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Abstract Understanding the initiation and progression of pancreatic ductal adenocarcinoma
(PDAC) may provide therapeutic strategies for this deadly disease. Recently, we and others made the
surprising finding that PDAC and its preinvasive precursors, pancreatic intraepithelial neoplasia
(PanIN), arise via reprogramming of mature acinar cells. We therefore hypothesized that the master
regulator of acinar differentiation, PTF1A, could play a central role in suppressing PDAC initiation. In
this study, we demonstrate that PTF1A expression is lost in both mouse and human PanlNs, and that
this downregulation is functionally imperative in mice for acinar reprogramming by oncogenic KRAS.
Loss of Ptf1a alone is sufficient to induce acinar-to-ductal metaplasia, potentiate inflammation, and
induce a KRAS-permissive, PDAC-like gene expression profile. As a result, Ptf1a-deficient acinar cells
are dramatically sensitized to KRAS transformation, and reduced Ptf1a greatly accelerates
development of invasive PDAC. Together, these data indicate that cell differentiation regulators
constitute a new tumor suppressive mechanism in the pancreas.

DOI: 10.7554/eLife.07125.001

Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a dismal prognosis, with a 5-year survival rate around
5% and a cure rate approaching zero. The most up-to-date chemotherapy regimens extend life only
minimally (Ryan et al., 2014), and patients undergoing resection of ostensibly local tumors almost
invariably succumb to recurrent disease. While this observation suggests that PDAC is usually metastatic at
the time of diagnosis, recent studies suggest that tumors require over 20 years to evolve from
precancerous pancreatic intraepithelial neoplasia (PanIN) to invasive carcinoma (Yachida et al., 2010).
Thus, in principle, there is a large window of time for effective and early detection, prevention, and
treatment, provided appropriate methods are in place. Therefore, defining the cell type of origin and
characterizing the process of PanIN-PDAC evolution within the physiologic context of key risk factors (e.g.,
chronic pancreatitis, type 2 diabetes, or genetic cancer syndromes [Ryan et al., 2014]) is crucial to finding
effective therapies.

The vast majority of human PanINs and PDAC contain activating mutations in the KRAS oncogene,
which have been shown in mice to represent driver mutations for PanIN initiation, maintenance, and
progression to PDAC (reviewed in Pasca di Magliano and Logsdon, 2013). Notably, the progression
of PanINs to PDAC is accompanied by additional mutations in tumor suppressor genes, such as
INK4A, CDKN2A, TRP53 (commonly referred to as P53), and DPC4/SMAD4 (Ryan et al., 2014). While
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elife digest Pancreatic cancer is one of the most lethal forms of cancer, with fewer than 20% of
people surviving for longer than twelve months after diagnosis. Two types of genetic mutation play
important roles in pancreatic cancer. First, genes called oncogenes can be activated by mutations to
drive unscheduled cell division. Second, the genes for tumor suppressors—proteins that prevent
cells from dividing when they should not—can be switched off due to other mutations. Together,
these mutations cause cells to over-proliferate and disrupt the structure of the pancreas.

In a healthy pancreas, several different cell types perform various roles: acinar cells produce
proteins that digest food, ductal cells carry these proteins to the intestine, and p cells produce
insulin. Certain proteins are responsible for telling each of these cells what tasks to perform, which
defines their so-called differentiation state. The protein PTF1A is crucial for establishing the
differentiation state of acinar cells. In the most common form of pancreatic cancer, acinar cells are
reprogrammed to become ductal cells. Moreover, pancreatic cancer cells contain much lower levels
of PTF1A than normal pancreatic cells.

To explore the connection between PTF1A and pancreatic cancer, Krah et al. deleted the gene for
PTF1A in mice. This led to acinar cells being reprogrammed to become ductal cells. Additionally,
when an oncogene mutation was activated at the same time as the gene for PTF1A was deleted, Krah
et al. observed the rapid formation of large numbers of malignant pancreatic tumors in the mice.
PTF1A therefore protects against pancreatic cancer by acting as a tumor suppressor and keeping
acinar cells in their healthy, differentiated state.

Unlike other tumor suppressors, however, PTF1A levels are reduced in cancer cells by
a mechanism that does not involve a genetic mutation. Therefore, a future challenge is to determine
how the amount of PTF1A protein is reduced, and in the longer term, to explore if it is possible to
reverse cancer progression by forcing cancer cells back into their original differentiation state.
DOI: 10.7554/elife.07125.002

the initiation and progression of PDAC has understandably been difficult to study in human patients or
to model in human tissue (Boj et al., 2015), much has been learned from the 'KC' mouse model in
which a Cre-inducible oncogenic Kras allele (Kras-*~¢'2P) causes focal PanIN formation when activated
universally in the pancreas (Aguirre et al., 2003; Hingorani et al., 2003, Murtaugh, 2014). Until
recently, PDAC was primarily thought to originate from pancreatic ductal cells because of the cancer’s
duct-like epithelial phenotype. However, recent studies indicate that PanINs (De La et al., 2008,
Habbe et al., 2008; Kopp et al., 2012) and PDAC (Ji et al., 2009) can be initiated by activating
oncogenic Kras®'?? expression specifically within mature acinar cells, while Kras®'?" activation in adult
duct cells or centroacinar cells has little or no effect. Interestingly, even in the KC mouse model, where
embryonic Cre recombinase activity directs Kras®'?® expression to nearly every cell of the mature
pancreas, only a small number of acinar cells eventually give rise to PanINs. The mechanism by which
most acinar cells remain refractory to Kras®'?"-mediated transformation has not been elucidated. An
attractive hypothesis is that the factors that induce and maintain acinar cell differentiation state play
a crucial role in inhibiting the acinar cell reprogramming step that serves to initiate PDAC formation
and progression (Rooman and Real, 2012; Bailey et al., 2014, Murtaugh, 2014).

Consistent with acinar cells as the cell of origin in PDAC, and acinar cell identity being a protective
mechanism against Kras®'?°-mediated transformation, recent genome-wide association studies
identified PDAC risk-associated single-nucleotide polymorphisms in the non-coding region of the
gene encoding the acinar differentiation transcription factor NR5A2, also known as LRH-1 (Petersen
et al., 2010). These findings have been confirmed in mouse studies, where pan-pancreatic loss of
Nr5a2 significantly sensitizes pancreatic cells to KRAS-induced PanIN initiation. Additionally,
pancreatic Nr5aZ2 is necessary to regenerate the acinar compartment following caerulein-induced
pancreatitis (Flandez et al., 2014; von Figura et al., 2014b). These studies begin to define how acinar
cell differentiation programs may act as an important defense in a progressively severe sequence of
events: loss of the mature acinar phenotype, PanIN initiation, and formation of PDAC.

In adult pancreata, NRSA2 maintains acinar cell identity by cooperating with the acinar-specific
pancreas-specific transcription factor 1 (PTF1) complex, which has binding motifs upstream of
essentially all acinar differentiation products, such as Cpal, Celal, and Cel (Holmstrom et al., 2011).
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The central specificity component of PTF1 is the cell type-restricted basic helix-loop-helix protein,
PTF1A (also known as p48). PTF1A plays two distinct roles during pancreatic organogenesis. First, it is
necessary for the growth and morphogenesis of the early pancreatic epithelium, working to impart
multipotency and second, its upregulation and lineage-specific interaction with RBPJL promotes
acinar differentiation and regulates acinar cell-specific gene expression in adulthood (Krapp et al.,
1998; Rose et al., 2001; Kawaguchi et al., 2002; Masui et al., 2007, 2010; Holmstrom et al., 2011).
Homozygous mutations in human PTF1A that disrupt its function or expression cause pancreatic
agenesis, supporting its role in pancreas development (Sellick et al., 2004, Weedon et al., 2014). The
severity of this phenotype, however, precludes analysis of PTF1A function in mature human acinar
cells. Importantly, in the adult pancreas, PTF1A drives its own expression and that of other PTF1
components via a positive autoregulatory loop (Masui et al., 2008). Consistent with the central role of
this transcription factor in defining and maintaining acinar cell identity, we have shown that PTF1A is
downregulated in acinar cells transformed by Kras®™?® and Notch activation (De La et al., 2008).
Beyond these observations, however, a definitive role of PTF1A in regulating the pathogenesis of
PDAC and other adult pancreatic pathology has not yet been described. Based on the studies
described above, we hypothesized that loss of PTF1A is a necessary and sufficient step in acinar cell
reprogramming, the initiation of PanINs, and the progression of PDAC.

In this study, we demonstrate that downregulation of PTF1A is a decisive and rate-limiting step in
acinar-to-ductal metaplasia (ADM), PanIN initiation, and PDAC progression. Our findings suggest that
PTF1A acts in a dosage-sensitive manner to safeguard the pancreatic acinar population against both
oncogene activity and environmental insults, such as damage caused by pancreatitis. Our study is the
first to establish that an endogenous, autoregulatory differentiation program protects mature
pancreatic cells from cancer initiation.

Results

PTF1A expression is lost during KRAS-induced transformation of acinar
cells and in human PaniINs

We have previously demonstrated that Ptf1a expression is lost when activated Notch and Kras
work synergistically to reprogram acinar cells into PanINs (De La et al., 2008). Given that Ptfl1a is
a central regulator of acinar cell gene expression, we hypothesized that this transcription factor should
also be downregulated when acinar cells are transformed by oncogenic Kras®'?°
human PanINs. To test this hypothesis, we activated Kras®'?® specifically in acinar cells using
a tamoxifen-inducible Cre expressed by the endogenous Ptfla locus (Ptf1a“*5*") (Kopinke et al.,
2012; Pan et al., 2013). Like the widely used Ptf1a“™ allele (Kawaguchi et al., 2002), Ptf1aERT is
a 'knock-in/knock-out’ allele, and therefore, these mice are functionally heterozygous for Ptfla. We
induced Kras®'?P expression at 6 weeks of age and harvested pancreata 9 months later. While most
acini appeared histologically normal and resistant to KRAS-mediated transformation (Figure 1A),
there was intermittent PanIN formation throughout the pancreas (Figure 1B), as previously reported
(Kopp et al., 2012). By immunohistochemistry (IHC), normal acinar cells in these tissues exhibited
robust nuclear PTF1A (Figure 1C); however, PTF1A was strongly decreased or absent in all acinar-
derived PanlIN lesions (Figure 1D). To extend these studies to human pancreatic cancer initiation, we
stained pathological specimens (n = 4) containing both normal acinar tissue (Figure 1E) and PanIN
lesions (Figure 1F). As observed in the Kras®'?® mouse model, normal acini exhibited a strong PTF1A
nuclear signal (Figure 1G), but PTF1A was largely absent from epithelial cell nuclei within PanINs
(Figure 1H). In a small fraction of human PanlINs, low levels of PTF1A were observed in a subset of
epithelial cells (Figure 1—figure supplement 1). Residual PTF1A expression is consistent with the
finding that approximately one-third of human PDAC samples express low levels of acinar-specific
genes (Collisson et al., 2011).

