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Antitumor activity of curcumin is involved in down-regulation of 
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ABSTRACT

Pancreatic cancer (PC) is one of the most aggressive human malignancies 
worldwide and is the fourth leading cause of cancer-related deaths. Curcumin 
(diferuloylmethane) is a polyphenol derived from the Curcuma longa plant. Certain 
studies have demonstrated that curcumin exerts its anti-tumor function in a variety 
of human cancers including PC, via targeting multiple therapeutically important 
cancer signaling pathways. However, the detailed molecular mechanisms are not fully 
understood. Two transcriptional co-activators, YAP (Yes-associated protein) and its 
close paralog TAZ (transcriptional coactivator with PDZ-binding motif) exert oncogenic 
activities in various cancers. Therefore, in this study we aimed to determine the 
molecular basis of curcumin-induced cell proliferation inhibition in PC cells. First, we 
detected the anti-tumor effects of curcumin on PC cell lines using CTG assay, Flow 
cytometry, clonogenic assay, wound healing assay and Transwell invasion assay. 
We found that curcumin significantly suppressed cell growth, weakened clonogenic 
potential, inhibited migration and invasion, and induced apoptosis and cell cycle 
arrest in PC cells. We further measured that overexpression of YAP enhanced cell 
proliferation and abrogated the cytotoxic effects of curcumin on PC cells. Moreover, 
we found that curcumin markedly down-regulated YAP and TAZ expression and 
subsequently suppressed Notch-1 expression. Collectively, these findings suggest 
that pharmacological inhibition of YAP and TAZ activity may be a promising anticancer 
strategy for the treatment of PC patients.

INTRODUCTION

Pancreatic cancer (PC) is a highly aggressive 
human malignancy worldwide with an extremely poor 
prognosis [1]. For the majority of the PC patients, the 
only therapeutic promise is cytostatic treatment using 
standard chemotherapeutic drugs such as gemcitabine and 
5-FU (5-fluorouracil) or their combination [2]. However, 
the median survival time of PC patients is only about six 
months mostly due to an almost complete chemotherapy 
resistance, and the dismal 5-year survival is currently 

approximately 2% [3]. Therefore, there is a dire need for 
both new biomarkers with prognostic and predictive value 
and newer therapeutic options for this disease.

Natural edible products could be important therapeutic 
agents for the treatment of a lot of human diseases including 
cancer. Among these agents, curcumin, a naturally 
occurring polyphenolic compound of turmeric, has several 
pharmacologic properties under both pre-clinical and 
clinical conditions [4]. Curcumin exhibits its anticancer 
effects against different types of cancer by targeting multiple 
therapeutically important cancer signaling pathways 
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such as Ras, mTOR (mammalian target of rapamycin), 
FOXO1 (forkhead box protein 1), Wnt/β-catenin, PI3K 
(phosphoinosmde-3-kinase) and AKT pathways [5–8]. 
These results revealed that targeting numerous of signaling 
molecules regulated by curcumin could represent a novel 
strategy for the treatment of PC patients.

Two homologous transcriptional co-activators, 
YAP (yes-associated protein) and TAZ (transcriptional 
coactivator with PDZ-binding motif), known as key 
downstream effectors of Hippo signaling pathway, play 
a key role in organ growth control, stem cell function, 
and tissue development and regeneration [9–14]. Upon 
defects in Hippo signaling or other stimuli, YAP and TAZ 
translocate to nucleus and bind to transcription factors 
(e.g., TEAD1-4 (TEA domain family member 1-4), 
ErbB4(receptor tyrosine protein kinase erbB-4), SMAD 
(mother against decapentaplegic homolog 4), and p73), 
promote expression of genes that drive cell proliferation 
and inhibit cell death [12, 15, 16]. In recent years, YAP 
and TAZ have drawn intense attention for their remarkable 
biological properties in cancers [17, 18]. YAP and TAZ are 
deregulated in various human malignancies [16, 19–22]. 
Lysine methyltransferase SETD7 (SET domain containing 
lysine methyltransferase 7)-dependent methylation of 
YAP facilitates Wnt-driven intestinal tumorigenesis and 
regeneration [22]. Activation of TAZ is thought as a 
major event in breast cancer initiation and/or progression, 
[23]. Over-expression of TAZ is directly associated with 
mesenchymal differentiation and high-grade tumors in 
human malignant glioma and breast cancer [23, 24].

In this study, we examined whether YAP and 
TAZ were targets of curcumin in PC cells. We also 
determined whether YAP and TAZ were involved in the 
anti-proliferative function of curcumin. Here, we present 
evidence that curcumin induced cell growth inhibition and 
apoptosis of PC cells. YAP and TAZ were down-regulated 
after curcumin treatment. Moreover, Notch signaling 
was activated by YAP over-expression and restrained by 
YAP inhibition. Our results suggested that inhibition of 
YAP/TAZ and Notch signaling by curcumin could be 
considered for treatment of advanced PC.

