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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one of the most potent and perilous diseases known, 

with a median survival rate of 3-5 months due to the combination of only advanced stage diagnosis 

and ineffective therapeutic options. Metformin (1,1-Dimethylbiguanide hydrochloride), the 

leading drug used for type 2 diabetes mellitus, emerges as a potential therapy for PDAC and other 

human cancers. Metformin exerts its anticancer action via a variety of adenosine monophosphate 

(AMP)-activated protein kinase (AMPK)- dependent and/or AMPK-independent mechanisms. We 

present data here showing that metformin down- regulated pancreatic transcription factor 

pancreatic duodenal homeobox-1 (PDX-1), suggesting a potential novel mechanism by which 

metformin exerts its anticancer action. Metformin inhibited PDX-1 expression at both protein and 

mRNA levels and PDX-1 transactivity as well in PDAC cells. Extracellular signal-regulated kinase 

(ERK) was identified as a PDX-1-interacting protein by antibody array screening in GFP-PDX-1 

stable HEK293 cells. Co-transfection of ERK1 with PDX-1 resulted in an enhanced PDX-1 

expression in HEK293 cells in a dose-dependent manner. Immunoprecipitation/Western blotting 

analysis confirmed the ERK-PDX-1 interaction in PANC-1 cells stimulated by epidermal growth 

factor (EGF). EGF induced an enhanced PDX-1 expression in PANC-1 cells and this stimulation 

was inhibited by MEK inhibitor PD0325901. Metformin inhibited EGF-stimulated PDX-1 

expression with an accompanied inhibition of ERK kinase activation in PANC- 1 cells. Taken 

together, our studies show that PDX-1 is a potential novel target for metformin in PDAC cells and 
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that metformin may exert its anticancer action in PDAC by down-regulating PDX-1 via a 

mechanism involving inhibition of ERK signaling.
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Introduction

Metformin (1,1-Dimethylbiguanide hydrochloride) is the most prescribed drug for type 2 

diabetes mellitus (T2DM) because of its distinctive ability to avoid causing weight gain and 

hypoglycaemia via suppression of hepatic glucagon production [1-4]. Beyond dominating 

the T2DM therapeutic field, metformin also possesses anticancer capabilities [5]. 

Epidemiologic studies revealed that administration of metformin, but not other anti-diabetic 

drugs, decreases the incidence, recurrence and mortality of pancreas cancer in patients with 

T2DM, thus, metformin exhibits both chemo-preventative and chemo-therapeutic activities 

[6-8]. As a result, there are a number of clinical trials testing metformin on breast cancer, 

prostate cancer, endometrial cancer, kidney cancer, lung cancer, lymphoma and colorectal 

cancer [5]. Pre- clinical studies have established a direct action of metformin on cancers, 

such as inhibition of cell proliferation [9-12], induction of apoptosis [13, 14], inhibition of 

migration and invasion [12] and enhancement of radiosensitivity [15]. Metformin exerts its 

anticancer action via a variety of AMPK-dependeng [16] and/or AMPK-independent 

mechanisms depending upon the cellular context. These mechanisms include the inhibition 

of the mTOR signaling [17, 18], the ERK signaling [10, 16, 19] and the IGF-I signaling 

[14], suppression of sonic hedgehog expression [20], down- regulation of specificity protein 

(Sp) transcription factors [21], alteration of the expression profiles of microRNAs [12, 22], 

and attenuation of cancer stem cell (CSC) functions [12, 18, 23] via increasing reactive 

oxygen species production in CSC and reducing their mitochondrial transmembrane 

potential [23]. However, the molecular mechanism(s) by which metformin exerts anticancer 

effects remains incompletely understood [5]. Pancreatic duodenal homeobox-1 (PDX-1) is a 

homeodomain-containing transcription factor essential for normal pancreatic development, 

β-cell differentiation, and maintenance of mature β-cell functions [24, 25]. In contrast, most 

exocrine cells express PDX-1 only at very low levels. However, several lines of evidence 

support the notion that PDX-1 is closely associated with pancreatic tumorigenesis. 