G12D

alone, as well as in

Deletion of Ptf1a causes acinar-ductal metaplasia and dramatically
enhances KRAS-driven acinar cell transformation

In order to determine whether PTF1A downregulation was a functionally important step in PanIN
initiation, or a side effect of acinar cell transformation itself, we used an inducible system to delete
Ptf1a both in the absence and presence of oncogenic Kras®'?". In this model, we combined the
Ptf1a“ERT allele, which does not express PTF1A protein, with a ‘floxed’ Ptf1a allele, to generate Ptf1a
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Figure 1. PTF1A is downregulated in PanINs from mice and humans. (A, B) H&E staining of normal acinar and
pancreatic intraepithelial neoplasia (PanIN) tissue of Ptf1a“fR"; Kras-*=¢"?P pancreata. (C, D) PTF1A immunohis-
tochemistry (IHC) of mouse acinar and PanliN tissue. (E, F) H&E staining of human acinar and PanlIN tissue. (G, H)
PTF1A immunostaining of normal acinar and PanIN tissue of human. Scale bar: 25 pm.

DOI: 10.7554/elife.07125.003

The following figure supplement is available for figure 1:

Figure supplement 1. PTF1A expression in rare epithelial cells of human PanINs.
DOI: 10.7554/elife.07125.004
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conditional knock-out (cKO) mice of the genotype Ptf1a"ER™>x \We also crossed Kras"*"¢"2P onto this

Ptf1a cKO background. Negative control littermates were Ptfla heterozygous (Ptf1a“ER™+) without
oncogenic Kras. An additional control group, representing baseline PanIN initiation in the presence of
wild-type PTF1A, consisted of Ptf1a*ER"*; Kras*-"¢"?P [ittermates (henceforth referred to as Kras®'?°
mice). All inducible-Cre mice also contained a R26R*¥ reporter (Srinivas et al., 2001), which allowed
monitoring of the frequency of Cre-mediated recombination and lineage-tracing of the fate of
recombined acinar cells. Table 1 summarizes the genotypes of mice used throughout this study;
Figure 2—figure supplement 1 schematically depicts the alleles in each genotype.

In initial studies, 6- to 8-week-old mice were administered tamoxifen (TM) at 0.17 mg/g body
weight, and pancreata were harvested 9 months later (Figure 2A). Compared with control samples,
Ptf1a cKO pancreata exhibited intermittent ADM throughout the pancreas (Figure 2B,C). Metaplastic
‘ductules’ of Ptf1a cKO expressed Cytokeratin-19 (CK19), similar to normal ducts of control; however,
Ptf1a cKO ductules appeared more dilated than control ducts (Figure 2F,G). Ptf1a cKO ductules also
expressed the duct cell-restricted transcription factor SOX9 (Figure 2J,K), indicating a shift from an
acinar to a duct-like differentiation state (Kopp et al., 2012). However, these metaplastic ductules did
not have the histological morphology of PanINs (Figure 2C), nor did they stain positively for the
PanIN-specific markers Claudin-18 (CLDN18) by IHC (Westmoreland et al., 2012) (Figure 20) or
acidic mucins by Alcian Blue histochemistry (Hingorani et al., 2003; Kopp et al., 2012) (Figure 25).
Interestingly, ADM in Ptf1a cKO mice was associated with no or scant inflammatory infiltrates, and the
surrounding areas did not stain positively with Sirius Red (Figure 2W), a histochemical stain that
highlights fibrotic collagen matrix (Neuschwander-Tetri et al., 2000).

We next tested if inactivation of Ptfla sensitized acinar cells to oncogenic KRAS-mediated
transformation and PanIN initiation. While intermittent PanIN formation was observed in Kras®'??
(Figure 2D), pancreata from Ptfla cKO; Kras®'?® mice were uniformly composed of extensively
distributed PanINs embedded in fibrotic stroma, with almost no remaining normal acinar tissue
(Figure 2E). PanlINs in both Kras®'?° and Ptf1a cKO; Kras®™?® mice were positive for the duct marker
Cytokeratin-19 (Figure 2H,I) and the duct-cell transcription factor SOX9 (Figure 2L,M), as well as the
PanIN markers CLDN18 (Figure 2P,Q) and Alcian Blue acidic mucin staining (Figure 2T,U).
Interestingly, only the Ptfla cKO; Kras®'?® pancreata exhibited abundant Sirius Red staining,
indicating widespread fibrotic injury (Figure 2X,Y). Taken together, these data indicate that loss of
Ptf1a sensitizes acinar cells to ADM and dramatically increases their susceptibility to oncogenic KRAS
transformation and PDAC initiation.

mice

Loss of Ptf1a expression is a rate-limiting step for PanIN initiation

G120 mice 9 months after TM

Given the severity and robustness of PanIN formation in Ptf1a cKO; Kras
administration, we next determined if loss of Ptfla had a more acute effect on acinar cell
transformation. To address this issue, 6- to 8-week-old mice were administered TM (0.17 mg/g) and
pancreata were harvested 2 or 6 weeks thereafter (Figure 3A). To ensure that Cre-mediated
recombination rates were comparable between genotypes, we determined the percentage of acinar
cells expressing the R26RE™ reporter at 2 weeks post-TM administration. We found similar acinar
recombination rates of 21-25% between genotypes (Figure 2—figure supplement 1). As the
efficiency of Cre-mediated recombination can vary between different target loci (Liu et al., 2013), we
additionally compared the extent and distribution of PTF1A ablation to that of R26RE™" activation.
3 days after TM administration (0.17 mg/g), there was a ~20% decrease in the number of PTF1A+ cells

Table 1. Nomenclature of mouse mutants used in this study

Short-hand notation Ptf1a alleles Kras allele Reporter allele
Control Ptf1aCreERT/+ - R26REYFF+
Ptf1a cKO Ptf1aCeER 7iox - R26REY P
KrasG12D Pn(7aCreERT/+ KraSLSL—G12D/+ RZéREYFPA—
Ptffla CKO, Kra$G12D 7Ptf1aCreERT/lox 7KraSLSL—G12D/+7R26REYFP/+

cKO, conditional knock-out.
DOI: 10.7554/eLife.07125.005
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Figure 2. Loss of Ptfla promotes acinar-to-ductal metaplasia and sensitizes acinar cells to KRAS-mediated
transformation. (A) Mice of indicated genotypes were administered TM (0.17 mg/g) to induce
recombination, and sacrificed 9 months later. (B-E) H&E staining of pancreata from mice of indicated
genotypes. (F-M) IHC for the duct markers CK19 and SOX9, indicating upregulation in both acinar-to-ductal
metaplasia (ADM) and PanINs. (N-Q) IHC for the PanIN marker, CLDN18, highlighting intermittent

PanIN formation in Kras®'?°® mice and widespread lesion development in Ptfla conditional knock-out
(cKO); Kras®'?P. (R-U) Alcian Blue staining, indicating PanIN lesions in Kras®'?® and Ptf1a cKO; Kras®'?P
pancreata. (V-Y) Sirius Red staining, highlighting local and widespread fibrosis in Kras®'?? and Ptf1a cKO;
Kras®'?P mice, respectively. Scale bars: (B-E) 200 pm; (F-1) 200 pm; (J-Q) 25 pm; (R-U) 500 pm; (V=Y) 200 pm.
DOI: 10.7554/elife.07125.006

The following figure supplements are available for figure 2:

Figure supplement 1. Schematic of mouse alleles used in this study.
DOI: 10.7554/eLife.07125.007

Figure supplement 2. Ptf1a“*fR" deletion efficiency following tamoxifen treatment.
DOI: 10.7554/eLife.07125.008
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Figure 3. Loss of Ptflais a rate-limiting step in PanIN initiation. (A) Mice of specified genotypes were administered
0.17 mg/g body weight TM to induce Cre-mediated recombination and were sacrificed either 2 or 6 weeks later.
(B-E) H&E staining of pancreata from mice of indicated genotypes 2 weeks after TM administration. (F-I) IHC for the
ductal transcription factor SOX9, indicating upregulation in ADM and PaniNs of Ptfla cKO; Kras®'?® pancreata.
(J-M) Alcian blue staining, indicating PanIN lesions in Ptfla cKO; Kras®'?" pancreata. In panel (M), green arrow
indicates an Alcian Blue+ lesion, while red arrows indicate ADM that is Alcian Blue-negative. (N) Quantification of
the genotype-dependent PanIN burden; Ptfla cKO; Kras®™?® pancreata possessed significantly more PanINs at 2
weeks post-TM than Kras®'?® mice (p < 0.01). (O-R) H&E staining of pancreata from mice of indicated genotypes 6
weeks after TM administration. (S-V) Alcian Blue staining, highlighting PanIN lesions in pancreata from Kras®'?® mice
and Ptfla cKO; Kras®™?® mice. (W) Quantification of PanINs at 6 weeks post-TM. PtfTa cKO; Kras®'?° pancreata had
~15-fold more Alcian Blue+ PaniNs at this time point than Kras®'?® (p < 0.0001). Scale bars: (B-E) 200 um; (F-I) 100
pm; (J-M) 500 pm; (O-R) 200 pm; (S-V) 500 pm.

