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Acinar plasticity and Kras dependent specification of pancreatic ductal 
adenocarcinoma precursors 

 
John P. Morris IV 

 
 

Pancreatic ductal adenocarcinoma (PDA) is characterized by near universal 

mutations in the Kras proto-oncogene.  Targeting constitutively active Kras to the 

pancreas results in the development of preneoplastic lesions and malignant 

progression similar to that observed in human PDA.  Here we explore the 

capacity of mutant Kras to initiate PDA by reprogramming pancreatic acinar cells 

into a lineage that resembles human pancreatic intraepithelial neoplasia (PanIN), 

believed to be the most common route to PDA in man.  Chronic pancreatitis is a 

major risk factor for human PDA, and chemically induced pancreatitis provides a 

permissive environment for PanIN and PDA formation in mouse models driven by 

mutant Kras.  We found that mutant Kras dramatically alters the plasticity of 

acinar cells, preventing regeneration at the expense of a normally restricted, 

persistently ductal cell fate capable of giving rise to PanINs.  Unlike acinar 

regeneration, which is characterized by activation of Beta-catenin signaling, 

Beta-catenin signaling is inhibited during early stages of Kras driven metaplasia.  

Using gain and loss of function approaches, we found that Beta-catenin is 

required for acinar regeneration and that enforced stabilization of Beta-catenin 

antagonizes acinar to ductal reprogramming that can give rise to PanINs.  

Therefore, Kras dependent specification of acinar derived PanINs depends on 

critical temporal thresholds of Beta-catenin signaling.  Continuing the theme of 

Kras altering pancreatic plasticity, we investigated the role of miRNA processing 
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in Kras driven PDA initiation.  We found that deleting the critical miRNA 

biogenesis enzyme Dicer in the pancreas in the context of mutant Kras 

dramatically accelerates ductal metaplasia.  However, this does not result in 

accelerated development of PanIN or PDA, and Dicer deficient cells do not 

contribute to PDA in mice.  Dicer deficient acini display compromised expression 

of markers of acinar differentiation, which provides a permissive environment for 

Kras dependent ductal reprogramming.  However, this differentiation state is 

unstable and displays considerable apoptosis, likely preventing the cells from 

contributing to PDA development.  Therefore, we hypothesize that miRNA 

expression must be appropriately tuned to both permit preneoplastic 

differentiation and maintain cellular viability during Kras driven pancreatic 

transformation. 
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Chapter 1: Introduction 
 
Pancreatic Function, Development, and Plasticity 
 
The adult pancreas is a complex organ composed of both exocrine and 

endocrine compartments.  The exocrine compartment is comprised mainly of 

acinar cells, which produce and secrete digestive enzymes, and a system of duct 

cells that provide a link for these enzymes to the duodenum(1).  A less 

understood cell type, centroacinar cells, are found at the junction between acini 

and the duct system, and are becoming better characterized as specific markers 

and increasingly sophisticated methods for their isolation are developed(2).  The 

endocrine compartment is organized into the Islets of Langherhans, observed as 

groups of cells distributed throughout the exocrine tissue.  Islets are composed of 

5 different hormone-producing cells, predominantly insulin producing β-cells, that 

help regulate blood glucose homeostasis(3). Salient to the topic of this thesis, 

acinar, centroacinar, duct, and insulin producing cells have been proposed as 

cells of origin for pancreatic ductal adenocarcinoma (PDA)(reviewed in (4, 5).  

Although human PDA manifests ductal morphology and markers, mouse models 

targeting mutant Kras, one of the most common mutations in human PDA, to 

specific differentiated compartments in the adult mouse pancreas have mainly 

focused on the capacity of acinar cells to give rise to PDA precursors and in 

some cases PDA (reviewed in(5)).  This may reflect the general paucity of tools 

specifically targeting the duct and centroacinar compartment, or differences in 

sensitivity to transformation by mutant Kras, a controversial issue that has yet to 

be resolved. 
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Embryonic pancreas development is a complex process that depends on tight 

control of the timing and signal strength of signaling pathways and transcriptional 

output.  In the mouse, Pdx1 expressing multipotent pancreatic progenitors bud 

dorsally and ventrally from the gut tube around E8.5(1).  These multipotent 

progenitors then develop through stages of waning plasticity until they reach fully 

differentiated status in young mice.  Considerable effort has been applied to 

determining the developmental potency of pools of cells progressing through 

pancreatogenesis, which has resulted in a catalogue of markers and transcription 

factors marking different stages(6).  Interestingly, most cell fate decisions in 

pancreas development are not binary, like the expression of the transcription 

factor neurogenin3 (Ngn3) that specifically drives cells to enter the endocrine 

lineage(7), but depend on signal pathway strength or level of transcription factor 

expression.  For example high levels of Notch pathway activation block Ngn3 

expression due to direct inhibition by the Notch effector Hes1(8).  Therefore, cells 

experiencing Notch signaling levels that breach a threshold incompatible with 

Ngn3 expression trend towards an exocrine fate.  However, during very early 

pancreatic development, Hes1 marks progenitors that can give rise to both 

endocrine and exocrine cells(9), and both elimination of Rbpj, a key Notch 

transcriptional effector(10), and uncontrolled levels of Notch signaling inhibit 

exocrine development(11).  Therefore, dynamically tuned levels of Notch 

signaling are required for appropriate specification of the adult pancreatic 

lineages.   
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The role of β-catenin signaling in pancreatic development also highlights the 

importance of dynamic temporal regulation of signaling pathways in specification 

of adult pancreatic lineages.  β-catenin signaling peaks between E11.5 and 13.5 

in the developing pancreatic epithelium and is nearly inactive in differentiated 

cells at p0.  Eliminating β-catenin in Pdx1 positive progenitors compromises the 

development and proliferation of acinar progenitors, and potentially endocrine 

precursors(12-14).  Interestingly, instead of promoting exocrine differentiation as 

might be expected, enforcing uncontrolled β-catenin signaling in Pdx1 precursors 

around E9.0 inhibits normal pancreatic differentiation at the expense of aberrant 

duct like structures(15).  However, stabilizing β-catenin at slightly later timepoints 

in Pdx1 and p48 positive progenitors not only permits normal development but 

also increases acinar cell proliferation(15, 16).  Therefore, cells undergoing 

exocrine development pass through states that vary in their sensitivity and 

dependence on β-catenin levels to undergo appropriate cell fate decisions.  

Chapter 2 of this thesis describes a similar temporal role of β-catenin signaling in 

Kras dependent specification of a cell lineage capable of giving rise to PDA. 

 

Following pancreatic development, transcription factors and signaling pathways 

that mark multipotent progenitors become restricted to specific differentiated 

cells(6).  At the same time, differentiated cells appear to mainly lose the capacity 

to differentiate into other cell types, and homeostasis appears to depend mainly 

on the expansion of pre-existing cells rather than the proliferation of a dedicated 



	   4	  

stem cell compartment(17-20).  This understanding of pancreatic plasticity has 

come in large part from models of exocrine and endocrine regeneration.   

 

Considerable effort has been applied to understanding β-cell regeneration to 

enhance techniques for generating cells for type-1 diabetes therapy.  β-cell mass 

is gradually restored after selective β-cell killing.  Lineage tracing of β-cells before 

and after conditional elimination reveals no significant reduction of previously 

marked cells, suggesting that β-cells mainly regenerate from the proliferation of 

existing β-cells(19).  Acinar cells also appear to mainly regenerate from pre-

existing cells, therefore possessing a facultative stem cell capacity(17, 18, 21).   

 

Considerable insight into acinar cell regeneration and plasticity has come from 

models that depend on chemical induction of pancreatitis using the 

cholecystokinin analog caerulein.  Supramaximal caerulein treatment 

hyperactivates the acinar secretory pathway, leading to precocious, intracellular 

enzyme activity and cell damage due to autodigestion(22).   While a small 

percentage of acinar cells undergo cell death, remaining, damaged acinar cells 

assume a transiently de-differentiated state displaying expression of duct 

markers (eg CK19), stress associated markers (eg Clusterin), as well as 

elements of the pancreatic embryonic program (eg Sox9, Pdx1, Hes1, and 

others) not normally expressed in differentiated acinar cells(18, 21, 23-25).  

Despite significant changes in gene expression and differentiation, this damaged 

state rapidly regenerates into normally functioning acinar cells.  Like β-cells, the 
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frequency of genetically labeled acinar cells before and after caerulein is not 

significantly decreased(18), indicating regeneration of acinar cells from mainly 

pre-existing cells.  Furthermore, even though the regenerating acinar 

compartment widely expresses markers of ductal differentiation in response to 

acute pancreatitis, acinar cells do not undergo persistent ductal reprogramming 

and become fixed in a ductal lineage(21, 25).  Acinar to ductal reprogramming in 

the absence of aberrant signaling (e.g. Kras mutation (reviewed in (5), TGF-α 

expression(26)) appears to be a fairly restricted cell fate, not even observed in 

regeneration from partial pancreatectomy(17).  However, fixed acinar to ductal 

reprogramming of wildtype acinar cells has been observed in response to severe, 

persistent damage where regeneration does not take place, such as chronic 

caerulein administration or pancreatic duct ligation(17, 27).  Indeed, near 

complete elimination of acinar cells by selective killing also appears to activate 

an alternative, non-acinar, pool of cells that can give rise to acinar cells(28).  This 

suggests that while acinar cells represent the primary regenerative source for 

exocrine cells, and acinar cells do not generally take on other fates, the pancreas 

possesses “backup” routes for regeneration that are mobilized only in response 

to extreme levels of damage.  

 

This current understanding of acinar plasticity provides a framework to begin to 

understand how mutant Kras alters exocrine plasticity to drive PDA initiation. As 

described below, genetic models have shown that mutant Kras can act as the 

primary driver of the PanIN/PDA lineage, and suggest that exocrine cells and 
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endocrine cells (again in the context of persistent inflammatory damage) can be 

reprogrammed into a cell lineage that can give rise to PDA. 

 

Mutant Kras is a critical regulator of PDAC development 

Significant effort has been applied to determining the molecular underpinnings of 

PDAC. While some (~2-10%) of PDAC appears associated with hereditary 

factors(29),(30), most disease is associated with high frequency somatic 

mutations in a subset of genes, including the small GTPase protein Kras(31), and 

the tumor suppressors p16/INK4a(32), p53(33, 34), and DPC4/SMAD4(35).  Of 

these frequently observed alterations, it is key to note that Kras mutation is 

nearly universal (>95%) in human PDAC.  The mutations catalogued in PDAC 

render the protein locked in a constitutively active state, unable to hydrolyze 

GTP, thus promoting persistent signaling to downstream effectors (as reviewed 

in(36)).  Large-scale genomics studies are beginning to catalogue the landscape 

of mutations found in PDAC(37), but investigating the function of these ”classical” 

genes both in cell culture and animal modeling have significantly advanced 

insight into PDAC aetiology.   

 

PDAC is associated with non-invasive, preneoplastic lesions that are believed to 

represent precursors to the disease(38)(Figure 1, originally Box1 in (5)). PanINs 

are the most common and most widely studied putative precursors.  They are 

histologically classified into three stages of increasing cellular and nuclear atypia 

(Figure 2)(39).  Molecular studies have shown that PanIN stage correlates with 
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increasing mutation frequency and variety(40).  For example, PanIN1 lesions 

frequently possess Kras mutation (estimates suggest 15-40%(41)), but less often 

harbor mutations in p53 or SMAD4.  PanIN3 lesions, on the other hand, display 

more frequent Kras mutation as well as more frequent loss of these tumor 

suppressors(42, 43). 

 

Owing to its near universal frequency in PDAC, Kras mutation was hypothesized 

to represent an initiating genetic lesion in the disease.  However, initial efforts to 

audit the sufficiency of mutant Kras to initiate PDAC progression were stymied by 

the limitations of transgenic approaches.  Expression of mutant Kras under 

acinar and ductal promoters resulted in either ductal lesions reminiscent of 

PanINs and mixed acinar and ductal carcinomas(44), or peri-ductal 

inflammation(45), respectively.  However, neither model resulted in PDAC nor a 

faithful recapitulation of the stepwise progression of precursor lesions.  Although 

it is unclear why these models failed to recapitulate human disease progression, 

they may have been hampered by hyper-physiological Kras output, or activation 

of Kras in an inappropriate cell type or developmental stage. The ability of mutant 

Kras to drive PDAC was not successfully investigated until the development of a 

Cre inducible conditional allele (lox-stop-lox KrasG12D (LSL-KrasG12D)) targeted to 

the endogenous Kras locus(46), thus permitting expression of constitutively 

active Kras under temporal and spatial control. This tool eliminated possible 

issues of confounding cellular response to overexpression as transcription of the 

mutant Kras allele depends on the activity of the endogenous promoter.   
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First, the LSL-KrasG12D allele was mated against Cre driver lines in which the 

recombinase is expressed under the control of promoters of the key pancreatic 

progenitor genes Pdx1 and p48, thus targeting mutant Kras to most cells in the 

developing organ.  Both Pdx1-Cre; LSL-KrasG12D and p48Cre; LSL-KrasG12D 

(Table 1) animals displayed development of PDAC in a small number of mice 

(~15%) over the course of more than a year(47).  Furthermore, early stage 

PanINs were universally penetrant, and lesions resembling the entire human 

PanIN spectra were observed in an age dependent fashion. 

 

Recently, these original models have been modified to begin to determine which 

pancreatic cell types are capable of being reprogrammed into PDAC under the 

control of mutant Kras.  By utilizing inducible Cre strategies which allow 

activation of Kras in specific populations of adult cells, it has become evident that 

while PDAC displays ductal characteristics, it may not necessarily emanate from 

the duct compartment (Figure 1 and Box 2)(21, 48-53).  Interestingly, 

considerable evidence has shown that acinar cells can give rise to the PanIN 

lineage, a reprogramming event that can be dramatically accelerated by 

inflammatory damage, namely pancreatitis.  Therefore, mutant Kras is a critical 

determinant of the “PanIN/PDAC lineage”, capable of driving pancreatic cells 

from terminal differentiation into a duct like fate ultimately capable of giving rise 

to PDAC.  
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Additionally, Kras driven models have been combined with loss of function alleles 

of the most commonly inactivated tumor suppressors including p16, p53, and 

various components of the TGF-β signaling cascade (models are summarized in 

Table 1)(54-61), revealing that these pathways constrain Kras directed PDAC 

development.  Interestingly, eliminating different tumor suppressors can 

dramatically alter the type of precursor lesion that develops and the ultimate 

differentiation state of the malignant disease.  It is key to note that cells in these 

models are subjected to simultaneous activation of Kras and loss of tumor 

suppressor function.  This is likely in contrast to human tumor progression in 

which Kras mutations appear to occur early in disease development, and cells 

subsequently undergo selection pressure and accumulate progressive tumor 

suppressor loss.  The observation that compromising tumor suppressive 

pathways “out of order” changes the course of PDAC development suggests that 

the disease may depend on the sequential tuning of signaling pathways in a 

similar fashion to that seen in normal development.  

 

The following 2 chapters explore the theme of mutant Kras altering acinar 

plasticity to drive the PanIN/PDA lineage, and the requirement of temporal 

control of developmental signaling pathways in order for acinar cells to be 

reprogrammed into the ductal, PanIN lineage.  Important to both chapters is the 

permissive environment that damage and transient de-differentiation that acute 

chemical pancreatitis provides for ductal reprogramming and PanIN 

development.  Chapter 2 shows that mutant Kras blocks acinar cell regeneration 
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at the expense of persistent ductal de-differentiation.  Furthermore, while β-

catenin signaling is activated during acinar regeneration, it is blocked during the 

early stages of Kras driven, acinar derived PanIN development, and stabilized β-

catenin can block acinar to ductal reprogramming that can give rise to PanINs.  