Specifically, 1) PDX-1 expression is markedly elevated in Pancreatic ductal adenocarcinoma 

(PDAC) [26-28]; 2) elevated PDX-1 expression levels are significantly correlated with 

metastasis and histological grade in patients with PDAC [26, 27] and PDX-1 expression in 

PDAC is an independent survival factor [26, 29]; 3) persistent expression of PDX-1 induces 

metaplasia [30]; 4) PDX- 1 is required for K-RasG12D to induce the development of 

pancreatic intraepithelial neoplasia (PanIN), metaplasia and PDAC [31]; and 5) PDX-1 

enhances cell proliferation, colony formation, invasion and tumor growth of malignant tumor 

cells [32]. Silencing PDX-1 efficiently inhibits PDAC cell proliferation in vitro and tumor 

growth in vivo [33, 34], thus, PDX-1 is a potential therapeutic target in PDAC treatment.
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In the present work, we determined the effect of metformin on PDX-1 expression and 

function in PDAC cells and elucidated the role of the ERK signaling in the regulation of 

PDX-1 expression. Our results indicate that treatment of PDAC cells with metformin 

markedly inhibited PDX-1 expression and function via inhibition of ERK signaling.

Materials and Methods

Reagents

Metformin (1,1-Dimethylbiguanide hydrochloride) and Bradford reagent were purchased 

from Sigma- Aldrich (St. Louis, MO). Pierce enhanced chemiluminescence (ECL) detection 

kit was purchased from Thermo Fisher Scientific (Waltham, MA). Immobilon-P 

polyvinylidene fluoride (PVDF) transfer membranes were obtained from EMD Millipore 

(Billerica, MA). Anti-rabbit IgG (whole molecule)- peroxidase antibody, anti-mouse IgG 

(Fab specific)- peroxidase antibody and monoclonal Anti-β-actin antibody were purchased 

from Sigma-Aldrich, while monoclonal anti-PDX-1 antibody was purchased from Cell 

Signaling Technology (Danvers, MA). All other unlisted chemical reagents were purchased 

from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

Cell Growth

Human PDAC cells Mia PaCa-2 and PANC-1 and human embryonic kidney 293 (HEK293) 

cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA). 

Mia PaCa-2, PANC-1, SHIP-Luc2RFP stable Mia PaCa-2 and PANC-1, HEK293 and GFP-

PDX-1 stable HEK293 cells were grown and maintained in Dulbecco's Modified Eagle's 

Medium (DMEM). All media were supplemented with 10% fetal bovine serum (FBS) and 

penicillin/streptomycin. 400 μg/ml G418 was added into the media for the stable cells. All 

the cells were incubated at conditions of 37°C and 10% carbon dioxide (CO2).

Luciferase Reporter Assays

The luciferase assay was conducted 16 hours after metformin treatment. Twenty (20) μl of 

the lysis supernatant from treated or untreated PDAC cells was used for the measurement of 

luciferase activity by a Monolight 3010 luminometer (Pharmingen). Each sample was 

measured twice, and all results were normalized to β-galactosidase activity.

Antibody Array Screen, Western Blotting and Transfection

Antibody array screen, immunoprecipitation, Western blotting and lipofectamine 2000 

transfection were performed as described previously [35].