DOI: 10.7554/eLife.07125.009

The following figure supplements are available for figure 3:

Figure supplement 1. Microenvironmental remodeling in Ptfla cKO; Kras®'?® pancreata.
DOI: 10.7554/eLife.07125.010

Figure supplement 2. Acinar-ductal reprogramming in 3D culture.
DOI: 10.7554/eLife.07125.011

detected by immunofluorescence (Figure 2—figure supplement 2). Importantly, the majority (~75%)
of EYFP+ cells were PTF1A-negative at this dose of TM (Figure 2—figure supplement 2), indicating
that activation of EYFP provides an approximate surrogate for deletion of Ptf1a.

Interestingly, this level of Ptfla deletion alone did not produce ADM or other histologically
detectable effects at 2 weeks post-TM, compared to control mice (Figure 3B,C). While Kras®'??
pancreata exhibited few or no PanINs at this time point, there was widespread induction of ADM,
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leukocyte infiltration, fibrosis, and PanIN initiation in Ptf1a cKO; Kras®'?" pancreata (Figure 3D,E and

Figure 3—figure supplement 1). We further confirmed that acinar-derived ADM and PanINs were
being reprogrammed to a duct-like fate based on expression of the ductal transcription factor SOX9.
While only normal ducts expressed SOX9 in control pancreata, PanINs and ADM in Ptfla cKO;
Kras®'?P were SOX9* at 2 weeks post-TM (Figure 3F-I). These data are consistent with a recent study
indicating that Sox? is necessary but not sufficient for the earliest stages of mouse PanlIN initiation
(Kopp et al., 2012).

To quantify lesion burden, we stained pancreata from all genotypes with Alcian Blue to highlight
acidic mucin-rich PanINs (Figure 3J-M). Following a counting procedure established in our lab
(De La et al., 2008), we observed a ~sixfold increase in the frequency of PanlINs in Ptf1a cKO; Kras®'??
mice compared to mice expressing Kras®'?® alone (Figure 3N). This is likely an underestimation of
overall phenotypic change, since ADM, which precedes PanIN formation, does not stain with Alcian
Blue. Based on histological inspection, ADM is widespread in Ptf1a cKO; Kras®™?® mice at 2 weeks
post-TM, but negligible in Kras®'?® pancreata (Figure 3D,E,L,M).

Initiation and progression of PDAC involves interactions between KRAS-active epithelial cells
and their stromal microenvironment, with local inflammation being commonly associated with
more rapid tumorigenesis (Gukovsky et al., 2013). We observed that PanINs developing after 2
weeks in Ptfla cKO; Kras®'?? mice, identified by CLDN18 staining, were consistently surrounded
by CD45* leukocytes, indicating interactions between transformed epithelial cells and in-
flammatory cells (Figure 3—figure supplement 1). Because activation of pancreatic stellate cells
is a hallmark of PDAC, we assessed the activation state of these cells using the marker a-smooth
muscle actin (SMA). While SMA-positive cells were observed around blood vessels in pancreata of
all genotypes, lobules of Ptfla cKO; Kras®'?P pancreata affected by ADM and PanlIN initiation
exhibited widespread SMA™ fibroblasts surrounding ADM and PanlIN lesions (Figure 3—figure
supplement 1). Staining with the fibrosis marker Sirius Red confirmed that PanIN-associated
fibroblasts of Ptfla cKO; Kras®'?® pancreata were actively secreting collagenous matrix
(Figure 3—figure supplement 1), indicating activation of stellate cells only 2 weeks after
Cre-mediated recombination. The activation of stellate cells and fibrotic phenotype observed in Ptf1a
cKO; Kras®™P pancreata (Figure 3—figure supplement 1) is likely a reaction to the high level of acinar
cell transformation rather than a direct reaction to Ptfla deletion itself, as Ptf1a cKO pancreata with
ADM do not stain with Sirius red (Figure 2V).

In order to determine the acinar cell-intrinsic consequences of Ptf1a deletion, we used a 3D culture
system in which acini can undergo metaplasia into ductal cysts in response to mutant Kras or EGF
receptor (EGFR) ligand stimulation, without the influence of other cell types (Means et al., 2005;
Ardito et al., 2012). To induce widespread, acinar-specific Kras activation and/or Ptf1a deletion, we
treated mice with three daily doses of tamoxifen at 0.25 mg/ml, a treatment paradigm that we found
to drive widespread recombination (see below). Acinar cell clusters from control, Ptf1a cKO, Kras®'??,
and Ptf1a cKO; Kras®™P were isolated at 3 days after the final TM dose, prior to the appearance of any
histological abnormalities, and embedded in a collagen matrix, as previously described (Means et al.,
2005; Ardito et al., 2012). Neither control nor Ptf1a cKO acinar clusters underwent spontaneous cyst
conversion, in the absence of added growth factors, implying that loss of Ptf1a is not sufficient for
acinar-ductal reprogramming. As expected, acini of both genotypes generated CK19+ ductal cysts in
response to the EGFR ligand TGFa (data not shown). By contrast, Kras®'?" activation was sufficient for
generation of acinar-derived cysts; importantly, Ptf1a cKO; Kras®'?® acini formed significantly larger
cysts than those derived from Kras®'?° pancreata (Figure 3—figure supplement 2). These results are
consistent with our in vivo data and suggest that acinar cell loss of Ptfla enhances KRAS-mediated
transformation independent of effects on the stromal microenvironment.

A generally similar synergy between Kras®'?°® and Ptf1a cKO was observed in vivo at the 6-week
post-tamoxifen time point. Ptfla cKO pancreata remained histologically unchanged compared to
control, as at 2 weeks post-TM, while intermittent PanIN-1 lesions were observed in Kras®'?"?
pancreata (Figure 30-Q). Ptf1a cKO; Kras®'?P pancreata, by contrast, were completely overrun by
PanINs at this time point (Figure 3R), most of which stained positively with Alcian Blue (Figure 3V).
Quantifying PanIN lesions by Alcian Blue staining, we observed a >15-fold increase in Ptfla cKO;
Kras®'?P compared to mice expressing Kras®'?° alone (Figure 3W). As we did not score more than one
lesion per individual anatomic lobule, to avoid double-counting large or discontinuous lesions, this
number likely underestimates the overall PanIN burden in Ptfla cKO; Kras®'?® pancreata given the
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likelihood of multiple initiation events per lobule. Altogether, the dramatic acceleration of PanIN
development upon Ptf1a deletion suggests that downregulation of this TF is a rate-limiting step for
KRAS-driven pancreatic tumorigenesis.

Extensive deletion of Ptf1a promotes rapid but incomplete acinar-ductal
metaplasia

As we were surprised that a moderate level of acinar cell recombination (~25%) failed to produce an
overt, short-term phenotype in Ptf1a cKO pancreata (Figure 3), we tested if more pervasive deletion
of Ptf1a would produce a more robust reprogramming phenotype. Control and Ptf1a cKO mice were
administered a higher dose of TM (0.25 mg/g) by oral gavage on three consecutive days (a net 4.5-
fold higher dose than previously) and were harvested 2 weeks later (Figure 4A). Quantification of
EYFP+ acinar cells following this TM regimen demonstrated a recombination frequency of ~65%
(Figure 4—figure supplement 1). Additionally, we quantified the number of PTF1A-deficient acinar
cells at 3 days after the final TM gavage, and found that only ~15% of all pancreatic cells retained
nuclear PTF1A, compared with ~82% in TM-untreated controls (Figure 2—figure supplement 2). As
with low-dose TM, described above, the majority (>90%) of EYFP+ cells were PTF1A-negative at 3
days post-TM, confirming that EYFP expression highlights acinar cells deleted for Ptfla
(Figure 2—figure supplement 2). The apparently greater extent of PTF1A ablation, relative to EYFP
activation, may imply the existence of Ptf1a-deleted cells within the EYFP-negative population; such
an observation would be consistent with previous evidence of locus-specific Cre deletion efficiencies
(Liu et al., 2013).

2 weeks following high-dose TM, Ptfla cKO pancreata were less than half the mass of their
control counterparts (Figure 4B). Immunofluorescence revealed that while nearly all EYFP+ acinar
cells expressed the acinar marker carboxypeptidase A1 (CPA1) in controls, this marker was lost
from approximately 15% of EYFP+ cells in Ptfla cKO tissues, indicating loss of the normal
differentiation state (Figure 4C-E). Histologically, Ptf1a cKO pancreata exhibited extensive acinar
disorganization and dilation as well as sporadic upregulation of CK19 within acinar structures,
suggestive of early stages of ADM (Figure 4F-I). CK19+ acinar cells (defined by EYFP co-
expression) were consistently surrounded by CD45+ leukocytes (Figure 4—figure supplement 2A-C),
consistent with an intimate association between metaplasia and inflammatory cell recruitment
(Liou et al., 2013; Murtaugh and Keefe, 2015). Nonetheless, Ptf1a cKO pancreata did not exhibit
a general pancreatitis phenotype (Figure 4—figure supplement 2A-C) nor did they exhibit
a detectable increase in epithelial cell apoptosis (Figure 4—figure supplement 2D-F). In addition,
we found that treatment of wild-type mice with high-dose TM was not sufficient to induce pancreatic
inflammation (Figure 4—figure supplement 3), suggesting that the stronger phenotype of high-dose
Ptfla cKO mice, relative to low-dose, was not due to stimulation of ADM by non-specific tissue
damage.

Loss of PTF1A was accompanied by upregulation of SOX9 by the majority of EYFP+ cells,
indicating partial reprogramming to a duct-like state (Figure 4J-M). Surprisingly, we also observed
a significant (~fourfold) increase in the fraction of Ki67+ epithelial cells in Ptfla cKO pancreata
compared with control, suggesting that loss of PTF1A results in deregulation of proliferation as well as
differentiation (Figure 4—figure supplement 2G-I). Taken together, these data indicate that Ptf1ais
required to maintain acinar gene expression and quiescence, as well as prevent metaplasia to a duct-
like state, potentially by inhibiting upregulation of SOX9.

