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Cellular	plasticity	in	adult	organs	is	involved	in	both	regeneration	and	carcinogenesis.	WT	mouse	acinar	cells	
rapidly	regenerate	following	injury	that	mimics	acute	pancreatitis,	a	process	characterized	by	transient	reac-
tivation	of	pathways	involved	in	embryonic	pancreatic	development.	In	contrast,	such	injury	promotes	the	
development	of	pancreatic	ductal	adenocarcinoma	(PDA)	precursor	lesions	in	mice	expressing	a	constitutively	
active	form	of	the	GTPase,	Kras,	in	the	exocrine	pancreas.	The	molecular	environment	that	mediates	acinar	
regeneration	versus	the	development	of	PDA	precursor	lesions	is	poorly	understood.	Here,	we	used	geneti-
cally	engineered	mice	to	demonstrate	that	mutant	Kras	promotes	acinar-to-ductal	metaplasia	(ADM)	and	pan-
creatic	cancer	precursor	lesion	formation	by	blocking	acinar	regeneration	following	acute	pancreatitis.	Our	
results	indicate	that	β-catenin	is	required	for	efficient	acinar	regeneration.	In	addition,	canonical	β-catenin	
signaling,	a	pathway	known	to	regulate	embryonic	acinar	development,	is	activated	following	acute	pancre-
atitis.	This	regeneration-associated	activation	of	β-catenin	signaling	was	not	observed	during	the	initiation	of	
Kras-induced	acinar-to-ductal	reprogramming.	Furthermore,	stabilized	β-catenin	signaling	antagonized	the	
ability	of	Kras	to	reprogram	acini	into	PDA	preneoplastic	precursors.	Therefore,	these	results	suggest	that	
β-catenin	signaling	is	a	critical	determinant	of	acinar	plasticity	and	that	it	is	inhibited	during	Kras-induced	
fate	decisions	that	specify	PDA	precursors,	highlighting	the	importance	of	temporal	regulation	of	embryonic	
signaling	pathways	in	the	development	of	neoplastic	cell	fates.

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 suggests that it 
likely develops from preneoplastic ductal lesions, including pan-
creatic intraepithelial neoplasias (PanINs) (2). Understanding how 
signaling pathways interact in the pancreatic epithelium to elicit 
PanINs therefore represents a key step in the possible develop-
ment of tools for early PDA detection and treatment. While Pan-
INs 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 gene encoding the GTPase Kras 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 reprogram-
ming. Acini expressing mutant Kras during embryogenesis appear 
grossly unaffected (9), and some normal acinar tissue is main-
tained in the context of PanIN and PDA progression as mice age 
(9, 10). Therefore, additional events must occur to enable a cellular 
environment that permits Kras to drive ADM/PanIN formation.

Recently, environmental insults that result in exocrine damage 
and inflammation have been shown to represent one such permis-
sive environment. For example, Guerra and colleagues (5) and Car-

riere and colleagues (11) have demonstrated that chronic and acute 
chemical pancreatitis, respectively, induced by the cholecystokinin 
receptor agonist caerulein accelerate development of ADM/PanIN 
and PDA progression when mutant Kras is expressed in the acinar/
centroacinar compartment. These findings, particularly of Guerra 
and colleagues (5), support clinical data showing that chronic pan-
creatitis represents a potent risk factor for PDA (12, 13). However, 
the exact manner by which active Kras coopts exocrine damage to 
initiate the PanIN to PDA sequence is unclear.

In response to caerulein-induced acute pancreatitis, WT mouse 
acinar cells decrease expression of acinar markers and reactivate fac-
tors 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 preexisting acini, rather than a 
dedicated acinar stem cell, that rapidly redifferentiate and repopu-
late the acinar compartment following caerulein pancreatitis (16, 
17). Thus, this transient dedifferentiation of acini into duct-like 
cells during regeneration differs from ADM, in which ductal differ-
entiation becomes fixed. Nonetheless, acini undergoing ADM both 
in vitro due to EGF ligand signaling (18, 19) and in vivo in the con-
text of mutant Kras share expression of some embryonic markers 
of regenerating WT acinar cells, such as Nestin and Notch pathway 
activation (14, 16). Since expression of many of these reactivated 
embryonic factors is also maintained throughout PanIN and PDA 
development, such as Notch signaling (20), achieving a less-differ-
entiated 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 pan-
creatic and duodenal homeobox 1 (Pdx1), which itself is critical to 
embryonic pancreatic development, is transiently upregulated dur-
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ing acinar regeneration (14), enforced exocrine expression induces 
ADM (21). This suggests that reactivation of developmental signal-
ing pathways must be tightly regulated to permit acinar regenera-
tion but prevent persistent ductal reprogramming.

Given the ability of mutant Kras to spontaneously induce 
ADM and PanINs, which share molecular similarity to regener-
ating acini, we set out to investigate the effects of mutant Kras 
on differentiation and regeneration-associated signaling path-
ways immediately following acinar damage. Using acute caeru-
lein pancreatitis as a model, we found that mutant Kras blocks 
acinar regeneration and promotes persistently dedifferentiated 
ADM/PanIN. Probing for the molecular mechanisms underlying 
this switch, we found that regeneration-associated β-catenin sig-
naling was inhibited during Kras-induced acinar-to-ductal repro-
gramming and that β-catenin was 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 signal-
ing is a key modulator of acinar plasticity and represents a criti-
cal molecular difference between acinar regeneration and Kras-
induced reprogramming of acini into PDA precursors.

