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1  | INTRODUC TION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most le-
thal cancers worldwide, with a 5- y survival rate of 9%.1 Genomic 

analyses of PDAC revealed that 4 common driver genes (KRAS, TP53, 
CDKN2A, and SMAD4), called the “big 4,” are mutated with high fre-
quencies, and many other genes are altered at lower frequencies, 
including potential clinical targets. Activating mutations in KRAS that 
occur early in tumorigenesis are observed frequently, and tend to be 
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Abstract
Targeting mutated oncogenes is an effective approach for treating cancer. The 4 main 
driver genes of pancreatic ductal adenocarcinoma (PDAC) are KRAS, TP53, CDKN2A, 
and SMAD4, collectively called the “big 4” of PDAC, however they remain challenging 
therapeutic targets. In this study, ArfGAP with SH3 domain, ankyrin repeat and PH 
domain 2 (ASAP2), one of the ArfGAP family, was identified as a novel driver gene in 
PDAC. Clinical analysis with PDAC datasets showed that ASAP2 was overexpressed 
in PDAC cells based on increased DNA copy numbers, and high ASAP2 expression 
contributed to a poor prognosis in PDAC. The biological roles of ASAP2 were in-
vestigated using ASAP2- knockout PDAC cells generated with CRISPR- Cas9 tech-
nology or transfected PDAC cells. In vitro and in vivo analyses showed that ASAP2 
promoted tumor growth by facilitating cell cycle progression through phosphoryla-
tion of epidermal growth factor receptor (EGFR). A repositioned drug targeting the 
ASAP2 pathway was identified using a bioinformatics approach. The gene perturba-
tion correlation method showed that niclosamide, an antiparasitic drug, suppressed 
PDAC growth by inhibition of ASAP2 expression. These data show that ASAP2 is a 
novel druggable driver gene that activates the EGFR signaling pathway. Furthermore, 
niclosamide was identified as a repositioned therapeutic agent for PDAC possibly 
targeting ASAP2.
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followed by inactivating mutations of CDKN2A, TP53, and SMAD4 at 
late stages.2- 4 TP53 and SMAD4 mutations have been shown to be 
associated with widespread metastatic disease.5 However, all these 
mutations cannot currently be targeted by available agents and are 
responsible for poor prognosis in PDAC patients.6,7 To address this 
issue, it is imperative to identify novel therapeutic targets for pa-
tients with PDAC.

Recent pan- cancer genomic database analyses uncovered a 
positive correlation between the frequency of chromosomal gains 
and density of potential oncogenes, suggesting that chromosomal 
amplification is a strong driving force during cancer development.8 
Mutational phenomena, such as chromothripsis and polyploidiza-
tion, have been linked to tumor instability9,10 and aggressive tumor 
behavior,11 indicating that they play a role in PDAC development.12 
DNA copy number gains are crucial for transformation from the pre-
neoplastic phase to invasive disease and are sustained early during 
tumorigenesis in PDAC.12 Furthermore, our multiregional genomic 
analysis of colorectal cancer (CRC) showed that amplification of chro-
mosome 7 occurs in all regions of an individual tumor,13- 15 indicating 
that these amplifications are fundamental and predominant events 
in CRC tumorigenesis, and that these chromosomes harbor driver 
genes that are overexpressed due to chromosome amplification.16

Based on insight from previous findings and our multiregional 
genomic analysis, we have identified novel oncogenes, including 
elF5- mimic protein 1 (5MP1), DEAD- Box Helicase 56 (DDX56), and 
general transcription factor 2I repeat domain- containing protein 
1 (GTF2IRD1), located on amplified chromosome 7 in CRC.17- 19 
Therefore, we focused on genes that were overexpressed due to 
gene amplification as potential therapeutic targets in PDAC, be-
cause these genes can be targeted with gene- specific medicines, 
including neutralizing antibodies or small chemicals.

In this study, we identified ArfGAP with SH3 domain, ankyrin 
repeat and PH domain 2 (ASAP2), a member of the ArfGAP family, 
as a novel driver gene in PDAC. Next, we examined the biological 
role and mechanism of ASAP2 in PDAC progression in vitro and in 
vivo by knocking out or stably overexpressing ASAP2 in PDAC cells. 
Furthermore, using the gene perturbation correlation (GPC) method, 
we identified niclosamide, an anthelmintic drug, as a repositioned 
therapeutic agent for PDAC targeting ASAP2.

