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Abstract

Background & Aims—Little is known about the origin of pancreatic intraductal papillary 

mucinous neoplasms (IPMN). Pancreatic duct glands (PDGs) are gland-like outpouches budding 

off the main pancreatic ducts that function as progenitor niche for the ductal epithelium; they 

express gastric mucins and have characteristics of side-branch IPMN. We investigated whether 

PDGs are a precursor compartment for IPMN and the role of trefoil factor family 2 (TFF2)— a 

protein expressed by PDGs and the gastric mucosa that are involved in epithelial repair and tumor 

suppression.

Methods—We obtained pancreatectomy specimens from 20 patients with chronic pancreatitis, 13 

with low-grade side-branch IPMN, and 15 patients with PDAC; histologically normal pancreata 

were used as controls (n=18). Samples were analyzed by immunohistochemistry to detect TFF1 

and TFF2 and cell proliferation. We performed mitochondrial DNA mutational mapping studies to 

determine the cell lineage and fate of PDG cells. Pdx1-Cre;LSL-KRASG12D (KC) mice were bred 

with TFF2-knockout mice to generate KC/Tff2−/− and +/− mice. Pancreata were collected and 

histologically analyzed for formation of IPMN, pancreatic intraepithelial neoplasias, and PDAC, in 
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addition to proliferation and protein expression. Human pancreatic ductal epithelial cells and 

PDAC cell lines were transfected with vectors to overexpress or knock down TFF2 or SMAD4.

Results—Histologic analysis of human samples revealed gastric-type IPMN to comprise 2 

molecularly distinct layers: a basal crypt segment that expressed TFF2 and overlying papillary 

projections. Proliferation occurred predominantly in the PDG-containing basal segments. 

Mitochondrial mutation mapping revealed a 97% match between the profiles of proliferating PDG 

cells and their overlying non-proliferative IPMN cells. In contrast to KC mice, 2-month-old KC/

Tff2+/− and KC/Tff2−/− mice developed prominent papillary structures in the duct epithelium 

with cystic metaplasia of the PDG, which resembled human IPMN; these expressed gastric mucins 

(MUC5AC and MUC6) but not the intestinal mucin MUC2. KC/TFF2-knockout mice developed a 

greater number and higher grade of pancreatic intraepithelial neoplasias than KC mice, and 1 

mouse developed an invasive adenocarcinoma. Expression of TFF2 reduced proliferation of PDAC 

cells 3-fold; this effect required upregulation and activation of SMAD4. We found expression of 

TFF2 to be downregulated in human PDAC by hypermethylation of its promoter.

Conclusions—In histologic analyses of human IPMNs, we found PDGs to form the basal 

segment and possibly serve as a progenitor compartment. TFF2 has tumor suppressor activity in 

the mouse pancreas and prevents formation of mucinous neoplasms.
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INTRODUCTION

Intraductal papillary mucinous neoplasms (IPMN) are commonly identified cystic pancreatic 

neoplasms that are precursor lesions of pancreatic ductal adenocarcinoma (PDAC)1–5. 

Histologically, these cystic lesions are characterized by mucin-producing epithelia with a 

distinct papillary structure. Morphologically, they are classified into two broad groups: 

Main-duct and side-branch IPMN4. While main-duct IPMN (MD-IPMN) are characterized 

by a markedly dilated main pancreatic duct filled with thick mucin and are mostly associated 

with an intestinal epithelial subtype, side-branch IPMN (SB-IPMN) are characterized by a 

cyst or cluster of cysts budding off the main duct, and are most often associated with a 

gastric epithelial subtype. Recent reports suggest that approximately 3% of all abdominal 

cross-sectional imaging studies show asymptomatic pancreatic branch cysts6. Only a small 

percentage of these SB-IPMN will progress to invasive cancer. However, when cancer does 

arise, it is histologically and biologically indistinguishable from PDAC7. Thus, SB-IPMN 

pose a major health issue, which underscores the importance of understanding how these 

originate and what contributes to their progression to cancer.

There have been a number of reports describing peribiliary glands (PBG) with biliary tree 

stem/progenitors at the bottom of the glands8, 9. PBG are characterized as tubulo-alveolar 

glands with mucinous and serous glandular acini located in the deeper tissue of the bile duct 

walls10. In the pancreatic duct system, similar to the PBG, our group recently identified and 

characterized pancreatic duct glands (PDG). The PDG are normal gland-like outpouches 

budding off pancreatic ducts which function as progenitor niche for ductal epithelium and 
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expresses gastric mucins (MUC6) and trefoil factor family 2 (TFF2)11, 12. They exhibit a 

gastric phenotype distinct from the overlying pancreatic duct epithelia. In response to 

inflammation, PDG exhibit increased proliferative activity, supplying new cells to the 

overlying main duct epithelium12. In response to injury, PDG can also undergo a mucinous 

metaplasia, upregulate expression of mucin 6 (MUC6) and TFF2, and exhibit de novo 
expression of MUC5AC. The size, number, and complexity of PDG after the inflammatory 

injury are reminiscent of SB-IPMN. Furthermore, IPMN have been reported to have high 

expression of TFF2 rather than normal ductal epithelium13, suggesting a possible link 

between PDG and IPMN.