RESULTS

The cytotoxic effects of curcumin on PC cells

In order to explore the potential cytotoxic effect of 
curcumin on PC cells, CTG assays and colony formation 
assays were performed. Patu8988 and Panc-1 cells were 
treated with various concentrations of curcumin for 24, 
48 and 72 hours, respectively. CTG assays showed that 
curcumin clearly reduced the growth viability of PC cells 
in the time- and dose-dependent manners in comparison 
with the control (Figure 1A). The half maximal inhibitory 
concentrations (IC50) of curcumin for Patu8988 and Panc-
1 cells at 72 hours were found to around 10μM and 15 μM, 

respectively (Figure 1A). Next, the colony-forming ability 
of curcumin-treated PC cells was investigated. The results 
showed a significant decrease in colony formation upon 
curcumin treatment in a dose-dependent manner (Figure 
1B). Overall, in alignment with CTG data, the results 
from colonogenic assay indicated the cytotoxic effects of 
curcumin on PC cells.

Curcumin induced apoptosis of PC cells

Evidences had showed that curcumin-mediated 
cell growth inhibition could be attributed to the increased 
apoptosis. To investigate whether curcumin triggered 
apoptosis in PC cells, an apoptotic assay was employed. 
PC cells were stained with FITC-labeled Annexin V (green 
fluorescence) and PI (red fluorescence) for apoptosis 
detection. As shown in Figure 2A, Annexin V-FITC/PI 
apoptosis flow cytometric detection showed that curcumin 
treatment triggered cell apoptosis in both Patu8988 and 
Panc-1 cells (Figure 2A). The apoptosis rates were 
increased from 14.94% of control group to 28.34% and 
65.53% of 10 and 15 μM curcumin-treated Patu8988 
cells (Figure 2A). Simultaneously, both Annexin V and 
PI positive staining was observed in curcumin-treated 
Patu8988 cells (Figure 2B). Similar increased apoptosis 
rates were also observed in Panc-1 cells (Figure 2A). 
These results clearly indicated that curcumin significantly 
triggered apoptosis of PC cells, and this apoptotic effect 
was exerted in a dose-dependent manner.

Curcumin induced cell cycle arrest

To investigate whether curcumin could abrogate cell 
cycle progression in PC cells, cell cycle distribution after 
PI staining was analyzed in both Patu8988 and Panc-1 
cells treated with curcumin for 48 hours. We identified an 
increased accumulation of the cell population in the G2/M 
phase from 15.07% with control to 19.59% and 23.75% 
with 10 and 15 μM curcumin treatments in Patu8988 
cells (Figure 2C). Similarly, curcumin treatment caused 
a typical G2/M arrest pattern in Panc-1 cells in a dose-
dependent manner (Figure 2C). These findings showed 
that curcumin treatment could distinctly lead to a G2/M 
phase arrest in PC cells.

Curcumin inhibited cell migration and invasion

We evaluated the effect of curcumin on PC cell 
motility using wound-healing assays and Transwell assay, 
as the capacity of cancer cell migration is considered 
one of the critical processes in the development of tumor 
metastasis. Wound-healing assay demonstrated that 
curcumin treatment significantly led to reduced wound 
closure in both PC cells at the 20-hour time point (Figure 
3A). In accordance with this, curcumin treatment resulted 
in a decreased penetration of PC cells that could invade 
the matrigel-coated chamber (Figure 3B). Moreover, 
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curcumin inhibited PC cells motility in a dose-dependent 
manner (Figure 3B). Taken together, curcumin indeed 
exerts its inhibitory effect on PC cell motility.

Curcumin decreased YAP/TAZ expression

YAP/TAZ has been documented to be involved 
in tumorigenesis. Therefore, we focus on the alterations 
in the cell survival pathway with special emphasis on 
YAP/TAZ to further explore the underlying molecular 
mechanism of the oncogenic functions of curcumin in PC 
cells. Western blotting analysis revealed that YAP and TAZ 
levels were significantly down-regulated in both PC cells 
after curcumin treatment compared with controls (Figure 
3C and Supplementary Figure S1). Emerging evidences 
showed that Notch signaling intersected with YAP/TAZ 

in cancer progression and tumorigenesis. Therefore, 
we detected the expression of Notch-1 in PC cells with 
curcumin treatment. We found a significant inhibitory 
effect of curcumin on Notch-1 expression. Curcumin-
induced down-regulation of YAP/TAZ is involved in the 
decrease of Notch-1. Altogether, curcumin exerts its anti-
cancer property via down-regulation of YAP/TAZ and 
Notch signaling pathway.

