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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is likely to stem from 
a process known as acinar-to-ductal metaplasia, which involves 
either transdifferentiation of adult acinar cells or aberrant differ-
entiation of their progenitors into ductal-like cells. These cells can 
subsequently progress into malignant adenocarcinoma through a 
series of histopathological lesions known as pancreatic intraepi-
thelial neoplasias (PanINs) (1). Activating mutations in the gene 
encoding the GTPase KRAS are nearly universal in human PDAC 
(2), and targeting of mutated KRAS to mouse pancreatic pro-
genitors recapitulates the human PanIN-to-PDAC progression 
sequence (3). Early pancreatic lesions, including low-grade PanINs, 
already carry an activating KRAS mutation (4), which indicates that 
mutation in this oncogene is one of the earliest events in the patho-
physiology of PDAC. High-grade lesions develop upon accumula-
tion of further mutational events, mainly involving inactivation of 
other tumor suppressors such as INK4A (also known as CDKN2A, 
P16, or ARF), TP53, SMAD4, or BRCA2 (5). Several genetic and epi-
genetic factors (regulating senescence, autophagy, cell cycle, and 
apoptosis) may positively or negatively modulate the transforming 
activity of mutant KRAS in pancreatic cells, thereby modulating 
PanIN development. Among these factors, we recently described 
a novel intracellular pathway essential for KRAS transforming  

activity in the pancreas controlled by the pancreatitis-activated 
protein NUPR1 (also known as p8 or COM1), which involved RELB, 
but not RELA (6). We demonstrated that genetic deletion of Nupr1 
in mice inhibits Kras-dependent PanIN development in a Relb-
dependent manner. We also found that in this genetic context, Relb 
activation is dependent on Nupr1 expression. Consequently, pan-
creatic-specific deletion of Relb in a KrasG12D background resulted 
in delayed PanIN development. In addition, we found that disrup-
tion of this novel NUPR1-RELB transcriptional pathway affects the 
expression of genes encoding proteins that can serve as effectors of 
their function, such as immediate early response 3 (IER3) (6). Thus, 
efficient PanIN formation is dependent on Nupr1 and Relb expres-
sion, with likely involvement of Ier3. However, the defined role of 
IER3 in PanIN development and its molecular mechanism remain 
to be established.

IER3 (also known as IEX-1, p22/PRG1, Dif-2, or gly96) belongs 
to the immediate early response gene family (7, 8). IER3 is a stress-
inducible gene exerting divergent effects on cellular responses in 
stressed cells. IER3 displays complex and sometimes divergent 
roles in cell cycle, differentiation, and survival depending on the 
cell type and stimulus under study (7–11). The multiple cellular 
actions exerted by IER3 involve antagonism of various signaling 
pathways, in particular those regulated by ERKs. ERK activation 
involves a cascade of phosphorylation events, initiated by stimu-
lation of RAS and ultimately leading to MEK1/2-mediated dual 
phosphorylation of ERK1/2 at neighboring Ser/Thr and Tyr resi-
dues in the activation loop (12). The ERK pathway is implicated in 
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and PanINs at about 12 weeks of age (6). The KrasG12D;Ink4afl/fl 
model serves specifically to simulate poorly differentiated PDAC; 
these animals develop aggressive tumors at 8 weeks of age (35). 
Immunofluorescent (IF) analysis of normal pancreas tissue 
showed no detectable IER3 signal in acinar cells, regardless of the 
status of activated KrasG12D (Figure 1A). In contrast, PanINs, inde-
pendent of grade, displayed high levels of IER3 in KrasG12D pancre-
as at 20 weeks of age (Figure 1A). In 8-week-old KrasG12D;Ink4afl/fl  
mice, IER3 expression was detected in well-differentiated glan-
dular structures within PDAC tumors and principally in the peri-
tumoral acini and low-grade PanINs. Interestingly, IER3 staining 
was faint or absent in poorly differentiated tumor cells (Figure 1B), 
although it was highly expressed in ADM lesions. These observa-
tions were also confirmed in pancreas lesions from another well-
known animal model, the Mist1;KrasG12D;Trp53+/– transgenic mouse 
(36), which develops a more differentiated type of tumor that 
shares several characteristics with human PDAC (Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI76037DS1). Moreover, similar to our observations 
in KrasG12D;Ink4afl/fl mice, we found undetectable levels of IER3 in 
normal human pancreatic tissue, whereas morphologically nor-
mal acini located at the periphery of human PDAC showed sub-
stantial IER3 staining (Figure 1C). Similarly, IER3 levels decreased 
in preneoplastic lesions in the progression from well-differentiat-
ed to poorly differentiated, being strong in low-grade PanINs but 
barely detectable or undetectable in more advanced grades (Fig-
ure 1C). We also examined the expression of IER3 in 2 groups of 
patients who, upon immunohistochemical (IHC) analysis, pre-
sented features of well-to-moderately differentiated PDAC. This 
experiment confirmed that IER3 expression was higher in well-to-
moderately differentiated human adenocarcinoma (well-to-mod-
erately differentiated, 3.93 ± 2.05 AU, n = 10; poorly differentiated,  
0.41 ± 0.20 AU, n = 12; P < 0.05; Figure 1D). In summary, the 
results obtained by both IF and IHC staining of mouse and human 
tissues revealed upregulation of IER3 within discrete acinar cells 
that became more prominent in larger acinar clusters, especially 
those located near PDAC, and particularly high in ADM and low-
grade PanINs. Thus, high levels of IER3 appear to be necessary 
during the early events of pancreatic carcinogenesis, likely helping 
to establish the process of initiation.

IER3 depletion delays KrasG12D-driven PanIN and PDAC devel-
opment. To determine whether pretumoral lesions and PDAC 
development require the presence of IER3, we generated 2 novel 
mouse lines by crossing KrasG12D and KrasG12D;Ink4afl/fl mice with 
Ier3–/– mice (37). At least 12 inbred crosses were made for each 
new transgenic mouse line before evaluation in order to assure a 
homogeneous genetic background. All mice were viable, fertile, 
and showed no obvious abnormality. As illustrated in Figure 2A, 
control KrasG12D;Ier3+/+ littermates exhibited ADM as well as low- 
and high-grade PanINs at 14 weeks (ADM, 7 ± 1.3 lesions per field 
of view; PanIN 1a, 2.4 ± 0.5; PanIN 1b, 3.6 ± 0.4; PanIN 2, 1.2 ± 0.4;  
PanIN 3, 0.4 ± 0.2; n = 5). In addition, 100% of those mice con-
tained at least 1 lesion in the pancreas. KrasG12D;Ier3+/– mice also 
harbored ADM and low-grade PanINs, albeit in reduced num-
bers (ADM, 2.2 ± 1.2 lesions per field of view; PanIN 1a, 0.8 ± 
0.4; PanIN 1b, 0.4 ± 0.2; PanIN 2, 0.2 ± 0.2; PanIN 3, 0; n = 5) 
and 60% of these mice presented at least 1 lesion in pancreas.  