Loss of Ptfl1a activates KRAS-dependency and fibroinflammatory
pathways

In order to investigate further the mechanism of ADM after loss of Ptf1a, we performed RNA-seq
on whole pancreata from three control and three Ptf1a cKO mice, each of which received three
doses of TM (0.25 mg/g) to induce maximal recombination 2 weeks prior to RNA extraction. Initial
analysis of RNA-seq data sets by edgeR (Robinson et al., 2010), setting a false discovery rate
(FDR) threshold of 0.05, identified significant changes in expression of over 3000 total genes
(Figure 5A). Consistent with our immunostaining (Figure 4), among the most significantly
downregulated mRNAs were Ptf1a (18.4-fold) and Cpa1 (5.45-fold), while Sox9 was significantly
upregulated (4.61-fold) in Ptf1la cKO pancreata (Figure 5A). Additional downregulated mRNAs
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Figure 4. Widespread loss of Ptfla promotes rapid acinar-to-ductal metaplasia. (A) Control and Ptfla cKO mice
were administered TM (0.25 mg/g) on three consecutive days and sacrificed following a 2-week chase period.

(B) Pancreas mass, measured as a percent of body weight, was significantly decreased in PtfTa cKO mice 2 weeks
after TM administration. (C, D) Immunofluorescence for the acinar enzyme carboxypeptidase A1 (CPA1) (red) and
Cre reporter R26RF™ (green). Nuclei are labeled with DAPI (blue). Inset highlights EYFP+, CPA1-negative acinar
cells forming duct-like structures in Ptfla null pancreata. (E) Quantification of CPA1 expression by EYFP+ (Cre-
recombined) cells in control and Ptf1a cKO pancreata (control n = 3, Ptf1la cKO n =4, p < 0.01). (F, G) H&E staining of
control and PtfTa cKO pancreata 2 weeks after high-dose TM administration. (H, 1) IHC for the duct marker CK19
highlighting areas of ADM in Ptf1a cKO pancreata. (J, K) Immunofluorescence for PTF1A (red) and the Cre reporter
R26REYFF (green). White arrow indicates an EYFP+ cell expressing PTF1A in control; white arrowheads indicate non-
recombined PTF1A+ cells; yellow arrowhead indicates a recombined, PTF1A-negative cell undergoing metaplasia in
Ptf1a cKO. (L, M) Immunofluorescence for the duct transcription factor SOX9 (red) and the Cre reporter R26RF™
(green). Insets highlight restricted expression of SOX9 in controls and upregulation of SOX9 within EYFP+ acinar
cells of Ptfla cKO. Scale bars: (C, D) 100 pm, (F-1) 200 pm, (J, K) 50 pm, (L, M) 100 pm.

DOI: 10.7554/elLife.07125.012

The following figure supplements are available for figure 4:

Figure supplement 1. Cre-mediated recombination rates following high-dose tamoxifen treatment.
DOI: 10.7554/elife.07125.013

Figure supplement 2. Loss of Ptf1a promotes pancreatic epithelial transdifferentiation and proliferation.
DOI: 10.7554/elife.07125.014

Figure supplement 3. High-dose tamoxifen administration does not induce pancreatitis.
DOI: 10.7554/elife.07125.015

included a wide variety of digestive enzymes and other secreted proteins characteristic of the
exocrine acinar phenotype, consistent with the long-standing hypothesis that they are directly
regulated by PTF1A (Rose et al., 2001; MacDonald et al., in preparation).

Given our finding that loss of Ptf1a strongly potentiates KRAS-induced PanIN initiation (Figures 2, 3),
we analyzed the expression of genes previously implicated in KRAS signaling and PDAC development.
Interestingly, tumor suppressors classically associated with PDAC, such as p53 (Trp53), Cdkn2a/Ink4a,
Pten, Brca2, and Smad4, were not significantly downregulated in the absence of Ptf1a (data not shown),
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Figure 5. Ptfla suppresses fibroinflammatory pathways and oncogenic KRAS associated gene signatures.
(A) Volcano plot showing differentially expressed genes (false discovery rate [FDR] <0.05; gray) in Ptfla cKO
pancreata, relative to control. Individual genes are labeled and highlighted in black. Genes belonging to signatures
characteristic of RAS dependency, classical and exocrine-like pancreatic ductal adenocarcinoma (PDAC) are

Figure 5. continued on next page
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Figure 5. Continued

highlighted in pink, green, and blue, respectively. Table below indicates p-values from binomial test for enrichment
of gene signatures within up- or down-regulated genes. (B) Gene Set Enrichment Analysis (GSEA) enrichment plots
of differentially expressed genes between Ptf1a cKO and control indicating positive enrichment of RAS dependency
and classical PDAC signatures and negative enrichment of exocrine-like PDAC signature genes. (C, D) Ingenuity
Pathway Analysis (IPA, Qiagen Redwood City, www.giagen.com/ingenuity) was used to identify differentially
expressed pathways and upstream regulators in Ptf1a cKO pancreata. (C) Heat map of pathways that are significantly
increased and decreased upon Ptf1a deletion. (D) Heat map of upstream pathways and regulators predicted to drive
the observed changes in gene expression. Color scale is indicative of the -log p-value (significance). All analyses are
based on a +2.0-fold expression threshold. Full details of the data set and analyses can be found in the
supplementary data files.

DOI: 10.7554/elife.07125.016

leading to the notion that the susceptibility of Ptf1a cKO pancreata to KRAS involves a novel mechanism
distinct from canonical tumor suppression pathways. By contrast, we found that two acinar-specific
transcription factors previously implicated in suppressing PanIN development, Bhlha15 (commonly
referred to as Mist1) and Nr5a2 (Shi et al., 2009b; Flandez et al., 2014; von Figura et al., 2014b), were
downregulated in Ptfla cKO mice, consistent with PTF1A acting at or near the top of a regulatory
hierarchy responsible for maintaining acinar identity and suppressing tumorigenesis (Figure 5A).

In human cell lines derived from pancreatic and other cancers, dependence on KRAS signaling
correlates with expression of specific gene signatures, including genes whose activity is required to
sustain RAS activity and malignancy (Singh et al., 2009; Loboda et al., 2010). We found that
previously identified RAS dependence genes were significantly enriched, by binomial test, among
mRNAs upregulated in Ptfla cKO tissue (Figure 5A). Within this signature were some of the most
highly upregulated mRNAs in our data set, such as Tspan1 (32.4-fold increase), Slc1a2 (62.2-fold
increase), Fut2 (41.4-fold increase), and Egr1 (6.2-fold increase) (Supplementary files 1, 2). The
preferential upregulation of RAS dependency genes in Ptfla cKO was confirmed by Gene Set
Enrichment Analysis (GSEA) (Subramanian et al., 2005) (Figure 5B), and suggests that loss of PTF1A
results in a phenotypic shift toward a KRAS-permissive phenotype. RAS dependency is characteristic
of human PDAC cell lines and primary tumors with a ‘classical’, duct-enriched gene expression profile
(Collisson et al., 2011). We find that the classical PDAC signature is also preferentially upregulated
upon Ptfla deletion, while the distinct ‘exocrine-like’ PDAC signature, largely comprising acinar-
specific secreted proteins, is downregulated (Figure 5A,B). These results therefore strongly suggest
not only that PTF1A maintains acinar differentiation, including expression of genes marking an acinar-
like subset of human PDAC, but also that PTF1A suppresses an alternative gene expression program
that facilitates KRAS signaling activity.

To identify biological pathways that were activated or attenuated by Ptf1a deletion, we analyzed
this RNA-seq data set using Qiagen’s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www.
ingenuity.com) (Thomas and Bonchev, 2010; Kramer et al., 2014). We analyzed canonical pathways
using three different thresholds of gene expression (1.5-fold up/downregulation, 2.0-fold up/
downregulation, and 3.0-fold up/downregulation; Supplementary files 3-5). At an upregulation
threshold of 2.0, deletion of Ptf1a significantly affected over 300 pathways, several of which have an
established role in PDAC initiation. These included T-helper cell-signaling pathways (McAllister et al.,
2014), stellate-cell activation and fibrosis (Sherman et al., 2014), and epidermal growth factor (EGF)
signaling (Ardito et al., 2012; Navas et al., 2012) (Figure 5C). A general ‘pancreatic adenocarcinoma
signaling’ pathway was also upregulated, consisting primarily of genes involved in PI-3-kinase and
JAK/STAT signaling. We also used IPA Upstream Regulator Analysis to predict upstream signaling
mediators that could explain the changes in gene expression within our data set (Kramer et al.,
2014). The predicted upregulated mediators were consistent across multiple expression thresholds
and included TNF-a, TGF-B, IL-1B, NFkB, and the SWI/SNF component Smarca4/Brg1 (Figure 5D). All
of these signaling pathways have been implicated in PDAC initiation and progression (Bardeesy
et al., 2006; Adrian et al., 2009; Khasawneh et al., 2009; Maniati et al., 2011; Daniluk et al., 2012;
Maier et al., 2013; Gore et al., 2014; von Figura et al., 2014a). Thus, we propose that loss of Ptf1a
alters cell state at multiple levels, ultimately promoting gene expression and signaling activities that
are supportive of KRAS transformation.
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Caerulein-induced pancreatitis is sufficient to reprogram Ptf1a-deficient
acinar cells

Among the upstream mediators activated in the Ptf1a cKO model are TNF-a and NFkB, both of which
promote ADM and inflammation in pancreatitis and amplify KRAS activity in pancreatic tumorigenesis
(Maniati et al., 2011; Daniluk et al., 2012, Huang et al., 2013; Maier et al., 2013; Sendler et al.,
2013). As Ptfla deletion upregulates other pathways characteristic of pancreatic injury, such as
stellate-cell activation, TGF-p signaling, and dendritic cell maturation (Bedrosian et al., 2011, Erkan
et al., 2012), we were interested to determine if loss of Ptf1la would sensitize acinar cells to injury-
induced reprogramming even without oncogenic KRAS.

