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Arsenic trioxide inhibits Skp2  
expression to increase chemosensitivity  
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Abstract: The S-phase kinase associated protein 2 (Skp2), a member of the F-box protein family, regulates cell cycle 
progression and is highly expressed in pancreatic cancer (PC). Recently, we reported that arsenic trioxide (ATO) in-
hibited cell growth and invasion via downregulation of Skp2 in PC cells. Emerging evidence has revealed that Skp2 
plays a crucial role in drug resistance in several kinds of cancers. Here, we determined whether ATO enhanced the 
sensitivity of PC cell lines to gemcitabine (GEM). We found that the combined treatment of ATO and GEM demon-
strated strong antitumor effects in Patu8988 and Panc-1 PC cells. In addition, ATO potentiated the effects of GEM 
via downregulation of the Skp2 pathway in PC cells. Together, these findings suggested that Skp2 may be a promis-
ing therapeutic target to overcome resistance to GEM in PC. 
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Introduction

Pancreatic cancer (PC) is the fourth leading 
cause of cancer-related death in the United 
States [1], and the morbidity and mortality of 
PC have also gradually increased in China in 
recent years [2]. The 5-year survival rate of 
patients with PC has remained relatively con-
stant [3]. The poor prognosis results from de- 
layed diagnosis, early metastasis, and resis-
tance to many key chemotherapeutic agents 
[4]. The most common chemotherapeutic age- 
nt used to treat PC is gemcitabine (GEM), ei- 
ther in monotherapy or in combination with 
other chemotherapeutic agents [5]. Although 
the median survival of PC patients has slightly 
improved, the efficacy is still limited, and new 
therapies are urgently needed.

The F-box protein, S-phase kinase associated 
protein 2 (Skp2), is highly expressed and regu-
lates cell cycle progression in PC [6]. It has 
been well-documented that Skp2 exerts its 
oncogenic effects through degradation of its 
ubiquitination targets, such as p21 [7], p27 [8], 
p57 [9], FOXO1 [10], and E-cadherin [11]. Con- 
sistent with these observations, Skp2 plays  

a key oncogenic role in cell growth, apopto- 
sis, cell cycle progression, migration, invasion, 
metastasis, and angiogenesis [12]. Moreover, 
Skp2 is involved in drug resistance in several 
types of cancers [13-15].

Previous studies have shown that arsenic triox-
ide (ATO) has significant antitumor effects on 
several types of solid tumors [16-18]. ATO blo- 
cks the Skp2 signaling pathway in PC [19]. We 
hypothesized that ATO inhibited Skp2 expres-
sion to increase PC cell sensitivity to GEM. In 
the present study, we therefore investigated 
whether ATO and GEM have a synergistic anti-
tumor effect in PC cells.

Materials and methods

Cell culture and experimental reagents

Human PC cell lines, Patu8988 and Panc-1, 
were obtained from the Chinese Academy of 
Sciences Cell Bank and were cultured in DM- 
EM (Thermo Fisher Scientific, Waltham, MA, 
USA) supplemented with 10% (v/v) fetal bovine 
serum (FBS), 100 μg/mL streptomycin, and 
100 units/mL penicillin in standard cell cul- 
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ture conditions containing 5% CO2 at 37°C in  
a humidified atmosphere. Antibodies against 
Skp2, P57, P21, tubulin, and the secondary 
antibodies were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). ATO and 
all other chemicals were purchased from Sig- 
ma-Aldrich (St. Louis, MO, USA). ATO was dis-
solved in 1 mm NaOH to make a 1 mm stock 
solution, which was added directly to the me- 
dia at different concentrations.

MTT assay

The Patu8988 and Panc-1 cells were seeded 
into 96-well culture plates for overnight incuba-
tion. The cells were then treated with either 3 
µM ATO or 20 µM GEM, or a combination of 
both drugs for 48 h. At the end of the treatment 
period, 10 μL of MTT reagent [5 mg/mL in 
phosphate-buffered saline (PBS)] was added to 
each well. After 2 h of incubation, 100 µL of 
dimethyl sulfoxide was added to each well and 
further incubated for 10 min in the dark. The 
color intensity was measured using a Spec- 
traMax M5 microplate fluorometer (Molecular 
Device, San Jose, CA, USA) at 490 nm.