Results
Mutant Kras blocks acinar regeneration in favor of ADM/PanIN 
formation. To determine how mutant Kras affects acinar regen-
eration, we generated mice in which a constitutively active form of 
Kras, LSL-KrasG12D (where LSL indicates lox site, transcriptional stop, 
lox site) (9), is induced via Cre recombinase expressed in all pancre-
atic progenitors by the Pdx1 promoter Pdx1-CreEarly (22). At 6 weeks  
of age, the pancreas in these mice comprises mostly morphologi-
cally normal acini with few ductal PanIN lesions despite efficient 
recombination at the conditional Kras locus (Figure 1, E and M). 
We induced acute caerulein pancreatitis using the “staggered” pro-
tocol described in Methods and compared regeneration in con-
trol Pdx1-CreEarly and Pdx1-CreEarly;LSL-KrasG12D mice. The exocrine 
compartments of both cohorts responded comparably 2 days after 
caerulein treatment, displaying degranulated acinar cells (Figure 
1, B and F), decreased amylase expression (Figure 1, J and N), and 
duct-like structures consistent with acute pancreatitis (Figure 1, 
B, F, and insets). These structures were morphologically similar to 
the transient ductal intermediates reported by other groups during 
WT acinar regeneration (16, 17). In Pdx1-CreEarly control mice, these 
structures also weakly coexpressed 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 7 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 a fashion sim-
ilar to that seen with PBS treatment (Figure 1, C and K). Similarly, 
pancreata at 21 days following caerulein treatment were indistin-
guishable from those of PBS-treated animals (Figure 1, D and L).

In stark contrast, acinar regeneration was blocked in Pdx1-CreEarly; 
LSL-KrasG12D mice, resulting in replacement of the normal exo-
crine compartment with ductal structures. Seven days following 
treatment, the parenchyma of Pdx1-CreEarly;LSL-KrasG12D pan-
creata was mainly replaced by CK19-positive duct structures 
embedded in an expanded stromal compartment (Figure 1, G 
and O). Morphologically normal amylase-expressing acinar cells 
were rare, with some amylase-positive cells found in duct struc-
tures (Figure 1O). By 21 days following treatment, the exocrine 

compartment was predominately composed of CK19-positive, 
mucinous ductal lesions resembling low-grade PanINs (Figure 1,  
H and 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 (Supplemen-
tal Figure 1B; supplemental material available online with this 
article; doi:10.1172/JCI40045DS1). Consistent with histological 
features at both time points and a progression in severity of the 
observed defects, Alcian blue–positive structures were more com-
mon at day 21 following caerulein treatment than 7 days after 
treatment (compare Supplemental Figure 1, A and B).

To further determine 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 which 
Kras activity 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 time 
course of subverted regeneration and accelerated ADM/PanIN 
development similar to that in Pdx1-CreEarly;LSL-KrasG12D mice 
(Supplemental Figure 1, C–F), supporting acinar reprogramming 
as a source of the observed duct structures and PanINs.

To more rigorously determine whether 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-induc-
ible Cre activation restricted to adult acini (23). To trace cells in 
which 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 gen-
erated and stimulated with tamoxifen (see Methods) at 4 weeks of 
age. Two weeks later, mice were treated with PBS or the staggered 
caerulein protocol as described above. As expected, yellow fluores-
cent protein (YFP) expression was limited to amylase-positive acinar 
cells and absent from CK19-positive duct cells in tamoxifen-stimu-
lated, PBS-treated Elastase-CreERT2;R26R-YFP mice (Supplemental 
Figure 1G). Two days following caerulein treatment, however, we 
observed double-CK19/YFP–positive cells in duct-like structures 
(Supplemental Figure 1H) similar to those observed in Pdx1-CreEarly 
control mice (Figure 1, F and J), supporting a transient ductal state 
during acinar regeneration. These double-CK19/YFP–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 nonacinar-derived TC2 structures, 
as described previously (17). As expected, upon regeneration 7 and 
21 days after caerulein treatment, YFP expression was again limited 
to acinar cells (Supplemental Figure 1, I and 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 (1 of 6 mice; 4 to 5 weeks follow-
ing tamoxifen). Except for rare lesions in Elastase-CreERT2;LSL-
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KrasG12D;R26R-EYFP mice, YFP expression was limited to aci-
nar cells and excluded from CK19-positive ducts (Figure 1Q). 
Two days following caerulein treatment, 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–posi-
tive cells (Figure 1R). In contrast to Elastase-CreERT2;R26R-EYFP 
control mice, acinar-derived double-CK19/YFP–positive ducts 

Figure 1
Mutant Kras blocks acinar regeneration and promotes ADM/PanIN formation. (A–H) H&E staining of regeneration time course in Pdx1-CreEarly 
(A–D) and Pdx1-CreEarly;LSL-KrasG12D (E–H) mice. (E and M) Asterisks indicate spontaneous PanIN lesions in PBS-treated Pdx1-CreEarly;LSL-
KrasG12D animals. Insets in B and 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 and 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 (arrow-
heads, 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). Double-CK19/YFP–positive cells (cyan, indicating blue/green overlap) persist following caerulein treatment 
(R–T). Original magnification, ×400 (A–P; insets). Scale bars: 50 μm (Q–T).
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persisted 7 days following caerulein treatment (Figure 1S and 
Supplemental Figure 1M). Due to the acinar origin of these 
structures, they may represent persistent TC1-type structures. 21 
days following caerulein treatment, we observed frequent double-
CK19/YFP–positive, acinar-derived PanIN lesions (Figure 1T and 
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 permits ADM/PanIN formation.