Quantitative Reverse Transcriptional PCR (qRT- PCR)

By using TriZol reagent (Invitrogen), total RNAs were isolated from human Mia PaCa-2 

cells, mouse KC cells, and mouse KPC cells. Quantitative Reverse Transcriptional PCR was 

carried out with 100 ng of total RNA. A mixture of 10 μl of 2× QuantiTect SYBR Green RT-

PCR Master Mix (Qiagen), 0.2 μl QuantiTect RT Mix (Qiagen), 1 μl of 10 μM forward and 

reverse primers, and 6.8 μl of RNase-Free Water was added to each sample for analysis by 

absolute quantification. qRT-PCR was performed in 96-well plates and according to Applied 
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Biosystems protocol. The mRNA levels of PDX-1 in the samples were normalized against 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and the PDX-1 and GAPDH were 

measured in triplicate. The primers used were: mouse PDX-1: 5′- 

CCCCAGTTTACAAGCTCGCT-3′ and 5′-CTCGGTTCC ATTCGGGAAAGG-3′; human 

PDX-1: 5′-ATCTCCCCA TACGAAGTGCC-3′ and 5′-CGTGAGCTTTGGTGGAT 

TTCAT-3′; and GAPDH: 5′-ATGCCATCACTGCCACC CAGAACG-3′ and 5′-

GCCAGTGAGCTTCCCGTTCA-3′. The cDNA was prepared from the total RNA using 

qScript cDNA SuperMix (Quanta Biosciences, Maryl- and) according to the manufacturer's 

protocol. PCR was performed on 1-μl aliquots from each cDNA reaction, using the PDX-1 

and GDA primer sets for 45 cycles.

Statistical Analysis

The unpaired Student t test was used for the statistical analyses of PDX-1 mRNA levels and 

luciferase activities, with p < 0.05 indicating significant difference.

Results

Metformin Inhibits PDX-1 Expression and Function in PDAC Cells

PDX-1 has been implicated in pancreatic tumorigenesis [26-28, 30-32] and shown great 

promise as a target for the treatment of PDAC [33, 34]. In order to determine whether 

treatment with metformin decreases PDX-1 transcriptional activity, we used a synthetic 

human insulin promoter (SHIP)-driven Luciferase-RFP fusion reporter subject to the 

regulation by PDX-1 (designated as a SHIP-Luc2RFP). By using this reporter construct, we 

generated stably transfected Mia PaCa-2-SHIP-Luc2RFP and PANC1-SHIP-Luc2RFP 

PDAC cell lines, which can be used to evaluate PDX-1 gene expression and activity. To 

determine the effect of metformin on PDX-1 promoter activity, we performed luciferase 

reporter assays in Mia PaCa-2-SHIP-Luc2RFP and PANC1-SHIP-Luc2RFP PDAC cells. As 

shown in Fig. (1), PDX-1 transactivity was significantly inhibited by the treatment of 

metformin. The luminescence measurement was lowered by 45% and 53% in Mia PaCa-2 

and PANC-1 cells, respectively, after treatment with metformin in comparison to untreated 

cells (Fig. 1A). Considering the role of PDX-1 in enhancing PDAC cell growth [32], these 

results imply that inhibition of PDX-1 expression and function could contribute to the 

mechanism by which metformin inhibits PDAC cell growth.

It is known that PDX-1 activates its own transcription as part of an auto-regulatory feedback 

mechanism. In view of the results shown in Fig. (1A), we reasoned that metformin should 

decrease PDX-1 mRNA and protein levels in these cells if PDX-1 regulates its own 

expression through a positive feedback mechanism in PDAC cells. To determine the effect of 

metformin on PDX-1 expression, Mia PaCa-2 cells were treated with increasing 

concentrations of metformin (0, 0.5, 1 and 2 mM) for 16 h. The level of PDX-1 protein was 

determined in cell lysates by Western blotting analysis using an antibody that detects 

PDX-1. As shown in Fig. (1B), exposure to metformin decreased PDX-1 protein expression 

in Mia PaCa-2 cells in a dose-dependent manner. To further substantiate an inhibitory effect 

of metformin on PDX-1 expression, we examined the impact of metformin on PDX-1 

mRNA levels in Mia PaCa-2 cells. qRT-PCR analysis showed that exposure to metformin 
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decreased mRNA level of PDX-1 in Mia PaCa-2 cells by 44% (Fig. 1C), confirming that 

metformin reduces the function and expression of PDX-1 in PDAC cells.