Over-expression of YAP promoted cell 
proliferation and reversed the effects of 
curcumin on PC cells

In order to determine whether curcumin exerts its 
anti-tumor activity partly through down-regulation of 

Figure 1: Curcumin inhibited PC cells growth. A. Effect of curcumin on PC cells growth was detected by CTG assay after 
treatment with curcumin for 24, 48 and 72h, respectively. *P < 0.05, **P < 0.01, compared to the control groups (DMSO treatment group). 
B. Clonogenic assay was performed to evaluate the colony formation viability of PC cells treated with curcumin. *P < 0.05, **P < 0.01 vs 
control.
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YAP/TAZ in PC cells, Patu8988 cells and Panc-1 cells 
were transfected with YAP cDNA or empty vector as 
control. We found that over-expression of YAP promoted 
PC cells growth and partly abrogated curcumin-induced 
cell growth inhibition (Figure 4A). We then detected 
whether transfection of YAP cDNA could reverse 
curcumin-induced apoptosis. As expected, over-expressed 

YAP indeed significantly reduced percentage of apoptotic 
cells in Patu8988 cells (Figure 4B). Importantly, over-
expression of YAP reversed curcumin-induced apoptosis 
in Patu8988 cells, which suggested that the apoptosis 
induced by curcumin treatment could be partly due to 
down-regulation of YAP/TAZ. Moreover, we performed 
Transwell assay to verify the contribution of YAP to the 

Figure 2: Curcumin induced PC cells apoptosis and caused cell cycle arrest. A. Cell apoptosis in curcumin-treated PC cells was 
accessed by Flow cytometry. Control: DMSO treatment. B. Apoptotic PC cells were stained with FITC-labeled Annexin V (green fluorescence) 
and PI (red fluorescence) and observed using a fluorescence microscope. C. Curcumin induced PC cell cycle arrest at G2-M Phase.
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invasion potential of PC cell lines. We found that over-
expression of YAP enhanced the invasion abilities in both 
Patu8988 and Panc-1 cells (Figure 4C). Notably, over-
expression of YAP abrogated the inhibitory effects of 
curcumin on cells motility.

Next, wound healing assay was performed 
to verify the contribution of YAP to the migration 
potential of PC cell lines. Enhanced migration abilities 
were observed in both PC cell lines tranfected with 
YAP cDNA (Figure 5A). Over-expression of YAP 

attenuated the inhibitory effects of curcumin on cells 
migration abilities. We further measured the downstream 
targets of YAP following YAP cDNA transfection. The 
results showed that over-expression of YAP activated 
its downstream target Notch-1 (Figure 5B and 5C). 
Moreover, over-expression of YAP reversed the 
inhibitory effect of curcumin on Notch-1 to a certain 
degree. These results suggest that curcumin exerts its 
anticancer function partially by inactivation of YAP/
TAZ and Notch-1 signaling in PC cells.

Figure 3: Curcumin inhibited cell migration and invasion in PC cells and inhibited YAP/TAZ expression. A. The 
inhibitory effect of curcumin on PC cell migration was detected using wound healing assay in Patu8988 cells (upper, left panel) and Panc-
1 cells (under, left panel). Right panel, quantitative results are illustrated for left panels. *P < 0.05, **P < 0.01, vs control group (DMSO 
treatment). B. The inhibitory effect of curcumin on PC cell invasion was detected by Transwell chambers assay in Patu8988 cells (upper, 
left panel) and Panc-1 cells (under, left panel). Right panel, quantitative results are illustrated for left panel. *P < 0.05, **P < 0.01 vs control. 
C. Curcumin inhibited YAP/TAZ and Notch-1 expression at protein levels in Patu8988 cells (left panel) and Panc-1 cells (right panel).
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Down-regulation of YAP by siRNA transfection 
sensitized PC cells to curcumin

We performed viability assays on Patu8988 
and Panc-1 cells again to further explore whether the 
modulation of the YAP/TAZ-Notch-1 signaling axis 
would ultimately lead to cellular susceptibilities to the 
cytotoxicity of curcumin. Both PC cells were transfected 
with YAP siRNA oligonucleotides. The results showed 
that depletion of YAP markedly inhibited cell growth 
(Figure 6A). Combined with curcumin, down-regulation 
of YAP enhanced cell growth inhibition to a greater 
degree compared with curcumin alone or siRNA 
transfection alone. Moreover, we found that Patu8988 

cells were significantly more sensitive to spontaneous and 
curcumin-induced apoptosis upon YAP down-regulation 
(Figure 6B). Further, we identified that down-regulation 
of YAP notably suppressed invasion and migration in 
PC cells (Figure 6C and 7A). Finally, we also found a 
decreased expression of Notch-1 via YAP depletion 
(Figure 7B and 7C). More importantly, curcumin plus 
YAP siRNA inhibited Notch-1 activity to more degree 
compared to curcumin alone or siRNA transfection alone 
(Figure 7B and 7C). Collectively, these results indicated 
that concomitant with curcumin and YAP siRNA not only 
synergistically enhanced curcumin-induced cytotoxicity in 
both cell lines but also rendered PC cells more susceptible 
to curcumin.