To test this hypothesis in vivo, we deleted Ptf1a via high-dose TM administration (three doses of
0.17 mg/g), which induced a recombination rate of ~65% (Figure 4—figure supplement 1). At 1
week post-TM, acute pancreatitis was induced by two consecutive days of treatment with the
secretagogue caerulein, as previously described (Jensen et al.,, 2005; Keefe et al., 2012), and
pancreata were harvested 1 week later (Figure 6A). As a control for caerulein injections, additional
TM-treated Ptfla cKO and control mice were administered saline vehicle alone. As previously
reported, control mice recovered from caerulein treatment and were indistinguishable from saline-
injected controls after 1 week (Figure 6B-D). In contrast, Ptfla cKO mice subjected to caerulein-
induced pancreatitis exhibited widespread acinar atrophy, persistent inflammation, fibrotic stroma,
and the appearance of mucinous metaplastic structures (Figure 6E,F). These abnormal ductules were
Alcian Blue-reactive, similar to PanINs (Figure 6G), although staining for the PanIN-specific markers
CLDN18 and MUC5AC was observed in only rare and isolated lesions (Figure 6—figure supplement
1A,B). Consistent with the overall distorted histology (Figure 6E) and atrophy (Figure 6H) of
caerulein-treated Ptfla cKO mice, no normal amylase+ acinar clusters could be detected in these
pancreata, in contrast to controls (Figure 6I-L). Acinar-derived EYFP+ cells in caerulein-treated Ptf1a
cKO pancreata were instead integrated within CK19+ duct-like structures, suggesting that
pancreatitis synergizes with loss of Ptfla to cause a rapid loss of acinar gene expression and
complete reprogramming to a duct-like fate (Figure 6I-L).

As our findings in Ptf1a cKO; Kras®'?® mice indicate that loss of PTF1A enhances the transforming
activity of mutant KRAS, we were interested to determine if development of mucinous metaplasia
involved enhanced signaling through endogenous RAS. The MEK-ERK pathway is a major regulator of
KRAS-induced acinar reprogramming (Collins et al., 2014), and we found that nearly all metaplastic
lesions of caerulein-treated Ptfla cKO mice exhibited robust nuclear phospho-ERK staining
(Figure 6—figure supplement 1C-F). Phospho-ERK was undetectable in saline-treated Ptfla cKO
mice, or control mice under either treatment. Taken together, these data demonstrate that PTF1A is
necessary for acinar-cell redifferentiation and resolution of tissue injury following acute pancreatitis. In
the absence of PTF1A, a persistent inflamed microenvironment may have tumor promoter-like activity,
enhancing KRAS-MEK-ERK signaling to induce transformation (Gukovsky et al., 2013; Murtaugh,
2014).

Ptf1a heterozygosity promotes PDAC by increasing the frequency of
initiating events

The above studies rely on genetic deletion of Ptf1a, a process without clear parallel in human disease:
somatic mutations of PTF1A are not observed in human PDAC, according to the Catalogue of Somatic
Mutations in Cancer (COSMIC) database (cancer.sanger.ac.uk). PTFTA is more likely to be
downregulated by an epigenetic mechanism, for example, via attenuation of the positive
autoregulatory loop by which PTF1A maintains its own expression and that of its partner transcription
factors (Masui et al., 2008). Impaired expression of PTF1-network components, lowering the
threshold for KRAS-mediate reprogramming and transformation, might explain the dosage-sensitive
requirement for Nr5a2 in preventing PanIN formation (Flandez et al., 2014, von Figura et al.,
2014b). To determine if the role of Ptf1a itself is dosage-sensitive, we generated mice of the ‘KC'
genotype, using the Pdx1-Cre driver to activate Kras"*~“'?° throughout the pancreas (Aguirre et al.,
2003; Hingorani et al., 2003, Murtaugh, 2014), and which were either heterozygous for a germ line
deletion of Ptfla (Pdx1-Cre; Kras“-¢'?P; Ptf1a**) or remained homozygous Ptfla wild type. We
harvested pancreata at 1 month of age, at which time PanIN formation is usually minimal in KC mice,
and quantified PanIN burden by Alcian Blue staining. Mice heterozygous for Ptfla had increased
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Figure 6. Ptf1a is necessary for acinar cell regeneration and suppression of dysplasia following induced pancreatitis. (A) 6- to
8-week-old control and Ptfla cKO mice were administered three doses of TM (0.17 mg/g) on consecutive days. 1 week later,
mice were administered eight hourly injections of caerulein or saline vehicle, on two consecutive days. Mice were sacrificed 1
week following caerulein treatment. (B-E) H&E staining on control and Ptf1a cKO pancreata (n = 4-5 per group) 1 week
following caerulein treatment. (F) H&E stain highlighting a PanIN-like lesion in caerulein-treated Ptfla cKO. (G) Alcian Blue-
positive lesions in caerulein-treated Ptfla cKO. (H) Relative pancreas size, measured as a percent of body weight, among
treatment groups (n = 4-5 per group, p < 0.01). (I-L) Immunofluorescence for amylase (red), CK19 (white), and the Cre reporter
R26REY* (green), in pancreata of control and Ptfla cKO treated with saline or caerulein. EYFP+ cells of caerulein-treated cKO
have downregulated amylase and contribute to CK19+ PanIN-like structures. Scale bars: (B-E) 200 pm, (I-L) 50 pm.

DOI: 10.7554/elife.07125.017

The following figure supplement is available for figure 6é:
Figure supplement 1. Mucinous metaplasia associated with hyperactive MEK-ERK signaling in caerulein-treated

Ptf1a cKO pancreata.
DOI: 10.7554/elife.07125.018
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PanINs at this early stage, compared to Ptf1a*/* littermates (Figure 7A-C). This result is consistent
with a dosage-sensitive function for PTF1A, such that reduced levels or activity already begin to
destabilize acinar differentiation in the face of oncogenic insults.

In humans, increased PanIN burden in early life is associated with familial risk of PDAC, suggesting
that mutations driving genetic predisposition to PDAC act at the level of tumor initiation (Brune et al.,
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Figure 7. Ptfla heterozygosity increases the frequency of PanINs and allows for rapid progression of PDAC.
(A) Quantification of PanINs in pancreata from 1-month-old Pdx1-Cre; Kras®'?? and Pdx1-Cre; Kras®'??; Ptf1a®* mice
(n =5 per genotype, p < 0.05). (B, C) Representative Alcian Blue and Eosin staining from 1-month-old mice of
indicated genotypes. (D) Kaplan-Meier analysis from KPC mice (Pdx1-Cre; Kras®'?°; p53°¥*; Ptf1a*"*, blue line) and
KPC; Ptf1a®+ mice (red line) (Log-Rank test p < 0.01). (E-H) H&E staining on tumors from both KPC and KPC:Ptf1a®*
mice at low and high magnification. (G, H) Arrows indicate ductile epithelial cells and arrowheads indicate areas
of necrosis. (I, J) IHC for CK19 on tumor specimens from mice of indicated genotypes. Scale Bars: (B, C) 500 um,
(E, F) 500 pm, (G-J) 200 pm.

DOI: 10.7554/eLife.07125.019

The following figure supplement is available for figure 7:

Figure supplement 1. Liver metastases in KPC mice heterozygous for Ptf1a.
DOI: 10.7554/elife.07125.020
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2006; Shi et al., 2009a). We therefore hypothesized that decreased Ptfla dosage would promote
cancer susceptibility by increasing the rate of PanlIN initiation. Therefore, we utilized the well-
characterized ‘KPC’ model of mouse PDAC in which heterozygous loss of p53 (official gene symbol
Trp53) is added to the Pdx1-Cre; Kras-"¢"?P genotype (Hingorani et al., 2005; Rhim et al., 2012). As
above, KPC mice (Pdx1-Cre; Kras‘“¢'?P; p53'°/*) were generated on either Ptfla** or Ptfla**
backgrounds, and animals were monitored for tumor-free survival. The results of Kaplan-Meier
analysis showed that Ptfla-heterozygous KPC mice developed PDAC much earlier than Ptfla*™*
counterparts (Figure 7D, Log-rank test, p < 0.01). We observed prominent metastases to the liver
in 3/9 Ptf1a** KPC mice, but none in Ptfla** KPC controls (Figure 7—figure supplement 1).
Importantly, despite the earlier onset of PDAC in KPC mice with Ptf1a heterozygosity, once tumors
arose they were histologically indistinguishable between genotypes (Figure 7E-H). They contained
classical features of human PDAC, including abundant fibrotic stroma surrounding CK19* epithelial
cells (Figure 71,J) and substantial areas of necrosis. We therefore conclude that decreased Ptf1a gene
dosage sensitizes pancreata to early KRAS-mediated PanlIN initiation and rapid progression to PDAC.

Discussion

Previously, we and others established that acinar-to-ductal reprogramming is a necessary step in PanIN
initiation (De La et al., 2008, Habbe et al., 2008; Kopp et al., 2012). Several recent studies extended
these findings, demonstrating that several genes required for PanIN and PDAC development appear to
act at the level of acinar cell reprogramming (Heid et al., 2011; Ardito et al., 2012; Kopp et al., 2012,
Baer et al., 2014; Wu et al., 2014; Zhang et al., 2014). Here, we demonstrate that the loss of
a principal regulator of acinar cell identity, PTF1A, is sufficient to prompt rapid and extensive acinar-to-
ductal metaplasia even in the absence of other exocrine insults (Figure 4). Additionally, we demonstrate
that Ptf1a-deficient acinar cells are extremely sensitive to oncogenic transformation, as they undergo
rapid and robust KRAS-mediated PanIN formation (Figures 2, 3).

Deletion of Ptfla alone at moderate frequency (~25%) did not produce detectable histological
changes in the pancreas over the course of 2-6 weeks (Figure 3). By contrast, we observed rapid de-
differentiation of Ptfla cKO acinar cells generated under a high-TM dose regimen that produced
>65% deletion (Figure 4). This is an important finding regarding potentially non-cell autonomous
protective mechanisms working to offset PanIN/PDAC initiation. We propose two linked hypotheses:
first, when Ptf1a is lost from individual cells, other acinar-specific transcription factors that prevent
reprogramming and co-regulate PTF1 target genes, such as NR5A2 and BHLHA15/MIST1, are
sufficient to maintain a differentiated phenotype over the short term. Second, we propose that the
persistent differentiation of Ptf1a cKO acinar cells is promoted by interactions with neighboring Ptf1a
WT cells, producing a phenomenon similar to the ‘community effect’ in embryonic development
(Gurdon et al., 1993). However, with increasing TM-driven deletion, the fraction of Ptfla WT acinar
cells passes a tipping point, the community effect cannot be sustained, and ductal metaplasia is
correspondingly rapid. At a molecular level, the protective effect of wild-type acinar cells could be
mediated by their ability to dampen local inflammation, suggested by the upregulation of
fibroinflammatory pathways in our RNA-seq analyses (Figure 5). This is also suggested by our
finding that Ptfla cKO pancreata exhibit sustained inflammation after acute injury, including the
conversion of acinar cells to PanIN-like, Alcian Blue+ ductule structures (Figure 6). These resemble
tubular complexes observed in human and mouse chronic pancreatitis (Bockman et al., 1982; Strobel
et al., 2007), suggesting that dysregulation of PTF1A expression or function might be involved in the
etiology of this disease and its well-known contribution to PDAC risk. We additionally demonstrate
that inflammation and loss of Ptf1a synergize to drive sustained activation of the MEK-ERK pathway,
a major effector of oncogenic and endogenous KRAS. Going forward, it will interesting to test
whether MEK inhibitors are able to prevent acinar cell reprogramming in the context of chronic
pancreatitis and/or decrease the risk of chronic pancreatitis progressing to PDAC.