diverse cellular processes, including proliferation, differentiation, 
and survival. This variety of biological responses is determined by 
the cell-specific combination of downstream substrates and differ-
ences in the magnitude and kinetics of ERK signaling (13, 14). The 
length of time that ERKs are active depends on the nature of the 
stimuli, the cooperation of several pathways downstream of RAS, 
the localization of the kinases, or the presence of scaffold proteins 
(12). It has been shown that IER3 prolongs ERK phosphorylation 
and ERK activation, thereby triggering phosphorylation of ERK 
substrates (15). This effect of IER3 involves direct interaction 
with the regulatory PP2A subunit B56. By bridging ERK to B56, 
IER3 contributes to ERK-dependent phosphorylation of B56, with 
subsequent dissociation from the catalytic PP2A subunit and, 
consequently, potentiation of ERK signaling (16). This reduced 
B56-regulated PP2A activity causes sustained ERK1/2 activation 
with concomitant phosphorylation of several target proteins (17).

Previous studies in human cancers have revealed differential 
expression for IER3 not only in tumor versus normal tissue, but 
also in the same tumor type of different disease stages. Positive 
IER3 expression is associated with good prognosis in ovarian can-
cer, where IER3 functions as a proapoptotic factor to restrict tumor 
growth (18, 19). On the contrary, a high level of IER3 expression 
appears to link poor survival of patients with multiple myeloma (20–
25), Sézary syndrome (26–28), and breast cancer (29), in part due to 
a prosurvival effect of IER3 on cancer cells. In myelodysplastic syn-
dromes, IER3 expression increases gradually with disease develop-
ment toward acute myeloid leukemia (23, 24). Finally, IER3 appears 
to play distinct roles in different subsets or stages of colon cancer 
(30–32) as well as pancreatic cancer (6, 33, 34). Thus, the defini-
tive roles of IER3 in the initiation, promotion, and/or progression 
of these gastrointestinal malignancies remain to be defined. Here, 
we sought to elucidate whether IER3 plays a role in Kras oncogene–
driven PanIN-to-PDAC formation, using well-characterized engi-
neered mouse models for pancreatic cancer. We found that dele-
tion of Ier3 delayed PanIN development in Pdx1-Cre;LSL-KrasG12D 
(referred to herein as KrasG12D) animals. In addition, deletion of Ier3 
significantly reduced PDAC incidence and consequently extended 
the survival of compound KrasG12D;Ink4afl/fl animals. Moreover, we 
showed that IER3 expression was induced by tumor-promoting 
stimuli such as pancreatitis, which, in the presence of oncogenic 
Kras, acts as a well-known tumor-promoting mechanism. However, 
pancreatitis in Ier3–/– mice abolished the growth-promoting role of 
this oncogene. Mechanistically, we found that these effects of IER3 
on pancreatic cancer growth occurred primarily by a role of this pro-
tein in enhancing ERK1/2 phosphorylation through an inhibitory 
effect on PP2A phosphatase activity. These observations extend 
our understanding of molecular mechanisms underlying pancreatic 
carcinogenesis and identify IER3 as a potential target for therapies 
aimed to control the oncogenic potential of Kras.

Results
IER3 is expressed in acinar ductal metaplasia (ADM), PanINs, and 
peritumoral acini in both murine and human pancreatic cancers. To 
better dissect the role of IER3 in PDAC development in vivo, we 
used 2 complementary mouse models. The KrasG12D mouse model 
is the tool of choice for studying initial, well-differentiated pretu-
moral lesions, since these mice reproducibly develop metaplasia 
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more pronounced differences between genotypes, were obtained 
at 25 and 40 weeks of age (P < 0.0001 for both; Figure 2A). Fig-
ure 2B shows representative PanINs developing at 40 weeks in 
the different genotypes. KrasG12D;Ier3+/+ mice had a large number 
of high-grade PanINs with abundant positive periodic acid–Schiff 
(PAS) staining. Moreover, IF for both amylase and cytokeratin 

Careful analysis of KrasG12D;Ier3–/– animals revealed the presence 
of even fewer numbers of ADM and PanIN 1b lesions (2 of 5 mice; 
ADM, 1 ± 0.5 lesions per field of view; PanIN 1b, 0.6 ± 0.4), with no 
PanIN 2 or PanIN 3 lesions observed. These differences were sta-
tistically significant among different genotypes and lesion types 
in 14-week-old mice (P < 0.0001). Similar results, although with 

Figure 1. IER3 expression in pancreas. (A and B) IF for IER3 (red) and CK19 (green) in paraffin-embedded tissue sections obtained from 20-week-old 
KrasG12D mice and 8-week-old KrasG12D;Ink4afl/fl mice. Percentage of IER3-positive lesions per tissue is also shown (n = 9 [A]; 8 [B]). (C) IHC analysis of IER3 
on human pancreatic samples. Peritumoral acini and low-grade PanINs (black arrows) were positive for IER3, whereas high-grade PanINs (white arrows) 
showed almost undetectable IER3 staining. Percentage of IER3-positive lesions per tissue is also shown (n = 14 tumor samples). (D) Real-time quantita-
tive PCR analysis for IER3 expression in human adenocarcinoma samples from well-to-moderately differentiated (n = 10) and poorly differentiated (n = 12) 
tissues. Error bars denote ± SEM; P values were calculated by 2–ΔΔCt method. *P < 0.05, ***P < 0.001, ****P < 0.00001. Original magnification, ×40 (A and 
B, top); ×20 (B, middle and bottom, and C).
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system (8), we sought to rule out the possibility that IER3-mediated  
impairment of ADM and PanIN formation was not in fact through 
an indirect effect. We first used the innovative method of Bar-Sagi 
and colleagues (38, 39), which relies on isolation of pancreatic duc-
tal epithelial cells (PDECs) from KrasG12D;Ier3+/+ and KrasG12D;Ier3–/– 
animals and their transduction with Cre-encoding adenovi-
rus (referred to herein as Ad-Cre). In this setting, we observed 
increased BrdU incorporation in the Cre-transduced PDECs from 
KrasG12D;Ier3+/+ pancreas compared with cells transduced with null 
control adenovirus (Ad-null; Figure 3A). No statistically signifi-
cant increase was detected in KrasG12D;Ier3–/– PDECs treated in the 
same manner (Figure 3A). We also evaluated the ability of acini 
isolated from KrasG12D;Ier3+/+ or KrasG12D;Ier3–/– pancreas to form 
ADM in vitro after KrasG12D activation by Ad-Cre. Importantly, 
morphological examination of the acini from KrasG12D;Ier3–/– mice 
showed a 25.0% ± 2.98% incidence of ADM events after Ad-Cre 
transduction (Figure 3B). In contrast, Cre-mediated KrasG12D acti-
vation produced ADM-like structures on only 10.5% ± 1.29% of 
KrasG12D;Ier3–/– acini (Figure 3B). Together, these results demon-
strated that IER3 plays an important role in KrasG12D-dependent 
ADM development in vitro in the absence of any external stimu-
lus, including the immune system.