The architecture and the molecular signature of the PDG most resemble those of gastric 

pyloric glands. Of particular interest, was the expression of TFF2 within the PDG 

compartment. TFF2 is one of three members of the trefoil factor family of protease resistant 

proteins found throughout the gastrointestinal (GI) system. The trefoil factor family has been 

well known to play an important role in epithelial repair by promoting cell migration 

(restitution) and is up-regulated in response to injury14–17. In the stomach, TFF2 also plays 

an important role in the anti-inflammatory defense mechanism and functions as a tumor 

suppressor. Mice deficient in TFF2 have been found to have accelerated gastric neoplasia in 

both H. pylori-infected mice and the genetic gp130(F/F) mouse model18, 19. Clinically, 

TFF2 is often silenced by promoter hypermethylation in gastric cancer20. These reports 

suggest that TFF2 functions not only as the promoter of mucosal restitution, but also as a 

tumor suppressor to prevent the progression of cancer.

In this study, we evaluated the characteristics of PDG and performed mitochondrial 

mutational fate mapping in human samples to investigate the lineage relationship between 

PDG and IPMN. Immunohistochemistry (IHC) and mitochondrial mapping suggest that 

PDG are the compartment of origin for IPMN tumor cells. Furthermore, in mice we find that 

the combination of TFF2-deficiency in the setting of mutant KRAS in vivo results in the 

development of IPMN lesions. In vitro, over-expression of TFF2 inhibits the proliferation of 

pancreatic cancer cells via a SMAD4-mediated mechanism. Furthermore, the TFF2 

promoter is transcriptionally silenced by DNA hypermethylation in PDAC. These results 

suggest that IPMN may arise from PDG due to deficiency or dysfunction of TFF2, which 

possesses some qualities of a tumor suppressor.

MATERIAL AND METHODS

Human Samples

Human samples were collected and analyzed in accordance with an Institutional Review 

Board-approved protocol. Histologically normal control pancreata (n=18) were obtained 

from organ donors. Samples of chronic pancreatitis (n=20), low-grade SB-IPMN (n=13) and 

PDAC (n=15) were obtained from pancreatectomy specimens.

Mouse Samples

Chronic Pancreatitis Model—All experiments were approved by the Massachusetts 

General Hospital Subcommittee on Research Animal Care. Chronic pancreatitis was induced 
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in healthy C57BL/6 mice (Jackson Lab; n=21) of either sex by 3 series of cerulein injections 

per week for periods of 2 weeks. Each series of injections comprised 8 hourly intraperitoneal 

injections of 50 µg/kg cerulein (Sigma, St Louis, MO).

Genetically Engineered Mouse Models—The Pdx1-Cre; LSL-KRASG12D mice were 

generously provided by Nabeel Bardeesy (Massachusetts General Hospital)21, 22. These 

strains were bred with TFF2-KO mice, kindly provided by Timothy Wang (Columbia 

University)23 to generate the genotypes, Pdx1-Cre; LSL-KRASG12D; TFF2-KO (KC/TFF2-

KO). BrdU was injected into the peritoneum 2 hours before harvesting the pancreata.

Histology and Immunohistochemistry

IHC was performed using antibodies shown in Supplemental Table 1. The sections were 

incubated overnight at 4°C with each primary antibody and incubated for 1 h at room 

temperature with biotinylated secondary antibodies diluted to 1:1000 or fluorescently 

labelled secondary antibodies diluted to 1:500. The specimens were developed using DAB-

Plus Substrate Kit (Invitrogen) and counterstained with hematoxylin, while samples 

processed for immunofluorescence were stained with 4′,6-diamidino-2-phenylindole 

(DAPI).

Laser Capture Micro-dissection and Mitochondrial DNA Sequencing

FFPE specimens of IPMN slides (n=4) were subjected to laser capture micro-dissection. 

After evaluation for Ki-67 positivity, cells were captured using Arcturus PixCell IIe 

(Arcturus, CA, USA). In each patient, 3–4 lesions were selected. Ten to 30 cells were 

captured and their DNA extracted using QIAamp DNA FFPE Tissue Kit (Qiagen). The 

extracted DNA was amplified using a Single Cell Whole Genome Amplification Kit 

(WGA4; Sigma). DNA was further amplified by PCR reaction using 6 overlapping primer 

pairs for the D-loop of the mitochondrial genome (Supplemental Table 2). PCR products 

were cleaned by ExoSAP-IT (Affymetrix), followed by bidirectional Sanger sequencing on 

an ABI 3730XL DNA Analyzer.