Mutant Kras alters acinar regeneration by maintaining a persistently dedif-
ferentiated state. Since mutant Kras subverts acinar cell fate decisions 
following damage, we next asked whether mutant Kras affects the 

Figure 2
Mutant Kras blocks acinar regeneration in favor of a persistently dedifferentiated state. (A–H) Clusterin and Sox9 (I–P) expression during regen-
eration and Kras-induced ADM. (A and 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 and M) Acini in PBS-treated Pdx1-CreEarly;LSL-KrasG12D mice are negative for Clusterin 
and Sox9, while normal ducts and spontaneous PanINs are positive (asterisks). (B, F, J, and N) Damaged duct-like cells of both genotypes 
display clusterin- and Sox9-positive cells (insets). (C, D, K, and 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 treatment (arrow, C). (G, H, O, 
and P) Clusterin and Sox9 remain strongly expressed in ADM and PanINs in Pdx1-CreEarly;LSL-KrasG12D mice. (Q) Schematic of failed regen-
eration of acini possessing mutant Kras (acini*) versus WT. WT acini transiently dedifferentiate and rapidly regenerate, while acini possessing 
mutant Kras are sensitized to persistent dedifferentiation and ADM/PanIN formation. Original magnification, ×400 (A–P; insets).
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reactivation of embryonic signaling pathways during normal acinar 
regeneration. Two days following caerulein treatment, the exocrine 
compartments in both Pdx1-CreEarly and Pdx1-CreEarly;LSL-KrasG12D 
mice displayed reactivation of elements of embryonic development 
or markers of immature acini, frequently in duct-like structures, 
including Clusterin (Figure 2, B and F) (15), Sex-determining region 
Y (SRY) box 9 (Sox9) (Figure 2, J and N) (26), Pdx1 (Supplemental 
Figure 2, B and F) (14), and the Notch target gene homolog of Dro-
sophila hairy and enhancer of split 1 (Hes1) (Supplemental Figure 
2, J and N) (14). This suggests that exocrine cells possessing mutant 

Kras assume progenitor-like properties in response to acinar dam-
age similar to that of WT exocrine cells. The adult expression pat-
tern of these embryonic factors before injury was reestablished 7 
and 21 days following caerulein administration in Pdx1-CreEarly con-
trol mice (Figure 2, C, D, K, and L, and Supplemental Figure 2, C, 
D, K, and L). In stark contrast, expression of all tested embryonic 
factors persisted in ductal metaplasia and in PanINs observed in 
Pdx1-CreEarly;LSL-KrasG12D mice (Figure 2, G, H, O, and P), similar to 
spontaneous PanINs found in age-matched PBS-treated mice (Fig-
ure 2, E and M, and Supplemental Figure 2, E and M).

Figure 3
Regeneration-associated reactivation 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 stain-
ing. (A–D) Pdx1-CreEarly mice; (E–H) Pdx1-CreEarly;LSL-KrasG12D mice. Asterisk in E marks spontaneous PanIN lesions. (I and J) Western blot 
analysis of β-catenin 2 days following caerulein treatment. Intensity, normalized to GAPDH, is quantified in J (bars represent mean ± SD). (K 
and 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. Original magnification, ×630 (A–H).
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Next, we directly compared acinar differentiation during regenera-
tion 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-stimu-
lated 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) 2 days follow-
ing caerulein treatment. As expected, strong expression of Clusterin, 
Sox9, and Pdx1 was absent from acini in ElastaseCreERT2;R26R-EYFP 
mice when regeneration was complete (Supplemental Figure 3, C, D, 
K, and L, and data not shown). In contrast, acinar-derived metaplas-
tic ducts and PanINs in Elastase-CreERT2;LSL-KrasG12D;R26R-EYFP mice 
maintained strong expression of these embryonic factors (Supple-
mental Figure 3, G, H, O, and P, and data not shown). Therefore, 
mutant Kras not only diverts regeneration toward a ductal fate, but 
also promotes a persistently dedifferentiated state (Figure 2Q).