IER3-dependent ERK phosphorylation contributes to pancreatic 
tumorigenesis. IER3 has been previously shown to undergo phosphor-
ylation by ERK1/2 and can also potentiate the activation of these 
kinases in response to several growth factors in different nonpan-
creatic cell types (15). Thus, to investigate whether IER3 is involved 
in the regulation of ERK1/2 activity in pancreatic cancer cells, we 
evaluated the effect of its depletion on these signaling proteins. We 
knocked down IER3 expression in human pancreatic cancer cells 
using siRNA and subsequently monitored ERK1/2 phosphorylation 
(p-ERK1/2). After 48 hours of IER3 siRNA treatment of MiaPaCa2 
cells, IER3 protein levels decreased approximately 95%, with a con-
comitant 45% reduction in p-ERK1/2 (Supplemental Figure 2, A 
and B). Comparable results were observed in Panc1 cells, with IER3 
reduced 45% and p-ERK1/2 reduced 40% (Supplemental Figure 
2, A and B). Control experiments confirmed that activation of the 
upstream kinase MEK1/2 remained unmodified in both cell lines 
(Supplemental Figure 2B). These findings were further supported 
by IF and flow cytometry analyses, which showed a 48% decrease of 
ERK1/2 activation in response to IER3 depletion (Supplemental Fig-
ure 2, C and D). We previously demonstrated that IER3 expression 
in human pancreatic cell lines decreases upon genetic inactivation 
of both NUPR1 and RELB (6). We therefore speculated that RELB 
and NUPR1 could have a role in ERK1/2 activation by affecting 
IER3 expression. To test this hypothesis, we transfected MiaPaCa2 
cells with siRNA against NUPR1 or RELB and measured p-ERK1/2 
by Western blot analyses (Supplemental Figure 2G). These  

19 (CK19) revealed replacement of the acinar for the ductal cell 
marker. In contrast, lesions of any type were not frequently found 
in KrasG12D;Ier3–/– pancreases, which also stained negative with the 
PAS technique (Figure 2B). Thus, these genetic modeling experi-
ments led us to conclude that IER3 expression is indeed necessary 
for KrasG12D-mediated initiation in the exocrine pancreas.

Subsequently, we investigated the role of IER3 during more 
advanced steps of PDAC carcinogenesis by crossing Ier3–/– mice 
with KrasG12D;Ink4afl/fl mice, which carry inactivation of the 
tumor suppressor Ink4a (whose loss exerts tumor promotion of  
KrasG12D-positive preneoplastic cells into cancer). At 8 weeks of age, 
KrasG12D;Ink4afl/fl;Ier3+/+ mice developed PDAC with 100% pene-
trance (n = 8), as demonstrated by PAS-positive malignant cells with 
complete loss of amylase immunostaining and mild staining for 
CK19 (Figure 2, C and D). In contrast, 8-week-old KrasG12D;Ink4afl/fl; 
Ier3+/– mice retained substantial areas of normal pancreas and did 
not develop PDAC (n = 8). In fact, only 37.5% of these animals devel-
oped ADM and low-grade PanINs (<5% of lesions per pancreas),  
with few CK19-positive ductal lesions containing PAS-positive 
cells compared with KrasG12D;Ink4afl/fl;Ier3+/+ littermates. Finally, 
8-week-old KrasG12D;Ink4afl/fl;Ier3–/– mice showed large areas of 
normal tissue, composed of amylase-positive, PAS-negative cells, 
which never gave rise to PDAC (n = 8). Thus, deletion of Ier3 
impaired development of frank pancreatic cancer even upon dele-
tion of Ink4a, a potent stimulus for tumor promotion in this organ. 
We also evaluated the long-term contribution of IER3 to KrasG12D-
driven PDAC development by performing Kaplan-Meier survival 
analyses (Figure 2E). KrasG12D;Ink4afl/fl;Ier3+/+ mice had 0.0% sur-
vival (100% mortality; n = 14) at 30 weeks of evaluation, with mean 
survival of 10.27 ± 0.52 weeks. Meanwhile, KrasG12D;Ink4afl/fl;Ier3+/– 
mice had 41.2% survival, with 7 of 17 mice reaching 30 weeks of age 
without tumor or any other sign of disease. Interestingly, although 
KrasG12D;Ink4afl/fl;Ier3+/– animals exhibited mean survival of 21.6 ± 
1.97 weeks (Figure 2E), the Kaplan-Meier curve evidenced 2 dif-
ferent behaviors: one showing mean survival of 12.3 ± 0.51 weeks, 
and the other with mean survival of 23.6 ± 1.15 weeks (Figure 2E). 
More surprisingly, KrasG12D;Ink4afl/fl;Ier3–/– mice had 76.7% survival, 
with only 7 of 30 (23.3%) developing PDAC, with mean survival 
of 27.86 ± 1.37 weeks. Notably, only 7 KrasG12D;Ink4afl/fl;Ier3–/– mice 
developed PDAC (mean survival, 14.3 ± 1.38 weeks), a delay of 4 
weeks compared with KrasG12D;Ink4afl/fl;Ier3+/+ mice. Compara-
tive statistical analyses of survival curves among the 3 genotypes 
showed significant differences (P < 0.0001). These results collec-
tively demonstrated that IER3 is an important contributor to ADM, 
PanIN, and PDAC development by oncogenic Kras, either alone or 
in combination with Ink4a deletion.