ERK1 and ERK2 Form a Physical Complex with PDX-1 in HEK293 Cells

We next focused on the mechanism(s) by which metformin regulates PDX-1 function and 

expression. We have first demonstrated the oncogenic function of PDX-1 in HEK293 cells 

by showing its stimulatory effect on cell proliferation, invasion and colony formation [32]. 

In an effort to investigate the oncogenic mechanism of PDX-1, we performed an antibody- 

based array screen in our previously generated GFP- PDX-1 stable HEK293 cells [32] to 

identify PDX-1- interacting proteins. Whole cell lysates from the GFP- PDX-1 stable 

HEK293 cells were incubated with a membrane filter spotted with antibodies against 400 

different signal transduction proteins. Immunodetection was performed using an anti-GFP 

antibody. We found that ERK1 and ERK2 interacted with PDX-1 in this assay (Fig. 2A).

To determine the functional relevance of the ERK- PDX-1 interaction, we examined the 

effect of ERK1 on PDX-1 expression in HEK293 cells. Flag-PDX-1 was co-transfected into 

these cells with Flag-p38, HA-JNK1, or HA-ERK1. In line with our recent studies [35], p38 

MAP kinase enhanced PDX-1 expression (Fig. 2B, lane 2). Co-transfection of ERK1 with 

PDX-1 resulted in an increased PDX-1 expression in a dose-dependent manner in HEK293 

cells (Fig. 2B, lanes 5 and 6). However, co-transfection of JNK1 with PDX-1 did not affect 

expression level of PDX-1 under the same conditions (Fig. 2B, lanes 3 and 4). Thus, PDX-1 

is specifically up-regulated by ERK1, but not JNK1, corroborating that ERK1 is a positive 

regulator of PDX- 1 expression.

ERK Interacts with PDX-1 and Mediates EGF- Stimulated PDX-1 Expression in PDAC Cells

We next determined whether endogenous ERK and PDX-1 form a molecular complex within 

intact PDAC cells. To examine physical interaction between ERK and PDX-1, we performed 

immunoprecipitation/ Western blotting in PANC-1 cells that were treated with epidermal 

growth factor (EGF), a potent growth- promoting factor for PDAC cells. PDX-1 was 

immunoprecipitated using an anti-PDX-1 antibody, followed by Western blotting using an 

anti-ERK antibody. As shown in Fig. (3A), ERK was co-immunoprecipitated with PDX-1 

and EGF stimulation enhanced the association between ERK and PDX-1. These data 

indicate that ERK is a PDX-1-interacting protein in PDAC cells and that this interaction is 

under growth factor regulation.

To determine whether EGF also induces PDX-1 expression in PDAC cells, we treated 

PANC-1 cells with increasing concentrations of this growth factor. Western blotting analysis 

showed that EGF markedly enhanced PDX-1 expression (Fig. 3B). To determine the role of 

ERK in EGF-stimulated PDX-1 expression, we pretreated PANC-1 cells with the selective 

MEK inhibitor PD0325901, followed by treatment with EGF. Western blotting analysis 

showed that EGF-stimulated PDX-1 expression was markedly inhibited by exposure to 

PD0325901 (Fig. 3C), indicating that ERK mediated EGF-stimulated PDX-1 expression in 

PDAC cells.
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Metformin Inhibits EGF-Stimulated PDX-1 Expres- sion via Inhibiting ERK Signaling

Since the results presented here indicate that ERK mediates positive regulation of PDX-1 

expression by EGF and metformin has recently been shown to inhibit ERK activation in 

PDAC cells [10,16,19], we hypothesized that the metformin inhibits PDX-1 expression by 

abrogating EGF-induced ERK activation. In line with this hypothesis, we found that 

pretreatment of PANC-1 cells with metformin markedly prevented EGF-stimulated PDX-1 

expression (Fig. 4A). Metformin pretreatment also inhibited EGF-stimulated ERK kinase 

activation, as evidenced by decreased phosphorylation of ERK at Thr201 and Tyr204 (Fig. 