Given the dramatic effects of Ptfla deletion on transformation and inflammation, it will be
important to determine which genes in our RNA-seq data set are directly suppressed or activated by
PTF1A. It has been previously established that PTF1A regulates a network of transcription factors
controlling acinar-specific gene expression (Masui et al., 2008, 2010). Among these are Bhlha15/
Mist1 and Nr5a2, both downregulated in the Ptf1a cKO condition (Figure 5), and both previously
shown to inhibit PanIN development (Shi et al., 2009b; Flandez et al., 2014; von Figura et al., 2014b).
Of these three genes, only Ptf1a is indispensable for acinar cell differentiation (Krapp et al., 1998,
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Pin et al., 2001; Kawaguchi et al., 2002; Holmstrom et al., 2011; von Figura et al., 2014b), and it will
be of interest to determine the relative rank of these factors as suppressors of cancer initiation and
progression, and their epistatic relationship. It will also be useful to understand how KRAS, together
with inflammatory and other insults, is capable of downregulating the expression and/or function of
PTF1-network components during tumor initiation. Of note, recent studies indicate that oncogenic
KRAS induces specific pathways dedicated to silencing tumor suppressor genes (Wajapeyee et al.,
2013; Serra et al., 2014); a similar process may drive downregulation of Ptf1a and its partners during
acinar cell reprogramming.

Because loss of Ptfla strongly potentiated KRAS-mediated transformation (Figures 2, 3), we
hypothesized that PTF1A inhibits KRAS-signaling activity in some capacity. Here, we demonstrate that loss
of Ptf1a leads to upregulation of genes associated with KRAS-dependency in human cancer cells (Singh
et al., 2009; Loboda et al., 2010). Future investigations should therefore move forward to test if different
subtypes of human PDAC exhibit different extents of PTF1A repression, and whether variation in PTF1A
expression within human PDAC correlates with KRAS-dependency or disease prognosis. Recent studies
have classified ~1/3 of pancreatic cancers as ‘exocrine-like’, and several genes that are under Ptf1a control
contribute to this signature (Figure 5A,B) (Collisson et al., 2011). Unfortunately, human PTF1A was not
present on the microarray used in that study; nonetheless, their data suggest that PTF1A and its
transcriptional targets are retained at low levels in some, but not all, cases of PDAC. Consistent with these
previous reports, we found that sparse epithelial cells in human PanIN lesions retain nuclear PTF1A
(Figure 1—figure supplement 1). In addition to supporting the contention that human PanINs and PDAC
arise from mature acinar cells, these findings suggest that low levels of persistent PTF1A, held in check by
epigenetic rather than genetic mechanisms, may be available for therapeutically targeted restoration. The
fact that removal of a single allele of Ptf1a accelerates mouse PDAC development (Figure 7D) suggests
that even incomplete inhibition of human PTF1A could promote acinar transformation and subsequent
tumorigenesis. Our results suggest that PTF1A restoration provides an indirect approach to target KRAS-
dependency in pancreatic cancer, inhibiting this currently ‘undruggable’, although ubiquitous, cancer-
driving mutation (Pasca di Magliano and Logsdon, 2013). Additionally, our data suggest that PTF1A
restoration may reduce inflammatory pathways that feed forward to synergize with oncogenic KRAS
(Maniati et al., 2011; Daniluk et al., 2012, Maier et al., 2013). Future studies will focus on genetic PTF1A
gain-of-function approaches to determine if sustained PTF1A expression can prevent and/or reverse
acinar-to-ductal reprogramming, PanIN initiation and PDAC progression.

In summary, we show that acinar cell differentiation, maintained through PTF1A, suppresses multiple
oncogenic pathways associated with PDAC initiation and progression. Our data suggest that PTF1A
functions as a nodal point in PDAC initiation by maintaining acinar-cell gene expression, suppressing
KRAS function, and resisting inflammation. The antagonism between KRAS and the pro-acinar
transcription factor network captures, at a genetic level, the tension between differentiation and
malignant transformation that has long been hypothesized to exist in cancer (Harris, 1990). Loss of
normal differentiation and reprogramming of cell fate appear to occur during initiation of a diverse array
of tumor types (Blanpain, 2013). Our results, for the first time, demonstrate that this process is rate-
limiting for cancer development, thus, constituting a novel mechanism of tumor suppression. The mouse
PanIN-PDAC model provides a new experimental system to relate genetic changes in cancer, such as
KRAS mutation, to epigenetic changes such as PTF1A downregulation. Furthermore, understanding
how PTF1A function is subverted during pancreatic cancer initiation, and whether its reactivation could
suppress or reverse tumor development, may yield novel approaches to prevention and treatment.

Materials and methods

Mice

Experimental mice of the following genotypes have been previously described: Ptfla
(Ptf1gtm2(cre/ESRUCYW [Kopinke et al., 2012; Pan et al., 2013]), Pdx1-Cre (Tg(Pdx1-cre)89.1Dam
[Gu et al., 2002]), Kras"-®"?P (Kras'™*™ [Hingorani et al., 2003]), p53°* (Trp53™'™ [Marino et al., 2000]),
and R26RE"™ (Gt(ROSA)26Sor™EYFFICos [Srinivas et al., 2001)). The Ptf1a°* allele (Ptf1ai™“) was
generated using homologous recombination in mouse ES cells at the Vanderbilt Transgenic Mouse/
Embryonic Stem Cell Shared Resource. The 5" and 3’ loxP sites were placed 1.7 kb upstream and 2 kb
downstream of the Ptfla transcriptional start site, respectively. Full details will be provided elsewhere
(Wright et al., in preparation). Mice with a germ line deletion allele of Ptf1a, Ptf1a* were generated by

CreERT
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crossing Ptf1a™ to the ubiquitous early deletor line Sox2-Cre (Tg(Sox2-cre)1Amc [Hayashi et al., 2003]).
To activate CreERT-mediated recombination, mice were administered tamoxifen (Sigma, St. Louis, MO)
dissolved in corn oil, via oral gavage at doses indicated in the text. All mouse experiments were carried
out according to institutional and NIH guidelines.

Human histological specimens

All human pathological specimens were de-identified before their use. The utilization of these human
specimens is therefore not considered human subject research under the US Department of Human
and Health Services regulations and related guidance (45 CDR Part 46). Paraffin embedded specimens

were sectioned (6 pm) and IHC was performed for PTF1A, as described below. Samples were analyzed
by NMK, MPB, and LCM.

Tissue processing and histology

After euthanasia, pancreata were dissected in ice-cold phosphate-buffered saline solution (PBS),
separated into multiple fragments, and processed for both frozen and paraffin sections as previously
described (De La et al., 2008; Keefe et al., 2012; Kopinke et al., 2012). Briefly, tissues were fixed for
paraffin embedding in zinc-buffered formalin (Z-FIX; Anatech, Battle Creek, MI), room temperature
overnight, or 4% paraformaldehyde/PBS, 4°C 1-2 hr, followed by processing into Paraplast Plus
(McCormick Scientific) or Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA). Paraffin and
frozen sections were cut at thickness of 6 pm and 8 pm, respectively, and collected sequentially across
multiples slides, with ~100-um spacing between individual sections on a single slide.

IHC and immunofluorescence followed our established procedures (De La et al., 2008; Keefe et al.,
2012; Kopinke et al., 2012), including high-temperature antigen retrieval (Vector Unmasking Solution;
Vector Laboratories, Burlingame, CA) prior to staining paraffin sections. Primary antibodies utilized in this
study are listed in Table 2. Secondary antibodies, raised in donkey (Jackson Immunoresearch, West Grove,
PA), were used at 1:250 dilution. Vectastain reagents and diaminobenzidine (DAB) substrate (Vector
Laboratories) were used for IHC. Slides stained by immunofluorescence were counterstained with DAPI
and mounted in Fluoromount-G (Southern Biotech), and photographed on an Olympus IX71 microscope,
using MicroSuite software (Olympus America, Waltham, MA). Images were processed in Adobe
Photoshop, with exposure times and adjustments identical between genotypes and treatment groups.

For Alcian Blue staining, paraffin sections were washed 5 min in 3% acetic acid, followed by
a 10-12 min incubation in staining solution (1% Alcian Blue in 3% acetic acid), and extensive washing in
3% acetic acid. Sirius Red staining was performed on frozen sections that were fixed for 1 hr in Bouin's
fixative at 55°C. Specimens were subsequently washed in dH,O and stained for 1 hr in Picro-Sirius Red
(American MasterTech, Lodi, CA). Following staining, specimens were rinsed in 0.5% acetic acid,
dehydrated and equilibrated into xylene, and mounted with Permount.

PanIN scoring

The entire tissue area of Alcian Blue/eosin-stained slides was photographed, at 4x original magnification,
followed by photomerging (Adobe Photoshop) and surface area measurement using ImageJ software
(NIH). Alcian Blue+ PanIN lesions were counted manually under the microscope, and PanIN burden
calculated as the total number of Alcian Blue+ lesions per cm? surface area. As described in the text,
metaplastic lesions that did not stain with Alcian Blue were not counted in the quantification. To avoid
double-counting of potentially large and tortuous lesions, no more than one lesion was scored within an
anatomically distinct pancreatic lobule (De La et al., 2008).