IER3 plays a direct effect on pancreatic oncogenic transforma-
tion. Since IER3 is a well-established regulator of the immune  

Figure 2. Induction of PanINs and PDAC by KrasG12D oncogene requires IER3 expression. (A) Number of ADM and PanIN lesions per ×20 tissue field in 
KrasG12D;Ier3+/+, KrasG12D;Ier3+/–, and KrasG12D;Ier3–/– mice at 14, 25, and 40 weeks of age. Horizontal bars denote means. Differences among genotypes and 
lesion types were significant at all ages (P < 0.0001). (B) Pancreas tissue paraffin sections from KrasG12D;Ier3+/+, KrasG12D;Ier3+/–, and KrasG12D;Ier3–/– mice at 
40 weeks of age. Shown are H&E staining, mucin content of PanINs highlighted by PAS staining, and IF for amylase (red) and CK19 (green). (C–E) Analy-
sis of KrasG12D;Ink4afl/fl;Ier3+/+, KrasG12D;Ink4afl/fl;Ier3+/–, and KrasG12D;Ink4afl/fl;Ier3–/– mice. (C) Macroscopic images showing pancreas (arrows) of 8-week-old 
littermates. Dashed outline denotes PDAC. (D) Mouse pancreas paraffin sections at 8 weeks of age. Shown are H&E staining, mucin content of PanIN 
PAS staining, and IF for amylase (red) and CK19 (green). (E) Kaplan-Meier analysis of cumulative survival. Differences were significant among genotypes 
(P < 0.0001). Original magnification, ×10 and ×20 (B and D, as indicated); ×30 (B, inset).
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experiments showed the siRNA-mediated decreases in NUPR1 and 
RELB both dramatically decreased p-ERK1/2 (by 49% and 42%, 
respectively), similar to the results obtained with IER3 knockdown. 
Moreover, we found that overexpression of IER3 rescued these 
effects (Supplemental Figure 2G). Similar results were obtained 
with Panc1 pancreatic cancer cells. Together, these data suggest that 
activation of ERK1/2 by the NUPR1/RELB pathway is dependent on 
IER3 expression in pancreatic cancer cells.

Altered p-ERK1/2, but not p-MEK1/2, in the pancreas of 
KrasG12D;Ier3–/– mice. Recent data suggesting that RAS activation 
must reach a minimum threshold in order to transform the pan-
creas (40) led us to examine whether IER3 is one of the proteins 
that modulates the signaling function of this oncogene. We evalu-
ated the activity of its downstream effectors, namely p-MEK1/2 

and p-ERK1/2, using IHC. At 
14 weeks of age, the pancreases 
from KrasG12D;Ier3–/– mice and 
KrasG12D;Ier3+/+ controls exhibited  
comparable p-MEK1/2 levels 
(Figure 4A). Nevertheless, active 
p-ERK1/2 was present in lesions 
and a few isolated acinar regions 
of KrasG12D;Ier3+/+ mice; in contrast, 
in KrasG12D;Ier3–/– pancreas, active 
p-ERK1/2 was barely detectable 
(Figure 4A). Quantitatively, we 
found that the Ier3–/– genotype 
was associated with reduced 
p-ERK1/2 levels compared with 
the control at 14 (0.49 relative 
units; interquartile range [IQR], 
0.35–0.64) and 40 (0.25 relative 
units; IQR, 0.19–0.33) weeks of 
age. Similar results were obtained 
in KrasG12D;Ink4afl/fl;Ier3+/+ pancre-
as, which had active p-MEK1/2 at 

5 weeks (prior to substantial transformation) and at 8 weeks (PDAC 
development). Additional experiments using IHC for p-ERK1/2 in 
5-week-old KrasG12D;Ink4afl/fl;Ier3+/+ mice revealed several positive 
isolated acinar regions (20%–45% of total pancreas; Figure 4B). 
In stark contrast, 5-week-old KrasG12D;Ink4afl/fl;Ier3–/– mice showed 
no p-ERK1/2 staining. Staining for p-ERK1/2 was also positive at 8 
weeks of age in PDAC of KrasG12D;Ink4afl/fl;Ier3+/+ animals, but nega-
tive in KrasG12D;Ink4afl/fl;Ier3–/– animals, where it was found to be lim-
ited to stromal cells (Figure 4B). The validity of these results was 
corroborated by Western blot, which showed reduced p-ERK1/2 
in KrasG12D;Ink4afl/fl;Ier3–/– relative to KrasG12D;Ink4afl/fl;Ier3+/+ mice 
at 8 weeks of age (0.33 relative units; IQR, 0.2–0.75; Figure 4B). 
More importantly, in KrasG12D;Ink4afl/fl;Ier3+/+ pancreatic tissue, we 
observed substantial colocalization between IER3 and p-ERK1/2 

Figure 3. IER3 has a cell-autonomous 
role in early PanIN development. 
(A) BrdU incorporation IF of PDECs 
isolated from KrasG12D;Ier3+/+ and 
KrasG12D;Ier3–/– animals. A substantial 
growth increase was observed in 
KrasG12D;Ier3+/+ PDECs after Ad-
Cre–mediated KrasG12D activation. 
Conversely, in KrasG12D;Ier3–/– PDECs, 
oncogenic KrasG12D activation produced 
a slight increase in proliferation 
(albeit not statistically significant) 
compared with Ad-null–infected con-
trol cells. CK19-positive staining con-
firmed the ductal origin of the cells. 
(B) In vitro ADM in pancreas acini 
from KrasG12D;Ier3+/+ and KrasG12D;Ier3–/– 
animals after Ad-Cre or Ad-null infec-
tion. The absence of Ier3 significantly 
reduced ADM events after Ad-Cre–
mediated KrasG12D activation.  
***P < 0.001. Original magnification, 
×40 (A); ×60 (B).
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within PanIN structures (Figure 4C). Together, these results sug-
gest that IER3 is necessary in order to maintain the p-ERK1/2 level 
required for KrasG12D-dependent malignant transformation in vivo.

We studied the tumor growth capacity of the KrasG12D;Ink4afl/fl-
derived tumor cell lines CKΔI-1 and CKΔI-2 (see Methods), modu-
lating the cells’ p-ERK1/2 by expressing HA-IER3, HA-IER3-ΔBD, 

HA-IER3-T18A, and ERK2-L73P/S151D (constitutive activated 
form of ERK) constructs or by knocking down IER3 expression 
using shRNA. Efficiency of the transfection was controlled by 
Western blot measurement of p-ERK1/2 levels (Supplemen-
tal Figure 3A). Surprisingly, no significant differences in tumor 
growth were found when the cells were xenografted in nude mice.  

Figure 4. IER3 is required for robust ERK activation. 
(A) IHC for p-MEK1/2 and p-ERK1/2 at 14 weeks of age 
and Western blot of p-MEK1/2 and p-ERK1/2 at 14 and 
40 weeks from KrasG12D;Ier3+/+ and KrasG12D;Ier3–/– mice in 
pancreatic lysates. (B) IHC for p-MEK1/2 and p-ERK1/2 
at 5 and 8 weeks of age and Western blot for p-MEK1/2 
and p-ERK1/2 at 8 weeks from KrasG12D;Ink4afl/fl;Ier3+/+ and 
KrasG12D;Ink4afl/fl;Ier3–/– mice in pancreatic lysates. In A and 
B, relative band quantification is shown below blots. (C) 
IF for IER3 (green) and p-ERK1/2 (red) in paraffin sections 
from a KrasG12D;Ink4afl/fl;Ier3+/+ mouse. Original magnifica-
tion, ×10, ×20, and ×40 (A and B, as indicated); ×40 (C).
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mental Figure 3), which together indicate that IER3 plays a role in 
the early stages of neoplastic transformation.