The annexin V-fluorescein isothiocyanate 
(FITC) method for apoptosis analysis

An annexin V-FITC apoptosis detection kit (Bio- 
uniqure, China) was used to measure apoptotic 
cells. PC cells were treated with either 3 µM 
ATO or 20 µM GEM, or a combination of both 
drugs for 48 h. The cells were then collected  
via centrifugation and suspended in 500 μL of 
binding buffer. Then, 5 μL of annexin V-FITC and 
5 μL of propidium iodide (PI) were added. All 

sterile pipette tip. The cells were then incubat-
ed in either 3 µM ATO or 20 µM GEM, or a com-
bination of both drugs for 20 h. The wound 
healing images were photographed at 0 h and 
20 h using an inverted phase contrast micro-
scope (Olympus, Tokyo, Japan).

Transwell invasion assay

The invasive capacity of PC cells was deter-
mined using Transwell filters (8-μm pore size; 
Corning, Corning, NY, USA) with Matrigel (BD 
Biosciences). Briefly, cells in serum-free me- 
dia were transferred to the upper chamber in 
either 3 µM ATO or 20 µM GEM, or a combina-
tion of both drugs. Then, 0.5 mg of culture 
medium with 10% FBS was added into each 
bottom chamber with either ATO or GEM, or a 
combination of both drugs. After incubation for 
20 h, 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, China). The stained cells were photo-
graphed and counted under a light microscope 
in six randomly-selected fields.

Protein extraction and western blotting

For protein extraction, cells were harvested 
and lysed with cell lysis buffer (Cell Signaling 
Technology, Danvers, MA, USA). The protein 
concentrations were measured using a BCA 
protein assay kit. Proteins were resolved us- 
ing sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), and the gels were 
transferred onto nitrocellulose membranes. 

Figure 1. The antitumor effect of combined treatment with ATO and GEM. 
Pancreatic cancer cells were treated with either 3 µM arsenic trioxide (ATO) 
or 20 µM GEM, or co-treated with 3 µM ATO and 20 µM gemcitabine (GEM) 
for 48 h, and the number of viable cells was determined using the MTT assay. 
Vertical bars indicate the means ± SD of three independent experiments. 
Both: ATO plus GEM. *P < 0.05 compared with the control; #P < 0.05 com-
pared with ATO alone or GEM alone.

samples were kept in the dark 
for 15 min at room tempera-
ture. Finally, the stained cells 
were analyzed using a flow cy- 
tometer (BD Biosciences, San 
Jose, CA, USA).

Wound healing assay

A wound healing assay was 
conducted to examine cell 
migration ability. Patu8988 
and Panc-1 cells were seed- 
ed into a 6-well plate at a  
concentration of 2 × 106 cells 
per well. The wound was gen-
erated in cells at 90%-95% 
confluency by scratching the 
surface of the plates with a 
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The membranes were blocked with 4% nonfat 
dried milk or bovine serum albumin in 1 × PBS 
containing 0.1% Tween-20 (PBS-T) and incubat-
ed overnight at 4°C with the appropriate prima-
ry antibody. The membranes were then washed 
three times with PBS-T, and subsequently incu-
bated with the secondary antibody for 1 h at 
room temperature. The protein bands were de- 
tected using an enhanced chemiluminescence 
detection system.

Data analysis

Data were expressed as the mean ± standard 
deviation (SD) for the absolute values or as the 
percentage of controls, as indicated in the ver-
tical axis legends of the figures. The statistical 
significance of differential findings between ex- 
perimental groups and control groups was eval-
uated by ANOVA using GraphPad StatMate soft-
ware (GraphPad Software, La Jolla, CA, USA). A 
value of P < 0.05 was considered statistically 
significant.