Cell Culture Study

Human pancreatic ductal epithelial (HPDE) cells24, 25 were cultured in keratinocyte-SFM 

(Invitrogen) and human PDAC cell lines were maintained in DMEM. 10mM BrdU was 

added in the medium for BrdU assay. Control vector (pCMV-SPORT6), TFF2-

overexpression plasmid (Thermo Fisher Scientific), control shRNA vector (pGFP-V-RS), 

and SMAD4-shRNA (OriGene) were transfected into PDAC cell lines using Effectene 

(Qiagen) according to the manufacturer’s protocol. SMARTpool ON-TARGETplus TFF2 

siRNA and ON-TARGETplus Non-Targeting Control Pool (Scramble siRNA) were 

transfected into PDAC cell lines (PANC-1 and Aspc-1) using DharmaFECT 1 transfection 

reagent according to manufacturer’s protocol (Dharmacon GE Healthcare). Recombinant 

Human TFF2 protein from R&D Systems (catalogue # 8290-TF) and transfected in PANC-1 

and Aspc-1 cells as per published report26.
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Western Blotting

Proteins were extracted from cultured pancreatic cancer cells. 25 µg of the protein was 

subjected to 10% SDS-polyacrylamide electrophoresis and transferred to a nitrocellulose 

membrane, which was incubated with primary antibodies against TFF2 (rabbit polyclonal, 

Protein Tech, 1:500) and SMAD4 (rabbit monoclonal, clone EP618Y, abcam, 1:1000) then 

detected using a chemiluminescence kit (Supersignal West Pico, Thermo Scientific), or 

visualized using an Odyssey IR Scanner (LI-COR Biosciences) system and LI-COR 

secondary fluorescent antibodies.

RT-PCR and qPCR

Total RNA (1 µg) was extracted from cultured cells using an RNA extraction kit (RNeasy 

Mini; Qiagen) and used to synthesize cDNA (ThermoScript PT-PCR System; Invitrogen). 

PCR amplification was performed in a total volume of 50 µl containing 2 µl of cDNA, 2mM 

MgCl2, 200 mM dNTP Mix, 0.2 mM each of 5′- and′-primers, and 1U of Platinum Taq 

DNA polymerase (Invitrogen). The two-step quantitative real time PCR (qPCR) using 

TaqMan reagents was performed according to manufacturer’s protocol (Applied 

Biosystems).

Methylation Pyrosequencing

Bisulfite treatment was carried out using 1000 ng of sample genomic DNA and the EZ DNA 

Methylation-Direct kit (Zymo Research, Orange, CA). PCR reactions were performed with 

42 ng of bisulfite-modified DNA in a total volume of 25 µl for 35 cycles using primer pairs 

shown in Supplemental Table 3. Methylation percentage of each CpG was determined using 

a Qiagen (Valencia, CA) Pyromark Q96 pyrosequencer, according to manufacturers’ 

recommendations.

Statistics

All statistical analysis was performed using SPSS-II and GraphPad Prism 6 software. 

Differences between the two groups were analyzed using ANOVA. When the P-value was 

≤0.01, the difference was regarded as significant.

RESULTS

IPMN and PDG Share Similarities in Location, Mucin Expression, and Molecular Signature

Human SB-IPMN have many characteristics similar to those of inflamed PDG, both are 

morphologically cystic lesions budding off the main pancreatic duct (Figure 1A). We now 

demonstrate that PDG can also undergo a cystic hypertrophy that results in the formation of 

small mucinous cysts along the main pancreatic duct, which are similar in morphology to 

SB-IPMN. Histologically, the epithelia of both chronically inflamed PDG and SB-IPMN are 

noted to be tall, columnar and mucin-containing with basally located nuclei (Figure 1B). The 

epithelia of both are characterized as a gastric foveolar type. In the inflamed PDG and 

IPMN, IHC demonstrated the up-regulated expression of deep and superficial gastric 

mucins, MUC6 and MUC5AC, as well as gastric mucin-related molecules TFF1 and TFF2 

(Figure 1C). Among these mucin-related molecules, TFF2 is uniquely and specifically 
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expressed in PDG as shown in our previous work12. Neither the associated ductal 

epithelium, nor any other compartments of the pancreas expresses TFF2, suggesting that 

TFF2 is a unique marker for PDG.

PDG Comprise the Basal Segment of the Large Papillary Projections of IPMN

IHC of human samples revealed that TFF2 was highly expressed in the bottom layer/crypt, 

but infrequently identified in overlying papillary projections of IPMN, suggesting that the 

bottom layer of IPMN consist of PDG (Figure 2A, B). PDGs can also be recognized by 

histologic evaluation of human SB-IPMN specimens, which demonstrates expansion and 

crowding of hyperplastic PDG against the overlying epithelium (Figure 2A, H&E left). 