Pancreatitis-induced tumorigenesis requires IER3 expression. 
Oncogenic KRAS expression, confined to acinar or islet cell com-
partments, contributes to PDAC formation in the setting of pancre-
atitis (41, 42). Figure 5A shows the expression of IER3 in inflam-
mation-positive areas within the pancreas of KrasG12D mice and in 
peritumoral-inflamed regions in human PDAC. In these samples, 

Moreover, both MiaPaCa2 and Panc1 cells (with decreased IER3 
expression) grew similarly as xenografts in nude mice (Supple-
mental Figure 3B). Together, these observations suggested that 
changes in IER3 expression that effect the intracellular level 
of p-ERK1/2 have no effect on cell growth of readily cancerous 
human cell lines. These results support inferences derived from 
both the expression data in mice and humans and the modeling 
experiments in KrasG12D;Ink4afl/fl;Ier3–/– mice (Figure 1 and Supple-

Figure 5. IER3 is overexpressed during pancreatitis. (A) H&E and IER3 IHC in peritumoral pancreatitis from human PDAC and experimental pancreatitis 
from KrasG12D;Ier3+/+ mice. (B and C) Western blots for IER3 (B) and p-ERK1/2 (C) in pancreas tissue lysates from KrasG12D;Ier3+/+ and KrasG12D;Ier3–/– mice upon 
experimental acute pancreatitis. Relative band quantification is shown below blots. (D and E) KrasG12D;Ier3+/+ and KrasG12D;Ier3–/– mice were treated with 
daily injection of cerulein or vehicle for 3 days followed by 5 days of recovery (D), or for 5 days followed by 7 days of recovery (E), to assess tissue damage. 
Shown are treatment schemes, H&E staining of pancreatic tissue sections, and quantified proportions of lesion types in tissue (n = 6 per group). Original 
magnification, ×4, ×10, ×20, and ×40 (A, D, and E, as indicated). 
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Discussion
Using genetically engineered mice, we recently demonstrated 
that KrasG12D-dependent PanIN formation required the expres-
sion of Nupr1 (6). Additional experiments suggested that RELB 
could be one mediator of these effects. This hypothesis was sup-
ported by the observation that Relb-deficient mice showed a 
significant delay in PanIN development (6). Consequently, IER3 
was selected as a putative mediator of the RELB effect, as a tar-
get gene of Nupr1 and Relb (6). These prior studies prompted us 
to define whether IER3 plays a role in PanIN development. Our 
present data demonstrated that IER3 expression efficiently sus-
tains p-ERK1/2 and enhances the effects of KrasG12D in the pan-
creas. We also showed that Nupr1 and Ier3 were concomitantly 
induced in the pancreas with pancreatitis, an inflammatory pro-
cess that promotes PanIN formation and progression to PDAC 
development in the context of Kras oncogenic activation (41, 
42). Finally, we demonstrated that NUPR1 and RELB enhance 
ERK1/2 activation in an IER3-dependent manner, which indi-
cates that these 3 proteins are linked into a single cascade — 
sequentially, pancreatitis followed by NUPR1, RELB, IER3, and 
finally p-ERK1/2 — that ultimately supports PanIN development 
after pancreatitis.

Previous studies using convincing genetic approaches 
have clearly demonstrated that ERK1/2 activity is critical for 
Kras-dependent tumor development (39). Consequently, all 
upstream and downstream stimuli affecting ERK1/2 activity 
could likely regulate both PanIN and PDAC development. In 
fact, p-ERK1/2 is dependent on the relative balance between 
kinase and phosphatase activity levels. The PP2A enzyme has 
long been identified as the major Ser/Thr phosphatase involved 
in ERK1/2 inactivation (43). PP2A is involved in a broad range 
of cellular processes (44), and this diversity of functions is con-
ferred by a multiplicity of regulatory subunits. The PP2A holo-
enzyme is a heterotrimer that consists of a core dimer, com-
posed of a scaffold, and a catalytic subunit that associates with 
various regulatory subunits. The regulatory subunits have been 
divided into 3 gene families, named B (also known as PR55),  
B′ (B56 or PR61), and B′′ (PR72), each of which consists of sev-
eral members (45). The B subunits determine substrate speci-
ficity and subcellular localization. B56β or B56γ, but no other 
B family members, increase PP2A-dependent ERK1/2 dephos-
phorylation (16). Mechanistically, our experimental evidence 
supports a model whereby IER3 binds to B56, enhances B56 
phosphorylation by ERK1/2, which in turn triggers dissociation 
from the catalytic subunit and thereby inhibits PP2A, resulting 
in sustained p-ERK1/2 (16). Hence, through this function, IER3 
can serve as a regulator of the oncogenic activity of KrasG12D. It 
is therefore likely that pathological situations that induce IER3 
overexpression can associate with sustained ERK1/2 activ-
ity and, in this manner, facilitate KrasG12D transformation. Here 
we demonstrated that pancreatitis induces IER3 overexpres-
sion and a concomitant increase in active ERK, supporting 
the hypothesis that pancreatitis enhances the Kras-oncogenic 
role, at least in part, through this mechanism. We provided 
experimental evidence supporting this hypothesis in vivo by 
using 2 complementary mouse models of PDAC in which Ier3 
was genetically inactivated. Although the inactivation of Ier3 