We also asked whether maintenance of a dedifferentiated duc-
tal state corresponded with persistent activation of Kras effector 
pathways. As assessed by phosphorylation of both p42 and p44 
(ERK1/2), which are readouts for the activity of the MAPK path-
way 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 mice displayed phospho-ERK1/2 reactivity, 
it was mainly absent in morphologically normal acini (Supple-
mental Figure 4E). However, phospho-ERK1/2 staining was fre-
quently observed in cells assuming a ductal morphology 2 days 
following caerulein treatment (Supplemental Figure 4F) and was 
maintained in subsequent metaplastic ducts and PanINs (7 and 
21 days following caerulein treatment; Supplemental Figure 4, 
G and H). In the regenerating exocrine compartment of control 
Pdx1-CreEarly mice, phospho-ERK1/2 was observed in a subset of 
cells 2 days following caerulein treatment (Supplemental Figure 

Figure 4
β-catenin is required for efficient acinar regeneration. (A–F) H&E staining of regenerating control (p48Cre;β-cateninF/+) versus p48Cre;β-cateninF/F  
pancreas following caerulein treatment. f, fat accumulation (D–F). Rare acini following caerulein treatment are marked with arrowheads (E and 
F). (G–L) β-catenin (green), amylase (blue), and CK19 (red) immunofluorescent labeling. Acini in p48Cre;β-cateninF/F mice lack membrane 
β-catenin staining (compare insets in G and J). Arrowheads mark rare acini (K and L). Both β-catenin–negative (arrows) and –positive (hatch 
marks) CK19-labeled ducts are observed. i, islets. (M) Quantification of relative amylase area in control (blue bars) and p48Cre;β-cateninF/F (red 
bars) following caerulein pancreatitis. Bars represent mean ± SD. P, PBS treatment. 3 and 5 indicate days after caerulein treatment. *P < 0.05; 
**P < 0.01; ***P < 0.001. Original magnification, ×400 (A–L, insets).
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4B), but was not found in acini in PBS-treated animals (Supple-
mental Figure 4A) or in acini following regeneration (Supplemen-
tal Figure 4, C and D). In summary, these data suggest that the 
regenerative environment produced by acute pancreatic damage 
not only promotes cell-fate changes that permit Kras-induced 
ADM/PanIN formation, but may also provide an environment 
that permits sustained Kras effector function.

Regeneration-associated β-catenin signaling is inhibited during Kras-induced 
acinar-to-ductal reprogramming. Since ductal metaplasia is synchro-
nized and widespread in caerulein-treated Pdx1-CreEarly;LSL-KrasG12D 
mice, this model provides an opportunity to identify key signaling 
pathways that are inappropriately modulated in the presence of 
mutant Kras to prevent regeneration and promote ADM/PanIN. 
One candidate pathway is β-catenin signaling. β-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 (reviewed in ref. 27). During pancreatic development,  
β-catenin is critical for acinar specification (28, 29) and has been 
implicated in endocrine development (30). Furthermore, β-catenin 
has been shown to accumulate in regenerating WT acini following 
caerulein pancreatitis (14), although a role for β-catenin signaling 
activity has not been investigated during pancreas regeneration. 
Thus, we compared β-catenin accumulation and signaling during 
acinar regeneration and Kras-induced ADM/PanIN formation.

In PBS-treated Pdx1-CreEarly mice, weak β-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 

Figure 5
Stabilized β-catenin antagonizes Kras-induced ADM. (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, and I) H&E staining. Yellow lines separate areas of cells with acinar 
morphology (a), and ductal morphology (d). (B, F, and J) Amylase staining. (C, G, and K) Sox9 staining. (D, H, and 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. 7 indicates days after caerulein treatment. *P < 0.05; **P < 0.01; ***P < 0.001. Original 
magnification, ×400 (A–L).
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and cytoplasmic β-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 β-catenin, predominately 
at the cell periphery and in the cytoplasm (Figure 3B). Like other 
embryonic factors, β-catenin distribution reverted to the pattern 
of PBS-treated mice at 7 and 21 days after treatment (Figure 3, C 
and D). In contrast to other reactivated developmental signaling 
factors, the damaged exocrine compartment in Pdx1-CreEarly;LSL-
KrasG12D mice displayed weaker overall β-catenin levels as well as 
less frequent cytoplasmic accumulation 2 days following caerulein 
treatment compared with cells in similarly treated Pdx1-CreEarly con-
trol mice (Figure 3F). Western blot for β-catenin protein confirmed 
these immunostaining results (Figure 3I; quantification of Western 
blot results shown in Figure 3J). In metaplastic ducts 7 days follow-
ing treatment, overall β-catenin accumulation was still weaker than 
that observed during the regenerative phase in Pdx1-CreEarly mice 
(Figure 3G). Only after 3 weeks did β-catenin frequently accumu-
late in the cytoplasm of PanIN lesions (Figure 3H).

Quantitative PCR analysis of the canonical Wnt signaling/ 
β-catenin target genes Axin2 (a negative regulator of β-catenin sig-
naling) and lymphoid enhancer binding factor 1 (Lef1) revealed 
a pattern of β-catenin transcriptional activation corresponding 
with the observed pattern of β-catenin accumulation. In Pdx1-