3D pancreatic acinar cultures

Acinar cultures were established according to previous publications (Kurup and Bhonde, 2002,
Means et al., 2005; Ardito et al., 2012). Briefly, dorsal pancreata were minced in Hank’s buffered
saline solution and digested sequentially in 0.02% trypsin (5 min, 37°C) and 1 mg/ml collagenase P
(Roche Applied Science, Mannheim, Germany; 15 min, 37°C), following filtration to eliminate
undigested material, and repeated washing to eliminate debris and dead cells, acinar cell clusters
were embedded in rat tail collagen gels (Corning, Corning, NY), and cultured in Waymouth’s medium
(Life Technologies, Carlsbad, CA) supplemented with 1% fetal bovine serum, 0.4 mg/ml soybean
trypsin inhibitor, and 1 pg/ml dexamethasone. Cultures were fixed and imaged after 5 days. To
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Table 2. Primary antibodies used in this study

Antigen Species Source Catalog # Dilution
Amylase " Sheep  BioGenesis  0480-0104  1:1000
Cleaved-caspase-3 Rabbit Abcam AB2302 1:1000
Cd45 Rat eBioScience 14-0451-82 1:2000
Claudin-18 Rabbit Invitrogen 700178 1:2000
Cpal Goat R&D Systems AF2765 1:1000
Cytokeratin-19 Rat Developmental Studies Hybridoma Bank - 1:50
Cytokeratin-19  Rabbit  Abcam  AB133496  1:5000
GFP 7Chicken 7Aves Labs Inc. 7GFP—1O1O 71:5000
Ki67 7Mouse 7BD Biosciences 7550609 71:500
Mucbac Mouse NeoMarkers 45M1 1:500
Ptf1la Rabbit Chris Wright, Vanderbilt University - 1:5000
Ptf1la Goat Chris Wright, Vanderbilt University - 1:5000
Phospho-ERK1/2 (T202/Y204)  Rabbit  Cell Signaling 9101 111000
Sox9  Rabbit  Millipore © AB5535  1:1000
«SMA © Rabbit  Abcam  AB32575  1:2000

SMA, smooth muscle actin.
DOI: 10.7554/elLife.07125.021

quantify cyst size, we randomly selected >10 fields per mouse, imaged, and quantified the maximal
diameter of each transformed cyst using ImageJ.

Quantification of immunofluorescence images

In order to quantify R26RF"" labeling, 10-12 randomly selected 20x fields per specimen (taken
across multiple sections) were photographed. Using ImageJ software (NIH), cells co-expressing
EYFP with the acinar differentiation markers Amylase or CPA1 were detected by additive image
overlay of their staining with DAPI and anti-GFP, and counted using the Analyze Particles function,
as described previously (Keefe et al., 2012; Kopinke et al., 2012). To ensure counting accuracy,
random images were spot checked by manual counting using Adobe Photoshop. All calculations
were performed in Microsoft Excel and the results are reported as the mean + standard deviation
(error bars). p-values were determined by two-tailed, unpaired t-tests performed in Excel or
Graphpad Prism 6.

RNA-seq analysis

Total RNA was isolated from pancreata of 4- to 5-month-old Ptf1a cKO mice (Ptf1a“E*R™°) and their
corollary controls (Ptf1a*ER™), 2 weeks after TM treatment (3 days, 0.25 mg/g/day), using the
guanidine thiocyanate protocol previously described with minor modifications (MacDonald et al.,
1987). Individual RNA-Seq libraries were prepared from 5 pg of pancreatic RNA from three control
and three Ptf1a cKO mice with the Illumina True-seq protocol by the UT Southwestern Genomic Core.
The sequence data sets from an lllumina HISEQ2500 contained 50-nucleotide uniquely aligned single-
end reads of 25.1, 26.4, and 25.8 million for the control samples and 29.7, 24.7, and 26.7 million for
the Ptf1la cKO RNA samples (Tophat2) (Kim et al., 2013). Genes with differential expression were
derived using edgeR (Robinson et al., 2010), with the default trimmed mean of M-values (TMM) trim
settings of 30% for My and 5% for Ag and an FDR cut-off of <0.05. The volcano plot of differentially
expressed genes was generated using R (http://www.r-project.org/) with the log2 fold change (FC)
plotted against the FDR (—log10) (Supplementary files 1, 2).

Gene signatures of RAS dependency (Singh et al., 2009; Loboda et al., 2010), classical and
exocrine-like PDAC (Collisson et al., 2011), were mapped to orthologous mouse genes via
HomoloGene ID. The RAS dependency signature combines gene lists from two separate studies
(Singh et al., 2009; Loboda et al., 2010), comprising 264 genes with only five in common. For GSEA
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(Subramanian et al., 2005), we analyzed signature enrichment within the entire Ptf1a cKO RNA-seq
data set, ordered by log2 FC relative to control, using the GSEA desktop application (http://www.
broadinstitute.org/gsea/index.jsp).

To identify regulatory pathways altered upon Ptf1a deletion, significantly increased and decreased
genes were analyzed by IPA (QIAGEN, Redwood City, CA, www.ingenuity.com) at expression
thresholds of 1.5-, 2.0,- and 3.0-fold (Supplementary files 3-5). In order to obtain an accurate
comparison between enriched and downregulated pathways, we used the Comparison Analysis
function from expression data filtered at a gene expression threshold of +2.0-fold. Heat maps were
generated according to the —log p-values given by the IPA software using the comparison analysis
function and were constructed in R (http://www.r-project.org/).

Caerulein treatment

We induced acute pancreatitis by i.p. injection of caerulein (Bachem, Torrance, CA), 0.1 pg/g,
eight times daily over two consecutive days, as previously (Jensen et al., 2005; Keefe et al.,
2012). Negative controls were injected with saline vehicle alone. Pancreata from all caerulein- or
saline-treated mice were harvested 1 week following the final injection and processed as
described above.

Kaplan—-Meier analysis

KPC mice (of the genotype Pdx1-Cre; Kras®'?®; p53°*) and KPC mice with Ptfla heterozygosity
(Pdx1-Cre; Kras®'?°; p53°“*; Ptf1a**) were aged until they exhibited lethargy or distress as
determined by the authors (NMK and LCM) and the in-house veterinary staff, or until the detection of
a firm abdominal mass by palpation. The presence of PDAC was confirmed by histological analysis in
consultation with a surgical pathologist (MB). At sacrifice, all mice were thoroughly inspected for liver
metastases. Survival analysis was performed in GraphPad Prism (Version 6) and p-values were
calculated using a Log-rank test.

Acknowledgements

We are grateful to Matt Firpo, Gabrielle Kardon, and Kirk Thomas for helpful comments on the
manuscript, and to Zev Kronenberg and Peter Hendrickson for assistance with bioinformatic analyses.
This work was supported by NIH grants PO1-DK42502 to CVEW, R01-DK061220 to RJM, and R21-
CA179453 to LCM. NMK was a trainee of the University of Utah Developmental Biology Training
Grant, T32-HD007491, and is currently supported by NIH fellowship F30-CA192819.

Additional information

Funding
Funder Grant reference  Author
National Cancer Institute (NCI) R21-CA179453 Nathan M Krah, L Charles

Murtaugh

National Institute of Diabetes R01-DK061220 Raymond J MacDonald
and Digestive and Kidney
Diseases (NIDDK)

National Institute of Diabetes  P01-DK42502 Christopher VE Wright
and Digestive and Kidney
Diseases (NIDDK)

Eunice Kennedy Shriver T32-HD007491 Nathan M Krah
National Institute of Child

Health and Human

Development

National Cancer Institute (NCI) F30-CA192819 Nathan M Krah

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Krah et al. eLife 2015;4:e07125. DOI: 10.7554/eLife.07125 20 of 25


http://www.broadinstitute.org/gsea/index.jsp
http://www.broadinstitute.org/gsea/index.jsp
http://www.ingenuity.com/
http://www.r-project.org/
http://dx.doi.org/10.7554/eLife.07125

LI FE Developmental biology and stem cells | Human biology and medicine

Author contributions

NMK, J-PDLO, GHS, Conception and design, Acquisition of data, Analysis and interpretation of data,
Drafting or revising the article; CQH, GMC, Acquisition of data, Analysis and interpretation of data,
Drafting or revising the article; SGW, FCP, Drafting or revising the article, Contributed unpublished
essential data or reagents; MPB, Analysis and interpretation of data, Drafting or revising the article;
CVEW, Conception and design, Drafting or revising the article, Contributed unpublished essential
data or reagents; RIMD, Conception and design, Acquisition of data, Analysis and interpretation of
data, Drafting or revising the article, Contributed unpublished essential data or reagents; LCM,
Conception and design, Analysis and interpretation of data, Drafting or revising the article

Ethics

Animal experimentation: This study was performed according to institutional and National Institutes
of Health guidelines for animal research (Guide for the Care and Use of Laboratory Animals), and
followed protocols approved by the Institutional Animal Care and Use Committees of the University
of Utah (protocol #13-09009), University of Texas Southwestern Medical Center (protocol #2013-
0008) and Vanderbilt University (protocol #M10/106).

Additional files

Supplementary files

¢ Supplementary file 1. R markdown for RNA-seq analysis. HTML annotation of R software package
analysis performed to generate the data and analyses presented in Figure 5.

DOI: 10.7554/elife.07125.022

¢ Supplementary file 2. Files used for RNA-seq analysis. Excel spreadsheet containing (as tabs) files
used in R analysis of RNA-seq data, including differentially expressed genes (false discovery rate <
0.05), gene signatures of RAS dependency, classical pancreatic ductal adenocarcinoma (PDAC) and
exocrine-like PDAC, and ‘palette’ file used for color-coding volcano plot.

DOI: 10.7554/eLife.07125.023

e Supplementary file 3. Ingenuity Pathway Analysis (IPA) analysis output for genes changed >1.5-fold.
Excel spreadsheet output from IPA (www.ingenuity.com), indicating predicted up- and down-
regulated pathways and regulators from Ptf1a conditional knock-out (cKO) RNA-seq data, based on
a differential expression threshold of 1.5-fold.

DOI: 10.7554/elife.07125.024

¢ Supplementary file 4. IPA analysis output for genes changed >twofold. Excel spreadsheet output
from IPA (www.ingenuity.com), indicating predicted up- and down-regulated pathways and regulators
from Ptf1la cKO RNA-seq data, based on a differential expression threshold of twofold.

