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Introduction

Pancreatic cancer (PC) is one of the most prevalent 
malignancies worldwide (Torre et al., 2015). Although 
multiple treatment strategies such as surgery, 
chemotherapeutics and radiation have been used in 
clinic, PC keeps the fourth deadliest disease in the 
United States (Siegel et al., 2015). The majority of PC 
patients become refractory to standard chemotherapeutic 
drugs such as gemcitabine and 5-FU (5-fluorouracil) or 
their combination (Michl and Gress, 2013). Notably, 
the molecular mechanism of PC development is largely 
unclear. Therefore, it is pivotal to explore the new targets 
and to develop efficient pharmacological agents for the 
treatment of PC. 

Emerging evidence has demonstrated that the F-box 
protein Skp2 (S-phase kinase associated protein 2) plays a 
critical role in the development and progression of human 
cancers including PC (Wang et al., 2014b). It has been 
well documented that Skp2 exerts its oncogenic activity 
through targeting and degrading its ubiquitination targets 
including p21 (Yu et al., 1998), p27 (Tsvetkov et al., 
1999), p57 (Kamura et al., 2003), E-cadherin (Inuzuka et 
al., 2012), and FOXO1 (Huang et al., 2005a). In line with 
this note, Skp2 plays a key role in cell growth, apoptosis, 
cell cycle progression, migration, invasion, metastasis, 
and angiogenesis (Wang et al., 2012a). Moreover, high 
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Abstract

 Arsenic trioxide (ATO) has been found to exert anti-cancer activity in various human malignancies. However, 
the molecular mechanisms by which ATO inhibits tumorigenesis are not fully elucidated. In the current study, 
we explored the molecular basis of ATO-mediated tumor growth inhibition in pancreatic cancer cells. We used 
multiple approaches such as MTT assay, wound healing assay, Transwell invasion assay, annexin V-FITC, cell 
cycle analysis, RT-PCR and Western blotting to achieve our goal. We found that ATO treatment effectively 
caused cell growth inhibition, suppressed clonogenic potential and induced G2-M cell cycle arrest and apoptosis 
in pancreatic cancer cells. Moreover, we observed a significant down-regulation of Skp2 after treatment with 
ATO. Furthermore, we revealed that ATO regulated Skp2 downstream genes such as FOXO1 and p53. These 
findings demonstrate that inhibition of Skp2 could be a novel strategy for the treatment of pancreatic cancer by 
ATO. 
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expression of Skp2 was observed in PC (Einama et al., 
2006), breast tumors (Radke et al., 2005; Fujita et al., 
2008), nasopharyngeal carcinoma (Wang et al., 2014a), 
and prostate cancer (Wang et al., 2012b). Strikingly, high-
level Skp2 was correlated with the extent of lymph node 
metastasis, higher histological grade, and poorer patient 
outcome in PC patients (Einama et al., 2006). Furthermore, 
Skp2 conferred resistance of PC cells towards the TRAIL 
(tumor necrosis factor-related apoptosis-inducing ligand) 
treatment (Schuler et al., 2011). Recently, it has been 
revealed that inactivation of Skp2 inhibited prostate 
tumorigenesis through mediating JARID1B (Jumonji 
AT rich interactive domain 1B) ubiquitination (Lu et 
al., 2015). These reports indicated that Skp2 could be a 
promising therapeutic molecular target in PC.

Arsenic trioxide (ATO) has been found to exert its 
anti-cancer activity in a variety of human cancers (Zhou, 
2012). ATO has been used as a Chinese traditional 
medicine for more than 2400 years (Wang and Chen, 
2008). More importantly, ATO has been introduced as 
an anticancer agent in patients with acute promyelocytic 
leukemia (APL) since 1970s (Mi et al., 2012). In 2000, the 
FDA approved ATO injection, TrisenoxTM, as a first-line 
chemotherapeutic agent for the treatment of APL (de The 
and Chen, 2010). Interestingly, ATO has been observed to 
have promising activities in various solid tumors, such as 
liver cancer, pancreatic cancer, breast cancer, and gastric 
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cancer (Subbarayan and Ardalan, 2014). Although some 
studies have determined the mechanisms of ATO-mediate 
tumor growth inhibition, the exact molecular mechanisms 
are not fully elucidated.