CreEarly mice, expression of both genes increased 2 days following 
caerulein treatment and returned to PBS-treated levels by 21 days 
(Figure 3, K and L). We detected no increase in Axin2 and Lef1 
expression during ADM 2 and 7 days following caerulein treat-
ment of Pdx1-CreEarly;LSL-KrasG12D mice, while both genes were sig-
nificantly upregulated when PanINs predominated after 21 days 
(Figure 3, K and L). Therefore, a distinction between transiently 
dedifferentiated, regenerating WT acini and acini possessing 
mutant Kras undergoing the initial stages of ductal reprogram-
ming is the inability of the latter to normally reactivate Wnt/ 
β-catenin signaling. We also tested to determine whether previous-
ly reported regeneration-associated accumulation of E-cadherin 
(14, 31), which binds to β-catenin at adherens junctions, was simi-
larly inhibited during Kras-induced ADM. We observed accumula-
tion of E-cadherin 2 days after caerulein treatment in both Pdx1-
CreEarly and Pdx1-CreEarly;LSL-KrasG12D mice (Supplemental Figure 
5, B and F), suggesting that Kras-induced ADM is not associated 
with a gross decrease in E-cadherin accumulation.
β-catenin is required for efficient acinar cell regeneration. Next we 

aimed to determine whether β-catenin inhibition is an important 
component of Kras-driven ADM and PanIN formation. First, we 
asked whether β-catenin plays a functional role in acinar regen-
eration. To address this question, we set out to subject acinar 
cells lacking β-catenin to caerulein pancreatitis and gauge their 
regenerative ability. β-catenin is required for acinar development 

Figure 6
β-catenin signaling inhibits Kras-induced reprogramming of acini into PanINs. (A, E, and I) H&E staining of tamoxifen-stimulated, caerulein- or 
PBS-treated ElaCreERT;β-cateninexon3/+;LSL-KrasG12D or ElaCreERT;LSL-KrasG12D mice. (B, F, and J) CK19/Alcian blue staining. Note that nor-
mal ducts in PBS-treated ElaCreERT;β-cateninexon3/+;LSL-KrasG12D mice are strongly CK19 positive but Alcian blue negative (B). (C, G, and 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, and L) phospho-p42/p44 staining. Original 
magnification, ×400 (A, B, D–F, H–J, and L). Scale bars: 50 μm (C, G, and K).
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(28–30), but not adult acinar cell viability or differentiation (28) 
as shown by conditional inactivation of a Cre-dependent, floxed 
β-catenin allele (β-cateninF/F). We have previously demonstrated 
that Cre recombinase driven by the pancreas-specific transcrip-
tion factor 1a (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 develop-
ment, we have found that using it to conditionally manipulate the 
β-catenin pathway avoids developmental phenotypes induced by 
earlier acting Cre drivers, such as the Pdx1-CreEarly strain (22). We 
generated p48Cre;β-cateninF/F mice, which were viable and born at 
the expected Mendelian ratio, and tested to determine whether 
they possessed β-catenin–negative acinar cells at 6 weeks of age. 
Similar to previous results investigating β-catenin deletion dur-
ing pancreas development, the number of acinar cells was severely 
reduced in p48Cre;β-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 com-
posed of β-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 β-catenin than WT counter-
parts, p48Cre;β-cateninF/F mice were tractable for testing the ability 
of β-catenin–null acinar cells to regenerate.

Next, we compared acinar regeneration following caerulein pan-
creatitis in control p48Cre;β-cateninF/+ and p48Cre;β-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 pro-
tocol, acinar cells both assume a duct-like morphology (16) and 
reactivate embryonic-signaling factors (14, 15) similar to those we 
observed in mice treated with the staggered caerulein regimen that 
we used in our ADM/PanIN studies (see Figures 1 and 2). There-
fore, similar regenerative pathways are likely induced by both cae-
rulein techniques. As expected, 3 days after caerulein treatment, 

p48Cre;β-cateninF/+ control mice displayed a significant decrease in 
acinar area, approximately 50%–60% of PBS-treated control (Figure 
4M), possessed regenerating acini, including duct-like cells (Figure 
4B), and displayed increased β-catenin accumulation compared 
with acini in PBS-treated mice (compare Figure 4, G and H). By  
5 days following treatment, acinar regeneration in p48Cre;β-cateninF/+  
mice had significantly progressed, as nearly 75% of acinar area was 
reestablished (Figure 4M). In contrast, at both 3 and 5 days follow-
ing caerulein treatment, p48Cre;β-cateninF/F mutant mice displayed 
a persistent decrease in β-catenin–negative, amylase-positive cells. 
Quantitative analysis revealed a reduction of greater than 90% of 
acinar area when compared with PBS-treated p48Cre;β-cateninF/+ 
mice and an approximately 10-fold reduction (Figure 4M) when 
compared with PBS-treated p48Cre;β-cateninF/F mice (Figure 4, 
E, K, F, and L, respectively). The remaining epithelium consisted 
predominately of both β-catenin–negative and CK19-positive duct 
cells as well as β-catenin–negative and –positive endocrine cells 
remaining in morphologically distinct islet clusters (Figure 4, K, L, 
and insets). These data suggest that β-catenin–deficient acinar cells 
regenerate far less efficiently than WT acini and support a role for 
β-catenin as a key node in acinar regeneration.

Stabilized β-catenin signaling antagonizes Kras-driven ADM/PanIN. 
Since β-catenin is important in acinar regeneration and a block 
in its reactivation correlates with Kras-induced ductal reprogram-
ming, we asked next whether increased β-catenin signaling could 
antagonize the ability of Kras to reprogram acini into ADM/PanIN. 
To answer this question, we used a gain-of-function strategy to 
enforce β-catenin signaling in acini possessing mutant Kras.

