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Abstract

Background Pancreatic cancer (PC) carries frequent

chemoresistance and extremely dismal prognosis. The

underlying mechanisms remain to be further elucidated.

We here report the role of Notch1 in gemcitabine resistance

and its prognostic significance in PC.

Methods A small interfering RNA (siRNA) specifically

targeting Notch1 was transiently transfected into three PC

cell lines (AsPC-1, BxPC-3, and MIA PaCa-2), followed

by examination of chemosensitivity to gemcitabine. On the

other hand, Notch1 expression was evaluated immunohis-

tochemically and correlated with clinicopathological and

prognostic variables.

Results Successful knockdown of Notch1 by specific

siRNA induced increased chemosensitivity to gemcitabine

in all three cell lines. Immunohistochemical staining

revealed that Notch1 was highly expressed in PC tissues

(54.8 %), in contrast to that in para-tumor tissues (16.4 %).

In addition, Notch1 positivity was significantly correlated

with early-term metastasis and shortened overall survival.

Multivariate Cox regression identified Notch1 as an inde-

pendent prognostic factor.

Conclusions Notch1 contributes to chemoresistance to

gemcitabine, and serves as a significant indicator of unfa-

vorable prognosis in PC.

Introduction

Pancreatic cancer (PC) is one of the most fatal malignan-

cies, because of its rapid invasiveness and progression. By

2010, PC had become the fourth leading cause of cancer-

related mortality [1]. Radical surgical resection is the only

hope for cure and prolonged survival; however, only

10–20 % of all patients have the chance to accept poten-

tially curative surgery [2, 3]. Therefore, palliative chemo-

therapy remains an option for patients with unresectable

PC [4]. Since 1997, when a phase III trial demonstrated a

modest benefit in survival and alleviation of symptoms,

gemcitabine (GEM) has been considered a first-line treat-

ment for patients with advanced PC [5]. Unfortunately, the

low response rate of GEM caused by inherent and acquired

chemotherapy resistance has limited its applications and is

a major reason for the gloomy outcome of PC [6]. So far,

less is known about how chemoresistance to GEM exactly

occurs, although numerous investigations have been

conducted.

The Notch signaling pathway plays a pivotal role in a

line of cell phenotypes, such as differentiation, prolifera-

tion, and apoptosis [7]. The mammalian Notch receptor

family consists of four type I transmembrane receptors

(Notch1–4), all of which have been implicated in human
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cancer [8]. After binding of the receptors to their ligands,

the c-secretase complex mediates cleavage of the trans-

membrane domain of the Notch receptor to release the

intracellular domain of the Notch receptor (NICD). Then,

NICD translocates into the nucleus and works as a tran-

scriptional coactivator, thus regulating the expression of

target genes, including the hairy enhancer of split (Hes)

and the Hes-related (Hey) family. At present there is

increasing evidence concerning aberrant Notch signaling in

many solid malignancies [8, 9]. In PC, many investigations

have suggested that Notch signaling contributes to tumor

initiation, growth, invasion, and apoptosis inhibition in

both cell lines and animal models [10–18]. However, the

function of Notch1 protein in PC is still controversial,

because different—even opposite—effects have also been

indicated [19, 20]. In particular, the relationship between

Notch1 and the sensitivity of GEM in PC remains to be

clarified. It has been reported that Notch1 accumulated in

PC specimens, but no association with clinicopathological

features was found [11, 21]. Furthermore, its prognostic

significance remains to be elucidated.

In the present study, we aimed to explore the role of

Notch1 in GEM chemoresistance and its prognostic sig-

nificance in PC.

Materials and methods

Cell culture

Human pancreatic cancer cell lines, AsPC-1, BxPC-3, and

MIA PaCa-2 (kind gifts from Professor Helmut Freiss,

Heidelberg University, Germany) were maintained in an

atmosphere with 5 % CO2 at 37 �C in Dulbecco’s Modified

Eagle Medium (DMEM) or Rosewell Park Memorial

Institute 1640 (RPMI 1640) medium (Hyclone, Thermo

Fisher Scientific Inc, Waltham, MA) supplemented with

10 % fetal bovine serum (FBS; Hyclone).