Herein, we investigated the anti-cancer potential of 
ATO against PC cell lines. We found that ATO treatment 
led to cell growth inhibition, suppressed clonogenic 
potential, induced apoptosis and G2-M cell cycle arrest. 
Consistently, ATO reduced cell migration and invasion in 
PC cell lines. Mechanistically, we observed a significant 
down-regulation of Skp2 in PC cells treated with ATO. 
More importantly, we unraveled that ATO regulated 
Skp2 downstream genes such as FOXO1 and p53. These 
findings demonstrate that down-regulation of Skp2 by 
ATO could be an imperative approach for the treatment 
of PC. 

Materials and Methods

Cell culture and experiment reagents 
Human PC cell lines Patu8988 and Panc-1 were 

obtained from ATCC and maintained in standard cell 
culture conditions at 37°C in a humidified 5% CO2 
atmosphere. Antibodies against Skp2, FOXO1, P53, 
β-actin and the secondary antibodies were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). ATO 
and all other chemicals were bought from Sigma (St. 
Louis, MO). ATO was dissolved in 1mM NaOH to make 
1mM stock solution and was added directly to the media 
at different concentrations.

Cell viability studies by MTT assay
The Patu8988 and Panc-1 cells (4×103) were seeded 

in a 96-well culture plate for overnight. Then, cells were 
treated with various concentrations of ATO for 48 h and 
72 h. At the end of treatment period, 10 μL of Reagent 
MTT (5 mg/mL in PBS) was added to each well. After 2 
h incubation, 100 µL of DMSO was added to each well 
and further incubated for 10 minutes in dark. The color 
intensity was measured by SpectraMax M5 microplate 
fluorometer (Molecular Device, US) at 490 nm. 

Clonogenic assay
To test the survival of cells treated with ATO, Panc-1 

and Patu8988 cells were plated (3×105 per well) in a six-
well plate and incubated overnight. After 72 h exposure 
to various concentrations of ATO, the viable cells were 
counted and plated in 100 mm dishes in a range of 3,000 
cells per plate. The cells were then incubated for 21 days at 
37°C in a humidified 5% CO2 atmosphere. All the colonies 
were stained with 2% crystal violet.

Wound healing assay
Wound healing assay was conducted to examine the 

capacity of cell migration. Panc-1 and Patu8988 cells were 
seeded in a six-well plate at the concentration of 2×106 
cells per well. The wound was generated in the cells with 
90-95% confluent by scratching the surface of the plates 
with a sterile pipette tip. The cells were then incubated 
in the absence or presence of ATO for 20h, and then 
photographed with an Olympus microscope.

Transwell invasion assay
The invasive capacity of Panc-1 and Patu8988 cells 

was performed using Transwell Filter (8μm pore size, 
Corning) with Matrigel (BD Biosciences). Briefly, around 
1.5×105 Panc-1 and 5×104 Patu8988 cells in serum-free 
media were transferred in each upper chamber in the 
presence or absence of ATO. 0.5 milliliter of culture 
medium with 10% FBS was added into each bottom 
chamber in the presence or absence of ATO. After 
incubation for 20h, the cells in the upper chamber were 
removed (the upper surfaces of the Transwell chambers 
were scraped with cotton swabs), and the invaded cells 
were fixed and stained using the Wright’s-Giemsa stain set 
(Jiancheng Scientific, Nanjing, China). The stained cells 
were photographed and counted under a light microscope 
in six randomly-selected fields.

Flow cytometry and cell cycle analysis 
Cells were seeded in 6-well plate and incubated 

overnight. Then, the cells were exposed to ATO and 
grown for 72h. At the end of treatment period, cells were 
collected and fixed with ice-cold 70% (v/v) ethanol for 
24 h. After centrifugation at 3000×g for 5 min, the cell 
pellets were washed with PBS (pH 7.4) and resuspended 
in PBS containing propidium iodide (50 µg/mL) at 37°C 
for 30 min. Next, DNase-free RNase A (100 µg/mL) was 
added. Samples were then incubated at room temperature 
for 30 min, and DNA contents were determined by flow 
cytometry using a flow cytometer (BD, San Jose, CA). 

Annexin V-FITC method for apoptosis analysis 
Annexin V-FITC apoptosis detection kit (Biouniqure, 

China) was used to measure the apoptotic cells. Panc-1 and 
Patu8988 cells were incubated in the presence or absence 
of ATO for 48h. Cell were collected by centrifugation and 
then were resuspend in 500 µl of binding buffer. After 
that, 5 µl of Annexin V-FITC and 5 µl of PI (propidium 
iodide) were added. All the samples were kept in the dark 
for 15 min at room temperature. Finally, the stained cells 
were analyzed using a flow cytometer (BD, San Jose, CA). 