IER3 expression was elevated in discrete acinar clusters. IER3 
expression also increased about 4-fold in KrasG12D mice during 
induction of experimental acute pancreatitis, which was accom-
panied by p-ERK1/2 activation (Figure 5, B and C). Activation of 
these MAPKs, however, was markedly lower in KrasG12D;Ier3–/– pan-
creas (Figure 5C), suggestive of a key role of IER3 in maintaining 
ERK1/2-dependent signaling. These findings led us to hypothesize 
that IER3 expression during pancreatitis enhances the transform-
ing properties of oncogenic KrasG12D. To test this hypothesis, we 
treated 8-week-old KrasG12D;Ier3+/+ and KrasG12D;Ier3–/– mice with 
250 μg/kg of the pancreatitis inducer cerulein. We used 2 ceru-
lein treatment protocols to analyze tissue damage and cancerous 
lesion induction: the first consisted of daily cerulein injection for 
3 days followed by a 5-day recovery period before tissue analy-
sis (Figure 5D); the second, which induced more severe dam-
age, consisted of daily cerulein injection for 5 days followed by a 
7-day recovery period (Figure 5E). Interestingly, when applied to 
KrasG12D;Ier3+/+ mice, both pancreatitis induction models caused 
extensive replacement of the normal pancreatic tissue by fibrosis 
and inflammation, with the majority of epithelial cells replaced by 
ADM and PanINs in 100% of cases (n = 6 per group; Figure 5, D and 
E). However, vehicle-treated KrasG12D;Ier3–/– mice had normal pan-
creases, and pancreatitis-induced KrasG12D;Ier3–/– mice presented 
only ADM and low-grade PanINs in 33.3% of cases (2 of 6; Figure 
5, D and E). Therefore, we concluded that IER3 expression induced 
by pancreatitis in acinar cells enhances the effect of the KrasG12D 
oncogene. Similar results were obtained using the KrasG12D;Ink4afl/fl  
mouse model after inducing tumorigenic development by pancre-
atitis induction. We treated 5-week-old KrasG12D;Ink4afl/fl;Ier3+/+, 
KrasG12D;Ink4afl/fl;Ier3+/–, and KrasG12D;Ink4afl/fl;Ier3–/– mice with ceru-
lein daily for 5 days, followed by recovery until 30 weeks of age. 
If mice did not develop PDAC by this time point, pancreases were 
removed for examination (Figure 6A). KrasG12D;Ink4afl/fl;Ier3+/+ mice 
subjected to recurrent pancreatitis showed a median survival of 
8.44 ± 0.31 weeks with cerulein treatment, compared with 11.40 ± 
0.41 weeks with vehicle treatment (P < 0.005, log-rank test; Figure 
6, B and C). Of the KrasG12D;Ink4afl/fl;Ier3+/– animals, none with pan-
creatitis survived, compared with 40.0% of the untreated group 
(P < 0.05, log-rank test); in these mice, pancreatitis shortened 
the median survival time by 5 weeks, from 24.40 ± 2.63 to 19.00 
± 1.14 weeks. Interestingly, 75.0% of KrasG12D;Ink4afl/fl;Ier3–/– mice 
survived to the expected time, with their pancreases showing nor-
mal acini. However, upon induction of pancreatitis, the survival 
of these animals decreased to 50% (pancreatitis, median survival 
20.96 ± 3.2 weeks; vehicle, 26.25 ± 2.30 weeks) and showed ADM 
and PanINs at 30 weeks. Notably, survival was not significantly dif-
ferent between treatment groups in KrasG12D;Ink4afl/fl;Ier3–/– mice 
(P > 0.05, log-rank test; Figure 6, B and C); this suggests that even 
though the pancreas was challenged to develop PDAC by cerulein 
treatment, the lack of Ier3 enabled animals to withstand the tumor-
igenic process. However, we still observed significant differences in 
cumulative survival among the 3 genotypes subjected or not to pan-
creatitis (P < 0.0001, log rank test; Figure 6B). These observations 
indicate that the requirement for IER3 signaling during PanIN and 
PDAC development cannot be compensated for by the loss of the 
tumor suppressors encoded by the Ink4a locus (p16/p19), even 
when tumor promotion is forced by pancreatitis induction.
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Importantly, we observed positive immunostaining for 
p-MEK1/2 in nontransformed areas within the pancreas of  
KrasG12D mice, which was expected since MEK1/2 is a downstream 
factor of oncogenic Kras. However, p-ERK1/2 immunostaining 
appeared negative in acini pancreatic cells, which indicates that 
although oncogenic Kras signaling efficiently activates MEK1/2, 
a downstream regulator of p-ERK1/2 is dampening this signal 
could therefore inhibit the oncogenic Kras effect. According to 
our findings, the phosphatase PP2A seems to be one of these fac-
tors. Interestingly, immunostaining of p-ERK1/2 and IER3 was 
positive in ADM and PanINs. We therefore hypothesize that fac-
tors inhibiting PP2A phosphatase activity (such as IER3) could 
facilitate the Kras oncogenic effects, leading to transformation, 
whereas in areas in which PP2A activity remains conserved, Kras-
driven transformation does not occur. Indeed, IER3 expression 
was observed in early transformation processes such as ADM and 
early PanINs, but decreased or even disappeared in late PanINs 
and PDAC, especially in poorly differentiated tumors (Figure 1, 
B and C), which supports the idea that IER3 is necessary for the 

delayed both PanIN and PDAC development, these were accel-
erated by pancreatitis induction to a significantly lesser extent 
in the Ier3-deficient mice (Figures 5 and 6), which indicated that 
other pancreatitis-associated factors besides IER3 are involved 
in PanIN and PDAC development. One of these factors could 
be EGFR, since it is activated in pancreas with pancreatitis and 
its inactivation inhibits Kras-dependent PDAC development in 
mice (38, 46). Recently, Kawahara and colleagues found that 
IER3 protein was highly expressed in response to EGF stimula-
tion along with enhanced p-ERK1/2 (47). This result suggests the 
possibility of cross-talk between the EGFR and IER3 pathways, 
since signals emanating from an active EGFR are transduced by 
p-ERK1/2. Thus, our present findings extend the knowledge of 
how MAPKs are regulated in order to transduce oncogenic sig-
nals from stimuli that activate Kras. Thus, combining observa-
tions in human tissue with cellular and molecular studies as well 
as in vivo genetic models for initiation (KrasG12D) and progression 
(KrasG12D;Ink4afl/fl and cerulein-treated KrasG12D) may shed light 
on the types of pathways that further regulate these processes.

Figure 6. IER3 is necessary for pancreatitis-associated tumorigenesis in KrasG12D;Ink4afl/fl;Ier3+/+ mice. KrasG12D;Ink4afl/fl;Ier3+/+, KrasG12D;Ink4afl/fl;Ier3+/–, 
and KrasG12D;Ink4afl/fl;Ier3–/– mice were treated with cerulein or vehicle and then analyzed for progression to PDAC during recovery (A). (B) Kaplan-Meier 
analysis of cumulative survival, comparing cerulein-treated versus untreated animals for each genotype (KrasG12D;Ink4afl/fl;Ier3+/+, P < 0.005, n = 5; 
KrasG12D;Ink4afl/fl;Ier3+/–, P < 0.05, n = 5; KrasG12D;Ink4afl/fl;Ier3–/–, P > 0.05, n = 8) and among all genotypes (P < 0.0001). (C) H&E staining of mice treated 
with saline vehicle or cerulein, and quantified proportions of lesion types in tissue.
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2 models of recurrent pancreatitis followed by a recovery time  
(Figure 5, D and E, and Figure 6A). Because animals were from 
different genetic backgrounds, we systematically used littermate 
control and experimental mice. Moreover, in each obtained pan-
creas sampled, LSL-KrasG12D recombination was checked by PCR, as  
previously described (3).