To induce stabilized β-catenin in acini coexpressing mutant Kras, 
we utilized a Cre-induced conditional transgenic allele of β-catenin 
that lacks exon 3 (β-cateninexon3), a region required for proteasomal 
turnover (33), in combination with the LSL-KrasG12D allele. We have 
previously shown that 1 copy of this allele increases β-catenin sig-
naling in pancreatic epithelium (22, 32). We analyzed the effect of 
simultaneous Kras and β-catenin activation on ductal reprogram-
ming in mice in which both pathways were activated in the devel-
oping exocrine compartment and specifically in adult acini. For 
studies of embryonic activation, we again used the p48Cre driver to 
activate the conditional β-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, 6-week-old 
p48Cre;LSL-KrasG12D and compound p48Cre;β-cateninexon3/+;LSL-
KrasG12D mice. As expected, p48Cre;LSL-KrasG12D pancreas displayed 
morphologically normal acinar cells with few PanIN lesions (Sup-
plemental Figure 6A). p48Cre;β-cateninexon3/+;LSL-KrasG12D mice pre-
sented with a mixture of abnormal duct cells and amylase-positive 
cells with acinar morphology, representing approximately 25% of 
the acinar area of p48Cre;LSL-KrasG12D animals (Figure 5, A, B, and 
M). Strikingly, PanIN lesions were not observed under these condi-
tions. Therefore, even at this 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 β-catenin. In support of this notion, we have previously 
shown that p48Cre;β-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 p48Cre;LSL-KrasG12D 
and compound p48Cre;β-cateninexon3/+;LSL-KrasG12D mice 7 days fol-
lowing caerulein treatment. As expected, caerulein treatment in 

Figure 7
β-catenin acts as a gatekeeper of Kras-induced reprogramming of acini 
into ductal PanINs. Pattern of β-catenin signaling activity during aci-
nar 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.
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p48Cre;LSL-KrasG12D mice resulted in a significant replacement of 
acinar cells with metaplastic ducts, leading to a decrease of amy-
lase area to less than 10% of that in PBS-treated mice (Figure 5, F 
and M). As observed in Pdx1-CreEarly;LSL-KrasG12D mice, metaplas-
tic ducts (Figure 5E) strongly expressed embryonic factors (Sox9, 
Figure 5G; Clusterin5H, 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 7 days following caerulein treatment in 
p48Cre;β-cateninexon3/+;LSL-KrasG12D animals as compared with mice 
treated with PBS (Figure 5, J and M). Even 2 days after treatment, at 
the height of caerulein-induced dedifferentiation, the distribution 
of acini and ductal cells in p48Cre;β-cateninexon3/+;LSL- KrasG12D mice 
was similar to that observed in PBS-treated mice (Supplemental 
Figure 6, G and H). Furthermore, Sox9 (Figure 5K), Clusterin (Fig-
ure 5L), Hes1 (Supplemental Figure 7E), and phospho-ERK1/2 
(Supplemental Figure 7F) were rarely present in cells with acinar 
morphology in p48Cre;β-cateninexon3/+;LSL-KrasG12D mice (Figure 5, 
I and J) regardless of caerulein treatment. Immunofluorescence 
for β-catenin displayed widespread accumulation in all epithelial 
cell types in p48Cre;β-cateninexon3/+;LSL-KrasG12D pancreas compared 
with that of p48Cre;LSL-KrasG12D mice, confirming transgenic  
β-catenin stabilization (compare Supplemental Figure 7, D and 
H). β-catenin activation was also confirmed by quantitative 
PCR for target genes Axin2 and Lef1, which displayed significant 
increase in p48Cre;β-cateninexon3/+;LSL-KrasG12D versus p48Cre;LSL-
KrasG12D pancreas (data not shown). Taken together, these data 
suggest that when activated simultaneously during pancreatic 
development, β-catenin signaling antagonizes the normal course 
of Kras-induced acinar reprogramming.

We have previously established that p48Cre;β-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. There-
fore, to more rigorously interrogate the ability of β-catenin sig-
naling 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 2 and 3 weeks following pancreatitis. Unlike 
p48Cre;β-cateninexon3/+;LSL-KrasG12D mice, tamoxifen-stimulated 
Elastase-CreERT2;β-cateninexon3/+;LSL-KrasG12D animals showed no gross 
structural defects when treated either with PBS or with caerulein 
(Figure 6A). Furthermore, cellular defects, in the form of abnor-
mal ductal structures, were rare in PBS-treated Elastase-CreERT2; 
β-cateninexon3/+;LSL-KrasG12D mice (such ducts were observed in 1 of 
7 mice 4 to 5 weeks after tamoxifen treatment). This frequency 
matched that of spontaneous PanINs observed in similarly treated 
Elastase-CreERT2;LSL-KrasG12D mice (Figure 1 and Supplemental Fig-
ure 1). Therefore, without caerulein treatment, the effects of acti-
vating 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 preexisting structural defects.