Protein extraction and western blotting
For protein extraction, ATO treated cells were 

harvested and lysed with cell lysis buffer (Cell Signaling, 
Danvers, MA). The protein concentrations were measured 
using the BCA protein assay kit (CWBIO, Beijing, China). 
Proteins were fractionated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and 
the gels were transferred onto nitrocellulose membrane. 
The membranes were blocked with 4% nonfat dried milk 
or bovine serum albumin in 1×PBS containing 0.1% 
Tween-20, and then incubated over night at 4°C with 
appropriate primary antibodies. The membranes were 
washed 3 times with PBS-T, and subsequently incubated 
with the secondary antibodies for 1 h at room temperature. 
The protein bands were detected using the enhanced 
chemiluminesence detection system.

Data analysis
Data are represented as mean±SD for the absolute 

values or percentage of controls as indicated in the 
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vertical axis legend of figures. The statistic significance 
of differential findings between experimental groups and 
control groups was statistically evaluated using GraphPad 
StatMate software (GraphPad Software, Inc., San Diego, 
CA). p value<0.05 was considered statistically significant.

Results 

Effects of ATO on the viability of PC cells by MTT assay
It has been reported that ATO inhibited cell growth in 

HPAF, MiaPaCa-2 and Panc-1 cells (Li et al., 2002). In 
order to further investigate the influence of ATO on PC 
cell growth, we evaluated the cell viability of Patu8988 
and Panc-1 cells treated with ATO for 48h or 72h by 
MTT assay. In line with previous report (Li et al., 2002), 
we found that ATO inhibited cell growth in a dose-
dependent manner in both Panc-1 and Patu8988 PC cell 
lines (Figure 1A and 1B). Specifically, the treatment of 
Panc-1 cells for 2-3 days with 1μM, 2μM, and 3μM led 
to cell growth inhibition (Figure 1A). However, Patu8988 
cells were more resistant to ATO because up to 3μM of 
ATO treatment resulted in cell growth inhibition (Figure 
1B). Moreover, we observed that 2μM and 6μM of ATO 
caused about 50% cell growth inhibition in Panc-1 and 
Patu8988 cells, respectively. Therefore, we selected 1μM, 
2μM ATO for Panc-1 cells and 3μM, 6μM for Patu8988 
cells in the following studies.

Effects of ATO on cell survival by clonogenic assay
To further confirm the effects of ATO on cell growth, 

cells were treated with ATO and assessed for cell 
viability by clonogenic assay. ATO treatment resulted 
in a significant inhibition of colony formation of Panc-1 
and Patu8988 cells when compared with control (Figure 
1C and 1D). Moreover, we observed a dose-dependent 
inhibition of colony formation by ATO. Overall, the results 
from clonogenic assay was consistent with the MTT data 
(Figure 1A and 1B), suggesting that ATO inhibited cell 
growth in Panc-1 and Patu8988 cells. 

Inhibition of cell migration by ATO in PC cells
In order to examine whether ATO could prevent 

migratory potential in Panc-1 and Patu8988 PC cells, we 
conducted wound healing assays in cells treated with ATO. 
The wound healing assay demonstrated that ATO reduced 
cell motility in both Panc-1 and Patu8988 cells (Figure 
2A, and 2B). Moreover, ATO inhibited cell migration 
in a dose-dependent manner in both PC cells. Next, we 
investigated whether ATO could inhibit cell invasion in 
PC cells. 

Inhibition of cell invasion by ATO in PC cells
To further confirm the function of ATO in cell motility, 

we measured the cell invasion capacities in PC cells with 
ATO treatment using Matrigel invasion chamber assay. We 
found that ATO significantly retarded the cell invasion in 
both Panc-1 and Patu8988 cells (Figure 3A). The value of 
the invaded Panc-1 cells was decreased about 2-fold by 
2μM ATO treatment compared with that of control (Figure 
3B). In addition, the invasion of Patu8988 cells was 
inhibited about 2.5-fold and 4-fold by 3μM and 6μM ATO 

Figure 1. Effect of ATO on PC Cell Growth. A-B. Cells 
were seeded in 96-well plates at a density of 4,000 per well 
and treated with indicated concentrations of ATO for 48 and 
72h. After treatment, cell viability was determined using the 
MTT assay as described in Materials and Methods. Vertical 
bars indicate the mean of three independent experiments; bars, 
SD. *p<0.05, **p<0.01, compared with the control. C-D. Cell 
treated with varied concentrations of ATO for 72h were evaluated 
by the clonogenic assay. Photographic differences in colony 
formation in Panc-1 and Patu8988 untreated and treated with 
ATO are shown

Figure 2. ATO Inhibits Cell Migration in PC Cells. 
Inhibition of cell migration by ATO was performed using the 
wound healing assay in Panc-1 cells (A) and Patu8988 cells (B). 
The wound was generated in the cells with 90-95 % confluent 
by scratching the surface of the plates with a sterile pipette tip. 
The cells were then incubated in the absence and presence of 
ATO for 20 h and wound healing images were captured using 
an Olympus microscope
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treatment, respectively (Figure 3B). This finding indicated 
that ATO retarded the invasive potential of PC cells. 