4B), consistent with the notion that metformin inhibits PDX-1 expression through a 

mechanism involving inhibition of EGF- stimulated ERK signaling (Fig. 5).

Discussion

Despite advances in understanding the molecular mechanisms of PDAC development, 

molecularly targeted therapy has not been translated into reduced mortality or improved 

survival in this deadly disease. Indeed, the overall 5-year survival rate is a dismal 6% and the 

median survival period of 4-6 months. Consequently, the focus of research, which was 

placed mostly on development of therapeutic compounds, is shifting gradually towards its 

prevention. Novel targets and agents for chemoprevention are urgently needed. The 

biguanide metformin is the most widely prescribed drug for the treatment of type 2 diabetes 

mellitus (T2DM) worldwide. Metformin is also emerging as a potential anticancer agent. 

Recent epidemiological studies linked administration of metformin to reduced incidence and 

better prognosis in T2DM oncologic patients, including PDAC. However, the underlying 

mechanisms by which metformin exerts its antiproliferative effect on PDAC and other 

human cancers remain elusive. The results presented here indicate that PDX-1, a 

homeodomain-containing β-cell specific transcription factor, is a novel target for metformin 

in PDAC. The evidence includes: 1) metformin inhibited PDX-1 transactivity; 2) metformin 

reduced PDX-1 protein and mRNA levels; and 3) metformin abrogated the increase in 

PDX-1 expression induced by EGF, a potent growth factor for PDAC cells. In pancreatic β 
cells, PDX-1 expression is subject to positive regulation by glucose, glucagon-like pepetide 

(GLP-1) [36, 37] and palmitic acid [38] as well as negative regulation by DNA damage [39], 

oxidative stress [40], somatostatin receptor 5 (SSTR5) agonist PRL-1980 [41] and advanced 

glycation end-products (AGEs) [42] via different mechanisms. It is not known whether these 

signals also operate in PDAC cells where PDX-1 acts as a pro-oncogenic transcription 

factor. Our study demonstrates that metformin is a novel inhibitor of PDX-1 function and 

expression in PDAC cells.

PDX-1 overexpression in PDAC cells induces proliferation accompanied by up-regulation of 

cyclin D, cyclin E and Cdk2 and down-regulation of p21, p27 and p53, while knockdown of 

PDX-1 by PDX-1 shRNA reverse the effect of PDX-1 on these cell cycle-related proteins 

[32]. This means that the mechanism by which PDX-1 exerts its oncogenic functions is 

mediated by the regulation of a specific set of genes involved in cell proliferation. The 

inhibition of PDX-1 by metformin as demonstrated in this study suggests that metformin 

inhibits tumor growth via a mechanism that disrupts PDX-1-regulated progression of cell 
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cycle. The knowledge from these studies has potential to be used to design novel therapeutic 

strategies for the treatment of PDAC.

Due to the mitogenic effect of insulin and its related growth factors [11, 16, 19] and the 

association of pre-operational insulinemia with cancer progression rates, it has been 

proposed that metformin acts as a therapeutic agent for non-diabetic cancer patients based 

largely on its ability to systemically reduce serum insulin and glucose levels [43]. Given the 

critical role for PDX-1 in regulation of glucose sensing and insulin synthesis [44-48], our 

results have shown that metformin down-regulated PDX-1, providing a possible new insight 

that could be of assistance in understanding the molecular mechanism by which metformin 

exerts its anticancer action: metformin may inhibit insulin's mitogenic effect on cancer 

growth via down-regulating PDX-1 which leads to reduced insulin synthesis.