Two and 3 weeks following caerulein treatment, all Elastase-
CreERT2;LSL-KrasG12D mice tested (n = 4, n = 3) displayed frequent 
CK19, Alcian blue–positive PanINs (Figure 6, E and 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 that 
made up the ducts maintained a cuboidal rather than columnar 
morphology and generally possessed weak CK19 expression (Fig-
ure 6, I and J). Furthermore, in contrast to PanINs observed in 
Elastase-CreERT2;LSL-KrasG12D mice, Alcian blue staining was exceed-
ingly infrequent in these structures (2 of 7 mice possessed 1 to 
2 structures that displayed patchy or weakly Alcian blue–positive 
cells) (Figure 6J and data not shown). Interestingly, we found that 
distinct patterns of β-catenin accumulation correlated with the 
development of PanINs or abnormal duct structures. PanINs in 
Elastase-CreERT2;LSL-KrasG12D mice possessed strong membranous 
and cytoplasmic β-catenin accumulation, while β-catenin was fre-
quently localized to the nucleus in the abnormal ducts observed 
in Elastase-CreERT2;β-cateninexon3/+;LSL-KrasG12D mice (compare Figure 
6, G and K). However, both structures displayed phospho-ERK1/2 
staining (Figure 6, H and L). Therefore, while a Kras effector path-
way is active in both cell types, abnormal ducts in ElaCreERT2;LSL-
KrasG12D;β-cateninexon3/+ mice are likely subjected to a higher level of 
β-catenin signaling than cells that make up PanINs. Taken togeth-
er, these data suggest that while uncontrolled β-catenin and Kras 
signaling can change acinar fate, levels of β-catenin signaling that 
exceed a critical threshold block the ability of Kras to reprogram 
acini into a ductal PanIN lineage.

Discussion
Regeneration is a key process in maintaining tissue homeosta-
sis. Interestingly, regenerative processes often involve reactiva-
tion 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 
(refs. 11 and 5, respectively). These studies support clinical obser-
vations suggesting a link between chronic pancreatitis and PDA in 
humans (12, 13). However, how Kras coopts the permissive envi-
ronment 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 nor-
mal acini. As schematized in Figure 2Q, while possessing normal 
morphology and expressing markers of acinar differentiation, aci-
nar cells carrying constitutively active Kras cannot activate a WT 
regenerative program. Instead, these cells undergo ductal repro-
gramming when damaged, a state characterized by persistent, 
rather than transient, progenitor factor expression, which permits 
the development of PanINs that are molecularly similar to sponta-
neous lesions. As progenitor factor expression is maintained from 
the outset of ADM/PanIN following damage, our data suggest 
that dedifferentiation 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. Tissue 
damage (i.e., pancreatitis; present study and refs. 5, 11), inflam-
mation induced by metabolic stress (34), and additional oncogene 
activation such as activated Gli (35), Notch (3), and TGF-α signal-
ing (36), significantly accelerate ADM/PanIN. Therefore, expres-
sion of mutant Kras is not optimally efficient to reprogram acini 
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into PanINs without additional molecular events. During Kras-
induced ADM/PanIN following damage, we found not only per-
sistent activation of regeneration-associated embryonic signaling 
factors, but also that the activity of the MAPK Kras effector path-
way was widely and persistently maintained. This is in contrast to 
morphologically normal acini in age-matched, control-treated mice 
in which MAPK activity was infrequently observed. These data sug-
gest that this dedifferentiated 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 relation-
ship between increasing levels of acinar Kras activity and the devel-
opment of chronic pancreatitis or ADM/PanIN with the capacity 
to give rise to PDA. Interestingly, Duan and colleagues (38) have 
shown that cholecystokinin, 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. Even so, the question remains of whether 
dedifferentiation is a consequence of Kras activity or 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 deter-
mine what molecular roadblocks prevent Kras from becoming fully 
active in unstressed acini and how they are subverted under condi-
tions of damage or spontaneously to allow ADM/PanIN. Identifica-
tion 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 activa-
tion allowed us to isolate β-catenin as an essential player in acinar 
regeneration and Kras-mediated reprogramming of PDA precur-
sors. 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 detail-
ing how specific β-catenin target genes direct regeneration and 
whether β-catenin–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. Sur-
prisingly, we found that while β-catenin signaling was activated dur-
ing 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 spec-
ifying 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 morphol-
ogy rarely express the reactivated elements of embryonic develop-
ment 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 incompat-
ible with the molecular environment that enables 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 peripor-
tal versus pericentral hepatocytes in the liver (39, 40), although the 
mechanism of inhibition in this context is unclear. Understanding 
how β-catenin levels and signaling are controlled during the initia-
tion of ADM/PanIN, whether 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 provide 
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 β-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 p48Cre;β-cateninexon3/+;LSL-KrasG12D mice, the ITT-like disease 
caused by simultaneous Kras activation and β-catenin stabilization 
throughout acinar cell development is molecularly and morphologi-
cally distinct from the Kras-induced PanIN-PDA sequelae (32). These 
results suggest that PDA cannot form in the context of simultane-
ous, constitutive activation of Kras and β-catenin signaling. Howev-
er, β-catenin signaling is elevated in human PDA and in PanINs and 
PDA of Kras-driven mouse models (43, 44). Indeed, our results sup-
port 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, β-catenin  
knockdown in human PDA cell lines possessing activating Kras 
mutations compromises cell growth (43). Our study presents a pos-
sible 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 for-
mation (3). Notch signaling plays critical roles in pancreatic devel-
opment (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 upregulated 
during ADM/PanIN formation. Siveke and colleagues have shown 
that Notch signaling is not only important in exocrine regeneration 
but that Notch also inhibits β-catenin in acinar cells (15). Taken 
together, this may suggest that persistently active Notch signaling 
may be part of the mechanism preventing β-catenin reactivation 
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 ADM/PanIN. Reactivation of β-catenin sig-
naling, required for efficient acinar regeneration, is blocked dur-
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ing Kras-induced ductal reprogramming, and unless a critical level 
of β-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.