Transfection of siRNA and GEM treatment

Cells were seeded into 6-well plates at 5 9 105 cells per

well, then transiently transfected with Notch1 and control

siRNA (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)

at 80 pmol for 48 h, using lipofectamine 2000 (Invitrogen,

Carlsbad, CA). Then, GEM was added at three concen-

trations (1 mmol/L, 1 lmol/L, 1 nmol/L) for 48 h.

Quantitative real-time polymerase chain reaction (PCR)

Total RNA, extracted from the tested cells, was isolated by

Trizol reagent (Invitrogen) according to the protocols of

the manufacturer. Total RNA (2 mg) was subjected to

cDNA synthesis with the Progema Reverse Transcription

Systems (A3500, Promega, Madison, WI) in a total volume

of 20 ll. The reverse transcription reaction was started at

42 �C for 15 min, followed by 95 �C for 5 min and 4 �C

for 5 min. Real-time PCR performed with the TaqMan

Gene Expression Assay (Notch1: Hs00413187_m1; GAP-

DH: Hs99999905_m1. Applied Biosystems) was under-

taken with TaqMan Gene Expression Master Mix (Applied

Biosystems) in triplicate with a 7500 Fast Real-Time PCR

System (Applied Biosystems). The reaction conditions

were as follows: 95 �C for 10 min, 40 cycles at 95 �C for

15 s, and 40 cycles at 60 �C for 1 min. A comparative CT

method (2-DDCT) was used to analyze the relative quanti-

tative expression level of genes.

Protein immunoblot assay

Total protein lysates were separated by 8–10 % Tris–gly-

cine gel electrophoresis and transferred onto a polyvinyli-

dene difluoride (PVDF) membrane (Millipore, Billerica,

MA). After blocking with 5 % non-fat dry milk, proteins

were incubated with the primary antibodies (Hes-1 and b-

actin; Santa Cruz) overnight at 4 �C. Subsequently, the

membrane was incubated with appropriate horseradish

peroxidase-conjugated secondary antibodies at room tem-

perature. Protein bands were visualized by an ECL kit

(Millipore), and b-actin was used as the internal control.

Cell growth inhibition assay

Cell growth was determined with a cell count kit (CCK-8).

After incubation for 3 h with cell culture medium con-

taining CCK-8 reagent, absorbance at 450 nm was detected

with a microplate enzyme-linked immunosorbent assay

reader (Wellscan MK3, Thermo/Labsystems, Helsinki,

Finland). Inhibition rate, as the effect marker of treatments,

was then calculated.

Patients and specimens

The matched tumor and adjacent normal tissues were col-

lected from patients with pancreatic ductal adenocarcinoma

(PDAC) who underwent surgical resection in our institu-

tion from September 2007 to July 2009. In total, 73 patients

(41 men and 32 women) were enrolled in this study; the

median age of the patients was 63 years (range:

38–80 years). TNM (Tumor-Node-Metastasis) staging

produced the following results: stage I, 7 cases; stage II, 54

cases; stage III, 5 cases; and stage IV, 7 cases. Follow-up

data were obtained in 67 patients (median: 12 months;

range: 2–34 months). Of 55 patients who underwent

curative resection 26 developed postoperative recurrence,

and 11 received GEM-based chemotherapy after
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recurrence. Early-term metastasis (defined as metastasis

within 3 months after surgery), overall survival (OS), and

disease-free survival (DFS) served as endpoints. The

institutional ethics committee gave approval for the study.