EGF has been implicated in the cellular control of PDX-1 expression [49]. ERK signaling 

pathway is one of the major signaling pathways that mediates EGF's actions. In this study 

we found that EGF enhanced PDX-1 expression in PDAC cells in an ERK-dependent 

manner since MEK inhibitor PD0325901 abolished EGF-stimulated PDX-1 expression. 

Moreover, we found that ERK interacted with PDX-1 and up-regulated PDX-1 expression in 

PDAC cells. Thus, ERK is a potential PDX-1 kinase. ERK is a proline-directed Ser/Thr 

kinase [50]. PDX-1 has three proline-directed Ser/Thr residues, Ser 61, Ser 66 and Ser 268 

[51]. Although PDX-1 Ser 61 and Ser 66 can be phosphorylated by ERK in vitro [52], it is 

unlikely that these phosphorylation events occur in cells. First, ERK- mediated 

phosphorylation of PDX-1 is a positive event for PDX-1 transactivity [52]. Second, previous 

studies have shown that phosphorylation of Ser 61 and Ser 66 results in enhanced PDX-1 

ubiquitination and degradation [40]. Therefore, ERK may target a novel phosphorylation site 

other than Ser 61 and Ser 66. We have recently found by mass spectrometry that mouse 

PDX-1 Ser 269 (corresponding to Ser 268 in human PDX-1) is phosphorylated in GFP-

PDX-1 stable HEK293 cells and that Ser 269 phosphorylation contributes to stabilization of 

PDX-1 since mutation of Ser 269 into alanine enhances PDX-1 ubiquitination and shortened 

the half-life of PDX-1 [35]. Thus, it is interesting to determine if Ser 268 is the ERK 

phosphorylation site within PDX-1 in PDAC cells under physiological conditions.

Given that metformin inhibited EGF-stimulated ERK kinase activation, it is, thus, reasonable 

to speculate that metformin inhibits tumor cell proliferation through inhibiting EGF-

stimulated ERK kinase activation, leading to down-regulation of PDX-1 expression at post-

translational level since ERK has kinase activity towards PDX-1 (Fig. 5). Our current studies 

also show that metformin inhibits PDX-1 at transcriptional level, as evidenced by its 

inhibition of PDX-1 mRNA expression. PDX-1 is a transcription factor for PDX-1 itself 

[24]. Thus, it is possible that down-regulation of PDX-1 mRNA by metformin is due to the 

down-regulation of PDX-1 expression, which, in turn, results in decreased PDX-1 

transcriptional activity. Alternatively, metformin may directly down-regulate PDX-1 mRNA 

stability, leading to decreased PDX-1 mRNA expression.

In summary, the present work has shown that metformin inhibits PDX-1 expression and its 

transactivity towards its target gene insulin, thus, acting as a negative regulator for PDX-1 

expression and PDX- 1-mediated cellular functions. This study provides new insight into the 
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understanding of the mechanism by which metformin exerts its anticancer activity by down- 

regulating PDX-1. Identification of PDX-1 as a target by metformin provides the foundation 

for a more in-depth investigation of the metformin mechanism, which may be invaluable for 

pancreatic cancer research.
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AMPK Adenosine monophosphate (AMP)- activated protein kinase

EGF Epidermal growth factor

ERK Extracellular signal-regulated kinase

HEK293 Human embryonic kidney 293 cells
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PDAC Pancreatic ductal adenocarcinoma

PDX-1 Pancreatic duodenal homeobox-1
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Fig. (1). Metformin down-regulates PDX-1 in PDAC cells
(A) Metformin inhibits PDX-1 transactivity in PDAC cells. Mia PaCa-2-SHIP-Luc2RFP and 

PANC-1-SHIP-Luc2RFP cells were treated with 5 mM metformin for 16 h. Luciferase 

reporter assays were performed to measure PDX-1 transactivity (* indicates p < 0.05 

showing significant difference). (B) Metformin inhibits PDX-1 protein expression in Mia 

PaCa-2 cells. Mia PaCa2 cells were seeded in a density of 5 × 105 per well in a 6-well plate. 