2  | MATERIAL S AND METHODS

2.1 | Selection of candidate genes

Using The Cancer Genome Atlas (TCGA), GSE15471, and GSE28735 
datasets, we extracted candidate genes that satisfied the following 
2 criteria, as described previously18,19: (a) DNA copy number and 
mRNA expression levels were positively correlated with each other 
(correlation coefficient cut- off set at .5); and (b) the gene of inter-
est was significantly overexpressed in tumor tissues compared with 
normal tissues. Genes selected using this strategy were found to be 
candidate driver genes in PDAC, accompanied by DNA amplification.

2.2 | Cell lines and cell culture

Human PDAC cell lines Panc1 and MiaPaCa2 were purchased from 
RIKEN BioResource Center in 2018. Both cell lines were cultured 
in appropriate medium supplemented with 10% fetal bovine serum 
(FBS) in a humidified atmosphere containing 5% CO2 at 37°C.

2.3 | RNA extraction and reverse transcription- 
quantitative polymerase chain reaction (RT- qPCR)

Total RNA from cell lines was extracted using the ISOGEN- II kit 
(Nippon Gene). RT was performed, and qPCR was carried out 
as previously described.20 Expression levels of ASAP2 mRNA 
were normalized to the expression level of GAPDH mRNA as 
an internal control. Primer sequences for qPCR were as fol-
lows: ASAP2, forward 5′- AATAAGCGGAGCGGAAATTGC- 3′ 
and reverse 5′- GTTTCAATGGAAGGTTTGAGGC- 3′; and 
GAPDH, forward 5′- AGCCACATCGCTCAGACAC- 3′ and reverse 
5′- GCCCAATACGACCAAATCC- 3′.

2.4 | Immunohistochemical staining

Immunohistochemical analysis of 6 cases of PDAC tissues that were 
surgically removed and tissue specimens from a xenograft mouse 
model was performed as previously described.21 Anti- ASAP2 and 
anti- Ki67 primary antibodies were used at dilutions of 1:200 and 
1:10 000, respectively, and were purchased from Abcam. Anti- 
phospho- EGFR and anti- phospho- ERK1/2 primary antibodies were 
used at dilutions of 1:1000 and 1:100, respectively, and were pur-
chased from Cell Signaling Technology. Histological analysis was 
independently performed by experienced research pathologists at 
Kyushu University (AF and TT).

2.5 | Protein extraction and immunoblotting

Cells were lysed in RIPA buffer. Western blot analysis was performed 
as previously described.22 The blot was probed with primary anti-
bodies against ASAP2 (Santa Cruz Biotechnology), EGFR, phospho- 
EGFR, ERK1/2, phospho- ERK1/2 (Cell Signaling Technology), and 
β- actin antibody (Santa Cruz Biotechnology).

2.6 | Generation of ASAP2 knockout PDAC cells

ASAP2 knockout Panc1 cells and MiaPaCa2 cells were generated using 
the All- in- One CRISPR- Cas9D10A nickase- based system, as described 
previously.23,24 Specific guide RNAs targeting different regions of the 
human ASAP2 gene were designed by the online tool CRISPRdirect 
(http://crispr.dbcls.jp/) and cloned into the All- in- One CRISPR- Cas9 
vector (Addgene). GFP- labeled Cas9 nickase was transfected using 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15471
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28735
http://crispr.dbcls.jp/
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Lipofectamine 3000 reagent (Thermo Fisher Scientific) in accord-
ance with the manufacturer's instructions. GFP- positive cells were 
sorted 48 h after transfection. Single- cell cloning was performed 
to obtain different monoclonal cell populations. Correctly targeted 
DNA clones were identified using PCR. Primers used for PCR were 
as follows: forward 5′- CGGCCGTTTATCTTGTGCTC- 3′ and reverse 
5′- CACCTAGGCGGGAACAAAGG- 3′. Furthermore, cells were vali-
dated as ASAP2 knockout clones using western blot and Sanger 
sequencing.

2.7 | Generation of MiaPaCa2 cells stably 
overexpressing ASAP2

The full- length cDNA of human ASAP2 was amplified using PCR and 
subcloned into the plasmid pcDNA3.3 (Invitrogen). The insertion and 
orientation of the fragment were confirmed using sequence analysis. 
Cells were transfected with plasmids using Lipofectamine 3000 rea-
gent (Thermo Fisher Scientific) in accordance with the manufactur-
er's instructions. Control cells were generated by transfecting cells 
with an empty vector. Cells were subjected to selection for stable 
integrants 48 h after transfection by exposure for 2 wk to 1000 μg/
mL geneticin (Gibco) in complete medium containing 10% FBS. Cells 
were then assessed for the overexpression of ASAP2 using PCR and 
western blot analysis.