ATO induces cell cycle arrest in PC cells
In order to verify whether ATO abrogated cell cycle 

progression, propidium iodide flow cytometry assay was 
performed. Panc-1 and Patu8988 cells were exposed to 
ATO for 72h and analyzed for cell cycle distribution by 
flow cytometry (FACS) analysis after propidium iodide 
staining of the cellular DNA. We found that ATO induced 
an accumulation of cells in the G2-M phase fractions in 
comparison with untreated control cells (Figure 4). The 
G2-M phase fraction increased from 16.39% in control 
cells to 31.82% and from 10.80% in control cells to 

31.07% in ATO-treated Panc-1 cells and Patu8988 cells, 
respectively (Figure 4). These findings further solidify the 
case for ATO as an effect agent against PC. 

ATO induces apoptosis in PC cells
To determine whether cell growth inhibition by ATO in 

Figure 3. ATO Inhibits Cell Invasion in PC Cells. A. 
Cells that invaded to the lower surface of the insert over a period 
of 20h were stained with Giemsa solution. The stained cells were 
photographed under a light microscope. B. The stained cells were 
counted under a light microscope in six randomly-selected fields. 
Quantitative measurement of invaded cells was assessed. The 
number of cells was normalized against the number of cells in the 
corresponding control cells. The error bars represent mean±SD 
(n=6). *p<0.01, **p<0.05 vs control

Figure 4. ATO Induces Cell Cycle Arrest at G2-M 
Phase in PC Cells. Panc-1 and Patu8988 cells were exposed 
to indicated concentrations of ATO for 72 h and were harvested 
for cell cycle analysis using propidium iodide staining. X axis, 
DNA content; Y axis, the number of nuclei

Figure 5. ATO Induces Apoptosis in PC Cells. Panc-1 
and Patu8988 cells were exposed to different concentrations of 
ATO for 72h. Apoptosis were determined by Annexin V-FITC

Figure 6. Effect of ATO on the Expression of Skp2. A. 
Real-time RT-PCR was performed to measure the Skp2 mRNA 
levels in PC cells treated with ATO for 72h. B. The protein levels 
of Skp2 and its downstream genes were detected by Western 
blotting in PC cells treated with ATO for 72h. C. Quantitative 
results are illustrated for panel B. *p<0.05, **p<0.01 vs control
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PC cells is due to induction of apoptosis, the cell apoptosis 
assay using Annexin V/PI staining was performed. By 
staining cells with annexin V-FITC and PI, we found that 
the percentage of apoptotic cells increased from 16.93% 
in the control to 45.94% and from 4.67% in control cells 
to 31.36% in ATO-treated Panc-1 and Patu8988 cells 
(Figure 5). Our results showed that ATO treatment resulted 
in a statistically significant increase in the percentage of 
apoptotic cells in both PC cell lines, suggesting that ATO 
could be a potent apoptosis inducer in PC cells. 

Down-regulation of Skp2 by ATO in PC cells
It has been well documented that Skp2 was critically 

involved in the development and progression of PC 
(Einama et al., 2006). To further understand the molecular 
mechanism underlying the anti-tumor activities of ATO 
in PC cells, alterations in the cell survival pathway with 
special emphasis in Skp2 were investigated using Real-
time RT-PCR and Western blotting analysis, respectively. 
Our Real-time RT-PCR results showed that ATO 
remarkably inhibited the Skp2 mRNA levels (Figure 6A). 
Notably, we observed that ATO significantly suppressed 
the expression of Skp2 at protein levels compared with 
control (Figure 6B, 6C). It has been reported that tumor 
suppressor FOXO1 is a substrate of Skp2 (Huang et al., 
2005b). Additionally, Skp2 has been found to attenuate 
p53 function in human cancers (Chander et al., 2010). In 
line with these findings, our results revealed that ATO 
treatment enhanced accumulation of tumor suppressor 
FOXO1 and p53 in PC cells (Figure 6B and 6C). 