Figure 4: Overexpression of YAP triggered cell proliferation, abrogated cell apoptosis and promoted cell invasion in 
PC cells. A. The effect of YAP overexpression in combination with curcumin treatment on PC cell growth was detected by CTG assay. 
Control: pcDNA3.1 transfection; Both: YAP cDNA+Curcumin. *P < 0.05, compared with control; # P < 0.05 compared with curcumin 
treatment or YAP cDNA transfection. B. Cell apoptosis was accessed by Flow cytometry. C. Cell invasion was detected by Transwell 
chambers assay. *P < 0.05, compared with control; # P < 0.05 compared with curcumin treatment or YAP cDNA transfection.
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DISCUSSION

In the present study, we showed the cytotoxic 
effects of curcumin on PC cell lines. We found that 
curcumin significantly suppressed cell proliferation and 
promoted cell apoptosis in a dose-dependent manner in 
both Patu8988 and Panc-1 cells. Next, we demonstrated 
that curcumin induced a typical G2/M phase arrest in 

both PC cells. We further identified an evident inhibition 
of cell migration and invasion in curcumin treated PC 
cells. Moreover, down-regulation of YAP and TAZ 
proteins were observed in PC cells treated with curcumin. 
Mechanistically, Notch-1, one of YAP/TAZ targets, was 
also suppressed, suggesting an intersection of YAP/TAZ 
and Notch signaling might contribute to the cytotoxic 
effects of curcumin on PC cells.

Figure 5: Overexpression of YAP enhanced PC cells migration. A. Left panel, PC cells migration after YAP cDNA transfection 
and curcumin treatment was detected by wound healing assay. Control: pcDNA3.1 transfection; Both: YAP cDNA+Curcumin. Right panel, 
Quantitative results are illustrated for left panel. B. The expression of YAP and Notch-1 was measured in YAP cDNA-transfected PC cells 
treated with curcumin. C. Quantitative results were illustrated for panel B. *P < 0.05, compared with control; # P < 0.05 compared with 
curcumin treatment or YAP cDNA transfection.
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Multiple studies have underscored the importance 
of YAP/TAZ in gastrointestinal tissue tumorigenesis, 
including PC. YAP and TAZ are present in normal 
pancreatic centroacinar and ductal cells, and are 
upregulated in cancer cells. In particular, YAP and TAZ 
are expressed at high levels in the activated stellate 
cells of pancreatic ductal adenocarcinoma patients [25]. 
These findings supported a critical role of YAP and TAZ 
in modulating pathogenesis of pancreatic diseases. The 
human adenocarcinoma-associated gene, AGR2 (anterior 
gradient 2), induces expression of amphiregulin through 
activation of YAP1 in PC [26]. Zhang and his colleague 
demonstrated that YAP1 was identified as a critical 

and functional downstream which plays a role in the 
oncogenic switch between K-RAS pathway and MAPK 
(mitogen activated protein kinase) pathway in PC [27]. 
A recent study reveals that activated YAP interacted with 
TEAD2 and E2F transcription factors, leading to bypass 
of oncogenic Kras addiction in PC [28]. Jagged-1 and 
Notch-2 were identified as direct YAP–TEAD target 
genes when YAP was ectopic activated in the adult liver. 
Hes-1, one of Notch targets, was up-regulated due to 
the hepatocyte-specific over-expression of YAP [29]. 
Additionally, increased abundance of total YAP and 
pancreatic progenitor cells markers—Hes-1 and Sox-
9—were observed in the mutant pancreata of Mst1/Mst2 

Figure 6: Knockdown of YAP inhibited cell proliferation, promoted cell apoptosis and inhibited cell invasion in PC 
cells. A. The effect of down-regulated YAP in combination with curcumin treatment on PC cell growth was detected by CTG assay. 
Control: non-specific control siRNA; Both: YAP siRNA+Curcumin. B. Cell apoptosis was accessed by Flow cytometry. C. Cell invasion 
was detected by Transwell chambers assay. *P < 0.05, compared with control; # P < 0.05 compared with curcumin treatment or YAP siRNA 
transfection.
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double knockout mice [30]. YAP1 and TAZ controlled PC 
initiation in mice by direct up-regulation of JAK–STAT3 
signaling [31]. Noteworthy, emerging data showed that 
YAP1 is negatively regulated by miR-141 [32], miR-375 
[33] and miR-181c [34], which serves an independent 
prognostic factor for PC patients and functions as tumor 
suppressors. Moreover, miR-181c directly repressed 
MST1 (mammalian STE20-like protein kinase 1), 

LATS2 (large tumor suppressor 2), MOB1 (MOB kinase 
activator 1) and SAV1 (Salvador homologue 1), leading 
to YAP/TAZ activation and subsequent promotion of PC 
cell survival and chemoresistance both in vitro and in 
vivo [34]. YAP/TAZ functions as a signaling nexus and 
integrator of several other prominent signaling pathways, 
suggesting that pharmacological inhibition of YAP and 
TAZ activity may provide an effective anticancer strategy.