Cell culture and transfections. MiaPaCa2 and Panc1 cells obtained 
from ATCC were maintained in DMEM (Invitrogen) supplemented 
with 10% FBS at 37°C with 5% CO2. INTERFERin reagent (Polyplus- 
transfection) was used to perform siRNA transfections according to 
the manufacturer’s protocol. Scrambled siRNA, targeting no known 
gene sequence, was used as negative control. The sequences of 
IER3-specific siRNA were previously reported (6). Active ERK1/2 
analysis by flow cytometry was performed by standard staining 
protocol on a FACSCalibur flow cytometer (BD Biosciences). Data 
analysis was performed using CellQuest (BD Biosciences) or Flow-
JO (Treestar) software. Lipofectamine 2000 Transfection Reagent 
(Life Technologies) was used to perform plasmid transfections 
according to the manufacturer’s protocol, and plasmids used were 
described previously (15, 16).

IHC and IF. Pancreatic sections were fixed in 4% paraformal-
dehyde and paraffin embedded. H&E and PAS IHC and IF were per-
formed using standard procedures. Sections were probed with the fol-
lowing primary antibodies: p-ERK1/2 (phosphorylated p44/42 MAPK) 
(Thr202/Tyr204) (Cell Signaling) for IHC, p-ERK1/2 (Thr202/
Tyr204) XP (Cell signaling) for IF and flow cytometry, p-MEK1/2 
(Ser221) (Cell signaling) for IHC, pancreatic amylase antibody 
(Abcam), CK19 (Santa Cruz Biotechnology), and previously described 
anti-IER3 antiserum (15). Alexa Fluor 488 and 594 (Invitrogen) were 
used as secondary antibodies. Samples were mounted in ProLong 
Antifade Reagent with DAPI (Invitrogen) and examined using an 
Eclipse 90i Nikon microscope.

Quantification of IER3-positive lesions per tissue. The number of 
peritumoral acini and low- and high-grade PanINs were calculated by 
determining the number of IER3-positive lesions (as determined by IF 
or IHC) per tissue; data are expressed as the percentage of the total 
number of lesions in the tissue.

Quantification of lesions per mouse. The number of lesions per field 
was counted, and the lesion types were classified on H&E-stained 
slides. Values were quantified as the average of 15–20 ×20 fields of 
view from at least 5 mice per genotype.

Real-time quantitative PCR. Pancreas RNAs from human PDACs 
were prepared following Chirwin’s protocol (52). RNA from cells was 
prepared using TRIzol Reagent (Invitrogen) and reversed transcribed 
using Go Script (Promega) according to the manufacturer’s instruc-
tions. Real-time quantitative PCR was performed in a Stratagene 
cycler using Takara reagents. The sequences of the primers used to 
amplify human IER3 mRNA were 5′-CAGTCGAGGAACCGAACCC-3′ 
(forward) and 5′-GATCTGGCAGAAGACGATGGT-3′ (reverse).

Immunoblotting. Protein extraction was performed on ice using 
total protein extraction buffer (50 mM HEPES, pH 7.5; 150 mM NaCl; 
20% SDS; 1 mM EDTA; 1 mM EGTA; 10% glycerol; 1% Triton; 25 mM 
NaF; 10 μM ZnCl2; and 50 mM DTT). Before lysis, protease inhibitor 
cocktail at 1:200 (Sigma-Aldrich, NUPR1340), 500 μM PMSF, 1 mM 
sodium orthovanadate, and 1 mM β glycerophosphate were added. 
Protein concentration was measured using a BCA Protein Assay Kit 
(Pierce Biotechnology). Protein samples (60 μg) were denatured at 

initial (tumor initiation) rather than latter steps during pancre-
atic carcinogenesis. It is important to note that IER3 was overex-
pressed in peritumoral pancreatic tissue, an area in which ADM 
and PanINs are frequently found. Thus, we speculate that IER3 
expression is involved in the development of these lesions. In sup-
port of this idea, we showed that modifications of IER3 activity 
in PDAC-derived cells, and its consequences on p-ERK1/2, had 
almost no effect on tumor growth when xenografted in nude mice 
(Supplemental Figure 3). These data are in agreement with clini-
cal observations that ERK1/2 inhibitors are an inefficient treat-
ment for patients with PDAC.

Our results must be discussed in comparison with a previ-
ous study by Sasada and colleagues, who studied 78 patients 
with PDAC and found that 53% had positive staining for IER3 
in the pancreas, which correlated with a better survival time 
than patients with negatively stained tumors (33). In contrast, 
we recently reported that expression of IER3 was associated 
with a poor prognosis in a group of 34 patients with PDAC 
(6). We currently cannot explain this difference, although the 
discrepancy likely results from IER3 detection in different 
stages and different types of PDAC. Nevertheless, in the pres-
ent work, we unambiguously found that IER3 was upregulated 
in ADM and low-grade PanINs, at levels that were higher in  
well-to-moderately differentiated than in poorly differentiated 
tumors (Figure 1, A–D). Thus, we conclude that although IER3 is 
an important regulator of PDAC development, it does not func-
tion as a reliable prognostic marker for PDAC patients since its 
expression changes during disease progression, with higher lev-
els at the early phases and lower levels at the late ones. In con-
trast, from our previous studies and the work reported herein, 
we infer that an important functional role for IER3 in PanIN for-
mation and PDAC development is mediated through its effect on 
PP2A activity, which affects p-ERK1/2 stability. However, since 
IER3 is a multifunctional factor, additional work is required to 
define whether this protein exerts additional protumoral effects 
through interference with other signaling pathways, in particu-
lar NF-κB (10, 48) and PI3K/AKT (17). Similarly, with respect to 
cellular mechanisms, it is possible that this protein additionally 
modulates pancreatic carcinogenesis by modifying immuno-
logical responses (49, 50) and apoptosis (10, 11, 28, 51), which 
are well-characterized players in the process of pancreatic cell 
transformation. Thus, our present findings not only extend the 
existing knowledge in the field, but also generate the rational for 
additional studies.

In conclusion, we have shown that IER3 plays an important 
role in supporting the oncogenic effect of KrasG12D in pancreas 
by sustaining p-ERK1/2, probably by inhibiting the phospha-
tase PP2A. Given that Kras is mutated in the majority of pancre-
atic cancer, the mechanisms by which its oncogenic signals are 
modulated by distinct effectors, such as IER3, bear significant  
biomedical relevance.

Methods
Mice. KrasG12D (Pdx1-Cre;LSL-KrasG12D), KrasG12D;Ink4afl/fl (Pdx1-
cre;LSL-KrasG12D;Ink4afl/fl), and Ier3–/– strains have been described 
elsewhere (6, 35, 37). Pancreatitis was induced by cerulein (Sigma-
Aldrich) administration i.p. at 250 μg/kg body weight; we used  
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Primary mouse KrasG12D;Ink4afl/fl pancreatic cell preparation. Pri-
mary PDAC cells from 2 KrasG12D;Ink4afl/fl mice were prepared as pre-
viously described (53). Briefly, 50 mg pancreatic tumor was chopped 
into pieces and disrupted in a 1-mg/ml solution of collagenase V 
(Sigma-Aldrich) in DMEM/F-12 (Gibco) at 37°C, washed in HBSS  
(5 mmol/l glucose and 0.05 mmol/l CaCl2), and then separated into 
single cells by supplemental incubation in 0.05% Trypsin-EDTA 
(Invitrogen) before gentle washing and cultured in serum-free 
defined medium (SFDM) (53). After 24 hours, the culture medium 
was replaced by fresh SFDM, and cells were allowed to grow and 
passed as needed. 2 cell lines were obtained from different mice 
(CKΔI-1 and CKΔI-2).