2.8 | MTT assay

Cell proliferation was evaluated using MTT assay (Roche Applied 
Science) in accordance with the manufacturer's instructions. In brief, 
20 000 cells/well were seeded in triplicate onto 24- well plates in 
1000 μL medium. The color reaction was quantitated as previously 
described.18

2.9 | Colony formation assay

For knockout studies and overexpression studies, cells were plated 
at a density of 1000 cells/well in triplicate onto 6- well plates. For 
siRNA- mediated ASAP2 knockdown studies, cells were plated at a 
density of 1000 cells/well onto 6- well plates and transfected with 
siASAP2 or negative- control siRNA in triplicate. After 10 d, colonies 
were stained, and visible colonies were photographed and counted 
as previously described.18

2.10 | Flow cytometry and cell cycle assay

Cells were synchronized at the G1 phase of the cell cycle by serum 
starvation for 48 h and re- stimulated by changing medium containing 
10% FBS, as described previously.17 Cells were harvested, washed 
with PBS twice, and fixed in 70% ethanol at −20°C. Fixed cells were 

incubated in 0.25 mg/mL RNase for 10 min at 37°C. Subsequently, 
cells were washed with PBS and stained with propidium iodide 
(Sigma- Aldrich). Cell cycle distribution was measured using a SH800 
cell sorter (Sony Biotechnology).

2.11 | Wound healing assay

For knockout and overexpression studies, cells were plated on 6- 
well plates at a density of 3 × 105/well. After cells grew to 80%- 90% 
confluency, vertical scratches were generated in the cell layer using 
1000 μL pipette tips. For siRNA- mediated ASAP2 knockdown stud-
ies, cells were plated on 6- well plates at a density of 3 × 105 cells/
well. After cells grew to 80%- 90% confluency, vertical scratches 
were generated in the cell layer using 1000 μL pipette tips. Cells 
were then transfected with siASAP2 or negative- control siRNA in 
triplicate. Photographs of the wound area were taken at 0, 24, and 
48 h after scratching to calculate the cell migration rate.

2.12 | Treatment with niclosamide

Niclosamide (2′,5- dichloro- 4′- nitrosalicylanilide) was obtained from 
Sigma- Aldrich and solubilized in DMSO for in vitro application. For 
in vivo application, niclosamide was administered in a solution con-
taining 10% Cremophor EL (Nacalai Tesque) and 0.9% NaCl solution. 
Control mice were treated with the appropriate volume of solvent 
solution (10% Cremophor EL and 0.9% NaCl).

2.13 | Cytotoxicity assay

MTT assays were used to evaluate the cytotoxic effect of niclosa-
mide. Cells were plated at a density of 6 × 104 cells/well onto 24- 
well plates and allowed to attach for 10 h. Cells were treated with 
niclosamide at concentrations ranging from 0 to 10 μmol/L for 48 h. 
Color reactions were then quantitated.

2.14 | Murine xenograft model

All animal procedures were performed in compliance with the 
Guidelines for the Care and Use of Experimental Animals established 
by the Committee for Animal Experimentation of Kyushu University. 
Murine xenograft model analysis was conducted as described previ-
ously.17 Five- wk- old female BALB/cSlc nu/nu mice were purchased 
from Japan SLC, Inc and maintained under specific pathogen- free 
conditions. For subcutaneous xenograft assays, 1 × 106 ASAP2 knock-
out Panc1 and MiaPaCa2 cells, MiaPaCa2 cells stably overexpress-
ing ASAP2, or control cells were suspended in 100 μL 50% Matrigel 
(Corning) in PBS and subcutaneously injected bilaterally into nude 
mice. To assay the effects of treatment with the compounds identified, 
1 × 106 Panc1 and MiaPaCa2 cells were suspended in 100 μL 50% 
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Matrigel (Corning) in PBS, and injected subcutaneously into the left 
flanks of mice. There were 4 mice in each group. After visual detection 
of tumors, niclosamide was administered intraperitoneally at 25 mg/kg 
daily for 3 wk in MiaPaCa2 xenografts and 4 wk in Panc1 xenografts. 
Weights of mice and tumor sizes were measured twice a week. Tumor 
volume was calculated using the formula: length × width2 × 0.5.

2.15 | Statistical analysis

Associations between variables were assessed using the Mann- 
Whitney U test, Student t test, or Fisher exact test. The degree of 
linearity was estimated by Pearson correlation coefficient. For sur-
vival analysis, cases were divided into 2 groups as having higher or 
lower ASAP2 expression levels compared with the median. Overall 
survival (OS) and recurrence- free survival (RFS) were estimated 
using the Kaplan- Meier method, and survival curves were compared 
using the log- rank test. The value P < .05 was considered signifi-
cant. Data analyses were performed using R software version 3.5.1 
(The R Foundation). Other experimental procedures are described 
in Appendix S1.