Immunohistochemical staining and results assessment

Immunohistochemical staining for Notch1 was performed

in paraffin-embedded specimens from 73 patients with

PDAC. Rabbit anti-human Notch1 polyclonal antibody

(ab27526, Abcam, Cambridge, UK) and Power Vision two-

step staining kit (PV-6001, Beijing Zhongshan Biotech Co,

China) were used for staining. All sections were depa-

raffinized in xylene and dehydrated through a gradient

concentration of alcohol before endogenous peroxidase

activity was blocked with 3 % H2O2 in methanol for

10 min. Antigen retrieval was performed by both micro-

wave and incubation with 0.1 % trypsin. The primary

antibody at a dilution of 1:200 was incubated overnight at

4 �C. After washing in phosphate buffered saline (PBS)

three times, horseradish peroxidase (HRP)-labeled sec-

ondary antibody was added for an incubation of 30 min at

37 �C. Diaminobenzidine was adopted as a chromogen.

Finally, slides were counterstained with hematoxylin.

Preimmune rabbit serum at the same dilution was used as

the negative control. The immunoreactivity of Notch1 was

evaluated independently by two pathologists (Q.C.C. and

J.S.). Cytoplasmic immunoreactivity was considered posi-

tive when the specific staining was observed in more than

10 % of the cells, as previously reported [22].

Statistical analysis

Data regarding continuous variables were presented as

mean ± standard deviation (SD). An independent sample

t test was used for continuous variables, and either the Chi

square test or Fisher’s exact test (two-sided) was used for

categorical variables. Patient survival was calculated by the

Kaplan–Meier method and compared with the log rank test.

Cox regression (proportional hazard model) was adopted

for multivariate analysis. Statistical software SPSS 13.0

(SPSS Inc, Chicago, IL) was employed for all analyses. A

statistically significant p value was defined as a value of

\0.05.

Results

Knockdown of Notch1 enhanced chemosensitivity

to gem in pc cell lines

RNA interference that specifically targets to Notch1 was

used. Transfection with Notch1 siRNA for 48 h in three

cell lines successfully decreased the expressions of Notch1

and Hes-1, compared with that of control siRNA (Fig. 1a,

b). After transfection, cells were treated with GEM at

various concentrations (1 mmol/L, 1 lmol/L, 1 nmol/L)

for an additional 48 h. In AsPC-1 and MIAPaCa-2 cells,

inhibition rates were significantly increased in the Notch1

siRNA group at both 1 mmol/L and 1 lmol/L concentra-

tions of GEM, compared with those in the control group

(Fig. 1c). In contrast, no difference was observed at the

level of 1 nmol/L. In BxPC-3 cells, significantly higher

inhibition rates have been present in all three concentra-

tions of GEM in the Notch1 siRNA group (Fig. 1c). On the

other hand, Notch1 siRNA, compared with control siRNA,

did not result in statistically changed inhibition rates

(Fig. S1).

Expression and significances of Notch1 in PDAC

The Notch1 specific staining signal is located primarily in

the cytoplasm of tumor cells. Positive staining of Notch1

was detected in tumor tissues from 40 patients (54.8 %;

Fig. 2 b–d). It was also strongly expressed in tumor tissues

with perineural invasion (Fig. 2e). In contrast, Notch1

staining was negative in 61 paratumoral tissue samples

(83.6 %; Fig. 2a), with a positive rate significantly less

than that in tumor tissues (p = 0.001). Among the 11

patients who received GEM-based chemotherapy after

recurrence, 5 out of 7 with tumors carrying positive Notch1

expression showed progression of disease after the treat-

ment, whereas 1 of 4 patients with tumors in which Notch1

expression was negative did not reach tumor control

(p = 0.242; Fisher’s exact test).

With either the Chi square test or Fisher’s exact test, no

clinicopathological parameters including gender, age,

tumor location, pathological T stage, N stage, and tumor

differentiation grade were associated with Notch1 expres-

sion in tumor cells (Table 1).

