in 
pancreatic cancer, and certain genes have been shown to be 
related to pancreatic cancer, including KRAS, ATM (31), 
TP53, BRAF (32), SMAD4 and CDKN2A (33). The 
molecular mechanisms of the mutated genes listed above 
were discovered in several studies (31-33); however, the 
corresponding novel agents targeting these mutated genes 
have not been identified. In this study, WAVE3 was regarded 
as a potential target for the treatment of pancreatic cancer as 

Figure 7. WAVE3 affects the cell cycle. (A and B) Compared with the control group, the number of cells in S phase decreased, while the number of cells in 
the G1 phase increased in both the PANC-1 and CFPAC-1 cell lines (*P<0.05 vs. the NC siRNA-transfected cells). (C) Western blot analyses showed that 
the expression of Cyclin D1 decreased after the knockdown of WAVE3 in the pancreatic cancer cell lines. *P<0.05 vs. the NC siRNA-transfected cells. 
WAVE3, Wiskott-Aldrich syndrome protein family verprolin-homologous protein 3.
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we discovered that it influenced the AKT pathway and then 
significantly affected the biological behaviors of pancreatic 
cancer cell lines. In this study, the knockdown of WAVE3 
reversed the malignant behaviors of pancreatic cell lines. 
Therefore, novel agents targeted toward WAVE3 and/or 

the AKT pathway are worth exploring for the treatment of 
pancreatic cancer.

In conclusion, in this study, we demonstrated that the 
expression levels of WAVE3 in pancreatic cancer tissues were 
prominently higher than those in the non-cancerous tissues. 

Figure 8. The PDK2 protein expression levels were altered following WAVE3 siRNA interference. Western blot analysis showed that the knockdown of 
WAVE3 reduced the expression of PDK2 and the activation of p-AKT 473. *P<0.05 vs. the NC siRNA-transfected cells. PDK2, pyruvate dehydrogenase kinase 
isoform 2; WAVE3, Wiskott-Aldrich syndrome protein family verprolin-homologous protein 3.

Figure 9. Schematic of the above-mentioned findings. WAVE3 influences cell survival, invasion, migration and the cell cycle of pancreatic cancer cell lines 
(PANC-1 and CFPAC-1) via the AKT pathway. Furthermore, WAVE3 affects PDK2 to affect the phosphorylation of AKT at Ser473. PDK2, pyruvate dehydro-
genase kinase isoform 2; WAVE3, Wiskott-Aldrich syndrome protein family verprolin-homologous protein 3.
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Our clinical data revealed that the overexpression of WAVE3 
was associated with lymphatic metastasis, poorly differentiated 
tumors and high pre-operative levels of CA19-9. Moreover, a 
high expression of WAVE3 was associated with a poor prog-
nosis of patients with pancreatic cancer. In the cell culture 
experiments, the WAVE3 expression levels were markedly 
higher in the pancreatic cancer cell lines than in a non-neoplastic 
human pancreatic ductal epithelial cell line. Furthermore, the 
suppression of WAVE3 inhibited the cell proliferative, migra-
tory and invasive capabilities and promoted the apoptosis of 
the pancreatic cancer cell lines. The mechanism underlying 
this phenomenon was WAVE3 knockdown inhibiting PDK2 
expression, which negatively affected the phosphorylation of 
it downstream molecule, AKT, at the Ser473 site. Therapies 
targeted toward WAVE3 and/or the AKT pathway may be 
worth exploring for the treatment of pancreatic cancer.
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