3  | RESULTS

3.1 | ASAP2 is a candidate driver gene in PDAC

ASAP2 was selected as a candidate driver gene using TCGA, 
GSE15471, and GSE28735 datasets through the screening method 
described in the Materials and Methods section. ASAP2, a member 
of the ArfGAP family, exhibits strong GTPase- activating protein 
activity toward the small GTPases Arf1 and Arf5 and weak activ-
ity toward Arf6.25,26 The gene is located on chromosome 2, which 
was found to be amplified in PDAC (Figure 1A). ASAP2 mRNA ex-
pression levels were elevated in PDAC tissues in TCGA, GSE15471 
and GSE28735 datasets (Figure 1B), and immunohistochemical 
staining revealed that ASAP2 was localized in the cytoplasm and 
cell membrane of tumor cells, but weak staining in normal pancre-
atic duct epithelial cells (Figure 1C), suggesting that ASAP2 was sig-
nificantly highly expressed in PDAC cells. Amplification of ASAP2 
DNA copy number was observed in 72.3% (133/184) of PDAC tis-
sues and 72.7% (32/44) of PDAC cell lines in TCGA and the Cancer 
Cell Line Encyclopedia (CCLE) datasets, respectively (Figure 1D,E). 

However, only 0.57% of ASAP2 gene changes with missense muta-
tions were detected in TCGA dataset (Figure 1F). Moreover, ASAP2 
mRNA expression was positively correlated with ASAP2 DNA copy 
number in both datasets (P < .001 [TCGA] and P < .05 [CCLE]; 
Figure 1D). These observations indicated that ASAP2 was overex-
pressed in tumor cells due to increased DNA copy numbers in PDAC. 
Furthermore, patients with high ASAP2 mRNA expression had lower 
OS and RFS compared with patients with low expression in TCGA 
dataset (Figure 1G). Finally, Gene Set Enrichment Analysis (GSEA) 
of TCGA dataset showed that ASAP2 expression was positively cor-
related with cell cycle pathways (Figure 1H). These results suggested 
that ASAP2 is a candidate driver gene that could be associated with 
cell cycle progression induced by genomic amplification in PDAC.

3.2 | Pathway analysis of ASAP2 in PDAC

To investigate the impact of ASAP2 on PDAC, we knocked out 
ASAP2 in PDAC cell lines (Panc1 and MiaPaCa2) using CRISPR- Cas9 
technology. To explore the possible oncogenic pathways modulated 
by ASAP2 expression, RNA- seq was conducted using ASAP2 knock-
out PDAC cell lines (Panc1 and MiaPaCa2). From this analysis, 2793 
genes were significantly upregulated, and 2748 genes were signifi-
cantly downregulated in ASAP2 knockout Panc1 cells compared with 
wild- type Panc1 cells (q- value < .01; Figure 2A). Furthermore, 617 
genes were significantly upregulated, and 1005 genes were signifi-
cantly downregulated in ASAP2 knockout MiaPaCa2 cells compared 
with wild- type MiaPaCa2 cells (q- value < .01; Figure 2A). Gene 
Ontology (GO) analysis revealed that genes downregulated by ASAP2 
knockout were highly enriched for GO terms associated with cell 
cycle, cytoskeleton, and cell migration both in Panc1 and MiaPaCa2 
cells (Figure 2B). We next performed GSEA to identify significant 
changes in ASAP2 knockout cells, and observed the downregulation 
of many genes involved in cell cycle- related pathways (Figure 2C). 
These data suggest that ASAP2 expression was associated with cell 
cycle progression and migration in PDAC cells.

3.3 | ASAP2 facilitates cell cycle progression of 
PDAC cells

Based on pathway analysis (Figures 1H and 2A- C), we hypothesized 
that ASAP2 could promote tumor growth by facilitating cell cycle 