Figure 7: Knockdown of YAP inhibited PC cells migration. A. Left panel, PC cells migration after YAP siRNA transfection and 
curcumin treatment was detected by wound healing assay. Control: non-specific control siRNA; Both: YAP siRNA+Curcumin. Right panel, 
Quantitative results are illustrated for left panel. B. The expression of YAP and Notch-1 was measured in YAP siRNA-transfected PC cells 
treated with curcumin. C. Quantitative results were illustrated for panel B. *P < 0.05, compared with control; # P < 0.05 compared with 
curcumin treatment or YAP siRNA transfection.
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Small-molecule inhibitors and activators of 
Hippo signaling have been identified by cell based high 
throughput screening. Actually, more than 100 compounds 
were identified from a screen of approximately 3300 
FDA (food and drug administration) approved drugs for 
inhibitors of the nuclear localization and transcriptional 
activity of YAP [35]. Among these inhibitors, dobutamine 
was identified to prevent nuclear accumulation of YAP and 
YAP-mediated transcriptional activation in osteoblastoma 
and HEK293 cells [36]. Verteporfin (VP) was found to 
bind to YAP in vitro and to inhibit the interaction of YAP 
with TEAD [35]. And VP was effective in delaying tumor 
progression in a NF2-depleted mouse liver model. VP also 
suppressed liver overgrowth caused by over-expression of 
YAP in this model. However, future studies will be needed 
to determine whether these drugs are effective in other 
cancer models. More importantly, efforts will be made to 
determine whether these compounds are effective in the 
treatment of established cancers. Additionally, the affinity 
of these compounds for YAP/TAZ should be considered.

Curcumin was reported to exhibit its anticancer 
effects against different types of cancer, including PC, 
by targeting multiple therapeutically important cancer 
signaling pathways. Curcumin promoted KLF5 (krueppel-
like 5) proteasome degradation via down-regulating YAP/
TAZ in bladder cancer cells [21]. Previous study had 
demonstrated that curcumin-induced down-regulation of 
Notch-1 is associated with the inhibition of cell growth 
in lung cancer cells [37]. Noteworthy, in contract with 
other cytotoxic drugs, curcumin has minimal toxicity and 
is safety at high dose by human clinical trials [38, 39].
Therefore, suppression of YAP/TAZ and Notch signaling 
by curcumin could provide a promising therapeutic 
strategy for the treatment of PC patients. However, 
therapeutic use of curcumin is hampered due to its rapid 
metabolism and poor absorption [40]. Undoubtedly, both 
aggrandize the bioavailable efficiency and/or improve 
delivery methods of curcumin are required to overcome 
the blood-brain barrier in therapeutic use. In addition, 
further studies will be necessary to determine detailed 
mechanism which curcumin exerts its anti-cancer function 
through inhibiting YAP/TAZ and Notch signaling in PC.

MATERIALS AND METHODS

Cell culture

The PC cell lines Patu8988 and Panc-1 were 
maintained in GIBCO®DMEM (Thermo Fisher Scientific, 
USA) supplemented with 10% FBS (HyClone, USA) and 
1% Penicillin-Streptomycin (Thermo Fisher Scientific, 
USA) in a 5% CO2 atmophere at 37°C.

Cell viability assay

The Patu8988 and Panc-1 cells (4×103) were seeded 
in a 96-well plate. After an overnight culture, cells were 

treated with different concentrations of curcumin for 48 
h and 72 h. Curcumin (CAS number 458-37-7, 99.5% 
purity) was obtained from Sigma-Aldrich (St. Louis, MO). 
Cells were treated with 0.1% DMSO as the control group. 
CellTiter-Glo Luminescent Cell Viability Assay (CTG, 
Promega) was carried out by following the manufacture’s 
instruction. Independent experiments were repeated in 
triplicate.

Clonogenic assay

3×105 per well Patu8988 and Panc-1 cells were 
plated in 6-well plates and incubated overnight. After 
about 72 h exposures to different concentrations of 
curcumin, the viable cells were collected and counted. 
3,000 collected PC cells were seeded into a 100 mm 
dish and subsequently incubated for 21 days at 37°C in 
a humidified 5% CO2 atmosphere. All the colonies were 
stained with 2% crystal violet to examine the survival of 
cells treated with curcumin.

Cell apoptosis analysis

Patu8988 and Panc-1 cells were first seeded at a 
density of 3 × 105 cells/well in 6-well plates and allowed 
to incubate at 37 °C overnight. After treatment with 
various concentrations of curcumin for the indicated 
time intervals, cells were trypsinized and harvested by 
centrifugation. The collected cells were washed with PBS, 
and resuspended in 500 μl of binding buffer containing 
5 μl Propidium iodide (PI) and 5 μl annexin V-FITC for 
15 min under dark conditions. Then, all of the samples 
were analyzed immediately using a FACS calibur flow 
cytometer (BD, USA) to detect the apoptosis induced by 
curcumin treatment. Curcumin triggered apoptosis of PC 
cells were also observed under a fluorescence microscope.

Cell cycle analysis

To determine the effect of curcumin on the cell 
cycle, PC cells were seeded at a density of 3×105 cells/well 
in 6-well titer plates and incubated at 37 °C overnight. 
Then, the cells were exposed to indicated concentration 
of curcumin for 48h. Cells were collected and fixed with 
ice-cold 70% (v/v) ethanol and kept at 4°C overnight. 
Thereafter, cells were collected and washed with PBS. 
The cell pellets were re-suspended and stained in PBS 
containing 0.1mg/ml RNase I and 50 mg/ml PI for 30 min 
at room temperature. Cell distribution across the cell cycle 
was determined with a FACScalibur flow cytometer (BD, 
USA).