For the endpoints, Notch1 expression significantly cor-

related with early-term metastasis (6/34 vs 0/33;

p = 0.029). Besides, a statistically significant difference of

overall survival was found in PDAC patients between

positive and negative staining of Notch1 in tumor cells

(Table 2). The median survival for negative Notch1

expression was 22 months, whereas that for those with

positive expression was 13 months. Kaplan–Meier survival

curves showed that patients with positive Notch1 staining

had an obviously poorer OS (Fig. 3). In addition, OS was

significantly associated with N stage and resection margin

status (Table 2). Multivariate Cox regression analysis

identified Notch1 expression and N stage as independent

prognostic factors for OS (Table 2). However, Notch1

expression was not a significant indicator for DFS (data not

shown).
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Discussion

Notch is a highly conserved family of genes that encode

four transmembrane receptors, i.e., Notch1–4 [8]. When a

Notch receptor binds to its ligand, the signaling pathway is

initiated [8]. Through three cleavages, particularly a third

cleavage (S3 cleavage).

mediated by the presenilin–c-secretase complex, active

NICD is released, thus initiating a transcriptional cascade

that regulates expression of target genes, including Hes

family [8]. So far, the role of each Notch receptor, as an

oncogene or a tumor suppressor, is still controversial. In

PC cells and/or animal models, most research reports that

activation of Notch1 signaling accelerates growth, inhibits

apoptosis, and promotes invasion [12–14, 17], thus con-

tributing to formation and progression of the tumor.

However, Mazur et al. [20] found that deficiency of

Notch2, but not Notch1, stops pancreatic intraepithelial

neoplasia (PanIN) progression, prolongs survival, and leads

to a phenotypical switch toward anaplastic pancreatic

cancer with epithelial-mesenchymal transition. Other

authors even revealed that Notch1 functions as a tumor

suppressor in a model of K-ras-induced PDAC [19].

Therefore, further evidence needs to be accumulated. In

addition, the effect and mechanisms of Notch1 on sensi-

tivity to GEM, a first-line agent in PC [3], have not been

previously studied. In the present study, it was shown that

successful knockdown of Notch1 by specific siRNA

downregulated Hes-1 expression, thus decreasing the

activity of the signaling pathway. Subsequently, the inhi-

bition rates of cells to GEM were significantly enhanced,

under the basis of nonsignificant differences caused by

Notch1 siRNA alone, suggesting that the treatment made

the cells more sensitive to GEM. Importantly, the same

trend was present in all three cell lines, strongly indicating

that the phenomenon is quite pronounced. Moreover, we

found the trend concerning the association between posi-

tive expression of Notch1 and poor tumor control in the

clinical application of GEM-based chemotherapy, although

a statistically significant difference was not observed

because of limited case numbers. The findings reported

here provide the first evidence that Notch1 contributes

chemoresistance to GEM in PC cells. It was found that

Notch1 was involved in phenotypes of cancer stem cells

(such as epithelial–mesenchymal transition) and develop-

ment of pancreas [18, 23], indicating a possible explanation

of our results. In addition, it was reported that inhibition of

Notch3 enhances sensitivity to GEM in PC through an

Fig. 1 Impacts of Notch1 siRNA on chemosensitivity in three cell lines. a Expression of Notch1 mRNA. b Expression of target protein Hes-1.

c Inhibition rates. NS Notch1 siRNA; CS control siRNA. *p \ 0.05. **p \ 0.01
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inactivation of PI3 K/Akt-dependent pathway [24].

Therefore, exact roles and mechanisms of Notch receptors

in sensitivity of PC cells to GEM remain to be investigated

in detail.