F I G U R E  1   Clinical significance of ASAP2 expression in PDAC. A, DNA copy number variations according to chromosome arm in 184 
PDAC tissues from TCGA dataset. B, ASAP2 mRNA expression in PDAC and normal pancreatic tissues in TCGA GSE15471 and GSE28735 
datasets. T: tumor tissue, N: normal tissue. C, Immunohistochemical staining for ASAP2 in PDAC tissues and normal tissues that were 
surgically removed (n = 6). The cells surrounded by the dotted line are normal pancreatic duct epithelial cells. Bar graph represents the 
percentage of ASAP2- positive cells in normal and tumor tissues. T: tumor tissue, N: normal tissue. D, Correlation between mRNA expression 
and DNA copy number of ASAP2 in TCGA and CCLE datasets. R is the Pearson correlation coefficient. E, An integrated view of mRNA 
expression of ASAP2 and DNA copy number of ASAP2 in 184 PDAC cases from TCGA. Samples are sorted according to ASAP2 mRNA 
expression level. F, Positions and frequencies of mutations in ASAP2 among PDAC cases in TCGA dataset. Mutation was only observed in 1 
case, for a frequency of 0.57%. G, Kaplan- Meier OS and RFS curves of patients with PDAC according to ASAP2 mRNA expression in TCGA 
dataset. H, GSEA using TCGA dataset

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15471
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28735
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15471
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28735
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15471
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28735
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progression. Genotyping using direct sequencing and RT- PCR were 
performed to confirm that we knocked out ASAP2 in PDAC cell lines 
(Figure 3A). In addition, we were able to completely abolish ASAP2 
expression in these cells (Figure 3A).

Then, we conducted cell cycle analysis of ASAP2 knockout 
MiaPaCa2 cells using flow cytometry. We observed that wild- type 
cells had a significantly higher proportion of cells in S- phase and 
G2/M- phase compared with ASAP2 knockout cells at 12 h after re- 
stimulation by exchanging medium containing 10% FBS (Figure 3B). 
Conversely, wild- type cells had a significantly lower proportion 
of cells in G1- phase compared with ASAP2 knockout cells at 12 h 
(Figure 3B). These data suggested that ASAP2 promotes the G1/S 
transition of the cell cycle.

3.4 | ASAP2 promotes PDAC tumor growth 
in vitro and in vivo

MTT assays demonstrated that ASAP2 knockout significantly 
suppressed cell proliferation in both Panc1 and MiaPaCa2 cells 
(Figure 4A). Colony formation assays showed that ASAP2 knockout 
significantly reduced colony formation in both Panc1 and MiaPaCa2 
cells (Figure 4B). Similarly, ASAP2 knockdown by siRNA in Panc1 

and MiaPaCa2 cells also showed decreased proliferative ability 
(Figure S1A,B).

Next, we attempted to construct MiaPaCa2 and Panc1 cells that 
stably overexpressed ASAP2 (Figures 4C and S1C). However, we could 
not establish Panc1 cells stably overexpressing ASAP2. Therefore, we 
used only MiaPaCa2 cells stably overexpressing ASAP2 for subse-
quent experiments. As expected, ASAP2 overexpression significantly 
increased cell proliferation in vitro (Figure 4D,E). Additionally, ASAP2 
overexpression significantly increased PDAC tumor volumes in xeno-
graft mice models (Figure 4F). Immunohistochemical analysis of tumor 
xenografts revealed that tumor tissues from MiaPaCa2 cells stably 
overexpressing ASAP2 displayed stronger ASAP2 and Ki67 staining 
compared with control (n = 6) (Figure 4G). Immunohistochemical 
staining for Ki67 indicated significantly enhanced proliferation in tu-
mors from MiaPaCa2 cells stably overexpressing ASAP2 (Figure 4G). 
Conversely, ASAP2 knockout Panc1 and MiaPaCa2 cells did not en-
graft in mice, although control cells engrafted in mice (Figure S1D).

Finally, ASAP2 knockout cells were transiently transfected with 
a vector expressing ASAP2 to rescue ASAP2; western blot analysis 
confirmed that ASAP2 expression was rescued in ASAP2 knockout 
Panc1 and MiaPaCa2 cells (Figure 4H). Rescue of ASAP2 expression 
in ASAP2 knockout cells also restored the proliferative capacity of 
these cells (Figure 4I).

F I G U R E  2   RNA sequencing of ASAP2 
knockout cells and wild- type cells. A, MA 
plot of differentially expressed genes 
(DEGs) comparing wild- type and ASAP2 
knockout Panc1 and MiaPaCa2 cells. 
DEGs are represented as red dots. B, 
GO analysis of significantly upregulated 
genes in wild- type cells. C, GSEA plots for 
selected hallmark gene sets
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F I G U R E  3   ASAP2 promotes cell cycle progression. A, Direct sequencing analysis confirmed successful genome editing of ASAP2 exon 
1. Approximately 200 nucleotides, including the initiator codon, were deleted (left). RT- PCR of gene- targeted ASAP2. WT: 1220 bp, KO: 
approximately 1000 bp (top right). ASAP2 western blot analysis in ASAP2 knockout cells and wild- type cells (bottom right). B, Knockout of 
ASAP2 suspends cell cycle progression of PDAC cells. Cell cycle assay after refeeding of FBS using flow cytometry in wild- type cells and 
ASAP2 knockout cells. n.s. not significant; (*) P < .05; (**) P < .01; (***) P < .001
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Taken together, these results indicated that ASAP2 could pro-
mote PDAC tumor growth in vitro and in vivo.