Wound healing assay

Patu8988 and Panc-1 cells were seeded in 6-well 
plates at the concentration of 2×106 cells per well and 
incubated at 37 °C overnight. Cell monolayers that 
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converged almost 100% were wounded with a sterile 
100 μl pipette tip. Remove detached cells from the plates 
carefully with PBS and add DMEM. PC cells were left 
either untreated or stimulated with the indicated doses 
of curcumin. After the incubation for 20h, medium 
was replaced with PBS and the scratched areas were 
photographed using an Olympus microscope.

Transwell invasion assay

Cell invasive capacity was determined using 
a Transwell chamber (8μm pore size, Corning) 
with Matrigel (BD Biosciences) according to the 
manufacturer's instructions. Briefly, suitable amount of 
PC cells treated with curcumin or YAP transfection or 
combination were placed on each upper chamber in 200 
μL of serum-free DMEM plus 0.1% DMSO or transfection 
control. In the lower chamber, 500 μL of complete 
medium (containing10% FBS) was added with the same 
concentration of curcumin. After 24h of incubation at 37°C 
in 5% CO2, cells in the upper surface of the membranes 
were removed. The cells that had migrated through the 
pores and attached on the underside of the membrane 
were stained with Wright’s-Giemsa. At least six randomly-
selected images were counted and the average number of 
stained cells represented the relative invasion.

Transfection

PC cells (3 ×105 cells/well) were grown in 6-well 
plates, exposed to certain concentration of curcumin 
and transfected with YAP cDNA or YAP siRNA or 
empty vector using lipofectamine 2000 according to the 
manufacturer’s instructions. YAP siRNA oligonucleotides 
were purchased from GenePharma (Shanghai, China): 
sense 5′-GGU GAU ACU AUC AAC CAA ATT-3′; 
antisense 5′-UUU GGU UGA UAG UAU CAC CTT-3′.

Western blotting analysis

Cells were harvested and lysed in cell lysis buffer 
(Cell Signaling Technology, Danvers, MA, USA), 
quantified and heated for 5 min at 100°C. Equal amount 
of denatured protein samples were decentralized on a 
SDS-polyacrylamide gel and then transferred onto a 
PVDF membrane. Specific primary antibody was added 
to the membrane and then incubated at 4°C overnight. 
After washed 3 times with TBST, the membrane was then 
incubated with horseradish peroxidase–conjugated second 
antibody at room temperature for 1 hour. The protein 
bands were subsequently visualised using ECL reagents 
(Pierce, Rockford, IL, USA). Antibodies against YAP/TAZ 
(recognizes endogenous levels of total YAP and TAZ) and 
Notch1 (recognizes intracellular domain of Notch1) were 
purchased from Cell Signaling Technology (Danvers, MA, 
USA). The membranes were stripped with 0.2M NaOH 
and reprobed with tubulin primary antibody (Sigma-

Aldrich, St. Louis, MO, USA) as the loading control. 
ImageJ software was used to calculate the ensitometric 
quantification of the bands. The results were presented as 
fold change relative to the control after normalization with 
tubulin.

Statistical analysis

All data analyses were expressed as mean ± SD of 
triplicates. Statistical analysis of data was conducted using 
GraphPad Prism 4.0 (Graph Pad Software, La Jolla, CA). 
Differences between each group of values and its control 
group were evaluated by the 2-tailed Student's t test and 
differences with a p<0.05 were considered significant.

ACKNOWLEDGMENTS

This work was supported by grant from National 
Natural Science Foundation of China (NSFC number 
81572936) and the priority academic program 
development of Jiangsu higher education institutions.

CONFLICTS OF INTEREST

There is no conflicts of interest.

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA 
Cancer J Clin. 2016; 66:7-30.

2. Michl P, Gress TM. Current concepts and novel targets in 
advanced pancreatic cancer. Gut. 2013; 62:317-326.

3. Ramfidis VS, Psyrri A, Syrigos KN, Saif MW. First line 
treatment for metastatic pancreatic adenocarcinoma: 
looking for the step forward. JOP. 2014; 15:286-288.

4. Prasad S, Tyagi AK, Aggarwal BB. Recent developments 
in delivery, bioavailability, absorption and metabolism of 
curcumin: the golden pigment from golden spice. Cancer 
Res Treat. 2014; 46:2-18.

5. Pattanayak R, Basak P, Sen S, Bhattacharyya M. Interaction 
of KRAS G-quadruplex with natural polyphenols: A 
spectroscopic analysis with molecular modeling. Int J Biol 
Macromol. 2016; 89:228-237.

6. Zhao Z, Li C, Xi H, Gao Y, Xu D. Curcumin induces 
apoptosis in pancreatic cancer cells through the induction of 
forkhead box O1 and inhibition of the PI3K/Akt pathway. 
Mol Med Rep. 2015; 12:5415-5422.