Chapter 3 shows that miRNAs constrain acinar differentiation, and loss of 

miRNAs accelerates Kras driven acinar to ductal reprogramming similar to the 

early stages of Kras dependent acinar reprogramming following pancreatic 

damage.  However, this de-differentiated state displays considerable apoptosis 

and Dicer deficient cells do not appear to be capable of giving rise to PDA.  

Therefore, miRNA processing must be appropriately tuned during Kras driven 

acinar to ductal reprogramming to permit the development of a viable, ductal fate 

that can give rise to PDA.  Chapter 3 ends with a discussion of ongoing 

experiments to identify Dicer dependent factors that are important for Kras to 

drive acinar to ductal reprogramming that can give rise to PDA precursors.   
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Figure Legend 

Figure 1. Kras is a master regulator of pancreatic ductal adenocarcinoma 

initiation and progression.  

Constitutively active Kras (KrasG12D, or KrasG12V) is sufficient to initiate the 

development of pancreatic intraepithelial neoplasia (PanINs) and pancreatic 

ductal adenocarcinoma (PDAC).  PanINs are classified into three stages of 

increasing cellular atypia and in humans have been found to possess increasing 

numbers of mutations (common mutations are indicated).  In mouse models the 

human PanIN spectrum followed by progression to PDAC has been recapitulated 

by activating mutant Kras in embryonic pancreatic progenitors. Eliminating tumor 

suppressors commonly inactivated in the human disease dramatically decreases 

PDAC latency.  Mouse models in which Kras is activated specifically in some 

adult cell types have shown that both acini and insulin positive cells can give rise 

to PanINs and in some cases PDAC depending on tissue damage and tumor 

suppressor inactivation.  For these cell types, reprogramming into a “ductal” cell 

type is required to assume the PanIN–PDAC lineage.  Question marks are 

shown for centroacinar and duct cells as they have not been specifically audited 

for their ability to be reprogrammed into a lineage capable of becoming PDAC 

under the control of Kras. However, until specific targeting has been achieved 

they cannot be ruled out as sources of the “precursor-PDAC” lineage.  Note: line 

drawing modified from Hruban and colleagues (Clin Cancer Res 6, 2969-72 

(2000)). 
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Figure 2 
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Chapter 2:  

 

β-catenin blocks Kras dependent reprogramming of acini into pancreatic 

cancer precursors in mice. 

 

 

This work appeared in published form as: 

 

Morris IV, J.P., Cano, D.A., Sekine, S., Wang, S.C., and Hebrok, M. 2010. Beta-

catenin blocks Kras-dependent reprogramming of acini into pancreatic cancer 

precursor lesions in mice. J Clin Invest 120:508-520.
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Abstract: 

Cellular plasticity in adult organs is involved in both regeneration and 

carcinogenesis.  In response to injury that mimics acute pancreatitis, wild type 

mouse pancreatic acinar cells have been shown to rapidly regenerate through 

intermediates that re-activate elements of embryonic pancreatic development.  In 

contrast, such injury promotes the development of pancreatic ductal 

adenocarcinoma (PDA) precursor lesions in mice in which constitutively active 

Kras is targeted to the exocrine pancreas.  At present, the molecular environment 

that mediates acinar regeneration versus the development of PDA precursors is 

poorly understood.  Here, we use genetically engineered mice to demonstrate 

that mutant Kras promotes acinar to ductal metaplasia (ADM) and pancreatic 

cancer precursor lesion formation by blocking acinar regeneration following acute 

pancreatitis.  Our results show that temporary activation of ß-catenin signaling, 

an embryonic signaling pathway known to regulate development of acinar cells 

during organogenesis, is critical for acinar cell regeneration.  Importantly, we find 

that this transient increase in ß-catenin signaling is not observed during the 

initiation of Kras induced acinar to ductal reprogramming.  Furthermore, 

stabilized ß-catenin signaling antagonizes the ability of Kras to reprogram acini 

into PDA pre-neoplastic precursors.  Therefore, our study highlights β-catenin as 

a critical determinant of acinar regeneration versus Kras induced fate decisions 

during the specification of PDA precursors.  More broadly, it points to the 

importance of temporal regulation of embryonic signaling pathways in the 

development of neoplastic cell fates. 
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Introduction 

Pancreatic ductal adenocarcinoma (PDA) is the fourth leading cause of cancer 

death in the United States (1).  Analysis of patient samples and genetically 

engineered mouse models suggest that it likely develops from pre-neoplastic 

ductal lesions, including pancreatic intraepithelial neoplasias (PanINs) (2).  

Understanding how signaling pathways interact in the pancreatic epithelium to 

elicit PanINs therefore represents a key step in the possible development of tools 

for early PDA detection and treatment.  While PanINs express markers of ductal 

differentiation, many recent studies suggest that they can arise from pancreatic 

acinar cells that are reprogrammed into a preneoplastic state by undergoing 

acinar to ductal metaplasia (ADM) (3-7)  

 

Activating mutations in the KRAS gene are nearly universal in human PDA (8) 

and targeting of mutated Kras to mouse pancreatic progenitors recapitulates the 

human PanIN to PDA progression sequence (9).  While ADM is observed in 

these models (6), and Kras can spontaneously induce ADM and PanIN formation 

when activated in adult acini (3, 4, 7), expression of mutant Kras in acinar cells 

does not guarantee ductal reprogramming.  Acini expressing mutant Kras during 

embryogenesis appear grossly unaffected (9) and some normal acinar tissue is 

maintained in the context of PanIN and PDA progression as mice age (9,10).  

Therefore, additional events must occur to enable a cellular environment 

permissive for Kras to drive ADM/PanIN formation. 
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Recently, environmental insults that result in exocrine damage and inflammation 

have been shown to represent one such permissive environment.  For example, 

Guerra and colleagues (5) and Carriere and colleagues (11) have demonstrated 

that chronic and acute chemical pancreatitis, respectively, induced by the 

cholecystikinin receptor agonist caerulein, accelerate development of 

ADM/PanIN and PDA progression when mutant Kras is expressed in the 

acinar/centroacinar compartment.  These findings, particularly that of Guerra and 

colleagues (5), support clinical data showing that chronic pancreatitis represents 

a potent risk factor for PDA (12, 13).  However, the exact manner by which active 

Kras co-opts exocrine damage to initiate the PanIN to PDA sequence is unclear.   

 

In response to caerulein induced acute pancreatitis, wild type mouse acinar cells 

decrease expression of acinar markers and re-activate factors expressed during 

pancreatic development (14, 15).  These cells may also assume a transient duct-

like morphology (16, 17).  Lineage tracing has revealed that it is mainly pre-

existing acini, rather than a dedicated acinar stem cell, which rapidly re-

differentiate and repopulate the acinar compartment following caerulein 

pancreatitis (16, 17).  Thus, this transient de-differentiation of acini into duct-like 

cells during regeneration differs from ADM, where ductal differentiation becomes 

fixed.  Nonetheless, acini undergoing ADM both in vitro due to EGF ligand 

signaling (18, 19) and in vivo in the context of mutant Kras share expression of 

some embryonic markers of regenerating wild type acinar cells, such as Nestin 

and Notch pathway activation (14, 16).  Since expression of many of these 
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reactivated embryonic factors are also maintained throughout PanIN and PDA 

development, such as Notch signaling (20), achieving a less-differentiated 

expression profile that resembles pancreatic development may play a role in 

PanIN initiation.  Furthermore, some factors reactivated during acinar 

regeneration have also been shown to promote ADM.  For example, while the 

transcription factor Pdx1 is transiently up-regulated during acinar regeneration 

(14), enforced exocrine expression induces ADM (21).  This suggests that 

reactivation of developmental signaling pathways must be tightly regulated to 

permit acinar regeneration but prevent persistent ductal reprogramming.  

 

Given the ability of mutant Kras to spontaneously induce ADM and PanINs, 

which share molecular similarity to regenerating acini, we set out to investigate 

the effects of mutant Kras on differentiation and regeneration-associated 

signaling pathways immediately following acinar damage.  Using acute caerulein 

pancreatitis as a model, we find that mutant Kras blocks acinar regeneration and 

promotes persistently de-differentiated ADM/PanIN.  Probing for the molecular 

mechanisms underlying this switch we find that regeneration-associated β-

catenin signaling is inhibited during Kras induced acinar to ductal reprogramming 

and that β-catenin is required for efficient acinar regeneration.  Finally, we show 

that stabilized β-catenin signaling antagonizes Kras induced ADM and prevents 

the formation of acinar derived PanINs.  Thus, we conclude that β-catenin 

signaling is a key modulator of acinar plasticity, and represents a critical 
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molecular modulator of acinar regeneration versus Kras induced reprogramming 

of acini into PDA precursors.   
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Results  

Mutant Kras blocks acinar regeneration in favor of ADM/PanIN formation 

To determine how mutant Kras affects acinar regeneration we generated mice in 

which a constitutively active form of Kras, LSL-KrasG12D (9), is induced via Cre 

recombinase expressed in all pancreatic progenitors by the Pdx1 promoter, 

Pdx1-CreEarly  (22).  At six weeks of age the pancreas in these mice is comprised 

mostly of morphologically normal acini with few ductal PanIN lesions despite 

efficient recombination at the conditional Kras locus (asterisk Figure 1E, M).  We 

induced acute caerulein pancreatitis using the ‘staggered’ protocol described in 

the Methods section, and compared regeneration in control Pdx1-CreEarly and 

Pdx1-CreEarly; LSL-KrasG12D mice.  The exocrine compartments of both cohorts 

responded comparably 2 days after caerulein treatment, displaying de-granulated 

acinar cells (Figure 1B, F), decreased amylase expression (Figure 1J, N), and 

duct like structures consistent with acute pancreatitis (Figure 1B, F and insets).  

These structures were morphologically similar to the transient ductal 

intermediates reported by other groups during wild type acinar regeneration (16, 

17).  In Pdx1-CreEarly control mice these structures also weakly co-expressed the 

duct marker CK19, while CK19 was strongly expressed in comparable structures 

in Pdx1-CreEarly; LSL-KrasG12D animals (compare Figure 1 J, N and insets).  By 

seven days following caerulein treatment regeneration of the acinar compartment 

of Pdx1-CreEarly control animals was nearly complete, as amylase and CK19 

expression was redistributed in similar fashion to PBS treatment (Figure 1C, K).  
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Similarly, pancreata at 21 days following caerulein were indistinguishable from 

PBS treated animals (Figure 1D, L). 

 

In stark contract, acinar regeneration was blocked in Pdx1-CreEarly; LSL-KrasG12D 

mice, resulting in replacement of the normal exocrine compartment with ductal 

structures.  Seven days following treatment, Pdx1-CreEarly; LSL-KrasG12D 

pancreata were comprised mainly of CK-19 positive duct structures embedded in 

an expanded stromal compartment (Figure 1G, O).  Morphologically normal, 

amylase expressing acinar cells were rare, with some amylase positive cells 

found in duct structures (Figure 1O, arrowheads).  By 21 days following 

treatment, the exocrine compartment was predominately composed of CK-19 

positive, mucinous ductal lesions resembling low grade PanINs (Figure 1H, P).  

As observed in other reports of spontaneous mouse PanINs (9), these lesions 

frequently stained for Alcian Blue, a marker of mucin accumulation in human 

PanINs (Supplemental Figure 1B).  Consistent with histological features at both 

time points and a progression in severity of the observed defects, Alcian Blue 

positive structures were more common at day 21 following caerulein than seven 

days after treatment (compare Supplemental Figure 1A, 1B).  

 

To further test whether acinar reprogramming is a source of the abnormal ducts 

and PanINs resulting from inhibited acinar regeneration we also performed this 

analysis using transgenic mice that have Kras activation in a more restricted set 

of cells during embryogenesis (Pdx1-CreLate; LSL-KrasG12D) as well as mice in 
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which Kras acitivity is restricted to adult acinar cells (Elastase-CreERT2; LSL-

KrasG12D).  We have previously shown that in the Pdx1-CreLate driver line, Cre 

activity is found in acinar cells but notably absent from ducts (22).  Caerulein 

treatment in these mice displayed a similar time course of subverted 

regeneration and accelerated ADM/PanIN development as Pdx1-CreEarly; LSL-

KrasG12D mice (Supplemental Figure 1C-F), supporting acinar reprogramming as 

a source of the observed duct structures and PanINs.   

 

To more rigorously test if acini serve as the cell of origin for ADM/PanIN following 

inhibited acinar regeneration, we also performed these experiments with 

Elastase-CreERT2 driven mouse models.  This line was chosen as it permits 

tamoxifen inducible Cre activation restricted to adult acini (23).  To trace cells 

where Cre was active we also included a R26R-EYFP reporter line in our 

matings, which possesses a Cre inducible lox-stop-lox-EYFP cassette targeted to 

the Rosa26 locus (24).  Elastase-CreERT2; R26R-EYFP and Elastase-CreERT2; 

LSL-KrasG12D; R26R-EYFP mice were generated and stimulated with tamoxifen 

(see Methods) at four weeks of age.  Two weeks later, mice were treated with 

PBS or the staggered caerulein protocol as described above.  As expected, YFP 

expression was limited to amylase positive acinar cells and absent from CK19 

positive duct cells in tamoxifen stimulated, PBS treated Elastase-CreERT2; R26R-

YFP mice (Supplemental Figure 1G).  Two days following caerulein however, we 

observed CK19/YFP double positive cells in duct like structures (Supplemental 

Figure 1H) similar to those observed in Pdx1-CreEarly control mice (Figure 1F, J), 
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supporting a transient ductal state during acinar regeneration.  These CK19/YFP 

double positive cells may be similar to the acinar derived type 1 Tubular 

Complexes (TC1) duct like structures described by Strobel and colleagues (17).  

They also resemble double amylase/CK19 positive structures observed during 

regeneration following partial pancreatectomy in rats (25).  Of note, we also 

found CK19 positive acinar structures that were YFP negative.  Due to the 

mosaic nature of CreERT2 activation we cannot rule out that these are cells in 

which YFP was not activated.  Alternatively, they may represent non-acinar 

derived TC2 structures as described previously (17).  As expected, upon 

regeneration seven and 21 days after caerulein treatment, YFP expression was 

again limited to acinar cells (Supplemental Figure 1I,J).  

 

Tamoxifen stimulated Elastase-CreERT2; LSL-KrasG12D, and Elastase-CreERT2; 

LSL-KrasG12D; R26R-EYFP mice treated with PBS possessed grossly normal 

pancreata (Supplemental Figure 1K) that rarely demonstrated ADM/PanIN (one 

of six mice, four to five weeks following tamoxifen).  Except such rare lesions in 

Elastase-CreERT2; LSL-KrasG12D; R26R-EYFP mice, YFP expression was limited 

to acinar cells and excluded from CK19 positive ducts (Figure 1Q).  Two days 

following caerulein Elastase-CreERT2; LSL-KrasG12D; R26R-EYFP mice developed 

duct like structures similar to those observed in other genotypes (Supplemental 

Figure 1L) which were composed of acinar derived, double CK19/YFP positive 

cells (Figure 1R).  In contrast to Elastase-CreERT2; R26R-EYFP control mice, 

acinar derived CK19/YFP double positive ducts persisted 7 days following 
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caerulein (Figure 1S; Supplemental Figure 1M,).  Due to the acinar origin of 

these structures, they may represent persistent TC1 type structures.  21 days 

following caerulein we observed frequent CK19/YFP double positive, acinar 

derived PanIN lesions (Figure 1T, Supplemental Figure 1N,).  Therefore, mutant 

Kras subverts the regenerative capacity of otherwise morphologically normal 

acini following acute pancreatitis, and instead promotes a fixed ductal fate that is 

permissive for ADM/PanIN formation.   