However, in IPMN with typical papillary structure, the PDG compartment is not 

histologically evident (Figure 2A, H&E right). To better define the contribution and location 

of the PDG epithelium within IPMN, we employed IHC using MUC6, MUC5AC, TFF1, and 

TFF2. IHC of SB-IPMN (Figure 2A) revealed that MUC6-positive (green) and TFF2-

positive (yellow) PDG are not only closely associated with the base of the IPMN (Figure 

2A, asterisk), but also found at the crypt-like basal layer of IPMN (Figure 2A, arrow). IHC 

evaluation of IPMN with papillary structure revealed TFF2-positive PDG cells in the bottom 

layer/crypts between each papillary structure (Figure 2A, right). Quantification of TFF2 

expression in IPMN and PDAC specimens revealed that TFF2 is highly expressed (92.3%, 

12/13) in the bottom-PDG layer, but infrequently identified in overlying papillary 

projections of IPMN (7.7%, 1/13) and PDAC (Figure 2B). Thus, PDG are not only closely 

associated with the overlying cyst wall, but compose the basal segment of large papillary 

projections.

PDG are the Site of Epithelial Proliferation within IPMN

The complex relationship between the PDG and the overlying IPMN have been divided into 

three histologic types: Hyperplastic PDG, cystic metaplasia and papillary structure (Figure 

2C). The cystic metaplasia is characterized by cystic expansion of the hyperplastic PDG 

compartments, which are frequently found to open into the lumen of the IPMN, creating a 

crypt or pseudopapillary structure. In the papillary structure, PDG are found to form the 

basal segments opening up directly to the cystic lumen. Of the 13 samples evaluated, 

hyperplasia was found in 7/13, cystic metaplasia in 9/13, and papillary in 13/13 samples. 

These three types are closely associated and frequently overlap possibly representing 

progressive histologic changes.

In order to determine whether PDG are the proliferative compartment of human SB-IPMN, 

we performed IHC for Ki-67 (Figure 2C, bottom). Ki-67-positive cells are found 

predominantly in the PDG compartment. To better characterize the relationship between 

PDG and the proliferative compartment, single and double IHC for Ki-67 and TFF2 were 

performed (Figures 3A and 3B), revealing that each PDG and the adjoining walls of the 

overlying papillary projections form a functional unit that we have termed a PDG-IPMN unit 

(Figure 3C). Ki-67-positive cells are found in each PDG-IPMN unit, located between the 

TFF2-positive PDG cells and the overlying IPMN, suggesting that the upper border of the 

PDG is the site of IPMN cell genesis. Interestingly, PanIN found in large pancreatic ducts 

also shows a similar association with hyperplastic PDG, which similarly has TFF2 and 
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Ki-67 expression (Supplemental Figure 1), suggesting that PDG are likely the source of 

early mucinous neoplasms, such as IPMN and PanIN.

The Non-proliferative IPMN Segments have a Similar Mutational Profile to their 
Proliferating Parent PDG within the PDG-IPMN Unit

To investigate the lineage relationship between proliferating cells of the PDG and overlying 

IPMN epithelium, we used mitochondrial DNA (mtDNA) mutational analysis of 

IPMN/PDG units in human samples. Because of the relatively high mutation rate of mtDNA, 

mutational mapping of its sequence has been a powerful tool for tracking evolutionary 

relationship, relatedness of populations, and tracing cell lineage27–29. If the cells of the 

papillary structures originate from the proliferating cells of the PDG, then each pair within 

the IPMN/PDG unit should have a similar mutation profile. Multiple PDG/IPMN units from 

4 different patients were evaluated. Within each unit, 10 to 30 Ki-67-positive PDG cells and 

the overlying IPMN epithelia were isolated by laser capture microscopy (LCM) (Figure 3D). 

Normal pancreatic duct epithelium was used as a matched reference. The mtDNA 

sequencing of the D-loop revealed 85 different mutations (Figure 3E, Supplemental Table 4). 

The mutational profiles of the Ki-67-positive PDG progenitor cells matched those of the 

overlying non-proliferating IPMN cells 96.4% of the time (188/195 matched pairs). A 

permutation test (randomization test) was used to assess the association across the entire 

ensemble of mtDNA genetic markers. This revealed that the mtDNA mutational matches 

between the PDG and overlying IPMN are statistically significant, with p=0.0012. These 

data support a genetic lineage relationship between PDG and the overlying IPMN, 

suggesting that the cells of PDG and IPMN are from the same origin. Given that PDG are 

the proliferating compartments of IPMN and have been previously characterized as a 

progenitor compartment needed for normal pancreatic epithelial renewal12, it is likely that 

IPMN tumor cells are descendants of the PDG.