Results

ATO potentiates the cytotoxicity of GEM in PC 
cells

Previously, we reported that ATO inhibited cell 
growth in Patu8988 and Panc-1 cells [19]. To 
further investigate whether ATO enhanced the 
sensitivity of PC cells to GEM, we used the MTT 

assay to evaluate viability of treated Patu8988 
and Panc-1 cells. PC cells were simultaneously 
treated with either each drug alone or a com- 
bination of both drugs for 48 h. We found that 
the combined treatment of 3 µM ATO and 20 
µM GEM caused more significant growth inhibi-
tion than 3 µM ATO or 20 µM GEM alone in PC 
cells (Figure 1). These findings suggested that 
a combination of ATO and GEM significantly in- 
creased the sensitivity of PC cells to GEM.

ATO enhances apoptotic cell death induced by 
GEM

To further assess the effect of ATO and GEM  
on apoptosis in PC cells, we performed the  
cell apoptosis assay using annexin V/PI stain-
ing. We used flow cytometry to investigate the 
extent of apoptosis in cells treated with either 
ATO or GEM, or a combination of both drugs. We 
found that both ATO and GEM treatment indi-
vidually led to increased apoptosis rates in PC 
cells (Figure 2). The percentage of apoptotic 
cells was increased in Patu8988 cells (10.93% 
vs. 1.84% in control cells) and Panc-1 cells 
(6.97% vs. 1.36% in control cells) when treated 
with ATO (Figure 2). The percentages of apop-
totic cells also increased in Patu8988 cells 
(5.73% vs. 1.84% in control cells) and in Panc-1 
cells (11.94% vs. 1.36% in control cells) when 
treated with GEM (Figure 2). Furthermore, there 
was a marked increase in the rate of apoptosis 
in cells treated with both ATO and GEM com-

Figure 2. Arsenic trioxide (ATO) enhances gemcitabine (GEM)-induced apoptotic cell death. Patu8988 and Panc-1 
cells were treated either with 3 µM ATO or 20 µM GEM, or a combination of both drugs for 48 h. Apoptotic cells were 
detected by annexin V/PI staining as described in the Materials and Methods. Both: ATO plus GEM.
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Figure 3. The effect of arsenic trioxide (ATO) and gemcitabine (GEM) on cell migration. (A) Cell migration was de-
tected using a wound-healing assay in Patu8988 and Panc-1 cells after treatment with either 3 µM ATO or 20 µM 
GEM, or a combination of the two drugs for 20 h. (B) Quantitative results are shown in (A). Both: ATO plus GEM. *P < 
0.05 compared with the control; #P < 0.05 compared with ATO alone or GEM alone.

Figure 4. The effect of arsenic trioxide (ATO) and gemcitabine (GEM) on pancreatic cancer cell invasion. (A) Cell inva-
sion was measured using a Transwell assay of Patu8988 and Panc-1 cells after treatment with either 3 µM ATO or 
20 µM GEM, or a combination of the two drugs for 20 h. The stained cells were counted using a light microscope in 
six randomly-selected fields, and the numbers of invaded cells were determined. The number of cells was normal-
ized against the number of cells in the corresponding control cells. (B) The quantitative results are illustrated in (A). 
*P < 0.05 compared with the control; #P < 0.05 compared with ATO alone or GEM alone. Both: ATO plus GEM.
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pared with those treated with ATO or GEM  
alone (Patu8988 cells: 18.03% vs. 1.84% in 
control; Panc-1 cells: 21.55% vs. 1.36% in con-
trol) [Figure 2]. Together, our findings suggest-
ed that ATO synergistically acted with GEM to 
enhance apoptotic cell death in PC.

ATO and GEM decrease Skp2 expression

Skp2 has been shown to be a potential ATO  
target [20]. It has been reported that Skp2 is 
involved in chemosensitivity in prostate can- 
cer cells [21]. The proteins, p57 and p21, have 

Figure 5. The effect of arsenic trioxide (ATO) and gemcitabine (GEM) on the 
expression of Skp2. (A) The expression of Skp2, and its downstream pro-
teins, p21 and p57, were measured by western blotting of Patu8988 and 
Panc-1 cells treated with either 3 µM ATO or 20 µM GEM, or a combination of 
the two drugs for 48 h. (B) The quantitative results are illustrated in (A). *P < 
0.05 compared with the control; #P < 0.05 compared with ATO alone or GEM 
alone. Both: ATO plus GEM.