3.5 | ASAP2 promotes cell migration of PDAC cells

PDAC has a high metastasis rate, which is thought to be due to its 
high migration ability.27 Furthermore, based on the results of path-
way analysis (Figure 2B), we hypothesized that ASAP2 could promote 

the migratory ability of PDAC cells. Therefore, we examined the re-
lationship between the motility of PDAC cells and ASAP2. To evalu-
ate the potential role of ASAP2 on the migratory capacity of PDAC 
cells, wound healing assays were performed. ASAP2 knockout Panc1 
and MiaPaCa2 cells had a significantly lower migration rates com-
pared with their respective control cells (Figure 5A). Similarly, ASAP2 
knockdown by siRNA in MiaPaCa2 cells also decreased migration 
ability (Figure S2). Furthermore, MiaPaCa2 cells stably overexpress-
ing ASAP2 showed significantly increased migration (Figure 5B). 

F I G U R E  4   ASAP2 is associated with growth of PDAC cells. A, MTT assays using ASAP2 knockout Panc1 and MiaPaCa2 cells. (***) 
P < .001. B, Colony formation assays using ASAP2 knockout Panc1 and MiaPaCa2 cells. (*) P < .05; (***) P < .001. C, ASAP2 protein 
expression was assessed by western blot analysis of MiaPaCa2 cells stably overexpressing ASAP2 and control cells. D, MTT assay using 
MiaPaCa2 cells stably overexpressing ASAP2. (***) P < .001. E, Colony formation assay using MiaPaCa2 cells stably overexpressing 
ASAP2. (*) P < .05. F, In vivo analysis using a tumor xenograft model. The growth curve of xenograft tumors from MiaPaCa2 cells stably 
overexpressing ASAP2 (n = 6) and control cells (n = 6) (left). Bar graphs represent the tumor volume, respectively (right). (**) P < .01. G, 
Immunohistochemical staining for ASAP2 and Ki67 in tumor tissues from control cells and MiaPaCa2 cells stably overexpressing ASAP2 
(left). Bar graphs represent the percentage of Ki67- positive cells in tumor tissues from MiaPaCa2 cells stably overexpressing ASAP2 (n = 6) 
and control tumor tissues (n = 6) (right). Original magnification, ×600. (***) P < .001. H, ASAP2 protein levels in the indicated cells. ASAP2 
protein expression using western blot analysis in these rescued cells. I, MTT assay using indicated cells

F I G U R E  5   ASAP2 promotes cell 
migration and positively regulates the 
EGFR/ERK signaling pathway in PDAC 
cells. A, Wound healing assays using 
ASAP2 knockout Panc1 and MiaPaCa2 
cells. The migrated distance was 
quantified by measuring the difference 
at 0, 24, and 48 h and was normalized to 
0 h. n.s. not significant; (*) P < .05; (**) 
P < .01; (***) P < .001. B, Wound healing 
assays using MiaPaCa2 cells stably 
overexpressing ASAP2. The migration 
distance was quantified by measuring 
the difference at 0, 24, and 48 h and was 
normalized to 0 h. n.s. not significant; 
(***) P < .001. C, ASAP2 overexpressing 
or control MiaPaCa2 cells and ASAP2 
knockout or wild- type Panc1 and 
MiaPaCa2 cells were analyzed for levels 
of phosphorylated or total EGFR and ERK 
using western blotting. β- Actin was used 
as the loading control for relative protein 
quantification. The normalized intensities 
of each protein and ratios of pEGFR/EGFR 
and pERK/ERK are shown
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These findings indicated that ASAP2 contributes to the migratory 
ability of PDAC cells.