Loss of TFF2 in Mice results in PDG Hyperplasia and the Formation of IPMN-like Lesions

TFF2 is uniquely expressed in PDG and has been shown to possess tumor suppressor-like 

qualities in gastric cancer30. To explore the hypothesis that TFF2 functions as a tumor 

suppressor in PDG, we employed a genetically engineered mouse model of pancreatic 

cancer with TFF2 deficiency (KC/TFF2−/−). The characteristics of PDG and ductal 

epithelium were evaluated first at 2- and 4-month time points in KC mice (n=6 at 2 months 

old and n=6 at 4 months old), KC/TFF2+/− mice (n=10 at 2 months old and n=9 at 4 months 

old), and KC/TFF2−/− mice (n=9 at 2 months old and n=8 at 4 months old). In the KC/

TFF2−/− group at the age of 2 months, a significant increase in the size and number of PDG 

was observed, and the lining cells of PDG showed micro-papillary changes (Figure 4A, 

Supplemental Figure 2). Additionally, an almost 6-fold increase in proliferative activity in 

the PDG compartment was observed in both the KC/TFF2+/− and the KC/TFF2−/− (Figure 

4B). Interestingly, there was no difference in proliferative activity between KC/TFF2+/− and 

KC/TFF2−/− mice, indicating that heterozygous loss of TFF2 was sufficient to induce 

proliferation in PDG.

In control KC mice, there were no metaplastic changes at the age of 2 months. Micro-

papillary lesions were found only in a limited area of the main pancreatic duct in 4-month-
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old mice. In contrast to KC-control mice, 2-month-old KC/TFF2+/− and KC/TFF2−/− mice 

developed prominent papillary structures in the duct epithelium with cystic metaplasia of the 

PDG, which had a striking resemblance to human IPMN (Figure 4A). These lesions were 

found predominantly in the main pancreatic duct, but the small branch ducts also showed 

similar changes. By 4 months, severe atypical cells were found in some KC/TFF2−/− mice 

(Figure 4C, Supplemental Table 5). The molecular characteristics of these papillary 

structures were investigated by IHC (Figure 4D), which demonstrated that they expressed 

gastric mucins, such as MUC5AC and MUC6, but not the intestinal mucin MUC2, 

indicating that they were more similar to gastric-type IPMN rather than the intestinal type.

Loss of TFF2 Accelerates mPanIN Formation in KRAS Mice

Loss of TFF2 also results in accelerated PanIN formation at slightly later time points. Mice 

were harvested at the age of 6 months (KC mice: n=7, KC/TFF2+/−: n=6 and KC/TFF2−/− 

mice: n=6). In control KC mice, scattered mPanIN-1 lesions that were distributed widely 

across mouse pancreata were found, while mPanIN-2 and −3 lesions were rarely observed, 

consistent with previous reports31. In contrast, KC/TFF2−/− and KC/TFF2+/− mice showed 

a dramatic increase of mPanIN development (Figure 5A, top). The majority of these lesions 

were still only early mPanIN-1; however, a few more mPanIN-2 and mPanIN-3 lesions were 

observed in KC/TFF2+/− and KC/TFF2−/− mice (Figure 5A, bottom). The PanIN-

occupying area was calculated and compared, revealing a 4–6 fold increase in the KC/

TFF2KO group (Figure 5B). In one of 6 mice, an invasive adenocarcinoma developed in the 

pancreatic head with multiple metastases present in both liver and lung (Figure 5C). These 

results suggest that the loss of TFF2 not only plays a role in IPMN formation, but may also 

be important in PanIN-PDAC carcinogenesis.

TFF2 Suppress Proliferation of Pancreatic Cancer Cells in vitro

To further explore the role of TFF2 as a tumor suppressor for the pancreas, immortalized 

HPDE cells and pancreatic cancer cell lines (Aspc-1, BxPc3, Colo357, KP-1NL, and 

PANC-1) were studied in vitro. HPDE and 4 of the 5 pancreatic cancer cell lines examined 

lacked or showed very low levels of TFF2 expression (Figure 6A, Supplemental Figure 3). 

To investigate the effect of TFF2 expression on proliferation, a TFF2-overexpression 

construct was transfected into PANC-1 cells. Proliferative activity was further evaluated by a 

BrdU incorporation assay and showed that TFF2 suppresses proliferation greater than 3-fold 

in the PANC-1 cancer cell line (Supplemental Figure 4). Growth curves reveal a dose-

dependent effect (Figure 6B).