Twenty-four hours later, the cells were treated with a variety of concentrations (0, 0.5, 1 and 

2 mM) of metformin for 16 h. Expression levels of PDX-1 and β-actin was examined by 

Western blotting using an anti-PDX-1 antibody and an anti-β-actin antibody, respectively. 

The intensities of the PDX-1 bands were quantitated. (C) Metformin inhibits PDX-1 mRNA 

expression in Mia PaCa-2 cells. Mia PaCa-2 cells were treated with 4 mM metformin for 16 

h. Total RNA was isolated using TriZol reagent, followed by qRT-PCR analysis. The cDNA 

was prepared from the total RNA using qScript cDNA SuperMix. PDX-1 mRNA levels were 

normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (* indicates p < 

0.05 showing significant difference).
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Fig. (2). ERK interacts with PDX-1 and enhances PDX-1 expression in HEK293 cells
(A) ERK1 and ERK2 were identified as PDX-1-interacting proteins by antibody array 

screen. Cell extracts from GFP-PDX-1 stable HEK293 cells were added to a membrane filter 

arrayed with 400 antibodies. The presence of the antibody-antigen-GFP-PDX-1 complex 

was detected by horseradish peroxidase-conjugated anti-GFP antibody, followed by 

chemiluminescence. (B) ERK1 enhances PDX-1 expression. By using Lipofectamine 2000, 

HEK293T cells were transfected with Flag-PDX-1 (0.5 μg) alone, Flag-PDX-1 (0.5 μg) plus 

Flag-p38 (2 μg), Flag-PDX-1 (0.5 μg) plus HA-JNK1 (1 or 2 μg), or Flag-PDX-1 (0.5 μg) 

plus HA-ERK1 (1 or 2 μg). Expression levels of Flag-PDX-1 and Flag-p38, HA-JNK1 and 

HA-ERK1 were examined by Western blotting using an anti-Flag antibody and an anti-HA 

antibody, respectively.
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Fig. (3). ERK mediates EGF-stimulated PDX-1 expression in PANC-1 cells
(A) EGF enhances the ERK-PDX-1 interaction in PANC-1 cells. PANC-1 cells were treated 

with 10 and 50 ng/ml of EGF for 30 min. PDX-1 was immunoprecipitated with an anti-

PDX-1 antibody, followed by Western blotting using an anti-ERK1/2 antibody. (B) PANC-1 

cells were treated with a variety of concentrations of EGF for 16 h. (C) PANC-1 cells were 

pretreated with 50 nM of PD0325901 for 30 min, followed by treatment with 10 ng/ml of 

EGF for 16 h. Expression levels of PDX-1 and β-actin were examined by Western blotting 

using an anti-PDX-1 antibody and an anti-β-actin antibody, respectively.
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Fig. (4). Metformin inhibits EGF-stimulated ERK kinase activation and PDX-1 expression in 
PANC-1 cells
(A) PANC-1 cells were pretreated with 4 mM metformin for 1 h, followed by treatment with 

10 ng/ml of EGF for 16 h. Expression levels of PDX-1 and β-actin were examined by 

Western blotting using an anti-PDX-1 antibody and an anti-β-actin antibody, respectively. 

(B) PANC-1 cells were pretreated with or without 4 mM metformin for 16 h, followed by 

treatment with a variety of concentrations of EGF for 15 min. ERK kinase activation was 

examined by Western blotting using an anti-phospho-p44/42 MAPK (ERK1/2) (Thr201/

Tyr204) antibody. ERK expression was examined by Western blotting using an anti-ERK 

antibody.
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Fig. (5). Schematic depiction of the functions of metformin in PDAC
EGF stimulates kinase activation of ERK MAP kinase, which, in turn, interacts with and 

phosphorylates PDX-1, leading to increased expression of PDX-1. Metformin inhibits 

PDX-1 expression by inhibiting EGF-stimulated ERK signaling.
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