3.6 | ASAP2 upregulates the EGFR/ERK 
signaling pathway

ASAP2 has been reported to form a complex with Pyk2 and Src.25 
Furthermore, the Src/Pyk2 complex associates with and acti-
vates EGFR and subsequently the ERK phosphorylation cascade.28 
Therefore, we hypothesized that ASAP2 may promote cell prolif-
eration, cell cycle progression, and cell migratory ability by activat-
ing the EGFR/ERK signaling pathway in PDAC cells. We performed 
western blotting experiments to investigate whether ASAP2 could 
activate the EGFR/ERK signaling pathway in PDAC. MiaPaCa2 cells 
stably overexpressing ASAP2 showed increased phosphorylation 

levels of EGFR and ERK compared with control cells (Figure 5C). In 
contrast, ASAP2 knockout Panc1 and MiaPaCa2 cells showed de-
creased ratios of pEGFR/EGFR and pERK/ERK (Figure 5C). These 
results suggested that ASAP2 facilitates tumor growth and migra-
tion potential, possibly through activation of the EGFR/ERK signal-
ing pathway in PDAC cells.

3.7 | Prediction of potential inhibitors of ASAP2 by 
a bioinformatics approach using the GPC method

We attempted to identify inhibitors of ASAP2 by a drug reposition-
ing approach, a method for identifying new indications for existing 
approved drugs that can decrease the time and cost of develop-
ment compared with traditional new drug discovery approaches.29-

 31 This has become a powerful strategy for developing anticancer 

F I G U R E  6   Prediction of potential 
ASAP2 inhibitors. A, B, Niclosamide 
was identified as a compound for which 
the gene expression profiles induced by 
compound administration and ASAP2 
knockout were correlated and the gene 
expression profiles induced by compound 
administration and ASAP2 overexpression 
were inversely correlated
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agents.32 Here, we employed the GPC method to comprehensively 
predict novel drug candidates based on chemically and genetically 
perturbed gene expression data.33 We evaluated 4 types of tran-
scriptional correlations between chemically perturbed signatures 
and genetically perturbed signatures. As a result of chemically 
perturbed signatures and ASAP2 knockout signatures being posi-
tively correlated and chemically perturbed signatures and ASAP2 
overexpression signatures being inversely correlated, candidate 
drugs were identified (Figure 6A,B). Among them, niclosamide is 
reported to have had an antitumor effect in various cancers.34-

 37 Therefore, we performed the experiments described below to 
evaluate the antitumor effects resulting from targeting ASAP2 in 
PDAC.

3.8 | Niclosamide suppresses PDAC growth 
in vitro and in vivo

To examine whether niclosamide suppresses the proliferation of 
PDAC cells, Panc1 and MiaPaCa2 cells were treated with varying 
concentrations of niclosamide for 48 h. The IC50 value of niclosamide 
was 1.30 μmol/L in Panc1 cells and 1.62 μmol/L in MiaPaCa2 cells 
(Figure 7A). As shown in Figure 7B, the IC50 value of niclosamide was 
1.28 μmol/L in MiaPaCa2 cells stably overexpressing ASAP2 and 
1.70 μmol/L in control cells. MiaPaCa2 cells stably overexpressing 
ASAP2 were more sensitive to niclosamide compared with control 
cells. These results demonstrated that overexpression of ASAP2 
conferred sensitivity to niclosamide in PDAC cells.

Next, to investigate the antitumor activity of niclosamide in vivo, 
PDAC xenografts were generated using Panc1 cells and MiaPaCa2 
cells. Then, mice bearing Panc1 and MiaPaCa2 PDAC xenografts 
were treated with niclosamide (25 mg/kg/d). Niclosamide treat-
ment reduced tumor growth in test mice compared with controls in 
Panc1 and MiaPaCa2 xenograft models (Figure 7C). Macroscopically, 
niclosamide- treated tumors were smaller compared with control 
tumors (Figure 7D). In addition, the body weights of mice from the 
niclosamide- treated group were similar to those of control mice 
during the entire treatment period (Figure 7E). Finally, immuno-
histochemical analysis of xenograft tumor tissues showed that 
niclosamide- treated xenografts displayed weaker ASAP2 expression 
compared with control mice (Figure 7F). Furthermore, the propor-
tion of Ki67- positive cells was significantly lower in tumor tissue 
from niclosamide- treated mice than in tumor tissue from control 
mice (Figure 7F).

Finally, western blotting experiments were performed to exam-
ine whether niclosamide inhibits ASAP2 activation. Niclosamide re-
duced the expression of ASAP2 and ratios of pERK/ERK in Panc1 
cells and MiaPaCa2 cells in a dose- dependent manner (Figure 7G). 
Unexpectedly, niclosamide increased the phosphorylation of EGFR 
in Panc1 and MiaPaCa2 cells (Figure 7G). Furthermore, immuno-
histochemical analysis of xenograft tumor tissues showed that 
niclosamide- treated xenografts displayed weaker pERK and stronger 
pEGFR expression compared with control mice (Figure S3).