 

Mutant Kras alters acinar regeneration by maintaining a persistently de-

differentiated state 

Since mutant Kras subverts acinar cell fate decisions following damage, we next 

asked if mutant Kras effects the reactivation of embryonic signaling pathways 

during normal acinar regeneration.  Two days following caerulein, the exocrine 

compartment in both Pdx1-CreEarly and Pdx1-CreEarly; LSL-KrasG12D mice 

displayed re-activation of elements of embryonic development or markers of 

immature acini, frequently in duct like structures, including Clusterin (Figure 2B 

,F) (15), Sox9 (Figure 2J, N) (26), Pdx1 (Supplemental Figure 2B, F) (14), and 

the Notch target gene Hes1 (Supplemental Figure 2J, N) (14).  This suggests 

that exocrine cells possessing mutant Kras assume progenitor like properties in 

response to acinar damage similar to wild type exocrine cells.  The adult 

expression pattern of these embryonic factors before injury was re-established 

seven and 21 days following caerulein administration in Pdx1-CreEarly control 

mice, (Figure 2C, D, K, L, Supplemental Figure 2C, D, K, L).  In stark contrast, 
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expression of all tested embryonic factors persisted in ductal metaplasia and in 

PanINs observed in Pdx1-CreEarly; LSL-KrasG12D (Figure 2G, H, O, P), similar to 

spontaneous PanINs found in age-matched PBS treated mice (Figure 2E, M, 

Supplemental Figure 2E, M).  

 

Next, we directly compared acinar differentiation during regeneration and 

ADM/PanIN formation in Elastase-CreERT2; R26R-EYFP and Elastase-CreERT2; 

LSL-KrasG12D; R26R-EYFP mice.  Consistent with our observations in Pdx1-

CreEarly and Pdx1-CreEarly; LSL-KrasG12D mice, we observed acinar derived (YFP 

positive) cells in both tamoxifen stimulated ElastaseCreERT2; R26R-EYFP and 

Elastase-CreERT2; LSL-KrasG12D; R26R-EYFP mice that expressed Clusterin 

(Supplemental Figure 3B), Sox9 (Supplemental Figure 3J), and Pdx1 (data not 

shown) two days following caerulein.  As expected, strong expression of 

Clusterin, Sox9, and Pdx1 was absent from acini in ElastaseCreERT2; R26R-

EYFP when regeneration was complete (Supplemental Figure 3 C, D, K, L, and 

data not shown).  In contrast, acinar derived metaplastic ducts and PanINs in 

Elastase-CreERT2; LSL-KrasG12D; R26R-EYFP mice maintained strong expression 

of these embryonic factors (Supplemental Figure 3G, H, O, P, data not shown).  

Therefore, mutant Kras not only diverts regeneration towards a ductal fate, but 

also promotes a persistently de-differentiated state (Figure 2Q). 

 

We also asked if maintenance of a de-differentiated ductal state corresponded 

with persistent activation of Kras effector pathways.  As assessed by 
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phosphorylation of both p42 and p44 (ERK1/2), which are readouts for the 

activity of the MAP Kinase (MAPK) pathway downstream of Kras signaling, we 

found that the pattern of Kras activity matched that of the persistently active 

embryonic factors.  While spontaneous ADM/PanIN in PBS treated Pdx1-CreEarly; 

LSL-KrasG12D displayed phospho-ERK1/2 reactivity, it was mainly absent in 

morphologically normal acini (Supplemental Figure 4E).  However, phospho-

ERK1/2 staining was frequently observed in cells assuming a ductal morphology 

two days following caerulein (Supplemental Figure 4F) and was maintained in 

subsequent metaplastic ducts and PanINs (seven and 21 days following 

caerulein, Supplemental Figure 4G, H).  In the regenerating exocrine 

compartment of control Pdx1-CreEarly mice, phospho-ERK1/2 was observed in a 

subset of cells two days following caerulein (Supplemental Figure 4B), but was 

not found in acini in PBS treated animals (Supplemental Figure 4A) or in acini 

following regeneration (Supplemental Figure 4C, D).  Summarily, these data 

suggest that the regenerative environment produced by acute pancreatic 

damage not only promotes cell fate changes permissive for Kras induced 

ADM/PanIN formation, but may also provide a permissive environment for 

sustained Kras effector function.  

 

Regeneration associated ß-catenin signaling is inhibited during Kras 

induced acinar to ductal reprogramming 

Since ductal metaplasia is synchronized and widespread in caerulein treated 

Pdx1-CreEarly; LSL-KrasG12D mice, this model provides an opportunity to identify 
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key signaling pathways that are inappropriately modulated in the presence of 

mutant Kras to prevent regeneration and promote ADM/PanIN.  One candidate 

pathway is ß-catenin signaling.  ß-catenin is the prime transcriptional activator of 

canonical Wnt signaling, and has been implicated in regeneration of many 

organs including the liver, lung, and limbs (for review see (27)).  During 

pancreatic development, ß-catenin is critical for acinar specification (28, 29) and 

has been implicated in endocrine development (30).  Furthermore, ß-catenin has 

been shown to accumulate in regenerating wild type acini following caerulein 

pancreatitis (14), although a role for ß-catenin signaling activity has not been 

investigated during pancreas regeneration.  Thus, we compared ß-catenin 

accumulation and signaling during acinar regeneration and Kras induced 

ADM/PanIN formation.   

 

In PBS treated Pdx1-CreEarly mice, weak ß-catenin signal was apparent at the 

membrane of acinar cells and ducts (Figure 3A and data not shown).  While 

spontaneous PanINs in PBS treated Pdx1-CreEarly; LSL-KrasG12D mice frequently 

displayed strong membranous and cytoplasmic ß-catenin staining, 

morphologically normal acini presented with weak membranous labeling 

comparable to that of PBS treated Pdx1-CreEarly acini (Figure 3E).  Two days after 

caerulein treatment, cells in the regenerating exocrine compartment of Pdx1-

CreEarly mice displayed accumulation of ß-catenin, predominately at the cell 

periphery and in the cytoplasm (Figure 3B).  Like other embryonic factors, ß-

catenin distribution reverted to the pattern of PBS treated mice at seven and 21 
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days after treatment (Figure 3C, D).  In contrast to other reactivated 

developmental signaling factors, the damaged exocrine compartment in Pdx1-

CreEarly; LSL-KrasG12D mice displayed weaker overall ß-catenin levels as well as 

less frequent cytoplasmic accumulation two days following caerulein treatment 

compared to cells in similarly treated Pdx1-CreEarly control mice (Figure 3F).  

Western blot for ß-catenin protein confirmed these immunostaining results 

(Figure 3I, quantification of Western blot results shown in Figure 3J).  In 

metaplastic ducts seven days following treatment, overall ß-catenin accumulation 

was still weaker than that observed during the regenerative phase in Pdx1-

CreEarly  mice (Figure 3G).  Only after 3 weeks did ß-catenin frequently 

accumulate in the cytoplasm of PanIN lesions (Figure 3H).  

 

Quantitative PCR analysis of the canonical Wnt signaling/ß-catenin target genes 

Axin2 and Lef1 revealed a pattern of ß-catenin transcriptional activation 

corresponding with the observed pattern of ß-catenin accumulation.  In Pdx1-

CreEarly mice, expression of both genes increased two days following caerulein 

treatment and returned to PBS treated levels by 21 days (Figure 3K, L).  We 

detected no increase in Axin2 and Lef1 expression during ADM 2 and 7 days 

following caerulein treatment of Pdx1-CreEarly; LSL-KrasG12D, while both genes 

were significantly up-regulated when PanINs predominated after 21 days (Figure 

3K, L).  Therefore, a distinction between transiently de-differentiated, 

regenerating wild type acini and acini possessing mutant Kras undergoing the 

initial stages of ductal reprogramming is the inability of the latter to normally 
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reactivate Wnt/ß-catenin signaling.  We also tested if previously reported 

regeneration associated accumulation of E-cadherin (14, 31), which binds to ß-

catenin at adherens junctions, was similarly inhibited during Kras induced ADM.  

We observed accumulation of E-cadherin two days after caerulein treatment in 

both Pdx1-CreEarly and Pdx1-CreEarly; LSL-KrasG12D mice, (Supplemental Figure 

5B, F), suggesting that Kras induced ADM is not associated with a gross 

decrease in E-cadherin accumulation.  

 

ß-catenin is required for efficient acinar cell regeneration 

Next we tested if ß-catenin inhibition is an important component of Kras driven 

ADM and PanIN formation.  First, we asked whether ß-catenin plays a functional 

role in acinar regeneration.  To address this question, we set out to subject 

acinar cells lacking ß-catenin to caerulein pancreatitis and gauge their 

regenerative ability.  ß-catenin is required for acinar development (28-30), but not 

adult acinar cell viability or differentiation (28) as shown by conditional 

inactivation of a Cre-dependent, floxed ß-catenin allele (ß-cateninF).  We have 

previously demonstrated that Cre recombinase driven by the Ptf1a (p48) 

promoter induces recombination in both acini and a subset of ductal progenitors 

(32).  Although its expression occurs during the early stages of pancreas 

development, we have found that using it to conditionally manipulate the ß-

catenin pathway avoids developmental phenotypes induced by earlier acting Cre 

drivers, such as the Pdx1-CreEarly strain (22).  We generated p48-Cre; ß-

cateninF/F mice, which were viable and born at the expected Mendelian ratio, and 
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tested if they possessed ß-catenin negative acinar cells at 6 weeks of age.  

Similar to previous results investigating β-catenin deletion during pancreas 

development, the number of acinar cells was severely reduced in p48-Cre; ß-

cateninF/F mice (representing ~35% of the area of controls, Figure 4M) and 

pancreata displayed accumulation of fat (Figure 4D).  However, the remaining 

pancreas was composed of ß-catenin-null, amylase-positive acinar cells (Figure 

4J) along with a mixture of β-catenin negative and positive ducts and islets.  

Therefore, although p48 positive acinar progenitors develop far less efficiently 

without ß-catenin than wildtype counterparts, p48Cre; ß-cateninflox/flox mice were 

tractable for testing the ability of ß-catenin null acinar cells to regenerate. 

 

Next, we compared acinar regeneration following caerulein pancreatitis in control 

p48-Cre; ß-cateninF/+ and p48-Cre; ß-cateninF/F mice.  We induced pancreatitis 

using the method of Jensen and colleagues (14) in which mice are subjected to 

consecutive days of caerulein treatment.  We employed this particular regimen 

as it has been frequently used to test genetic modifiers of acinar regeneration.  

Previous studies have shown that in response to this caerulein protocol, acinar 

cells both assume a duct like morphology (16) and reactivate similar embryonic 

signaling factors (14, 15) to those we observed in mice treated with the 

staggered caerulein regimen that we used in our ADM/PanIN studies (See Figure 

1, 2).  Therefore, similar regenerative pathways are likely induced by both 

caerulein techniques.  As expected, three days after caerulein treatment, p48-

Cre; ß-cateninF/+ control mice displayed a significant decrease in acinar area, 
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approximately 50-60% of PBS treated control (Figure 4M), possessed 

regenerating acini, including duct-like cells (Figure 4B), and displayed increased 

ß-catenin accumulation compared to acini in PBS treated mice (compare Figure 

4G, H).  By five days following treatment, acinar regeneration in p48-Cre; ß-

cateninF/+ mice had significantly progressed, as nearly 75% of acinar area was 

re-established (Figure 4M).  In contrast, at both three and five days following 

caerulein, p48-Cre; ß-cateninF/F  mutant mice displayed a persistent decrease in 

ß-catenin-negative, amylase-positive cells.  Quantitative analysis revealed a 

reduction of greater than 90% of acinar area when compared to PBS treated 

p48-Cre; ß-cateninF/+ mice and ~10 fold reduction (Figure 4M) when compared to 

PBS treated p48-Cre; ß-cateninF/F mice (Figure 4E, K and F, L, respectively).  

The remaining epithelium consisted predominately of both ß-catenin-negative 

and CK19 positive duct cells as well as ß-catenin-negative and positive 

endocrine cells remaining in morphologically distinct islet clusters (Figure 4K, L 

and insets).  This data suggests that ß-catenin deficient acinar cells regenerate 

far less efficiently than wildtype acini and supports a role for ß-catenin as a key 

node in acinar regeneration. 

 

Stabilized ß-catenin signaling antagonizes Kras driven ADM/PanIN 

Since ß-catenin is important in acinar regeneration and a block in its reactivation 

correlates with Kras induced ductal reprogramming we asked next whether 

increased ß-catenin signaling could antagonize the ability of Kras to reprogram 
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acini into ADM/PanIN.  To answer this question, we used a gain of function 

strategy to enforce ß-catenin signaling in acini possessing mutant Kras.  

 

To induce stabilized ß-catenin in acini co-expressing mutant Kras we utilized a 

Cre induced conditional transgenic allele of ß-catenin that lacks exon 3 (ß-

cateninexon3), a region required for proteosomal turnover (33), in combination with 

the LSL-KrasG12D allele.  We have previously shown that one copy of this allele 

increases ß-catenin signaling in pancreatic epithelium (22, 32).  We analyzed the 

effect of simultaneous Kras and ß-catenin activation on ductal reprogramming in 

mice in which both pathways were activated in the developing exocrine 

compartment and specifically in adult acini.  For studies of embryonic activation 

we again used the p48-Cre driver to activate the conditional ß-catenin allele 

rather than the Pdx1-CreEarly allele employed earlier in this study to avoid 

previously reported developmental defects and perinatal lethality (22).  

 

First, we compared pancreata of PBS injected, six week old p48-Cre; LSL-

KrasG12D and compound p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice.  As 

expected, p48-Cre; LSL-KrasG12D pancreas displayed morphologically normal 

acinar cells with few PanIN lesions (Supplemental Figure 6A).  p48-Cre; ß-

cateninexon3/+; LSL-KrasG12D mice presented with a mixture of abnormal duct cells 

and amylase positive cells with acinar morphology, representing ~25% of the 

acinar area of p48-Cre; LSL-KrasG12D  animals (Figure 5 A, B, M).  Strikingly, 

PanIN lesions were not observed under these conditions.  Therefore, even at this 
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early time point and in the absence of a damaging insult that accelerates Kras 

induced PanIN formation, the propensity of mutant Kras to drive PanIN 

development is inhibited by stabilized ß-catenin.  In support of this notion, we 

have previously shown that p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice develop 

tumors resembling human intraductal tubular tumors (ITT) as they age but show 

evidence of neither PanIN lesions nor PDA (32).   