Methods
Mouse lines. Experimental animals were generated by crossing Pdx1-CreEarly 
(gift of Doug Melton, Harvard University, Cambridge, Massachusetts, 
USA) (47); Pdx1-CreLate (gift of Pedro Herrera, University of Geneva Medi-
cal School, Geneva, Switzerland); p48Cre (gift of Chris Wright, Vanderbilt 
University, Nashville, Tennessee, USA) (48); or Elastase-CreERT2 mice (gift 
of Doris Stoffers, University of Pennsylvania, Philadelphia, Pennsylvania, 
USA) with LSL-KrasG12D (gift of Dave Tuveson, Cancer Research UK Cam-
bridge Research Institute, Cambridge, United Kingdom), β-cateninF/F (49), 
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 1 mg of tamoxifen (Sigma-Aldrich) dis-
solved in corn oil (to a concentration of 10 mg/ml; Sigma-Aldrich).

Caerulein treatment. Acute pancreatitis was induced at 6 weeks of age in 
Pdx1-CreEarly;LSL-KrasG12D, Pdx1-CreLate;LSL-KrasG12D, p48Cre;LSL-KrasG12D, 
p48Cre;β-cateninexon3, p48Cre;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 (50 μg/kg; Sigma-
Aldrich) on alternating days separated by 24 hours (50). This protocol is 
referred to as the “staggered” protocol in the text. For the regeneration 
study in p48Cre;β-cateninF/F mice, pancreatitis was induced as described by 
Jensen and colleagues (14), 1 by 8 hourly caerulein injections (2 μg/injec-
tion) on 2 consecutive days. This protocol is referred to as the “consecu-
tive” protocol in the text. Mouse weight ranged from 22 to 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 H&E, 
immunohistochemical, and immunofluorescent staining as described (22, 
35). The following primary antibodies were used: rabbit anti-amylase (1:300; 
Sigma-Aldrich), rat anti-CK19 (TROMAIII, 1:200 dilution; developed by 
Rolf Kemler [Max-Planck Institute of Immunobiology, Freiburg, Germany] 
and obtained from the Hybridoma Bank at the University of Iowa, Iowa 
City, Iowa, USA), guinea pig anti-Pdx1 (1:1000; gift from Michael German, 
UCSF), rabbit anti-Hes1 (1:500 dilution; gift from Tetsuo Sudo, Toray 
Industries Inc., Kamakura, Japan), goat anti-clusterin (1:200; Santa Cruz 
Biotechnology Inc.), rabbit anti-Sox9 (1:1000; Chemicon), mouse anti– 
β-catenin (1:200; BD), chicken anti-GFP (1:200; Abcam), and anti phospho-
p42/p44 (1:200; Cell Signaling Technologies). For immunohistochemistry, 
biotinylated anti-rabbit (Vector Labs), and anti-goat and anti-rat (Jackson 
ImmunoResearch Laboratories Inc.) 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, Alexa Fluor 

555 donkey anti-goat, Alexa Fluor 488 donkey anti-rabbit, Alexa Fluor 488 
goat anti-chicken, Alexa Fluor 633 goat anti-mouse, Alexa Fluor 488 goat 
anti-rabbit, Alexa Fluor 633 goat anti-rat, and Alexa Fluor 555 goat anti-
rat (Molecular Probes; Invitrogen) 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 (1:5000 dilution; Santa Cruz 
Biotechnology Inc.) and ECL (Amersham Biosciences) as described (35). The 
primary antibodies used were anti-mouse β-catenin (1:1000; BD) and anti-
rabbit GAPDH (1:1000, Santa Cruz Biotechnology Inc.). 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 
p48Cre;β-cateninF/F regeneration experiment, 6 random, nonoverlapping, 
×400 fluorescent images, separated by a depth of 100 μM, 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; http://rsbweb.nih.gov/ij/). To quantify relative amylase area in the 
p48Cre;LSL-KrasG12D;β-catenin3/+ acinar replacement experiment, 8 random, 
nonoverlapping, ×100 IHC images, 2 each at consecutive tissue level, sepa-
rated by a depth of 100 μM, 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 RNeasy columns (QIAGEN). On-column 
DNAse treatment was performed according to manufacturer’s instruc-
tions. RNA quality was audited using an Agilent Bioanalyzer and the 
RNA Nano Chip Kit (Agilent Technologies). cDNA was synthesized from  
1 μg 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 (provided by the Genome Analysis Core at the 
UCSF Helen Diller Family Comprehensive Cancer Center; sequences listed 
in Supplemental Table 1).

Statistics. Comparison of means was performed using unpaired Student’s 
t tests, calculated using Prism for Macintosh, version 4. Statistical signifi-
cance was assumed when P < 0.05; P values below 0.05 are noted in figure 
legends. Results are represented as mean ± SD where noted. All mouse tissue 
data represent at least 3 mice unless otherwise noted and represent at least 
ten 5-μM sections unless noted.
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