7. Bimonte S, Barbieri A, Leongito M, Piccirillo M, Giudice 
A, Pivonello C, de Angelis C, Granata V, Palaia R, Izzo 
F. Curcumin AntiCancer Studies in Pancreatic Cancer. 
Nutrients. 2016; 8.

8. Bortel N, Armeanu-Ebinger S, Schmid E, Kirchner B, Frank 
J, Kocher A, Schiborr C, Warmann S, Fuchs J, Ellerkamp 
V. Effects of curcumin in pediatric epithelial liver tumors: 
inhibition of tumor growth and alpha-fetoprotein in vitro 



Oncotarget79087www.impactjournals.com/oncotarget

and in vivo involving the NFkappaB- and the beta-catenin 
pathways. Oncotarget. 2015; 6:40680-40691. doi: 10.18632/
oncotarget.5673.

9. Halder G, Johnson RL. Hippo signaling: growth control and 
beyond. Development. 2011; 138:9-22.

10. Ramos A, Camargo FD. The Hippo signaling pathway and 
stem cell biology. Trends Cell Biol. 2012; 22:339-346.

11. Hong W, Guan KL. The YAP and TAZ transcription 
co-activators: key downstream effectors of the mammalian 
Hippo pathway. Semin Cell Dev Biol. 2012; 23:785-793.

12. Li CY, Hu J, Lu H, Lan J, Du W, Galicia N, Klein OD. 
alphaE-catenin inhibits YAP/TAZ activity to regulate 
signalling centre formation during tooth development. Nat 
Commun. 2016; 7:12133.

13. Moroishi T, Hansen CG, Guan KL. The emerging roles of 
YAP and TAZ in cancer. Nat Rev Cancer. 2015; 15:73-79.

14. Hong AW, Meng Z, Guan KL. The Hippo pathway in 
intestinal regeneration and disease. Nat Rev Gastroenterol 
Hepatol. 2016; 13:324-337.

15. Dong J, Feldmann G, Huang J, Wu S, Zhang N, Comerford 
SA, Gayyed MF, Anders RA, Maitra A, Pan D. Elucidation 
of a universal size-control mechanism in Drosophila and 
mammals. Cell. 2007; 130:1120-1133.

16. Marti P, Stein C, Blumer T, Abraham Y, Dill MT, Pikiolek 
M, Orsini V, Jurisic G, Megel P, Makowska Z, Agarinis 
C, Tornillo L, Bouwmeester T, et al. YAP promotes 
proliferation, chemoresistance, and angiogenesis in human 
cholangiocarcinoma through TEAD transcription factors. 
Hepatology. 2015; 62:1497-1510.

17. Piccolo S, Cordenonsi M, Dupont S. Molecular pathways: 
YAP and TAZ take center stage in organ growth and 
tumorigenesis. Clin Cancer Res. 2013; 19:4925-4930.

18. Johnson R, Halder G. The two faces of Hippo: targeting 
the Hippo pathway for regenerative medicine and cancer 
treatment. Nat Rev Drug Discov. 2014; 13:63-79.

19. Harvey KF, Zhang X, Thomas DM. The Hippo pathway and 
human cancer. Nat Rev Cancer. 2013; 13:246-257.

20. Tschaharganeh DF, Chen X, Latzko P, Malz M, Gaida 
MM, Felix K, Ladu S, Singer S, Pinna F, Gretz N, Sticht 
C, Tomasi ML, Delogu S, et al. Yes-associated protein 
up-regulates Jagged-1 and activates the Notch pathway in 
human hepatocellular carcinoma. Gastroenterology. 2013; 
144:1530-1542 e1512.

21. Gao Y, Shi Q, Xu S, Du C, Liang L, Wu K, Wang K, 
Wang X, Chang LS, He D, Guo P. Curcumin promotes 
KLF5 proteasome degradation through downregulating 
YAP/TAZ in bladder cancer cells. Int J Mol Sci. 2014; 
15:15173-15187.

22. Oudhoff MJ, Braam MJ, Freeman SA, Wong D, Rattray 
DG, Wang J, Antignano F, Snyder K, Refaeli I, Hughes MR, 
McNagny KM, Gold MR, Arrowsmith CH, et al. SETD7 
Controls Intestinal Regeneration and Tumorigenesis by 
Regulating Wnt/beta-Catenin and Hippo/YAP Signaling. 
Dev Cell. 2016; 37:47-57.

23. Cordenonsi M, Zanconato F, Azzolin L, Forcato M, Rosato 
A, Frasson C, Inui M, Montagner M, Parenti AR, Poletti 
A, Daidone MG, Dupont S, Basso G, et al. The Hippo 
transducer TAZ confers cancer stem cell-related traits on 
breast cancer cells. Cell. 2011; 147:759-772.

24. Bhat KP, Salazar KL, Balasubramaniyan V, Wani K, 
Heathcock L, Hollingsworth F, James JD, Gumin J, 
Diefes KL, Kim SH, Turski A, Azodi Y, Yang Y, et al. The 
transcriptional coactivator TAZ regulates mesenchymal 
differentiation in malignant glioma. Genes Dev. 2011; 
25:2594-2609.