 

Next, we compared acinar replacement in p48-Cre; LSL-KrasG12D and compound 

p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice seven days following caerulein 

treatment.  As expected, caerulein treatment in p48-Cre; LSL-KrasG12D mice 

resulted in a significant replacement of acinar cells with metaplastic ducts, 

leading to a decrease of amylase area to less than 10% of PBS treated mice 

(Figure 5F, M).  As observed in Pdx1-CreEarly; LSL-KrasG12D mice, metaplastic 

ducts (Figure 5E) strongly expressed embryonic factors (Sox9, Figure 5G, 

Clusterin 5H, Hes1 Supplemental Figure 7A) and displayed phospho-ERK1/2 

labeling (Supplemental Figure 7B).  In stark contrast, cells with acinar 

morphology were maintained with a similar distribution seven days following 

caerulein treatment in p48-Cre; ß-cateninexon3/+; LSL-KrasG12D animals as 

compared to mice treated with PBS (Figure 5J, M).  Even two days after 

treatment, at the height of caerulein induced de-differentiation, the distribution of 

acini and ductal cells in p48-Cre; ß-cateninexon3/+; LSL- KrasG12D mice was similar 

to that observed in PBS treated mice (Supplemental Figure 6G, H).  Furthermore, 

Sox9 (Figure 5K), Clusterin (Figure 5L), Hes1 (Supplemental Figure 7E), and 
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phospho-ERK1/2 (Supplemental Figure 7F), were rarely present in cells with 

acinar morphology in p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice (Figure 5K, L) 

regardless of caerulein treatment.  Immunoflouresence for ß-catenin displayed 

widespread accumulation in all epithelial cell types in p48-Cre; ß-cateninexon3/+; 

LSL-KrasG12D pancreas compared to p48-Cre; LSL-KrasG12D mice, confirming 

transgenic ß-Catenin stabilization (Compare Supplemental Figure 7D, H).  ß-

catenin activation was also confirmed by quantitative PCR for target genes Axin2 

and Lef1, which displayed significant increase in p48-Cre; ß-cateninexon3/+; LSL-

KrasG12D versus p48-Cre; LSL-KrasG12D pancreas (data not shown).  Taken 

together, this data suggests that when activated simultaneously during 

pancreatic development, ß-catenin signaling antagonizes the normal course of 

Kras induced acinar reprogramming. 

 

We have previously established that p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice 

do not develop PanIN lesions (32).  However, in this model Cre activation is not 

limited to acini and mice develop significant abnormalities, including fibrosis, that 

may exert non-cell autonomous effects on acinar reprogramming.  Therefore, to 

more rigorously interrogate the ability of ß-catenin signaling to antagonize Kras 

induced ADM/PanIN originating from adult acini we compared tamoxifen 

stimulated, caerulein treated Elastase-CreERT2; LSL-KrasG12D and Elastase-

CreERT2; β-cateninexon3/+; LSL-KrasG12D mice two and three weeks following 

pancreatitis.  Unlike p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice, tamoxifen 

stimulated Elastase-CreERT2; β-cateninexon3/+; LSL-KrasG12D animals showed no 
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gross structural defects when treated either with PBS or with caerulein (Figure 

6A).  Furthermore, cellular defects, in the form of abnormal ductal structures, 

were rare in PBS treated Elastase-CreERT2; β-cateninexon3/+; LSL-KrasG12D; mice 

(such ducts were observed in one of seven mice, four to five weeks after 

tamoxifen treatment).  This frequency matched that of spontaneous PanINs 

observed in similarly treated Elastase-CreERT2; LSL-KrasG12D  mice (Figure 1 and 

Supplemental Figure 1).  Therefore, without caerulein treatment, the effects of 

activating Kras alone or both Kras and β-catenin simultaneously were minimal, 

presenting an opportunity to determine the ability of stabilized β-catenin signaling 

to affect Kras induced ADM/PanIN in the absence of pre-existing structural 

defects. 

 

Two and three weeks following caerulein treatment, all Elastase-CreERT2; LSL-

KrasG12D mice tested (n=4, n=3) displayed frequent CK19, Alcian Blue positive 

PanINs (Figure 6E, F).  However, PanIN formation was blocked in Elastase-

CreERT2; β-cateninexon3/+; LSL-KrasG12D mice as we observed no structures that 

morphologically resembled PanINs at either time point (n=4, n=3). While we did 

observe CK19 positive abnormal duct structures in all caerulein treated Elastase-

CreERT2; β-cateninexon3/+; LSL-KrasG12D mice, cells comprising the ducts 

maintained a cuboidal rather than columnar morphology and generally 

possessed weak CK19 expression (Figure 6I,J).  Furthermore, in contrast to 

PanINs observed in Elastase-CreERT2; LSL-KrasG12D mice, Alcian Blue staining 

was exceedingly infrequent in these structures (two of seven mice possessed 
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one to two structures that displayed patchy or weakly Alcian Blue positive cells) 

(Figure 6J, and data not shown).  Interestingly, we found that distinct patterns of 

ß-catenin accumulation correlated with the development of PanINs or abnormal 

duct structures.  PanINs in Elastase-CreERT2; LSL-KrasG12D mice possessed 

strong membranous and cytoplasmic ß-catenin accumulation, while ß-catenin 

was frequently localized to the nucleus in the abnormal ducts observed in 

Elastase-CreERT2; β-cateninexon3/+; LSL-KrasG12D mice (Compare Figure 6G, K).  

However, both structures displayed phospho-ERK1/2 staining (Figure 6H, L).  

Therefore, while a Kras effector pathway is active in both cell types, abnormal 

ducts in ElaCreERT2; LSL-KrasG12D; β-cateninexon3/+ mice are likely subjected to a 

higher level of ß-catenin signaling than cells comprising PanINs.  Taken together, 

this data suggests that while uncontrolled ß-catenin and Kras signaling can 

change acinar fate, levels of ß-catenin signaling that exceed a critical threshold 

block the ability of Kras to reprogram acini into a ductal PanIN lineage. 
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Discussion 

Regeneration is a key process in maintaining tissue homeostasis.  Interestingly, 

regenerative processes often involve reactivation of developmental signaling 

pathways that may contribute to tumorigenesis when aberrantly active in adult 

tissue.  This balance between regeneration and neoplasia appears to be 

pertinent in the pancreas as both acute pancreatitis, an insult that produces a 

regenerative response in pancreatic acini (14, 15, 16), and chronic pancreatitis 

accelerate Kras driven ADM/PanIN and PDA in mice (11, 5, respectively).  These 

studies support clinical observations suggesting a link between chronic 

pancreatitis and PDA in humans (12, 13).  However, how Kras co-opts the 

permissive environment provided by pancreatitis to initiate reprogramming of 

acini into ductal PanINs is unclear.  Here, we show that one route by which Kras 

drives ADM and PanIN formation is by subverting acinar regeneration.  Our 

results demonstrate that acini possessing an activating mutation in Kras are 

biologically distinct from normal acini.  As schematized in figure 2Q, while 

possessing normal morphology and expressing markers of acinar differentiation, 

acinar cells carrying constitutively active Kras cannot activate a wild type 

regenerative program.  Instead these cells undergo ductal reprogramming when 

damaged, a state characterized by persistent, rather than transient, progenitor 

factor expression, permissive for the development of PanINs that are molecularly 

similar to spontaneous lesions.  As progenitor factor expression is maintained 

from the outset of ADM/PanIN following damage, our data suggests that de-
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differentiation may be a key rate-limiting step in initiating Kras transformation of 

acini into PanIN precursors.   

 

While mutant Kras is sufficient to reprogram acini into ductal PanINs, this 

process occurs gradually and stochastically.  Both tissue damage (i.e. 

pancreatitis (this study, 5, 11), inflammation induced by metabolic stress (34), 

and additional oncogene activation such as activated Gli (35), Notch (3), and Tgf-

α signaling (36) significantly accelerate ADM/PanIN.  Therefore, expression of 

mutant Kras is not optimally efficient to reprogram acini into PanINs without 

additional molecular events.  During Kras induced ADM/PanIN following damage 

we find not only persistent activation of regeneration associated embryonic 

signaling factors, but that the activity of the MAPK Kras effector pathway is 

widely and persistently maintained.  This is in contrast to morphologically normal 

acini in age matched, control treated mice where MAPK activity is infrequently 

observed.  These data suggest that this de-differentiated state is not only plastic 

for ADM and PanIN formation but may permit increased signaling output by Kras 

effectors.  Recently, Ji and colleagues (37) reported a relationship between 

increasing levels of acinar Kras activity and the development of chronic 

pancreatitis or ADM/PanIN with the capacity to give rise to PDA.  Interestingly, 

Duan and colleagues (38) have shown that cholecystikinin, which caerulein 

mimics functionally, can increase Ras activity.  Therefore, although we did not 

directly assay Kras activity levels in our studies, caerulein treatment itself may be 

involved in breaching a threshold of Ras activity critical to initiating ADM/PanIN.  
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Even so, the question remains if de-differentiation is a consequence of Kras 

activity, or whether it is required for Kras activation to occur.  Combining the 

ability to titrate Kras activity in acini with genetic techniques that target the 

reactivated embryonic signaling pathways observed during ADM/PanIN may 

make an epistatic relationship between differentiation and Kras signaling more 

clear.  Another critical future direction is to determine what molecular roadblocks 

prevent Kras from becoming fully active in unstressed acini and how they are 

subverted under conditions of damage or spontaneously to allow ADM/PanIN.  

Identification of such factors might supply diagnostic or therapeutic targets that 

are aimed at the specification of PDA precursors. 

 

The accelerated and synchronous ADM induced in response to acute pancreatic 

damage in our models of embryonic Kras activation allowed us to isolate β-

catenin as an essential player in acinar regeneration and Kras mediated 

reprogramming of PDA precursors.  β-catenin is critical for acinar development 

(28-30) but does not seem to be required for the viability of unstressed adult acini 

(28).  We find that β-catenin is essential for acinar regeneration.  β-catenin has 

significant effects on both gene expression and on cell to cell adhesion as a part 

of complexes at the membrane.  Since target genes are upregulated during 

acinar regeneration, our data suggest that β-catenin dependent transcription may 

be involved in establishing a regenerative program.  Further experiments 

detailing how specific β-catenin target genes direct regeneration and if β-catenin 
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dependent adhesion is critical to the process are key to better understanding this 

aspect of acinar plasticity. 

 

Since β-catenin is key for acinar development, we expected it to share the 

expression pattern of other reactivated embryonic factors and remain persistently 

reactivated during Kras induced ADM.  Surprisingly, we found that while β-

catenin signaling was activated during normal acinar regeneration, such transient 

activation was not observed during early stages of Kras induced ADM/PanIN.  

Instead, we found that β-catenin signaling did not increase until PanIN lesions 

began to predominate in the pancreatic epithelium.  Our gain of function studies 

suggest that this balance between active Kras signaling and low levels of β-

catenin signaling is key to specifying a duct-like lineage capable of forming 

PanINs.  In response to damage, acini expressing mutant Kras and stabilized β-

catenin throughout development do not undergo ADM as readily as acini 

expressing mutant Kras alone.  Cells maintaining acinar morphology rarely 

express the reactivated elements of embryonic development or phospho-MAPK 

as seen persistently in acini undergoing Kras induced ADM/PanIN.  Also, 

stabilized β-catenin signaling prevents Kras induced reprogramming of adult acini 

into PanIN lesions.  Therefore, high levels of β-catenin signaling are incompatible 

with the molecular environment permissive for Kras to specify a ductal lineage 

with the capacity to develop into PDA.  Interestingly, this interaction may be 

similar to the antagonism of β-catenin target genes by Hras signaling that is 

observed in the zonation of periportal verus pericentral hepatocytes in the liver 
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(39, 40), although the mechanism of inhibition in this context is unclear.  

Understanding how β-catenin levels and signaling is controlled during the 

initiation of ADM/PanIN, if Kras directly inhibits β-catenin, and which β-catenin 

targets must be blocked for Kras to take advantage of an otherwise permissive 

differentiation state also may merit new insight into the development of PDA 

precursors as well as an important developmental signaling interaction.  

 

Our findings elucidate seemingly contradictory data regarding Kras and β- 

catenin signaling in PDA initiation and maintenance.  It is well established that ß- 

catenin and Kras signaling synergize to drive tumorigenesis in other organs, 

including the colon and prostate (41, 42).  Our group has previously shown that 

while Kras and β-catenin do ultimately synergize to induce tumor formation in 

aged p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice, the ITT-like disease caused 

by simultaneous Kras activation and ß-catenin stabilization throughout acinar cell 

development is molecularly and morphologically distinct from the Kras induced 

PanIN-PDA sequelae (32).  These results suggest that PDA cannot form in the 

context of simultaneous, constitutive activation of Kras and ß-catenin signaling.  

However, β-catenin signaling is elevated in human PDA and in PanINs and PDA 

of Kras-driven mouse models (43, 44).  Indeed, our results support this notion 

since we observed Wnt-target gene upregulation in Kras mice 21 days after 

caerulein treatment, a time point in which PanIN formation is widespread.  

Furthermore, ß-catenin knockdown in human PDA cell lines possessing 

activating Kras mutations compromises cell growth (43).  Our study presents a 
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possible explanation for the temporal dissonance in the relationship between 

Kras and β-catenin in PDA.  As schematized in Figure 7, we propose that β-

catenin signaling is a gatekeeper for Kras induced reprogramming of acini and 

must be kept below a critical threshold in order for Kras to drive cells into forming 

a metaplastic lineage with the potential to develop into PanIN/PDA.  Once this 

state is achieved, cells fated for PDA can evolve a requirement for β-catenin 

signaling, possibly through stimulating effects supplied by other signaling 

pathways, including Hedgehog/Gli signaling (43).  

 

Recently, concomitant activation of Notch and Kras in adult acinar cells has been 

shown to greatly accelerate ADM/PanIN formation (3).  Notch signaling plays 

critical roles in pancreatic development (45), and must be inactivated in 

pancreatic progenitors in order to permit differentiation of exocrine and endocrine 

cells (46).  We show that the Notch target gene Hes1, normally reactivated 

transiently during acinar regeneration, is persistently up-regulated during 

ADM/PanIN formation.  Siveke and colleagues have shown that Notch signaling 

is not only important in exocrine regeneration but that Notch also inhibits ß-

catenin in acinar cells (15).  Taken together, this may suggest that persistently 

active Notch signaling may be part of the mechanism preventing ß-catenin re-

activation during Kras reprogramming of acini into the PanIN lineage.    

 

In conclusion, this study shows that acinar regeneration provides a permissive 

environment for Kras to induce early events in PDA initiation, promoting 
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ADM/PanIN.  Reactivation of ß-catenin signaling, required for efficient acinar 

regeneration, is blocked during Kras induced ductal reprogramming and unless a 

critical level of ß-catenin activity is maintained, Kras induced acinar to ductal 

reprogramming into a PanIN lineage is inhibited.  Therefore our study underlines 

the likelihood that not only must mutations be acquired in a specific sequence in 

order to develop PDA, but levels of developmental signaling pathways must be 

tightly regulated to alter normal cellular plasticity and drive neoplastic cell fates.  
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Methods:  

Mouse lines: 

Experimental animals were generated by crossing Pdx-CreEarly (gift of Doug 

Melton, Harvard University, Cambridge, MA, USA); Pdx-CreLate (gift of Pedro 

Herrera, University of Geneva Medical School, Geneva, Switzerland); p48-Cre 

mice (gift of Chris Wright, Vanderbilt University, Nashville, TN, USA); or 

Elastase-CreERT2 (gift of Doris Stoffers, University of Pennsylvania, Pennsylvania, 

USA) with LSL-KrasG12D (gift of Dave Tuveson, Cancer Research UK Cambridge 

Research Institute, Cambridge, UK), β-cateninF/F (47), and/or β-cateninexon3/exon3 

(gift of Mark Taketo, Kyoto University School of Medicine, Kyoto, Japan) and 

R26R-EYFP (24). All mouse experiments were performed under the approval of 

the UCSF Institutional Care and Use of Animals Committee (IACUC). Littermate 

heterozygote conditional or Cre only animals were used as controls. 