Xenografts. Primary CKΔI-1 and CKΔI-2 cells were trans-
fected with plasmids encoding for HA-IER3, HA-IER3-ΔBD,  
HA-IER3-T18A, ERK2-L73P/S151D, IER3 shRNA, or empty vector, as 
previously reported (15, 16), together with pcDNA3.1/Puro to select 
transfected cells using Lipofectamine 2000 Transfection Reagent 
(Invitrogen). MiaPaCa2 and Panc1 cells were transfected with  
IER3 shRNA or scrambled shRNA vector together with pcDNA3.1/
Puro using the same transfection agent. After 10 days of antibi-
otic selection, cells were implanted subcutaneously in male nude  
mice 4–6 weeks of age with a metal trocar. Tumor size was mea-
sured with an external caliper once weekly, and volume was calcu-
lated as (4π/3) × (w/2)2 × (l/2). Each experimental group consisted 
of at least 3 mice.

Statistics. To compare IER3-positive lesions per tissue, 1-way 
ANOVA was used to calculate significance among groups. To com-
pare IER3 mRNA expression among groups (well-to-moderately 
differentiated and poorly differentiated adenocarcinoma), 1-way 
ANOVA was used, and P values were calculated by 2–ΔΔCt as described 
previously (54). To compare lesion number per field among 
KrasG12D;Ier3+/+, KrasG12D;Ier3+/–, and KrasG12D;Ier3–/– mice at 14, 25, and 
40 weeks of age, 2-way ANOVA was used. Survival was analyzed by 
Kaplan-Meier test. Values were expressed as mean ± SEM. All tests 
of significance were 2-tailed, and the level of significance was set at 
0.05. All cell line data shown are representative of at least 4 inde-
pendent experiments. All statistical test were performed using IBM 
SPSS statistics 21.

Study approval. Mice were kept within the Experimental Animal 
House of the Centre de Cancérologie de Marseille (CRCM), pole 
Luminy, following institutional guidelines.
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95°C and subsequently separated by SDS-PAGE. After transfer to 
nitrocellulose, membrane was blocking with 1% BSA, and samples 
were probed with primary antibody followed by horseradish peroxi-
dase–coupled secondary antibody. Image acquisition was made using 
a Fusion FX image acquisition system (Vilber Lourmat), and bands 
were quantified with ImageJ (NIH).

3D acinar cell culture. Primary cultures of acini from  
LSL-KrasG12D;Ier3+/+ or LSL-KrasG12D;Ier3–/– animals was performed as 
previously described (49). Briefly, mouse pancreas was immediately 
removed after euthanasia, cut into small pieces, and digested with 
200 μg/ml collagenase P (Sigma-Aldrich) for 20 minutes at 37°C. 
Acini were collected by centrifugation and resuspended in 3D culture 
base medium (RPMI 1640 medium supplemented with 10% FBS, 0.1 
mg/ml soybean trypsin inhibitor, 1 μg/ml dexamethasone, and anti-
biotics). 24-well plates were coated with a collagen layer (250 μl/well; 
Sigma-Aldrich) for 1 hour. Cell suspensions were mixed 1:1 with col-
lagen and plated (0.5 ml/well). The cell/collagen mix was allowed to 
solidify for 1 hour at 37°C before addition of 1 ml 3D culture media. 
After treatment, acini were fixed with 4% paraformaldehyde and 
included in paraffin. 4-μm paraffin sections were H&E stained, and 
the percentage of acini that converted to ductal cysts was calculated 
by counting individual clusters in all wells.

Isolation of PDECs. Cells from mouse pancreatic ducts were 
isolated as previously described (38, 39). Briefly, main pancre-
atic ducts were manually dissected from LSL-KrasG12D;Ier3+/+ or  
LSL-KrasG12D;Ier3–/– animals and digested with 2 mg/ml collagenase 
Type XI (Sigma-Aldrich) for 12 minutes at 37°C. Fragments were then 
digested again with 2 U/ml dispase I (Sigma-Aldrich), followed by  
6 successive 5-minute digestions with 0.1% Trypsin (Invitrogen).  
Isolated PDECs were resuspended in pancreatic medium 
(DMEM/F-12 media [Gibco] supplemented with 100 ng/ml EGF [BD 
Biosciences], 40 μg/ml dexamethasone [Sigma-Aldrich], 2.5 mg/ml 
bovine pituitary extract [Sigma-Aldrich], 50 μM triiodo-l-thyronine 
[Sigma-Aldrich], 100 μg/ml cholera toxin [Quadratech], insulin/
transferrin/selenium [BD Biosciences], 1 μg/ml soybean trypsin 
inhibitor [Sigma-Aldrich], and 10% FBS [GE Healthcare]), plated 
onto gridded coverslips coated with 2–5 μg/cm2 laminin I (Sigma-
Aldrich), and incubated at 37°C and 5% CO2. After PDEC isolation, 
cells were incubated undisturbed for 48 hours. On the third day, 
cells were cycled by 24 hours of starvation (DMEM/F-12 media sup-
plemented with 100 μg/ml cholera toxin, 1 μg/ml soybean trypsin 
inhibitor, and 0.25% FBS). The next day, cultures were alternatively 
infected with Ad-Cre or Ad-null viruses (MOI 11). Cells were evalu-
ated for incorporation of BrdU.

BrdU assay. After 24 hours of adenovirus infection, PDECs were 
incubated with 10 μM BrdU (Sigma-Aldrich) for 48 hours and fixed 
in 4% paraformaldehyde. Cells were then treated with 2N HCl for 30 
minutes, washed several time with PBS, blocked, and permeabilized 
by 1 hour of incubation in PBS with 5% FBS and 0.25% Triton X-100. 
Immunodetection of BrdU incorporation was performed with a mouse 
monoclonal anti-BrdU antibody (Sigma-Aldrich) in PBS with 1% BSA 
(overnight). Goat anti-mouse Alexa Fluor 594 (Invitrogen) was used 
as a secondary antibody. Slides were mounted with VECTASHIELD 
mounting medium with DAPI (Vector Laboratories). BrdU incorpora-
tion was estimated by counting BrdU-positive cells and expressed as 
the percentage of total nuclei (stained with DAPI); data are mean ± 
SEM of 500 cells counted in duplicate.
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