Discussion

A number of evidence has demonstrated that ATO 
inhibited cell proliferation and induced apoptosis in PC 
cells (Li et al., 2002; Li et al., 2003). For example, one 
study has shown that ATO treatment inhibited cell growth 
and caused apoptosis through activation of caspase-3 and 
PARP (poly ADP ribose polymerase) cleavage in three 
human PC cell lines, HPAF, MiaPaCa-2 and PANC-1 
(Li et al., 2002). Moreover, this group found that ATO 
triggered apoptosis through down-regulation of Bcl-2 and 
Mcl-1, as well as upregulation of Bax (Li et al., 2003). 
Furthermore, ATO markedly increased the expression of 
GADD45 and GADD153 in PC cells (Li et al., 2004). It 
has also been reported that ATO inhibited proliferation and 
induced apoptosis in multiple myeloma cells (Elmahi et 
al., 2013). Recently, Han et al. found that ATO inhibited 
viability of PC stem cells in vitro and in vivo through 
binding to SHH (sonic hedgehog)-Gli (Han et al., 2013). 
Consistent with these findings, we observed that ATO 
suppressed cell growth and induced apoptosis in Panc-1 
and Patu8988 cells. Additionally, our results demonstrated 
that ATO inhibited cell migration and invasion in PC cells. 
These findings suggest that ATO may be valuable for the 
treatment of PC.

Recent studies have highlighted the critical role of 
Skp2 in pancreatic tumorigenesis (Schuler et al., 2011). 
Thus, targeting Skp2 could have considerable therapeutic 
benefits for the treatment of PC patients with aberrant 
activation of Skp2 (Chan et al., 2014). To this end, several 

small inhibitors of Skp2 have been developed and showed 
anti-tumor activity (Wu et al., 2012). For instance, the 
compound CpdA prevented p27 from recruitment to Skp2 
ligase complex, leading to the accumulation of p27 and 
subsequent tumor inhibition (Chen et al., 2008). Another 
Skp2 inhibitor, SMIP0004, was observed to downregulate 
Skp2 and to stabilize p27 (Rico-Bautista et al., 2010). 
More recently, Compound 25 (also known as SZL-P1-41) 
has been developed through a high-throughput screening 
as a Skp2 inhibitor (Chan et al., 2013). Compound 
25 selectively suppressed Skp2 E3 ligase activity and 
exhibited potent antitumor activities in vitro and in vivo 
(Chan et al., 2013). Interestingly, mounting evidence 
has demonstrated that several natural agents including 
curcumin, lycopene, silibinin, epigallocatechin-3-gallate, 
quercetin, and Vitamin D3 could inhibit the expression of 
Skp2 in human cancers (Yang and Burnstein, 2003; Roy et 
al., 2007; Huang et al., 2008; Huang et al., 2011). Recently, 
one study indicated that resveratrol suppressed Skp2-
mediated ubiquitylation and 26S proteasome-dependent 
degradation of p27 in oesophageal adenocarcinoma (Fan 
et al., 2014). Our current study revealed that ATO inhibited 
the expression of Skp2 in PC cells, indicating that ATO 
could be a potential Skp2 inhibitor. However, further 
mouse modeling studies are required to validate the anti-
tumor activity by ATO as a Skp2 inhibitor. 

It is noteworthy that ATO has no activity in PC patients 
who develop progressive disease after gemcitabine 
(Kindler et al., 2008). This suggests that ATO could need 
to combine with other agents to have better treatment 
benefit (Subbarayan and Ardalan, 2014). In other words, 
ATO could be a chemosensitizer in combination therapy 
in patients diagnosed with PC. In support of this notion, 
it has been reported that combination therapy with ATO 
and parthenolide has an augmented anti-tumor effect 
on PC through induction of reactive oxygen species 
generation and apoptosis (Wang et al., 2009). Consistently, 
combination treatment of ATO and gemcitabine retarded 
tumor growth in a xenograft model in PC (Han et al., 
2013). Therefore, it is necessary to investigate whether 
a combination of ATO and other chemotherapeutic drugs 
have better benefits in PC. 

In summary, we have provided experimental evidence 
that supports the role of ATO as a potential anti-tumor 
agent for PC. Mechanistically, we propose that ATO 
attenuated Skp2 expression and subsequent upregulation 
of its downstream genes such as p53 and FOXO1, leading 
to inhibition of cell proliferation, invasion and induction 
of apoptosis in PC cells. Based on these findings, we 
believe that down-regulation of Skp2 by ATO could be a 
promising therapeutic molecular target in PC.
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