 

Tamoxifen treatment 

Cre activity in Elastase-CreERT2; R26R-EYFP, Elastase-CreERT2; LSL-KrasG12D; 

R26R-EYFP, Elastase-CreERT2; LSL-KrasG12D and Elastase-CreERT2; β-

cateninexon3/+; LSL-KrasG12D mice was induced in 4 week old mice by 5 

consecutive daily treatments of 1mg of tamoxifen (Sigma) dissolved in corn oil (to 

a concentration of 10mg/ml, Sigma).  

 

Caerulein treatment 
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Acute pancreatitis was induced at 6 weeks of age in Pdx1-CreEarly; LSL-KrasG12D, 

Pdx1-CreLate; LSL-KrasG12D, p48-Cre; LSL-KrasG12D, p48-Cre; β-cateninexon3, p48-

Cre; LSL-KrasG12D; β-cateninexon3l+, and tamoxifen induced Elastase-CreERT2; 

R26R-EYFP, Elastase-CreERT2; LSL-KrasG12D; R26R-EYFP, Elastase-CreERT2; 

LSL-KrasG12D and Elastase-CreERT2; β-cateninexon3/+; LSL-KrasG12D mice by 2 sets 

of 6 hourly i.p. caerulein injections (Sigma, 50µg/kg) on alternating days 

separated by 24 hours (48).  This protocol is referred to as the ‘staggered’ 

protocol in the text.  For the regeneration study in p48-Cre; β-cateninF mice, 

pancreatitis was induced as described by Jensen and colleagues(14) by 8 hourly 

caerulein injections (2ug/injection) on two consecutive days.  This protocol is 

referred to as the ‘consecutive’ protocol in the text.  Mouse weight ranged from 

22-25 grams.  For both protocols, the final day of caerulein injection was 

considered day 0. 

 

 

Immunohistochemistry and Immunofluorescence 

Pancreata were fixed overnight in zinc-containing neutral-buffered formalin 

(Anatech LTD), embedded in paraffin, cut into 5-μm-thick sections, and placed on 

Superfrost Plus slides (Fisher Scientific). Sections were subjected to hematoxylin 

and eosin (H&E), immunohistochemical, and immunofluorescent staining as 

described (22, 35).  The following primary antibodies were used: rabbit anti-

amylase (1:300; Sigma), rat anti-CK19 (TROMAIII, 1:200 dilution; developed by 

Dr. Rolf Kemler [Max-Planck Institute of Immunobiology, Freiburg, Germany] and 
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obtained from the Hybridoma Bank at the University of Iowa), guinea pig anti-

Pdx1 (1:1000; generous gift from Michael German, University of California, San 

Francisco), rabbit anti-Hes1 (1:500 dilution; generous gift from Dr. Tetsuo Sudo, 

Toray Industries, Inc., Kamakura, Japan), goat anti-clusterin (1:200; Santa Cruz), 

rabbit anti-Sox9 (1:1000; Chemicon), mouse anti-β-catenin (1:200; Becton and 

Dickinson), chicken anti-GFP (1:200; Abcam), and anti phospho-p42/p44 (1:200; 

Cell Signaling Technologies).  For immunohistochemistry, biotinylated anti-rabbit 

(Vector Laboratories), and anti-goat and anti-rat (Jackson Immunoresearch) 

antibodies were used as secondary antibodies at a 1:200 dilution. 3-3′-

Diaminobenzidine tetrahydrochloride (Vector Labs) was used as a chromogen. 

Bright-field images were acquired using a Zeiss Axio Imager D1 scope.  For 

immunofluorescence, Alexafluor donkey anti goat 555, donkey anti rabbit 488, 

goat anti-chicken 488, goat anti mouse 633, goat anti-rabbit 488, goat anti rat 

633, and goat anti-rat 555 (Invitrogen Molecular Probes) were used as secondary 

antibodies at a 1:200 dilution.  Confocal images were collected on a Leica SP2 

microscope at consistent gain and offset settings.  

 

Western Blotting 

Immunoblotting was performed by homogenizing tissue samples in RIPA buffer, 

electrophoresing on 10% SDS-PAGE Gels, incubating with primary antibodies 

overnight at 4°C, and detecting primary antibodies using HRP-conjugated 

secondary antibodies (Santa Cruz, 1:5000 dilution) and ECL (Amersham 

Biosciences) as described (35). The primary antibodies used were anti mouse β-
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catenin (1:1000;Becton and Dickinson and anti-rabbit GAPDH (1:1000, Santa 

Cruz). Western blots were quantified by calculating an integrated density value 

(IDV) for each band using ADOBE Photoshop CS2 and normalizing to the IDV of 

GAPDH. 

 

Evaluation of amylase area 

To calculate relative amylase area in the p48-Cre; β-cateninF/F regeneration 

experiment, six random, non-overlapping, 400x fluorescent images, separated by 

a depth of 100uM were collected from 3 mice per condition.  For each image, 

ADOBE Photoshop CS2 was used to calculate positive amylase pixel number, 

which was normalized to number of DAPI positive nuclei (scored by the “analyze 

particle” in NIH ImageJ). To quantify relative amylase area in the p48-Cre; LSL-

KrasG12D; β-catenin3/+ acinar replacement experiment, eight random, non-

overlapping, 100x IHC images, 2 each at consecutive tissue level, separated by 

a depth of 100uM were collected from 3 mice per condition. For each image, 

ADOBE Photoshop CS2 was used to calculate positive amylase pixel number, 

which was normalized to pancreas tissue area.  

 

Quantitative PCR 

Pancreas tissue was preserved in RNALater (Ambion) overnight at 4°C and 

stored at -80°C.  Total RNA was extracted by tissue dissociation in TRIZOL 

reagent (Invitrogen) and purification of chloroform extracted aqueous phase 

using RNAeasy columns (Qiagen).  On column DNAse treatment was performed 
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according to manufacturer’s instructions.  RNA quality was audited using and 

Agilent Bioanalyzer and RNA Nano Chip Kit (Agilent Technologies).  cDNA was 

synthesized from 1ug of total RNA using Superscript II Reverse Transcriptase 

(Invitrogen).  Taqman QPCR was performed using inventoried probes for mouse 

Axin2 (Mm01265783_m1, Applied Biosystems) and Lef1 (Mm00550265_m1, 

Applied Biosystems).  Expression levels were normalized using a custom 

primer/probe set for Gapdh (generously provided by the Genome Analysis Core 

at the UCSF Helen Diller Family Comprehensive Cancer Center, sequences 

listed in Supplemental Table 1).  

 

Statistical methods:  

Comparison of means was performed using unpaired T-Tests, calculated using 

Prism for Macintosh version 4.  Statistical significance was assumed when 

P<0.05, P-values below 0.05 are noted in figure legends.  Results are 

represented as mean ± SD or SEM where noted.  All mouse tissue data 

represents at least 3 mice unless otherwise noted and represents at least 10 

5µM sections unless noted.  
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 Figure Legends 

 

Figure 1. Mutant Kras blocks acinar regeneration and promotes ADM/PanIN 

formation.  

(A-H) Hematoxylin and Eosin (H&E) staining of regeneration timecourse in Pdx1-

CreEarly  (A-D) and Pdx1-CreEarly; LSL-KrasG12D  (E-H) mice.  (E, M) Asterisks 

indicate spontaneous PanIN lesions in PBS treated Pdx1-CreEarly; LSL-KrasG12D 

animals.  Insets (B, F) show morphologically similar duct like cells 2 days after 

induction of acute pancreatitis.  (I-P) Amylase (red)/CK19 (green) 

immunofluorescent labeling.  Note CK19 expression in spontaneous PanIN 

lesions in Pdx1-CreEarly; LSL-KrasG12D mice (asterisk, M).  (J, N) Amylase is 

downregulated and CK19 is weakly expressed in transient duct like cells in Pdx1-

CreEarly mice (inset J), while strongly expressed in duct like cells in Pdx1-CreEarly; 

LSL-KrasG12D mice (inset N).  Rare amylase positive cells are found in 

metaplastic epithelium (arrowheads, O).  (Q-T) Amylase (red), CK19 (blue) YFP 

(green) immunofluorescent labeling in Elastase-CreERT; LSL-KrasG12D; R26R-

EYFP mice.  Without caerulein treatment, YFP expression is restricted to 

amylase positive cells and restricted from CK19 positive cells.  Arrowheads 

indicate autofluorescent erythrocytes (Q).  CK19/YFP double positive cells (cyan, 

indicating blue/green overlap) persist following caerulein (R-T). (A-P, X400) 

(insets, original magnification x400) (Q-T, scale bars=50µm). 
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Figure 2. Mutant Kras blocks blocks acinar regeneration in favor of a 

persistently de-differentiated state. 

(A-H) Clusterin and Sox9 (I-P) expression during regeneration and Kras induced 

ADM.  (A, I) Clusterin expression is limited to some normal ducts in PBS treated 

Pdx1-CreEarly mice, while Sox9 is restricted to ducts and centroacinar cells 

(arrowheads).  (E, M) Acini in PBS treated Pdx1-CreEarly; LSL-KrasG12D mice are 

negative for Clusterin and Sox9, while normal ducts and spontaneous PanINs 

are positive (asterisk).  (B, F; J, N) Damaged duct like cells of both genotypes 

display clusterin and Sox9 positive cells (insets).  (C, D; K, L) Clusterin and Sox9 

are mainly restricted to duct cells (arrowheads) following regeneration in Pdx1-

CreEarly pancreata.  Rare clusterin positive cells were observed 7 days following 

caerulein (arrow, C).  (G, H; O, P) Clusterin and Sox9 remain strongly expressed 

in ADM and PanINs in Pdx1-CreEarly; LSL-KrasG12D mice.  (Q) Schematic of failed 

regeneration of acini possessing mutant Kras (Acini*) versus wild type (WT).  

Wild type acini transiently de-differentiate and rapidly regenerate, while acini 

possessing mutant Kras are sensitized to persistent de-differentiation and 

ADM/PanIN formation.  (A-P, X400) (insets, original magnification X400). 

 

Figure 3.  Regeneration associated re-activation of β-catenin signaling is 

inhibited during Kras induced ductal reprogramming.   

(A-H) β-catenin (above dashed line, gray; below dashed line, green) and 

amylase (above dashed line, not shown; below dashed line, blue) 

immunofluorescent staining.  (A-D) Pdx1-CreEarly mice; (E-H) Pdx1-CreEarly; LSL-
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KrasG12D mice.  Asterisk in E marks spontaneous PanIN lesions. (I, J) Western 

blot analysis of β-catenin 2 days following caerulein.  Intensity, normalized to 

GAPDH, is quantified in J (Bars represent mean ± SD).  (K, L) Quantitative PCR 

for β-catenin target genes during WT acinar regeneration (blue bars) and 

ADM/PanIN (red bars).  Values are relative to PBS treated Pdx1-CreEarly  mice 

and are presented as mean ± SD (n=3).  P = PBS treatment; 2, 7, 21 indicate 

days after caerulein treatment (*P<0.05, ***P<0.001).  (A-H, X600). 

 

Figure 4.  β-catenin is required for efficient acinar regeneration 

(A-F) H&E staining of regenerating control (p48-Cre; β-cateninF/+) versus p48-

Cre; β-cateninF/F pancreas following caerulein treatment.  ‘f’, fat accumulation (D-

F).  Rare acini following caerulein treatment are marked with arrowheads (E, F).  

(G-L) β-catenin (green), Amylase (blue), and CK19 (red) immunofluorescent 

labeling.  Acini in p48-Cre; β-cateninF/F mice lack membrane β-catenin staining 

(compare insets in G, J).  Arrowheads mark rare acini (K, L).  Both β-catenin 

negative (arrow) and positive (#) CK-19 labeled ducts are observed. “i”, islets.  

(M) Quantfication of relative amylase area in control (blue bars) and p48-Cre; β-

cateninF/F  (red bars) following caerulein pancreatitis.  Bars represent mean ± SD. 

*: P<0.05, **: P<0.01, ***: P<0.001 (A-L, x400) (insets, original magnification 

X400). 

 

Figure 5. Stabilized β-catenin antagonizes Kras induced ADM.  
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(A-L) Characterization of 6 week old, PBS and caerulein treated p48Cre; β-

cateninexon3/+; LSL-KrasG12D mice and caerulein treated p48Cre; LSL-KrasG12D 

mice. (A, E, I) H&E staining.  Yellow lines separate areas of cells with acinar 

morphology (a), and ductal morphology (d). (B, F, J) Amylase staining. (C, G, K) 

Sox9 staining.  (D, H, L) Clusterin staining. (M) Quantification of relative amylase 

area 7 days following caerulein in p48Cre; β-cateninExon3/+; LSL-KrasG12D (red 

bars) and control p48Cre; LSL-KrasG12D  (blue bars) mice.  Bars represent mean 

± SD. *: P<0.05, **:P<0.01, ***: P<0.001, NS: not significant. (A-L, original 

magnification X400). 

 

Figure 6. β-catenin signaling inhibits Kras induced reprogramming of acini 

into PanINs. 

(A, E, I) H&E staining of tamoxifen stimulated, Caerulein or PBS treated, 

ElaCreERT; β-cateninexon3/+; LSL-KrasG12D or ElaCreERT; LSL-KrasG12D mice.  (B, F, 

J) CK19/Alcian Blue staining.  Note that normal ducts in PBS treated ElaCreERT; 

β-cateninexon3/+; LSL-KrasG12D mice are strongly CK19 positive, but Alcian Blue 

negative (B).  (C, G, K) β-catenin (green), DAPI (blue) immunofluorescent 

labeling.  β-catenin accumulation is rare in PBS treated ElaCreERT; β-

cateninexon3/+; LSL-KrasG12D mice (asterisk, C).  Nuclear localization is noted by 

Cyan overlap of green/blue channels (K).  (D, H, L) phospho-p42/p44 staining. 

(A, B, D, E, F, H, I, J, L, x400) (C, G, K, scale bars=50µm). 
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Figure 7. β-catenin acts as a gatekeeper of Kras induced reprogramming of 

acini into ductal PanINs.   

Pattern of β-catenin signaling activity during acinar regeneration versus Kras 

induced ADM/PanIN. β-catenin levels are kept below a critical threshold during 

the initiation of Kras induced ductal reprogramming but increase as PanIN 

lesions form.  Therefore, β-catenin antagonizes specification of a ductal state 

capable of forming PanINs, but likely contributes to PanIN progression and tumor 

growth.   

 

Supplemental Figure 1. Failed acinar regeneration in mice possessing 

mutant Kras targeted to developing and adult acini.  