25. Morvaridi S, Dhall D, Greene MI, Pandol SJ, Wang Q. 
Role of YAP and TAZ in pancreatic ductal adenocarcinoma 
and in stellate cells associated with cancer and chronic 
pancreatitis. Sci Rep. 2015; 5:16759.

26. Dong A, Gupta A, Pai RK, Tun M, Lowe AW. The 
human adenocarcinoma-associated gene, AGR2, induces 
expression of amphiregulin through Hippo pathway 
co-activator YAP1 activation. J Biol Chem. 2011; 
286:18301-18310.

27. Zhang W, Nandakumar N, Shi Y, Manzano M, Smith A, 
Graham G, Gupta S, Vietsch EE, Laughlin SZ, Wadhwa M, 
Chetram M, Joshi M, Wang F, et al. Downstream of mutant 
KRAS, the transcription regulator YAP is essential for 
neoplastic progression to pancreatic ductal adenocarcinoma. 
Sci Signal. 2014; 7:ra42.

28. Kapoor A, Yao W, Ying H, Hua S, Liewen A, Wang Q, 
Zhong Y, Wu CJ, Sadanandam A, Hu B, Chang Q, Chu 
GC, Al-Khalil R, et al. Yap1 activation enables bypass of 
oncogenic Kras addiction in pancreatic cancer. Cell. 2014; 
158:185-197.

29. Yimlamai D, Christodoulou C, Galli GG, Yanger K, Pepe-
Mooney B, Gurung B, Shrestha K, Cahan P, Stanger BZ, 
Camargo FD. Hippo pathway activity influences liver cell 
fate. Cell. 2014; 157:1324-1338.

30. Gao T, Zhou D, Yang C, Singh T, Penzo-Mendez A, 
Maddipati R, Tzatsos A, Bardeesy N, Avruch J, Stanger BZ. 
Hippo signaling regulates differentiation and maintenance 
in the exocrine pancreas. Gastroenterology. 2013; 
144:1543-1553.

31. Gruber R, Panayiotou R, Nye E, Spencer-Dene B, Stamp 
G, Behrens A. YAP1 and TAZ Control Pancreatic Cancer 
Initiation in Mice by Direct Up-regulation of JAK-STAT3 
Signaling. Gastroenterology. 2016; 151:526-539.

32. Zhu ZM, Xu YF, Su QJ, Du JD, Tan XL, Tu YL, Tan 
JW, Jiao HB. Prognostic significance of microRNA-141 
expression and its tumor suppressor function in human 
pancreatic ductal adenocarcinoma. Mol Cell Biochem. 
2014; 388:39-49.

33. Zhang ZW, Men T, Feng RC, Li YC, Zhou D, Teng CB. 
miR-375 inhibits proliferation of mouse pancreatic 
progenitor cells by targeting YAP1. Cell Physiol Biochem. 
2013; 32:1808-1817.



Oncotarget79088www.impactjournals.com/oncotarget

34. Chen M, Wang M, Xu S, Guo X, Jiang J. Upregulation of 
miR-181c contributes to chemoresistance in pancreatic cancer 
by inactivating the Hippo signaling pathway. Oncotarget. 
2015; 6:44466-44479. doi: 10.18632/oncotarget.6298.

35. Liu-Chittenden Y, Huang B, Shim JS, Chen Q, Lee SJ, 
Anders RA, Liu JO, Pan D. Genetic and pharmacological 
disruption of the TEAD-YAP complex suppresses the 
oncogenic activity of YAP. Genes Dev. 2012; 26:1300-1305.

36. Bao Y, Nakagawa K, Yang Z, Ikeda M, Withanage K, 
Ishigami-Yuasa M, Okuno Y, Hata S, Nishina H, Hata 
Y. A cell-based assay to screen stimulators of the Hippo 
pathway reveals the inhibitory effect of dobutamine on 
the YAP-dependent gene transcription. J Biochem. 2011; 
150:199-208.

37. Wu GQ, Chai KQ, Zhu XM, Jiang H, Wang X, Xue Q, 
Zheng AH, Zhou HY, Chen Y, Chen XC, Xiao JY, Ying 

XH, Wang FW, et al. Anti-cancer effects of curcumin 
on lung cancer through the inhibition of EZH2 and 
NOTCH1. Oncotarget. 2016; 7:26535-26550. doi: 10.18632/ 
oncotarget.8532.

38. Gupta SC, Kismali G, Aggarwal BB. Curcumin, a 
component of turmeric: from farm to pharmacy. Biofactors. 
2013; 39:2-13.

39. Yang C, Su X, Liu A, Zhang L, Yu A, Xi Y, Zhai G. 
Advances in clinical study of curcumin. Curr Pharm Des. 
2013; 19:1966-1973.

40. Parsons HA, Baracos VE, Hong DS, Abbruzzese J, Bruera 
E, Kurzrock R. The effects of curcumin (diferuloylmethane) 
on body composition of patients with advanced pancreatic 
cancer. Oncotarget. 2016; 7:20293-20304. doi: 10.18632/
oncotarget.7773.