Thus far, PC, also known as PDAC, remains a malignant

tumor with an extremely dismal prognosis [1–3]. Many

clincopathologic variables, including lymph node metas-

tases, high tumor grade, large tumor, high CA 19–9 level,

and positive margin of resection, have been linked to poor

prognosis of patients with PC [3]. On the other hand, a

panel of molecular markers, for example, Ki-67, p27, p53,

transforming growth factor b1, Bcl-2, survivin, vascular

endothelial growth factor, cyclooxygenase 2, CD34,

S100A4, and human equilibrative nucleoside transporter 1,

have provided independent prognostic information in PC

[25]. However, the correlation between Notch1, a prog-

nostic factor in other malignant neoplasms, including

colorectal cancer [26], breast cancer [27], lung cancer [28],

and neuroblastoma [29], and outcome of patients with

PDAC continues to be of interest, although preliminary

clues for expression and clinicopathological relevance of

Notch1 protein in PADC samples have been provided [11,

21]. In the present study, we examined the expression of

Notch1 protein in tumor and paratumoral tissues of PDAC

Fig. 2 Immunohistochemical expression of Notch1 in pancreatic

ductal adenocarcinoma tissues and its prognostic implication. a Neg-

ative expression of Notch1 in para-tumor tissue (lower left quadrant)
and positive in tumor tissue (upper right quadrant), original

magnification 9100. b Low expression of Notch1 in tumor tissue,

original magnification 9100. c Medium expression of Notch1 in

tumor tissue, original magnification 9100. d High expression of

Notch1 in tumor tissue, original magnification 9200. e Positive

expression of Notch1 in tumor tissue with perineural invasion,

original magnification 9100. f Negative control. Original magnifica-

tion 9100
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by immunohistochemistry, and we found that Notch1

expression was significantly increased in tumor tissues

compared with adjacent normal pancreatic tissues. The

different staining evaluation criteria might account, at least

in part, for the result that was not consistent with prior

findings [21], whereas no association with clinical and

pathological parameters was observed in either of the

investigations. As for prognostic significance of Notch1,

our data revealed a positive correlation between Notch1

expression and two variables reflecting patient outcome,

including early-term metastasis and OS. For OS, multi-

variate analysis identified positive expression of Notch1 as

an independent prognostic factor of PDAC, accompanied

by a conventional clinical variable, N stage. The results

indicated that Notch1 might have potential relevance for

clinical outcome in PC, although its implications in DFS

were not shown in the present study. In the future, more

prospective studies with larger sample size will be helpful

for comprehensive evaluation of the prognostic value of the

novel biomarker in patients with PDAC.

In summary, our data revealed that Notch1 contributed

to GEM resistance in PC. Positive expression of Notch1 in

tumor tissue was correlated with early-term metastasis and

Table 1 Relationship between Notch1 expression and clinicopatho-

logical features of pancreatic ductal adenocarcinoma (PDAC)

Variables Patient

number (n)

Notch1 expression in TT

Positive Negative p Value

Gender 0.487a

Male 41 21 20

Female 32 19 13

Age, years 0.270a

C65 26 12 14

\65 47 28 19

Location 0.319a

Head 51 26 25

Body/tail 22 14 8

T stage 0.723b

T1/2 9 4 5

T3/4 64 36 28

N stage 0.487a

N1 41 21 20

N0 32 19 13

Histological grade 0.609a

Grade 1/2 40 23 17

Grade 3 33 17 16

TT tumor tissue, T tumor, N node
a Chi square test
b Fisher’s exact test (two-sided)

Table 2 Significant factors affecting overall survival in patients with PDAC

Variables N Univariate analysis Multivariate analysis

Median ± SE 95 % CI p Valuea Hazard ratio 95 % CI p Valueb

Notch-1 expression 0.024 0.022

? 35 13 ± 1 11–16 1.623 1.072–2.456

- 32 22 ± 2 17–27 1

N stage 0.016 0.016

N1 36 15 ± 2 11–19 2.811 1.216–6.500

N0 31 23 ± 2 18–29 1

Resection margin status 0.026

? 10 12 ± 3 4–19

- 57 20 ± 1 16–23

SE standard error, OS overall survival, CI confidence interval, HR hazard ratio
a Log-rank test
b Cox regression test. The unit used for expression of survival time was months

Fig. 3 Overall survival with respect to Notch1 expression in tumor

tissue
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poor OS, and thus was of prognostic significance in PDAC.

All the findings suggest that Notch1 serves as a promising

therapeutic target and prognostic marker in PC.
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