(A, B) CK19/Alcian Blue staining in Pdx1-CreEarly; LSL-KrasG12D mice 7 and 21 

days following caerulein.  (C-F) H&E staining of pancreas from PBS and 

caerulein treated Pdx1-CreLate; LSL-KrasG12D mice.  Duct like cells develop 2 

days following treatment (B), followed by persistent ADM/PanIN at 7 and 21 days 

(C, D) along a similar timeframe as Pdx1-CreEarly; LSL-KrasG12D mice.  (G-J) 

CK19 (blue), amylase (red), YFP (green) immunfluorescent labeling in PBS and 

caerulein treated Elastase-CreERT2; R26R-EYFP mice.  Note that YFP, CK19 

positive cells are observed 2 days following caerulein, but YFP is restricted from 

CK19 positive cells in PBS treated mice and following regeneration (7, 21 days 

after caerulein).  Asterisks in G, I, and J denote auto fluorescent erythrocytes 

found in blood vessels frequently found near ducts.  (K-N) H&E staining of 

pancreas from PBS and caerulein treated Elastase-CreERT2; LSL-KrasG12D; 
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R26R-EYFP mice.  As in Pdx1-CreLate; LSL-KrasG12D and Pdx1-CreEarly; LSL-

KrasG12D mice, duct like cells develop at day 2 (L) and persist as ADM/PanIN at 7 

and 21 days (M, N) following caerulein.  (A-F; K-N, x200 magnification, G-J, 

scale bar=50µM). 

 

Supplemental Figure 2.  Additional characterization of acinar regeneration 

versus Kras induced ADM/PanIN formation  

(A-H) Pdx1 expression in caerulein treated Pdx1-CreEarly (A-D) and Pdx1-CreEarly; 

LSL-KrasG12D  (E-H) pancreata.  (A-D) Pdx1 is strongly expressed in islets 

(arrowheads) in PBS treated (A) and post-regeneration pancreata (C, D).  (B, 

inset) Pdx1 is reactivated in the regenerating exocrine compartment 2 days 

following caerulein treatment.  (E-H) (E) Pdx1 is expressed in spontaneous 

PanIN lesions (asterisk) in Pdx1-CreEarly; LSL-KrasG12D pancreata.  (F, inset) 

Pdx1 is found in duct like cells 2 days following caerulein and persists in 

metaplastic ducts and PanINs 7 and 21 days following caerulein (G, H).  (I-P) 

Hes1 expression in caerulein treated Pdx1-CreEarly (I-L) and Pdx1-CreEarly; LSL-

KrasG12D  (M-P) pancreata.  (I-L) Hes1 is expressed in centroacinar cells 

(arrowheads) in PBS treated (I) and post-regeneration pancreata (K, L).  (J, 

inset) Hes1 is reactivated in the regenerating exocrine compartment 2 days 

following caerulein treatment.  (M-P) (M) Hes1 is expressed in spontaneous 

PanIN lesions (asterisk) in Pdx1-CreEarly; LSL-KrasG12D pancreata.  (N, inset) 

Hes1 is expressed in duct like cells 2 days following caerulein and persists in 
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metaplastic ducts and PanINs 7 and 21 days following caerulein (O, P). (A-P, 

X400) (insets, original magnification X400). 

 

Supplemental Figure 3. Mutant Kras blocks acinar regeneration in favor of 

persistently de-differentiated ADM/PanIN. 

(A-H) Clusterin (blue) and YFP (green) immunofluoescent labeling in PBS and 

caerulein treated Elastase-CreERT2; R26R-EYFP and Elastase-CreERT2; LSL-

KrasG12D; R26R-EYFP mice.  Co-expression is indicated by cyan.  (I-P) Sox9 

(blue) and YFP (green) immunofluoescent labeling in PBS and caerulein treated 

Elastase-CreERT2; R26R-EYFP and Elastase-CreERT2; LSL-KrasG12D; R26R-EYFP 

mice.  Co-expression is indicated by cyan.  Strong Sox9 staining marks 

centroacinar and duct cells in I, K, L, M. (A-P, scale bar=50µM). 

 

Supplemental Figure 4.  phospho-p42/p44 is persistently active in Kras 

induced ADM/PanIN. 

(A-H) phospho-p42/p44 staining in caerulein treated Pdx1-CreEarly (A-D) and 

Pdx1-CreEarly; LSL-KrasG12D  (E-H) pancreata.  (A, C, D) phospho p42/44 staining 

above background levels is rare in PBS treated Pdx1-CreEarly mice and pancreata 

following regeneration.  (B, inset) phospho-p42/p44 is reactivated in some duct 

structures 2 days following caerulein treatment.  (E) phospho-p42/p44 is found in 

spontaneous PanIN lesions (asterisk) in Pdx1-CreEarly; LSL-KrasG12D pancreata, 

but is mostly absent in morphologically normal acini.  (F, inset) phospho-p42/p44 

is strongly displayed in de-differentiated acini 2 days following caerulein and 
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persists in metaplastic ducts and PanINs 7 and 21 days following caerulein (G, 

H).  (A-P), X400) (insets, original magnification X400). 

 

Supplemental Figure 5.  E-cadherin accumulates in response to 

pancreatitis in Pdx1-CreEarly and Pdx1-CreEarly; LSL-KrasG12D mice. 

(A-D) E-cadherin (green) and amylase (red) expression in caerulein treated 

Pdx1-CreEarly mice.  E-cadherin is weakly expressed at the acinar membrane in 

PBS treated (A) and post-regeneration animals (C, D).  (B) E-cadherin 

accumulates in the regenerating exocrine compartment following caerulein.  (E-

H) E-cadherin (green) and amylase (red) expression in caerulein treated Pdx1-

CreEarly ;LSL-KrasG12D mice.  E-cadherin is strongly expressed at the membrane 

of spontaneous PanINs (E, asterisk) but weakly in morphologically normal acini.  

(F) Duct like cells display E-cadherin accumulation similar to such structures in 

WT mice (B).  Strong E-cadherin expression persists in metaplastic ducts at day 

7 (G) and in PanINs (H) at day 21 following caerulein treatment. (A-H, X400). 

 

Supplemental Figure 6.  Comparison of acinar regeneration following 

caerulein in p48-Cre; LSL-KrasG12D, p48-Cre; ß-cateninexon3/+, and p48-Cre; 

ß-cateninexon3/+; LSL-KrasG12D mice. 

(A-C) PBS treated p48-Cre; LSL-KrasG12D display rare spontaneous PanINs 

(asterisk).  Acini assume a duct like state two days following caerulein (B), but 

undergo ADM and fail to regenerate seven days following treatment (C).  (D-F) 

Acini assume a transient ductal state in p48-Cre; ß-cateninexon3/+ mice two days 
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following caerulein (E), but regenerate 7 days after treatment (F).  (G-I) Yellow 

lines outline areas of cells with acinar morphology in PBS treated p48-Cre; ß-

cateninexon3/+; LSL-KrasG12D mice (B) which are maintained at day two and 7 

following caerulein treatment (H,I). (A-I, 200X) 

 

Supplemental Figure 7.  Additional characterization of antagonized Kras 

induced ADM by stabilized ß-catenin 

(A, E) Hes1 is widely expressed in ADM seven days after caerulein treatment in 

p48-Cre; LSL-KrasG12D mice, but is mainly restricted to abnormal ducts in 

caerulein treated p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice.  (B,F) Similarly, 

phospho p42/p44 staining is displayed in ADM seven days after caerulein 

treatment in p48-Cre; LSL-KrasG12D mice, but is mainly restricted to abnormal 

ducts in caerulein treated p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice.  (C, D; G, 

H) (C) Merge of CK-19 (green) and amylase (red) indicating widespread ADM 7 

days following caerulein treatment in p48-Cre; LSL-KrasG12D mice.  (D) ß-catenin 

(green) and DAPI (blue, marking nuclei) labeling of the same section shown in 

‘C’.  (G) Merge of CK-19 (green) and amylase (red) indicating retained cells with 

acinar morphology and acinar marker expression 7 days following caerulein 

treatment in p48-Cre; ß-cateninexon3/+; LSL-KrasG12D mice.  (H) ß-catenin (green) 

and DAPI (blue, marking nuclei) labeling of the field shown in (G), displaying ß-

catenin accumulation throughout the transgenic exocrine compartment.  

Arrowheads mark areas of nuclear accumulation indicated by cyan (blue/green 

overlap). (A-H, 400X) 
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Chapter 3: miRNA processing constrains Kras driven acinar to ductal 

metaplasia, but is required for pancreatic ductal adenocarcinoma (PDA) 

formation in mice. 

 

This work is currently being prepared for submission. 
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Abstract 

Mutant Kras is sufficient to drive initiation and progression of pancreatic ductal 

adenocarcinoma (PDA).  Unexpectedly, mutant Kras can promote PDA initiation 

by reprogramming pancreatic acinar cells into a duct like state, a dramatic 

alteration in pancreatic plasticity.  The molecular events that constrain Kras 

driven acinar to ductal reprogramming are poorly understood.  Here we study the 

role of miRNA processing in Kras driven pancreatic transformation by deleting 

the critical miRNA-processing enzyme Dicer in the context of targeted expression 

of mutant Kras.  We find that loss of Dicer accelerates Kras driven acinar to 

ductal metaplasia.  Acinar differentiation is compromised in the absence of Dicer, 

which appears to provide a permissive environment for Kras driven ductal 

differentiation.  Despite precocious ductal metaplasia, Dicer loss in the context of 

mutant Kras does not accelerate development of PDA precursor lesions or 

invasive PDA, and PDA that develops in mice with conditional targeting of both 

Dicer alleles retains Dicer expression.  Apoptosis is dramatically increased at the 

same time Dicer deficient mice display unconstrained ductal metaplasia, 

suggesting that intact miRNA processing is required for maintaining viability 

during Kras dependent transformation in the pancreas.  Therefore, our data 

indicate that miRNA processing constrains the capacity of Kras to change acinar 

plasticity, but some Dicer dependent factors are required for the stabilization of a 

cell lineage that can give rise to PDA. 
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Introduction 

Human Pancreatic Ductal Adenocarcinoma (PDA) development is characterized 

by a dramatic alteration in pancreatic differentiation, including reactivation of 

normally restricted embryonic signaling pathways as well as widespread 

metaplastic changes in the pancreatic parenchyma (1).  Molecularly, PDA is 

characterized by near universal mutations in the Kras oncogene that render its 

signaling capacity constitutively active (2).  In mice, targeting mutant Kras to 

multipotent pancreatic progenitors is sufficient to drive the initiation and 

progression of preneoplastic lesions and PDA that resemble the sequence of 

human pancreatic intraepithelial neoplasia (PanIN) believed to give rise to PDA 

in man (3).  Therefore, mutant Kras represents a critical mediator of PDA 

specification and progression, and understanding the molecular environment 

required for Kras to drive and support cell fates that can give rise to PDA may 

help identify possible therapeutic or diagnostic tools. 

 

While PanINs and PDA both express markers of ductal differentiation and display 

ductal morphology, mouse models targeting mutant Kras to other cell types have 

shown that mutant Kras can alter pancreatic plasticity to establish cell fates with 

duct like differentiation from non-ductal cells (reviewed in (1)).  Considerable 

work has shown that acinar cells can be reprogrammed into a ductal lineage 

capable of giving rise to PanINs in a process termed acinar to ductal metaplasia 

(ADM) (4-8).  Expression of mutant Kras in acini does not acute guarantee ductal 

reprogramming, as spontaneous, Kras dependent acinar derived PanIN 
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formation occurs very gradually (4, 5, 9).  However, a number of studies have 

shown that the process can be accelerated by pancreatic damage, for example 

caerulein pancreatitis, that normally induces a transiently “de-differentiated” state 

in wild type acini, characterized by decreased expression of markers of acinar 

differentiation and re-activation of ductal markers and factors expressed during 

pancreatic development (6, 8-13).  Unlike rapidly regenerating wildtype acinar 

cells, acinar cells expressing mutant Kras fail to re-establish acinar differentiation 

at the expense of a persistently duct like state that maintains expression of 

embryonic associated factors and can give rise to PanINs (9) (6, 10).  

Interestingly, Kras driven acinar to ductal reprogramming and PanIN formation 

can similarly be accelerated in the absence of pancreatic damage in genetic 

models in which elements of the persistent de-differentiated state are 

inappropriately activated (e.g. Notch signaling (4)) and when acinar differentiation 

is compromised (e.g. inactivation of the acinar transcription factor Mist1)(14).  

Therefore, mutant Kras appears to antagonize acinar homeostasis, gradually 

compromising acinar differentiation and blocking programs that permit acinar 

regeneration at the expense of ductal de-differentiation.   Since erosion of acinar 

differentiation appears to be rate-limiting in Kras driven ductal reprogramming 

and PanIN formation, identifying mechanisms which modulate acinar 

differentiation in the context of mutant Kras could help elucidate requirements for 

Kras driven transformation in the pancreas. 
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MicroRNAs (miRNAs) are a class of small, non-coding RNAs that regulate gene 

expression post-transcriptionally (15).  miRNAs are important both in 

development and tissue maintenance and are frequently deregulated in cancer 

where they regulate both tumor suppressors and oncogenes (16). As in other 

organs, miRNAs have been shown to play critical roles in pancreatic 

development and disease.  Compromising miRNA biogenesis by targeting Dicer, 

the enzymatic node that processes precursor miRNAs into double stranded 

mature species, in early pancreatic progenitors results in stunted development of 

all pancreatic lineages, particularly endocrine cells (17).  While specific miRNAs 

have been identified that contribute to the regeneration and maintenance of adult 

endocrine identity and function (reviewed in (18) less is known about the role of 

miRNAs in the development and maintenance of exocrine cells.  However, the 

miRNA profile of predominantly exocrine, bulk normal pancreas tissue is 

significantly different than that of pancreatitis and pancreatic cancer tissues, 

suggesting that miRNAs may act as a marker of aberrant pancreatic 

differentiation (19-21).  Furthermore, pancreatic development in the context of a 

hypomorphic allele of Dicer results in modest changes in acinar cells, including 

disrupted morphology and the appearance of multinucleated cells, as well as the 

misexpression of the transcription factor Pdx1, and the hormones insulin and 

glucagon in pancreatic ducts (22), suggesting that miRNAs may play a role in 

maintaining exocrine pancreatic differentiation and homeostasis. 
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Although specific misexpressed miRNAs have been identified that contribute to 

the biology of transformed PDA cells (for example, the Kras inhibited miRNAs 

miR-143 and miR-145(23)), the role of miRNAs in the Kras dependent 

specification of PDA precursors is not well understood.  Since mutant Kras 

appears to occupy a central role in PDA initiation and progression, we set out to 

determine the general roles of miRNAs during Kras driven PDA initiation by 

eliminating Dicer expression in parallel with expression of mutant Kras.  We find 

that acinar differentiation is compromised in the absence of Dicer, and this 

provides a permissive environment for Kras driven ductal de-differentiation.  

Despite this dramatic shift in differentiation, Dicer loss in the context of mutant 

Kras neither accelerates PanIN nor PDA development, and Dicer deficient cells 

do not appear to give rise to PDA.  This occurs in part because of high levels of 

apoptosis that occurs in parallel with precocious ductal differentiation.  Therefore, 

our work suggests that intact miRNA processing constrains the ability of mutant 

Kras to alter pancreatic plasticity, but some Dicer dependent signals are required 

to maintain the stability and progression of cell capable of giving rise to PDA. 
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Results and Discussion 

Dicer deletion during pancreatic development results in decreased 

pancreatic weight, acinar disorganization, and apoptosis. 

Dicer deletion in early pancreatic progenitors via recombination mediated by a 

Pdx1-Cre driver line (referred to as Pdx1-CreEarly (24)) results in severe pancreatic 

agenesis, preventing mice from surviving longer than 3 days post partum(17).  