ATO and GEM reduce cell mi-
gration in PC cells

In order to examine whether 
ATO and GEM had an additive 
effect in preventing migration 
of Patu8988 and Panc-1 PC 
cells, we conducted wound-
healing assays in cells treat- 
ed with ATO or GEM, or a com-
bination of both drugs. We 
found that the wound closure 
rate was significantly decrea- 
sed in cells treated with ATO 
or GEM compared with that in 
control cells (Figure 3). How- 
ever, cells treated with both 
ATO and GEM showed a re- 
markable decrease in wound 
closure rate compared with 
cells treated with either ATO 
or GEM (Figure 3). Together, 
these results indicated that 
ATO and GEM additively inhib-
ited the migration of PC cells. 

ATO and GEM reduce cell in-
vasion in PC cells

To further confirm the effect 
of ATO and GEM on cell motil-
ity, we measured the cell-inva-
sion ability of PC cells treated 
with either ATO or GEM, or a 
combination of both drugs, 
using a Matrigel invasion ch- 
amber assay. We found that 
both ATO and GEM individ- 
ually retarded cell invasion 
(Figure 4). Furthermore, cells 
treated with both ATO and 
GEM showed an increase in 
the inhibition of invasion rate 
compared with cells treated 
with ATO or GEM alone (Fig- 
ure 4). Together, these data 
indicated that ATO and GEM 
additively inhibited cell inva-
sion in PC cells.
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been identified as downstream substrates of 
Skp2 [9, 22]. Therefore, we used western blot-
ting to investigate the protein expression levels 
of Skp2, p57, and p21 in PC cells treated with 
either ATO or GEM alone, or a combination of 
both drugs. We found that the combined treat-
ment of ATO and GEM caused downregulation 
of Skp2 and upregulation of p57 and p21 to a 
greater degree compared with single drug tre- 
atment (Figure 5).

Discussion

The use of GEM remains the most widely used 
therapy for PC [23]. However, a substantial frac-
tion of patients achieve little clinical benefit 
due to intrinsic or acquired chemoresistance 
[24]. However, there are many possibilities to 
improve the efficacy of GEM by using various 
combinations of other drugs or novel targeted 
therapeutics. In the present study, we investi-
gated the antitumor effect of the combined 
treatment of ATO and GEM in PC cells, and 
found that ATO and GEM had a synergistic anti-
tumor effect via decreased Skp2 expression in 
PC cells.

In our previously study, we reported that ATO 
inhibited cell growth and invasion via downreg-
ulation of Skp2 in PC cells [19]. Skp2 is thou- 
ght to play a pivotal oncogenic role in PC [25]. 
Furthermore, Skp2 is involved in drug resis-
tance in cancer cells. For example, a study has 
reported that Skp2 was closely involved in the 
resistance of osteosarcoma cells to methotrex-
ate, and in the induction of epithelial-mesen-
chymal transition properties [26]. Moreover, 
Huang et al. reported that Skp2 positively regu-
lated MAD2 expression and that inhibition of 
Skp2 sensitized human lung cancer cells to 
paclitaxel treatment [15]. Consistent with these 
findings, we observed that ATO potentiated the 
effects of GEM via the Skp2 pathway in Panc-1 
and Patu8988 PC cells. 

We believe that Skp2 may be a promising thera-
peutic target to overcome PC cell resistance to 
GEM. Further studies will be needed to demon-
strate the molecular mechanism of Skp2 as a 
novel potential therapeutic target when used in 
combination with GEM in PC. In conclusion, our 
study shows that ATO significantly enhanced 
the antitumor effects of GEM in PC cells. Our 
findings may provide a novel strategy for the 
use of this drug combination in the treatment of 
PC patients.
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