Tumor-suppressive Role of TFF2 Depends on SMAD4 in vitro

Recent reports suggest that loss of SMAD4 combined with KRAS activation may result in 

IPMN formation21, 22. To determine whether the tumor-suppressive role of TFF2 might be 

mediated, in part, through SMAD4, we evaluated SMAD4 expression after ectopic 

expression of TFF2 in PANC-1 cells. There was an increase of SMAD4 expression 

identified 2 days after TFF2 overexpression (Figure 6C). Other cell lines with an intact 

SMAD4 gene (MiaPACA-2 and Colo357)32–35 showed a similar upregulation of SMAD4 in 

response to TFF2 overexpression (Supplemental Figure 5A). Additionally, treatment of 

PANC-1 and Aspc-1 cells with recombinant human TFF2 peptide for 24 hours resulted in 
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SMAD4 up regulation (Supplemental Figures 6A and 6B). Immunofluorescence revealed 

that SMAD4, initially localized in the cytoplasm, was found in both the nuclear and 

cytoplasmic compartments after ectopic expression of TFF2 (Figure 6D). Taken together, 

these results demonstrate that TFF2 can regulate SMAD4.

To investigate whether the anti-proliferative activity of TFF2 is dependent on SMAD4, a 

TFF2-overexpressing vector and shRNA against SMAD4 were co-transfected into PANC-1 

cells. Enhanced TFF2 and suppressed SMAD4 expression were confirmed at protein level 

(Supplemental Figure 5B). An immunofluorescent study revealed that PANC-1 cells with 

TFF2 expression does not incorporate BrdU; however, when SMAD4 expression was 

suppressed in TFF2-positive cells, proliferation appeared to be effectively restored (Figure 

6E). This was also confirmed by quantitation of the percentage of BrdU positive cells 

(Figure 6F). To further assess the requirement of SMAD4 in the anti-proliferative effects of 

TFF2, SMAD4-null (BxPC3 and Cfpac-1) and SMAD4-mutated (Capan-1) PDAC cell lines 

were tested32. TFF2 overexpression in these cell lines did not show the anti-proliferative 

effects of TFF2 (Supplemental Figure 7). These results, in aggregate, suggest that SMAD4 is 

a downstream effector of TFF2, and that its upregulation and activation are required for 

TFF2 anti-proliferative effects on cancer cells.

TFF2 Promoter Methylation and SMAD4 Regulation in vitro

To investigate possible epigenetic regulation of TFF2 in pancreatic cancer cells, native TFF2 

promoter methylation was analyzed by pyrosequencing. PANC-1 and AsPC-1 cells showing 

low and high expression of TFF2, respectively (Figure 6A), were selected for this study. A 

total of 5 CpG sites within the TFF2 promoter, from −181 to −149 from the transcriptional 

start site were examined by pyrosequencing19. In PANC-1 cells with low expression of 

TFF2, the 5 CpG sites were hypermethylated. In contrast, TFF2 expressing AsPC-1 cells 

showed CpG hypomethylation (Figure 7A). Pyrosequencing of native TFF2 promoter 

methylation was also performed on the HPDE cells. TFF2 is not expressed in HPDE cells 

consistent which is consistent with the identification that the 5 CpG sites on TFF2 promoter 

were hypermethylated (Supplemental Figure 8A). However, TFF2 overexpression for 48 

hours in HPDE cells resulted in an upregulation of SMAD4 mRNA similar to pancreatic 

cancer cell lines (Supplemental Figure 8B).

PANC-1 and AsPC-1 cells were treated with decitabine36, a hypomethylating agent, and 

then analyzed for their expression of TFF2 by qPCR. Decitabine treatment for 72 hours 

resulted in a dose-dependent increase in TFF2 mRNA in both PANC-1 and AsPC-1 cell 

lines (Figure 7B), which accompanied the demethylation of the CpG sites (Figure 7C). The 

mean change in percentage of CpG methylation was >60% for both cell lines.

To determine if TFF2 upregulation by decitabine can upregulate SMAD4, PANC-1 cells 

were treated for 4 days with decitabine and analyzed for the expression of SMAD4 by 

qPCR. We found that SMAD4 was upregulated by nearly 4 fold. However, when TFF2 

levels were reduced by siRNA knockdown, decitabine-mediated upregulation of SMAD4 

was abrogated (Figure 7D). These data support the hypothesis that methylation of the TFF2 

promoter may be an early mechanism in the inactivation of the tumor suppressor-like 

qualities of TFF2 in PDAC.
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DISCUSSION

Our study reveals that the PDG compartments form the basal part of the papillary structure 

of IPMN and are the principal site of proliferation. IPMN are composed of multiple PDG/

IPMN units giving rise to their characteristic papillary projections. Mitochondrial DNA 

mutational mapping revealed that the proliferative zone of the PDG/IPMN unit has the same 

mutational profile as the overlying IPMN cells, suggesting that IPMN tumor cells may be 

descendants of PDG cells. Furthermore, loss of TFF2 from the PDG compartment resulted 

in development of IPMN and PanIN lesions, suggesting that TFF2 has some tumor 

suppressor activity and that this effect is mediated in part by SMAD4.