Therefore, we screened 2 additional Cre lines, p48-Cre and Pdx1-CreLate, to test 

if they can drive efficient conditional recombination of Dicer (Dicerflox) while 

permitting pancreatic development.  While all three Cre driver lines target 

multipotent pancreatic progenitors, p48-Cre and Pdx1-CreLate become active later 

in development than Pdx1-CreEarly and lead to recombination in a more restricted 

set of adult cells(24, 25). Critically, this delayed Cre activity permits the 

manipulation of some signaling pathways that prevent pancreatic development 

when altered at earlier stages(24, 25).  p48-Cre; Dicerflox/flox mice survived until 

p0, but displayed notable runting compared to littermates, and did not survive 

past p5.  Similar to the observations of Lynn and colleagues, pancreata in p48-

Cre; Dicerflox/flox were severely hypoplastic (Data not shown).  However, Pdx1-

CreLate; Dicerflox/flox mice thrived after birth and displayed grossly normal 

pancreatic development at p0 even in the context of significantly decreased Dicer 

expression compared to control Pdx1-CreLate; Dicerflox/+ mice (Supplemental 

Figure 1).   

To determine the effect of Dicer loss on postnatal pancreatic development, we 

audited pancreatic structure and differentiation at 3 weeks of age in Pdx1-CreLate; 
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Dicerflox/flox mice.  Notably, Dicer expression remained significantly reduced 

(Figure 1E).  Although Pdx1-CreLate; Dicerflox/flox mice displayed no gross 

differences in pancreatic morphology compared to controls, pancreatic mass was 

significantly reduced by ~25% (Figure 1E).  However, this decrease in mass did 

not occur in the context of dramatic alterations in the structure of the pancreatic 

parenchyma.  Acini, ducts, and islets remained morphologically recognizable in 

Pdx1-CreLate; Dicerflox/flox mice (Figure 1A, B), and immunofluorescence for the 

acinar marker amylase, duct marker CK19, and β-cell marker insulin revealed 

normal distribution and segregation in the expected exocrine and endocrine 

patterns (Figure 1C,D).  Exocrine morphology was not entirely normal though, as 

we often observed disorganized acini that displayed small, fragmented cells not 

observed in controls (Inset Figure 1C,D).  Despite the changes in morphology, 

we did not observe overlapping expression of amylase and CK19, suggesting 

that these disorganized cells were not taking on ductal characteristics. 

 

Dicer loss has been shown to generate considerable cellular stress, including 

loss of viability in other endoderm-derived organs (e.g. the liver), which can result 

in the preferential outgrowth of cells that have escaped complete Dicer 

recombination (26).  Therefore, we included a Cre inducible YFP allele 

expressed conditionally from the Rosa26 locus (R26-EYFP) to track the fate of 

recombined cells.  Also, we employed Pdx1-CreLate; Dicerflox/+ mice instead of WT 

mice as controls, to ensure that differences in Dicer expression in comparison to 

Pdx1-CreLate; Dicerflox/flox mice were more likely to represent loss of both Dicer 
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alleles rather than selection for hemizygously deleted cells.  To determine if the 

disturbed acinar parenchyma was occurring in the context of acinar stress, we 

performed co-immunofluorescence for Clusterin, a marker of stressed and 

damaged acini(6, 27), and YFP in Pdx1-CreLate; Dicerflox/+; R26-EYFP versus 

Pdx1-CreLate; Dicerflox/flox; R26-EYFP animals.  While acini from control mice 

displayed very limited overlap between YFP and Clusterin, we observed 

widespread co-expression in acini in Pdx1-CreLate; Dicerflox/flox; R26-EYFP mice 

(Figure 1F,G).  Since persistent acinar Clusterin expression often correlates with 

increased apoptosis(27), we audited cell death in recombined acini via co-

staining for TUNEL and YFP.  In contrast to the rare double positive acini in 

Pdx1-CreLate; Dicerflox/+; R26-EYFP mice, Pdx1-CreLate; Dicerflox/flox; R26-EYFP 

mice displayed an approximately ~30X higher relative rate of TUNEL+/YFP+ 

acini (Figure 1H,I quantified in J).  Therefore, while the exocrine compartment 

can develop efficiently in the absence of Dicer processing, it appears important 

for maintaining acinar homeostasis and viability. 

 

Dicer loss accelerates Kras driven ductal metaplasia 

To test the effect of compromised miRNA processing on Kras driven 

transformation in the pancreas, we generated compound Pdx1-CreLate; LSL-

KrasG12D; Dicerflox/flox; R26-EYFP mice as a tool to track cells with targeted 

expression of constitutively active Kras and Dicer deletion.  Like other mouse 

models in which mutant Kras is targeted to the developing pancreas, Pdx1-

CreLate; LSL-KrasG12D mice gradually develop ADM and PanINs that can progress 
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to PDA over time(28).  As expected, the exocrine compartment of 3 week old 

control Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP mice appeared nearly 

completely normal and was predominantly composed of amylase positive acinar 

cells, with rare areas of amylase negative ADM and low grade PanINs 

expressing moderate to high levels of both CK19 and Sox9 (Figure 2A, C, E, G), 

characteristic of early stages of Kras driven transformation in the pancreas(4-6).  

In contrast to controls, Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP mice 

displayed widespread ductal metaplasia.  Although some morphologically normal 

acini were present, large areas of the pancreatic parenchyma were replaced with 

duct like structures that resembled the rare ADM in controls (Figure 2B).  Ductal 

metaplasia in Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP mice displayed 

decreased expression of amylase, low to moderate expression of CK19, strong 

expression of Sox9, and accumulation of the Notch effector Hes1 (Figure 2D, F, 

H, data not shown).  Sox9 accumulation was also observed in structures 

retaining some acinar morphology (Figure 2H).  YFP staining revealed that the 

ductal metaplasia in Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP mice 

derived from cells in which Cre was active, and not from expansion of an un-

recombined population (Figure 2J).  Clusterin, which marks damaged acini as 

well as cells undergoing Kras driven metaplasia(6), was widely expressed in 

YFP+ cells in Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP, while it 

remained mainly limited to rare areas of YFP+ ADM or PanIN in Pdx1-CreLate; 

LSL-KrasG12D; Dicerflox/+; R26-EYFP mice (Figure 2I,J).  Similarly, YFP+ 

metaplasia in Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP mice appeared 
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to be highly proliferative, displaying widespread expression of the proliferation 

antigen Ki67, which again was mainly observed in rare areas of ADM or PanIN in 

controls (Figure 2K,L).  Therefore, Dicer loss in the context of mutant Kras 

dramatically accelerates ductal metaplasia, a process that has been shown to 

precede Kras driven PanIN formation(4-6, 29).  However, while ductal metaplasia 

was considerably increased in Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP 

mice at 3 weeks compared to Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP 

mice, we did not note increased PanIN formation at this stage. 

 

Dicer loss compromises acinar differentiation and provides a permissive 

environment for Kras driven acinar to ductal reprogramming 

 

Since Kras driven acinar to ductal metaplasia and PanIN formation normally 

occurs gradually unless accelerated by damage or genetic events that 

compromise acinar differentiation(1), we asked if Dicer loss compromises acinar 

differentiation.  To specifically isolate acinar cells and minimize contamination 

from other pancreatic and non-pancreatic cell types, we modified a sorting 

protocol developed by Sugiyama and colleagues (2007) for isolation of 

pancreatic progenitors (30) to specifically separate differentiated acinar and 

ductal cells.  We found that while adult acini and ducts both express the epithelial 

marker CD49f, differentiated ducts also express CD133 (Supplemental Figure 

2B, C).  Single cell pancreatic suspensions were generated as described in the 

Methods, and viable (DAPI-), non-hematopoietic (CD45-), cells were sorted 
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based on expression of CD49f and CD133 (Suppplementary Figure 2A).  RT-

PCR for Amylase and Mist1, and CK19 and Sox9, enriched in acinar and duct 

cells, respectively, revealed that this sorting protocol allowed for efficient 

separation of these populations (Supplemental Figure 2D).  Interestingly, 

expression of Notch pathway members, restricted to centroacinar and terminal 

duct cells in the adult pancreas (31, 32), appeared to segregate with the 

CD49f+CD133+ duct population.  Endocrine cells did not appear to express 

CD49f or CD133, and Insulin was not detected by RT-PCR in either of the sorted 

acinar or ductal populations (Supplemental Figure 2B,C, data not shown), 

suggesting that they were excluded by this sorting technique. 

 

We next applied this sorting protocol to isolate cells with acinar surface markers 

from 3 week old Pdx1-CreLate; Dicerflox/flox; R26-EYFP, Pdx1-CreLate; LSL-

KrasG12D; Dicerflox/flox; R26-EYFP, and control Pdx1-CreLate; Dicerflox/+; R26-EYFP 

and Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP mice.  To further enrich for 

pancreatic exocrine cells in which Cre recombination had taken place, 

CD49f+CD133- cells were separated from viable, CD45-, YFP+ cells (Figure 3A).  

Critically, YFP expression correlated with Dicer deletion at 3 weeks of age, as 

Dicer expression was significantly reduced in cells sorted from Pdx1-CreLate; 

Dicerflox/flox; R26-EYFP and Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP 

mice compared to controls with and without Kras (Figure 3B).  Due to the high 

rate of acinar apoptosis in Pdx1-CreLate; Dicerflox/flox mice, we suspect that the 

incomplete loss of Dicer expression represents selection for cells that have not 
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fully recombined the conditional locus, a noted phenomenon in other models of 

targeted Dicer deletion(26, 33, 34).  We performed RT-PCR for the acinar 

enriched genes Amylase and Mist1 and duct enriched genes CK19 and Sox9 in 

sorted cells with an acinar surface profile from all 4 genotypes.  Interestingly 

CD49f+CD133- cells from Pdx1-CreLate; Dicerflox/flox; R26-EYFP mice displayed 

significantly decreased expression of Amylase and Mist1 compared to cells in 

control Pdx1-CreLate; Dicerflox/+; R26-EYFP mice (Figure 3B).  Although 

expression of markers of acinar differentiation were reduced, we did not observe 

an increase in the ductal markers CK19 or Sox9 in these cells (Figure 3B), 

similar to the lack of CK19 misexpression in acinar cells as gauged by 

immunofluorescent staining (Figure 1D).  Therefore Dicer loss appears to 

compromise acinar differentiation, but is not sufficient to drive a ductal program in 

acinar cells. 

 

In contrast, loss of Dicer appeared to accelerate ductal reprogramming of acinar 

cells in the context of mutant Kras.  Amylase and Mist1 expression was 

significantly decreased, and CK19 and Sox9 were significantly increased, in cells 

with an acinar surface profile in Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-

EYFP mice compared to such cells in Pdx1-CreLate; Dicerflox/+; R26-EYFP and 

Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP animals (Figure 3B).  Also, 

acinar makers were further decreased, and duct markers were increased in these 

cells compared to cells from Pdx1-CreLate; Dicerflox/flox; R26-EYFP mice.  

Therefore, Dicer loss and mutant Kras synergize to drive acinar to ductal 
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reprogramming.  Our data further suggest that the erosion of acinar 

differentiation is a rate-limiting step for mutant Kras to drive a ductal phenotype in 

acinar cells, and that intact miRNA processing represents one factor that 

constrains acinar to ductal differentiation in the context of mutant Kras. 

Interestingly, while we observed neither decrease in amylase nor increase in 

CK19 or Sox9 due to the activation of mutant Kras alone in acinar cells sorted 

from Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP compared to Pdx1-CreLate; 

Dicerflox/+; R26-EYFP mice, we did observe significant decrease in Mist1.  Loss of 

Mist1 has been shown to synergize with mutant Kras to drive acinar to ductal 

reprogramming and PanIN development(14).  This data suggests that even at 3 

weeks of age, mutant Kras actively erodes acinar differentiation, although Kras 

dependent effects on differentiation have not reached a point where ductal 

differentiation is activated. 

 

Dicer loss does not accelerate PanIN or PDA development, and Dicer 

deficient cells do not give rise to PDA 

Since the accelerated ductal metaplasia in Pdx1-CreLate; LSL-KrasG12D; 

Dicerflox/flox mice resembles a state that precedes PanIN development in the 

context of mutant Kras(4-6), we asked if PanIN development was increased in 

Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox compared to control Pdx1-CreLate; LSL-

KrasG12D; Dicerflox/+ mice at 9 weeks of age.  Despite the considerable metaplasia 

observed at 3 weeks in Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox mice, we found 

no difference in the number of ductal lesions that were positive for Alcian Blue (a 
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marker of intestinal mucins that characterize human and mouse PanINs(3)) 

compared to Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+ mice (Figure 4A,B,C). 

Similarly, in contrast to the 3 week timepoint when structural differences in Pdx1-

CreLate; LSL-KrasG12D; Dicerflox/flox versus Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+ 

mice were grossly apparent, Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox mice at 9 

weeks displayed considerable normal acinar tissue (Figure 4B).  One remaining 

notable difference between the 2 genotypes was fatty replacement of pancreas 

tissue observed in some Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox animals (Figure 

4B). 

 

Next, we tracked the long-term disease progression of Pdx1-CreLate; LSL-

KrasG12D; Dicerflox/flox and Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+ mice to determine 

if Dicer loss affected PDA development.  Similar to indistinguishable PanIN 

development, Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox and Pdx1-CreLate; LSL-

KrasG12D; Dicerflox/+ mice showed no difference in survival (Median survival 336 

versus 338.5 days, n=7, n=6, respectively) (Figure 4F).  4/7 (57%) of Pdx1-

CreLate; LSL-KrasG12D; Dicerflox/+ compared to 3/6 (50%) Pdx1-CreLate; LSL-

KrasG12D; Dicerflox/flox developed PDA or suspicious invasive disease by 1 year of 

age (Figure 4D,E, Table 1).  To determine if Dicer deficient cells expressing 

mutant Kras in fact contributed to mPDA with the same frequency as cells 

heterozygous for Dicer, we tested the status of Dicer expression and 

recombination at the Dicer conditional locus from 2 PDA cell lines generated from 

mice of each genotype.  By RT-PCR we observed no evidence of decreased 
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Dicer expression in cells derived from PDA from Pdx1-CreLate; LSL-KrasG12D; 

Dicerflox/flox mice (Figure 4H).  Indeed, PDA cells from Pdx1-CreLate; LSL-KrasG12D; 

Dicerflox/flox mice appeared to retain at least one copy of an unrecombined, lox-p 

flanked allele (Figure 4G).  To ensure mPDA cell lines were not contaminated 

with non-tumor cells, we audited recombination at the LSL-KrasG12D locus, and 

found no evidence for cells that had not recombined the LSL cassette (Figure 

4G).  Therefore while Dicer loss considerably accelerates Kras driven acinar to 

ductal reprogramming, Dicer processing must be intact for cells to be stably 

specified into a lineage that can give rise to PDA.  Interestingly, obligate 

maintenance of Dicer expression has also been demonstrated in a Kras driven 

model of lung cancer(33) and an Rb deficient model of retinoblastoma(34), 

suggesting that mutant Kras generally depends on some miRNA processing to 

maintain cell states competent for malignancy. 

 

To determine if a defect in viability might explain the loss of Dicer deficient cells 

during PDA initiation and progression, we audited TUNEL+/YFP+ cells at 3 

weeks in Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP and Pdx1-CreLate; 

LSL-KrasG12D; Dicerflox/+; R26-EYFP animals.  We found a dramatic increase in 

double positive cells, ~100X higher than the rare double positive cells found in 

Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP controls (Figure 2M, N, O).  