Taken together, these findings showed that niclosamide effi-
ciently attenuated tumor growth, suggesting that inhibition of phos-
phorylation of ERK with niclosamide may be a potential therapeutic 
strategy for PDAC treatment.

4  | DISCUSSION

In this study, we identified ASAP2 as a novel driver gene that can 
activate migration and proliferation in PDAC, possibly by activation 
of the EGFR/ERK signaling pathway. Furthermore, we found that 
niclosamide could be repositioned as a novel drug for the treatment 
of PDAC through its effects on inhibition of ASAP2 expression. To 
the best of our knowledge, this is the first study to explore the on-
cogenic function of ASAP2 and its potential as a novel therapeutic 
target in PDAC.

ASAP2, a member of the ArfGAP family, activates small 
GTPases26 and binds to Pyk2 and Src via its SH3 domain.25 The 
Src/Pyk2 complex activates the EGFR/ERK signaling pathway,28 
which plays crucial roles in G1/S- phase transition,38 cancer cell pro-
liferation,39 and regulation of the actin cytoskeleton,40 contributing 
to the hypothesis that ASAP2 promotes cell proliferation and cell 
migratory ability by regulation of the dynamin- actin cytoskeleton 
activated by the EGFR/ERK signaling pathway. Indeed, we demon-
strated that ASAP2 could facilitate tumor growth and cell migra-
tion, possibly through the phosphorylation of EGFR, by knocking 
out and stably overexpressing ASAP2 in PDAC cells. Moreover, er-
lotinib, an inhibitor of EGFR, inhibits the growth of PDAC cells.41 
Therefore, the ASAP2/EGFR axis may be a crucial pathway for 
PDAC progression.

Although a previous study demonstrated that changes in the 
“big 4” genes are associated with PDAC patient outcomes,7 none of 
these are currently druggable targets, because RAS proteins bind 
very tightly to GDP/GTP, making it difficult to identify competitive 
analogs,42 and TP53 restoration leads to incomplete tumor regres-
sion due to the stage- heterogeneity of tumor cell populations.43 Of 
note, ASAP2 is amplified and overexpressed in 72.3% of PDAC cases, 
and PDAC patients with high expression of ASAP2 experience a sig-
nificantly poorer prognosis compared with patients without ASAP2 
overexpression. These findings suggested that ASAP2 is a ubiquitous 
driver gene and could be a promising therapeutic target in PDAC.

Here, we identified niclosamide, an anthelmintic drug, as an 
inhibitor of ASAP2 by a bioinformatics approach using the GPC 
method, which is based on identification of genes with expres-
sion levels that are inversely correlated in the context of disease 
and drug treatment.44,45 Niclosamide is an FDA- approved drug 
that has been used for treating various tapeworm infections in 
humans. Recently, niclosamide has been recognized as an antitu-
mor agent for various cancers,34- 37 and has been reported to in-
hibit the STAT3,46 Wnt,47 Notch,48 and RAS49 signaling pathways 
associated with cell proliferation. Moreover, niclosamide can in-
hibit cancer stemness.37 However, the effect of niclosamide on 
PDAC has not been studied. We demonstrated that niclosamide 
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had significant antitumor effects on PDAC cells in vitro and in 
vivo by inhibition of ASAP2 and phosphorylation of ERK in a 
dose- dependent manner. Unexpectedly, niclosamide led to an 
increase in phospho- EGFR, implying that niclosamide directly 
suppresses ERK phosphorylation, and its negative feedback en-
hances EGFR phosphorylation. Furthermore, these results sug-
gested that niclosamide may suppress the expression of ASAP2 
and phosphorylation of ERK, respectively. However, the mecha-
nism underlying niclosamide- mediated suppression of ASAP2 and 
phosphorylation of ERK is unclear. Further experiments are re-
quired to clarify this. In addition, our experimental data suggested 
that niclosamide is more effective against cells highly expressing 
ASAP2 compared with cells weakly expressing ASAP2, and that 
ASAP2 was weakly expressed in normal pancreatic duct epithe-
lial cells. Furthermore, previous reports reported that niclosamide 
did not exert a significant effect against proliferation in normal 
cells.37,47 Taken together, it is considered that niclosamide has low 
toxicity to normal pancreatic duct epithelial cells under the ade-
quate concentration of niclosamide.

In conclusion, we identified a novel druggable driver gene, 
ASAP2, that showed frequent amplification and may promote tumor 
progression by activating the EGFR/ERK signaling pathway in PDAC 
cells. Furthermore, we found that niclosamide could be a reposi-
tioned therapeutic drug by targeting ASAP2, pERK, or other path-
ways in PDAC.
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