Identifying a role for PDG in early inflammation-mediated metaplasia would be an 

important step toward elucidating the early events of the IPMN and PanIN carcinogenesis. 

Our previously published work revealed that PDG are an epithelial progenitor compartment 

important for epithelial renewal in response to acute inflammatory injury12, and in response 

to chronic injury, this compartment undergoes a Shh-dependent gastrointestinal metaplasia, 

taking on many features that resemble pancreatic cancer precursor lesions, PanIN and 

IPMN11. We show in this work that loss of TFF2 in vivo results in acceleration 

tumorigenesis of the pancreas, which suggests that the PDG may be the compartment of 

origin for both IPMN and PanIN. Interestingly risk factors for PDAC, such as Type-2 

diabetes and chronic pancreatitis, have been shown to specifically stimulate the PDG glands 

in mice and pancreatitis can upregulate TFF2 expression in PDG12. Although much work 

needs to be done to understand the mechanist underpinning of cancer, it appears that 

autoinduction of TFF2 after inflammatory injury plays a role to inhibit neoplasia, and that 

the dysregulation of key regenerative pathways unique to the PDG, such as overexpression 

of Shh and loss of TFF2, can lead to metaplasia and ultimately neoplasia.

The morphologic mechanisms for a PDG to architecturally become a mature IPMN remains 

to be determined; however, in evaluating the complex structures of PDG and IPMN there 

appear to be three distinct histologic types that were closely associated with one another, 

which could possibly represent progressive histologic changes from hyperplastic PDG to 

cystic metaplasia, ultimately forming mature papillary structures. Molecularly, one of the 

key regulators of the conversion from PDG to tumor cells is likely to be the down regulation 

of TFF2.

The role of TFF2 as tumor suppressor was initially uncovered in the field of gastric 

tumorigenesis18–20, 37. Loss of TFF2 in a genetically engineered mouse model of gastric 

cancer (gp130 mouse) results in an increased proliferation and larger tumors. In addition, 

TFF2−/− mice with chronic infection of H. pylori develop more advanced gastric dysplasia, 

including carcinoma in situ17, 18. It is still unclear the mechanism that TFF2 exerts its tumor 

suppressive activity. Although this work reveals it has anti-proliferative properties, it has 

also been shown to possess anti-inflammatory properties and modify the body’s immune 

response37. TFF2 can negative regulate myeloid progenitor cells, a cell type found to 

promote GI carcinogenesis38. In pancreatic carcinogenesis, the loss of TFF2 is not an 

initiating genetic event, but it appears to accelerate KRAS-dependent neoplasia, consistent 

with its possible role as a tumor-suppressor gene. Interestingly, heterozygous loss of TFF2 
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was able to promote the development of IPMN and PanIN lesions, suggesting that 

haplosufficiency of TFF2 may be promote tumorigenesis.

Loss or downregulation of TFF2 in PDAC likely uses an epigenetic mechanism, a 

mechanism seen in gastric carcinogenesis18. There have been no reported cases of TFF2 

mutations. Furthermore, mutational analysis in 91 human PDAC samples failed to identify 

insertion, deletion, nonsense, or frameshift mutations (data not shown). Recent studies 

suggest that treatment of mouse models of PDAC with decitabine slows cancer progression 

and extends survival36, which could be due, in part, to upregulation of TFF2.

Our data also suggest an interaction of two tumor suppressor genes, SMAD4 and TFF2. 

Genetically engineered KC mice combined with loss of SMAD4 similarly resulted in the 

formation of both IPMN and PanIN20. Thus, it is noteworthy that our in vitro studies showed 

TFF2 exerts its anti-proliferative effects, in part, via SMAD4. Much work still remains to be 

done to elucidate the mechanisms and roles TFF2 and SMAD4 in human IPMN/PanIN 

pathogenesis.

Although much remains to be done to understand how dysregulation of the PDG, a 

pancreatic ductal epithelial progenitor compartment, contributes to the formation of 

pancreatic IPMN and PanIN, this work reveals that PDG may be the compartment of origin 

for both and that TFF2 has tumor suppressor activity, which may, in part, be regulated by 

SMAD4. Thus PDG may be the link between IPMN and PanIN however the downstream 

programs that orchestrates the development of these distinct tumors remains to be 

understood.
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Figure 1. 
PDG are reminiscent of SB-IPMN in humans. (A) In response to inflammatory injury, PDG 

(top and middle, arrow) increase in size and number. These structural characteristics of 

inflamed PDG are reminiscent of human SB-IPMN (bottom, arrow). Scale Bar: 200 mm (B) 

The lining cells of PDG (top) become mucinous and columnar in response to inflammatory 

injury (middle). This mucinous appearance is reminiscent of SB-IPMN (bottom). Asterisks 

show the lumen of the main duct. Scale Bars: 200 µm (left), 20 µm (right, OD) and 50 µm 

(right, CP and IPMN). (C) Both inflamed PDG and SB-IPMN show upregulated expressions 
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of gastric mucins (MUC5AC and MUC6) and TFFs. Arrow: PDG, asterisk: pancreatic duct. 