Interestingly, Dicer loss appeared to synergize with mutant Kras to promote cell 

death, as Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP mice exhibited a 

trend of ~2.5 fold more apoptosis than Pdx1-CreLate; Dicerflox/flox; R26-EYFP cells 
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(Figure 2O).  Therefore, while intact Dicer processing constrains Kras driven 

acinar to ductal reprogramming, some Dicer dependent signals are required for 

stabilizing a ductal lineage capable of becoming PDA. 
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Future Directions 

This work implicates miRNA processing as both an inhibitor of Kras driven acinar 

to ductal reprogramming and a critical mediator of the stability of a ductal lineage 

capable of giving rise to PDA.  Compromised acinar differentiation, either due to 

damage such as acute or chronic pancreatitis (6, 8-11), or genetic modifications 

which promote acinar de-differentiation (4, 14) has been shown to accelerate 

Kras dependent ductal reprogramming and PanIN formation.  Therefore, Pdx1-

CreLate; LSL-KrasG12D; Dicerflox/flox; mice represent a unique example where 

unconstrained ADM does not give rise to accelerated PanIN development.  A 

critical future direction is molecular analysis of precocious metaplasia at the 3 

week timepoint in Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox mice compared to 

control cells at early stages of Kras dependent metaplasia.  This synchronized 

control condition could be achieved by collecting metaplastic acinar cells 

expressing mutant Kras shortly after acute caerulein pancreatitis. Performing this 

comparison could yield Dicer dependent factors that either synergize with mutant 

Kras to drive ductal reprogramming, or factors required by Kras to maintain 

ductal differentiation capable of giving rise to PDA.   

 

We have initiated a collaboration with the Hertel Group at UC Irvine to perform 

this analysis by performing RNA deep sequencing on YFP+ cells with acinar 

surface markers from 3 week old Pdx1-CreLate; LSL-KrasG12D; Dicerflox/flox; R26-

EYFP and Pdx1-CreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP mice 2 days after 

acute caerulein pancreatitis.  At present, we are analyzing the resulting 
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expression data.  Our preliminary analysis indicates that Dicer deficient acinar 

cells undergoing Kras dependent ductal reprogramming fail to activate a number 

of genes involved in maintaining acinar viability during normal regeneration that 

appear enriched in control, Kras expressing, Dicer competent cells.  

Furthermore, Dicer deficient cells also appear to overexpress a number of factors 

involved in establishing epigenetic control of gene expression that have been 

shown to cooperate with Kras in other cellular contexts.  We are currently 

performing functional analysis on these candidates to determine if they contribute 

to the simultaneously permissive and destabilizing effect on Kras transformation 

that compromised miRNA processing plays in the pancreas.  We are also 

extending our analysis to gauge the expression of these candidates in PanINs 

and PDA, to determine if they might be able to alter the function of mutant Kras 

at later stages of the disease.  Finally, we are determining which miRNAs 

regulate these candidates as another possible route to altering Kras function at 

early and late stages of PDA development. 
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Methods:  

Mouse lines: 

Experimental animals were generated by crossing Pdx-CreLate (generous gift 

from Pedro Herrera, University of Geneva Medical School, Geneva, Switzerland) 

and p48-Cre mice (generous gift from Chris Wright, Vanderbilt University, 

Nashville, TN, USA) with LSL-KrasG12D (generous gift from Dave Tuveson, 

Cancer Research UK Cambridge Research Institute, Cambridge, UK), Dicerflox 

(35) (generous gift from Michael Mcmanus, UCSF Diabetes Center, San 

Francisco, CA, USA), and R26R-EYFP (36). All mouse experiments were 

performed under the approval of the UCSF Institutional Care and Use of Animals 

Committee (IACUC).  

 

Immunohistochemistry and Immunofluorescence 

Pancreata were fixed overnight in zinc-containing neutral-buffered formalin 

(Anatech LTD), embedded in paraffin, cut into 5-μm-thick sections, and mounted 

on Superfrost Plus slides (Fisher Scientific). Sections were subjected to 

hematoxylin and eosin (H&E), immunohistochemical, and immunofluorescent 

staining as described (22, 35).  The following primary antibodies were used: 

rabbit anti-amylase (1:300; Sigma), rat anti-CK19 (TROMAIII, 1:200 dilution; 

developed by Dr. Rolf Kemler [Max-Planck Institute of Immunobiology, Freiburg, 

Germany] and obtained from the Hybridoma Bank at the University of Iowa), 

rabbit anti-Hes1 (1:500 dilution; generous gift from Dr. Tetsuo Sudo, Toray 

Industries, Inc., Kamakura, Japan), goat anti-clusterin (1:200; Santa Cruz), rabbit 
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anti-Sox9 (1:1000; Chemicon), chicken anti-GFP (1:200; Abcam). For 

immunohistochemistry, biotinylated secondary antibodies were used at a 1:200 

dilution. 3-3′-Diaminobenzidine tetrahydrochloride (Vector Labs) was used as a 

chromogen. Bright-field images were acquired using a Zeiss Axio Imager D1 

scope.  For immunofluorescence detection of primary antibodies, appropriate 

Alexafluor conjugated secondary antibodies were used at a 1:200 dilution.  

Confocal images were collected on a Leica SP5 microscope.  Alcian blue 

staining was performed as described (6), and quantified by collecting 100X 

images encompassing 2 complete tissue sections of each mouse and scoring the 

number of Alcian Blue positive lesions per mm2 of pancreatic area (measured by 

outlining pancreatic tissue with the Axiovision software package (Zeiss)). 

 

TUNEL assay 

TUNEL staining was performed with the Apoptag Fluorescein in situ Apoptosis 

Detection Kit (Chemicon) according to manufacturer’s instructions.  The number 

of TUNEL+ cells per unit YFP+ area were quantified by imaging at least 1 entire 

tissue section at 100X on an InCell image automated microscope (GE). 

 

Cell sorting 

Single cell suspensions of 3 week old pancreata were generated with a modified 

version of a protocol established by Sugiyama and colleagues, 2007 (30).  

Briefly, pancreatic lymph nodes were removed, and pancreata were minced and 

sequentially incubated with collagenase D, trypsin, and dispase.  Suspensions 
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were then filtered, subjected to FC block, and incubated with PE-conjugated anti-

Cd49f, PE-CY7-conjugated anti-CD45, and biotin conjugated anti-CD133 

antibodies. Streptavidin conjugated to APC was then applied to detect CD133 

positive cells. Cell sorting was performed on a FacsARIAII (Becton Dickinson). 

 

RT-PCR 

RNA was extracted from sorted cells using the RNAqueous RNA extraction kit 

(Ambion) according to manufacturer’s instructions, including the optional DNAse 

treatment to eliminate contaminating genomic material. cDNA was synthesized 

using Superscript II Reverse Transcriptase (Invitrogen).  Taqman RT-PCR was 

performed using inventoried probes for mouse Amylase2, Mist1, CK19, Sox9, 

Insulin, Hes1, Hey1, Hey2, and HeyL (Applied Biosystems).  Expression levels 

were normalized using a custom primer/probe set for Gus (generously provided 

by the Genome Analysis Core at the UCSF Helen Diller Family Comprehensive 

Cancer Center).  RT-PCR for Dicer was performed using SYBR GREEN master 

mix (Applied Biosystems) with primers specifically designed to detect deletion of 

the conditional Dicer allele (26).  Dicer expression was normalized to Gus levels 

detected by RT-PCR with SYBR GREEN using primers designed by Heiser and 

colleagues (2008)(24) 

 

Statistical methods:  
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Comparison of means was performed using unpaired T-Tests, calculated using 

Prism for Macintosh version 4.  Statistical significance was assumed when 

P<0.0.  Results are represented as mean ± SD. 
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Figure Legends 

 

Figure 1.  Pancreas Development at 3 weeks in PdxCreLate; Dicerflox/flox mice. 

(A,B).  H&E staining of pancreata from PdxCreLate; Dicerflox/+ and PdxCreLate; 

Dicerflox/flox reveals development of acinar (A), duct (D), and islet cells (I) in both 

genotypes despite significant reduction in Dicer expression and modest, yet 

significant reduction in pancreas mass:body mass. A, B 100X (E) (Upper panel: 

Pdx1-CreLate; Dicerflox/+ n=4. PdxCreLate; Dicerflox/flox n=3, **<0.01; Lower panel: 

n=7, *<0.05).  (C,D) Immunofluorescence for amylase (red), CK19 (green), and 

Insulin (blue) displays normal restricted distribution of acinar, duct, and beta cell 

markers, respectively.  However, disorganized acini containing unevenly 

distributed, small cells are observed in PdxCreLate; Dicerflox/flox mice (arrowheads, 

inset, D). C,D 400X (F, G) Widspread Clusterin expression (blue) is observed in 

recombined cells (YFP+, green) in PdxCreLate; Dicerflox/flox; R26-EYFP mice 

compared to PdxCreLate; Dicerflox/+; R26-EYFP mice. F,G 400X (H-J)  TUNEL 

staining (blue) reveals a significant (~30X) increase in apoptosis in YFP+ 

recombined cells (green) in PdxCreLate; Dicerflox/flox; R26-EYFP mice (H), in 

contrast to rare double positive cells (arrowhead) in PdxCreLate; Dicerflox/+; R26-

EYFP mice (I).  Quantified in J, n=3, *<0.05. H,I 400X 

 

Figure 2.  Dicer loss accelerates Kras driven ductal metaplasia at 3 weeks 

in PdxCreLate; LSL-KrasG12D; Dicerflox/flox mice. 
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(A,B). H&E staining shows widespread ductal metaplasia (magnified in inset,B) 

in PdxCreLate; LSL-KrasG12D Dicerflox/flox; R26-EYFP mice compared to PdxCreLate; 

LSL-KrasG12D; Dicerflox/+; R26-EYFP mice.  Rare focus of metaplasia and PanIN 

lesion is shown in PdxCreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP mice (inset, A). 

A,B 100X (C-H)  Immunohistochemistry reveals widespread loss of Amylase, 

weak to moderate expression of CK19, and strong Sox9 expression in 

metaplastic epithelium of PdxCreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP mice. 

This pattern is limited to rare ADM and PanIN in PdxCreLate; LSL-KrasG12D; 

Dicerflox/+; R26-EYFP mice. C-H 400X (I-L) Metaplastic epithelium in PdxCreLate; 

LSL-KrasG12D; Dicerflox/flox; R26-EYFP mice results from recombined cells (YFP, 

green), expresses high levels of Clusterin, and is frequently positive for the 

proliferative antigen Ki67. Clusterin and Ki67 positive cells are mainly found in 

rare ADM and PanIN in PdxCreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP mice. I, J 

400x K,L originally 630X (M,N,O) TUNEL staining reveals a significant increase 

in apoptosis in recombined cells in PdxCreLate; LSL-KrasG12D; Dicerflox/flox; R26-

EYFP compared to rare double positive cells (arrowhead) in PdxCreLate; LSL-

KrasG12D; Dicerflox/+; R26-EYFP mice.  Quantification (O) reveals a trend of 

cooperative apoptosis between Dicer loss and mutant Kras. n=3, *<0.05.  M,N 

400X 

 

 

Figure 3.  Dicer loss compromises acinar differentiation and accelerates 

Kras dependent ductal reprogramming 
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A.  Representative flow cytometry strategy for isolating recombined (YFP 

positive) acinar cells from 3 week old mice.  Live CD45-, YFP+ cells (upper plots) 

were gated and sorted for CD49f and CD133 expression (lower plots). B.  RT-

PCR analysis of Dicer and markers of acinar and ductal differentiation in 

CD49f+CD133- from PdxCreLate; Dicerflox/+; R26-EYFP (n=5),  PdxCreLate; 

Dicerflox/flox; R26-EYFP (n=5), PdxCreLate; LSL-KrasG12D; Dicerflox/+; R26-EYFP 

(n=3), and PdxCreLate; LSL-KrasG12D; Dicerflox/flox; R26-EYFP (n=5) mice.  *, **, 

***<0.05, 0.01, 0.0001, respectively. 

 

Figure 4.  Dicer is required for PDA development in mice 

(A-C)  Representative Alcian Blue staining at 9 weeks in PdxCreLate; LSL-

KrasG12D; Dicerflox/+ (A) compared to PdxCreLate; LSL-KrasG12D; Dicerflox/flox mice 

(B).  f marks fat replacement.  Quantified in C, n=4, p=0.45. A, B 100X  (D,E)  

Representative histology of PDA from 9 month old PdxCreLate; LSL-KrasG12D; 

Dicerflox/+ (D) and PdxCreLate; LSL-KrasG12D; Dicerflox/flox mice (E). D,E 200X (F)  

Survival curve of PdxCreLate; LSL-KrasG12D; Dicerflox/+ (n=7) and PdxCreLate; LSL-

KrasG12D; Dicerflox/flox (n=6) mice.  (G) Recombination of the LSL-KrasG12D and 

Dicer conditional loci in PDA cell lines from PdxCreLate; LSL-KrasG12D; Dicerflox/+ 

(4041 and 4283) and PdxCreLate; LSL-KrasG12D; Dicerflox/flox (4130, 4279) mice.  

M-Cre and M+Cre represent positive control LSL-KrasG12D mouse embryonic 

fibroblasts (MEFs) with or without Adenoviral Cre treatment.  Note loss of the 

unrecombined “LSL” band and appearance of recombined “I loxp” band in Cre 

treated MEFs and all PDA cell lines.  Het tail DNA represents positive control for 
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the WT and unrecombined “2loxp” band. While the conditional Dicer allele is 

recombined in PdxCreLate; LSL-KrasG12D; Dicerflox/+  derived lines, it is present in 

cells from PdxCreLate; LSL-KrasG12D; Dicerflox/flox mice.  (H)  RT-PCR for Dicer in 

PDA cell lines from both genotypes reveal no evidence of loss of Dicer 

expression in cell lines derived from PDA in PdxCreLate; LSL-KrasG12D; Dicerflox/flox  

mice. 

 

Supplemental Figure 1.  Deletion of Dicer with Pdx1-CreLate permits 

pancreatic development. 

(A,B) Grossly normal pancreas histology in Pdx1-CreLate; Dicerflox/flox compared to 

control Pdx1-CreLate; Dicerflox/+ mice at p0. A,B 100X  C.  QPCR reveals efficient 

pancreatic Dicer deletion in Pdx1-CreLate; Dicerflox/flox versus Pdx1-CreLate; 

Dicerflox/+ mice at p0. 

 

Supplemental Figure 2. FACS enrichment of pancreatic acinar and ductal 

compartments. 

(A) Representative flow cytometry plot of a pancreas from an adult, 6 week old 

mouse, dissociated into a single cell suspension. Viable, non-hematopoietic cells 

(DAPI-CD45-, left panel) were gated and further analyzed for expression of 

CD49f and CD133 (right panel).  (B, C) CD49f and CD133 staining in 6 week old 

mice. 400x (D,E)  RT-PCR analysis of acinar and ductal markers from 

CD49f+CD133- and double positive CD49f+CD133+ cells (D).  Analysis of Notch 

effectors in CD49f+CD133- and double positive CD49f+CD133+ cells.  n=3. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Table 1 
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Supplemental Figure 1 
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Supplemental Figure 2 
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