Scale Bars: 50 µm.
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Figure 2. 
PDG comprise the basal segment of SB-IPMN in humans. (A) The cyst walls of SB-IPMN 

demonstrate expansion and crowding of hyperplastic PDG (left) PDG are identified by 

MUC6 (green) and TFF2 (yellow). They are seen to fuse (asterisk) and open into the IPMN 

cyst wall (arrow). PDG are also found in the bottom layer/crypts between each papillary 

structure of IPMN (right). Scale Bars: 100 µm. (B) Quantification of TFF2 expression in 

IPMN (n=13) and PDAC (n=15). (C) Three different histologic patterns of PDG (arrow) 

within SB-IPMN. The hyperplastic phase (left), the cystic metaplasia phase (middle) and the 
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papillary phase (right). Each PDG can be identified by its expression of TFF2, and Ki-67-

positive proliferating cells are found in the PDG compartment (bottom). Scale Bars: 100 µm.
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Figure 3. 
Human IPMN are comprised of multiple PDG/IPMN units. The dotted frame outlines three 

PDG/IPMN units. (A, B, C) Proliferation (Ki-67; arrow) occurs in a narrow zone located 

between the TFF2-positive PDG and the overlying IPMN. Scale Bars: 50 µm (D) Within 

each PDG/IPMN unit, Ki-67-positive PDG cells and their overlying IPMN epithelia were 

isolated by LCM. Scale Bars: 50 µm (E) The D-loops of mitochondrial DNA reveal the same 

mutational profile (arrow) in each PDG/IPMN unit.
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Figure 4. 
Loss of TFF2 accelerates tumorization of KC mice. (A) While KC mice develop 

pseudopapillary lesions in the main pancreatic duct by 4 months, KC/TFF2KO mice show 

large papillary structures with increased PDG in both size and number (arrow) by 2 months. 

Scale Bars: 100 µm (B) Size, number and BrdU-positive PDG increase in both KC/TFF2+/− 

and KC/TFF2−/− mice (p<0.05). (C) Pseudo-papillary lesions in KC mice (left), low-grade 

papillary structure in KC/TFF2+/− mice (middle), high-grade papillary structure in KC/

TFF2−/− mice (right). Scale Bars: 50 µm (D) Papillary structure in KC/TFF2−/− mice 
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express gastric mucins MUC5AC and MUC6. BrdU is incorporated in PDG compartment. 

Scale Bars: 50 µm.
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Figure 5. 
Carcinogenesis in KC/TFF2KO mice at the age of 6 months. (A) While KC mice show only 

mPanIN-1 (left), KC/TFF2KO mice show mPanIN-2 (middle) and mPanIN-3 (right). Scale 

Bars: 200 µm (top) and 50 µm (bottom) (B) The PanIN-occupied area is significantly larger 

in TFF2-dificient mice (p<0.01). (C) A KC/TFF2+/− mice was found to have PDAC in the 

pancreatic head (top, arrowheads) with multiple liver (top, white arrows: bottom, left, black 

arrows) and lung metastases (bottom, right, black arrows). Scale Bars: 50 µm.
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Figure 6. 
TFF2 inhibits cell-proliferation via SMAD4 in vitro. (A) RNA expression of TFF2 in HPDE 

and cancer cell lines (Real-Time PCR). (B) Growth curve showing TFF2 dose-dependent 

inhibitory effects on proliferation. (C) Overexpression of TFF2 induced upregulation of 

SMAD4. (D) SMAD4 expression can be found in nuclei after the overexpression of TFF2. 

(E) Double-positive cells for TFF2 and BrdU can be found after the suppression of SMAD4. 

(F) The downregulation of proliferation by TFF2 can be restored by the SMAD4.
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Figure 7. 
TFF2 promoter methylation and SMAD4 regulation in vitro. (A) TFF2 promoter DNA 

methylation profiles of PANC-1 and Aspc-1 cells. Lymphocyte DNA and Sss1 methylated 

DNA are used as controls. (B) TFF2 gene is upregulated following the genomic 

demethylation by decitabine. (C) After treatment with decitabine, promoter methylation in 

all the 5 CpG sites was decreased. (D) Treatment with decitabine upregulated TFF2 and 

SMAD4 mRNA. However, siRNA-mediated knockdown of TFF2 abrogated the decitabine-

mediated SMAD4 upregulation.
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