DOI: 10.7554/elife.07125.025

¢ Supplementary file 5. IPA analysis output for genes changed >threefold. Excel spreadsheet output
from IPA (www.ingenuity.com), indicating predicted up- and down-regulated pathways and regulators
from Ptf1la cKO RNA-seq data, based on a differential expression threshold of threefold.

DOI: 10.7554/eLife.07125.026

Major dataset
The following dataset was generated:

Dataset ID Database, license, and
Author(s) Year Dataset title and/or URL accessibility information
Hoang Chinh, Galvin H 2015 Effects on the http://www.ncbi.nlm.nih.  Publicly available at NCBI
Swift, Ana Azevedo- transcriptome of adult gov/geo/query/acc.cgi?  Gene Expression
Pouly, Raymond J mouse pancreas acc=GSE70542 Omnibus (Accession No:
MacDonald (principally acinar cells) by GSE70542).

the inactivation of the
Ptf1a gene in vivo

References

Adrian K, Strouch MJ, Zeng Q, Barron MR, Cheon EC, Honasoge A, Xu Y, Phukan S, Sadim M, Bentrem DJ, Pasche
B, Grippo PJ. 2009. Tgfbr1 haploinsufficiency inhibits the development of murine mutant Kras-induced
pancreatic precancer. Cancer Research 69:9169-9174. doi: 10.1158/0008-5472.CAN-09-1705.

Krah et al. eLife 2015;4:e07125. DOI: 10.7554/eLife.07125 21 of 25


http://dx.doi.org/10.7554/eLife.07125.022
http://dx.doi.org/10.7554/eLife.07125.023
http://www.ingenuity.com/
http://dx.doi.org/10.7554/eLife.07125.024
http://www.ingenuity.com/
http://dx.doi.org/10.7554/eLife.07125.025
http://www.ingenuity.com/
http://dx.doi.org/10.7554/eLife.07125.026
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70542
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70542
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70542
http://dx.doi.org/10.1158/0008-5472.CAN-09-1705
http://dx.doi.org/10.7554/eLife.07125

LI FE Developmental biology and stem cells | Human biology and medicine

Aguirre AJ, Bardeesy N, Sinha M, Lopez L, Tuveson DA, Horner J, Redston MS, DePinho RA. 2003. Activated Kras
and Ink4a/Arf deficiency cooperate to produce metastatic pancreatic ductal adenocarcinoma. Genes &
Development 17:3112-3126. doi: 10.1101/gad.1158703.

Ardito CM, Gruner BM, Takeuchi KK, Lubeseder-Martellato C, Teichmann N, Mazur PK, Delgiorno KE, Carpenter
ES, Halbrook CJ, Hall JC, Pal D, Briel T, Herner A, Trajkovic-Arsic M, Sipos B, Liou GY, Storz P, Murray NR,
Threadgill DW, Sibilia M, Washington MK, Wilson CL, Schmid RM, Raines EW, Crawford HC, Siveke JT. 2012.
EGF receptor is required for KRAS-induced pancreatic tumorigenesis. Cancer Cell 22:304-317. doi: 10.1016/].
ccr.2012.07.024.

Baer R, Cintas C, Dufresne M, Cassant-Sourdy S, Schonhuber N, Planque L, Lulka H, Couderc B, Bousquet C,
Garmy-Susini B, Vanhaesebroeck B, Pyronnet S, Saur D, Guillermet-Guibert J. 2014. Pancreatic cell plasticity and
cancer initiation induced by oncogenic Kras is completely dependent on wild-type Pl 3-kinase p110alpha. Genes
& Development 28:2621-2635. doi: 10.1101/gad.249409.114.

Bailey JM, DelGiorno KE, Crawford HC. 2014. The secret origins and surprising fates of pancreas tumors.
Carcinogenesis 35:1436-1440. doi: 10.1093/carcin/bgu056.

Bardeesy N, Cheng KH, Berger JH, Chu GC, Pahler J, Olson P, Hezel AF, Horner J, Lauwers GY, Hanahan D,
DePinho RA. 2006. Smad4 is dispensable for normal pancreas development yet critical in progression and tumor
biology of pancreas cancer. Genes & Development 20:3130-3146. doi: 10.1101/gad.1478706.

Bedrosian AS, Nguyen AH, Hackman M, Connolly MK, Malhotra A, lbrahim J, Cieza-Rubio NE, Henning JR, Barilla
R, Rehman A, Pachter HL, Medina-Zea MV, Cohen SM, Frey AB, Acehan D, Miller G. 2011. Dendritic cells
promote pancreatic viability in mice with acute pancreatitis. Gastroenterology 141:1915-1926.e14. doi: 10.1053/
j.gastro.2011.07.033.

Blanpain C. 2013. Tracing the cellular origin of cancer. Nature Cell Biology 15:126-134. doi: 10.1038/ncb2657.

Bockman DE, Boydston WR, Anderson MC. 1982. Origin of tubular complexes in human chronic pancreatitis.
American Journal of Surgery 144:243-249. doi: 10.1016/0002-9610(82)90518-9.

Boj SF, Hwang Cl, Baker LA, Chio I, Engle DD, Corbo V, Jager M, Ponz-Sarvise M, Tiriac H, Spector MS, Gracanin
A, Oni T, Yu KH, van Boxtel R, Huch M, Rivera KD, Wilson JP, Feigin ME, Ohlund D, Handly-Santana A, Ardito-
Abraham CM, Ludwig M, Elyada E, Alagesan B, Biffi G, Yordanov GN, Delcuze B, Creighton B, Wright K, Park Y,
Morsink FH, Molenaar IQ, Borel Rinkes IH, Cuppen E, Hao Y, Jin Y, Nijman IJ, lacobuzio-Donahue C, Leach SD,
Pappin DJ, Hammell M, Klimstra DS, Basturk O, Hruban RH, Offerhaus GJ, Vries RG, Clevers H, Tuveson DA.
2015. Organoid models of human and mouse ductal pancreatic cancer. Cell 160:324-338. doi: 10.1016/j.cell.
2014.12.021.

Brune K, Abe T, Canto M, O'Malley L, Klein AP, Maitra A, Volkan Adsay N, Fishman EK, Cameron JL, Yeo CJ, Kern
SE, Goggins M, Hruban RH. 2006. Multifocal neoplastic precursor lesions associated with lobular atrophy of the
pancreas in patients having a strong family history of pancreatic cancer. The American Journal of Surgical
Pathology 30:1067-1076.

Collins MA, Yan W, Sebolt-Leopold JS, Pasca di Magliano M. 2014. MAPK signaling is required for
dedifferentiation of acinar cells and development of pancreatic intraepithelial neoplasia in mice.
Gastroenterology 146:822-834.e7. doi: 10.1053/j.gastro.2013.11.052.

Collisson EA, Sadanandam A, Olson P, Gibb WJ, Truitt M, Gu S, Cooc J, Weinkle J, Kim GE, Jakkula L, Feiler HS,
Ko AH, Olshen AB, Danenberg KL, Tempero MA, Spellman PT, Hanahan D, Gray JW. 2011. Subtypes of
pancreatic ductal adenocarcinoma and their differing responses to therapy. Nature Medicine 17:500-503.
doi: 10.1038/nm.2344.

Daniluk J, Liu Y, Deng D, Chu J, Huang H, Gaiser S, Cruz-Monserrate Z, Wang H, Ji B, Logsdon CD. 2012. An NF-
kappaB pathway-mediated positive feedback loop amplifies Ras activity to pathological levels in mice. The
Journal of Clinical Investigation 122:1519-1528. doi: 10.1172/JCI59743.

De La O JP, Emerson LL, Goodman JL, Froebe SC, Illum BE, Curtis AB, Murtaugh LC. 2008. Notch and Kras
reprogram pancreatic acinar cells to ductal intraepithelial neoplasia. Proceedings of the National Academy of
Sciences of USA 105:18907-18912. doi: 10.1073/pnas.0810111105.

Erkan M, Adler G, Apte MV, Bachem MG, Buchholz M, Detlefsen S, Esposito |, Friess H, Gress TM, Habisch HJ,
Hwang RF, Jaster R, Kleeff J, KIoppel G, Kordes C, Logsdon CD, Masamune A, Michalski CW, Oh J, Phillips PA,
Pinzani M, Reiser-Erkan C, Tsukamoto H, Wilson J. 2012. StellaTUM: current consensus and discussion on
pancreatic stellate cell research. Gut 61:172-178. doi: 10.1136/gutjnl-2011-301220.

Flandez M, Cendrowski J, Canamero M, Salas A, del Pozo N, Schoonjans K, Real FX. 2014. Nr5a2 heterozygosity
sensitises to, and cooperates with, inflammation in KRas(G12V)-driven pancreatic tumourigenesis. Gut 63:
647-655. doi: 10.1136/gutjnl-2012-304381.

Gore AJ, Deitz SL, Palam LR, Craven KE, Korc M. 2014. Pancreatic cancer-associated retinoblastoma 1 dysfunction
enables TGF-beta to promote proliferation. The Journal of Clinical Investigation 124:338-352. doi: 10.1172/
JCI71526.

Gu G, Dubauskaite J, Melton DA. 2002. Direct evidence for the pancreatic lineage: NGN3+ cells are islet
progenitors and are distinct from duct progenitors. Development 129:2447-2457.

Gukovsky I, Li N, Todoric J, Gukovskaya A, Karin M. 2013. Inflammation, autophagy, and obesity: common
features in the pathogenesis of pancreatitis and pancreatic cancer. Gastroenterology 144:1199-1209.e4. doi: 10.
1053/j.gastro.2013.02.007.

Gurdon JB, Lemaire P, Kato K. 1993. Community effects and related phenomena in development. Cell 75:
831-834. doi: 10.1016/0092-8674(93)90526-V.

Habbe N, Shi G, Meguid RA, Fendrich V, Esni F, Chen H, Feldmann G, Stoffers DA, Konieczny SF, Leach SD, Maitra
A. 2008. Spontaneous induction of murine pancreatic intraepithelial neoplasia (mPanlIN) by acinar cell targeting

Krah et al. eLife 2015;4:e07125. DOI: 10.7554/eLife.07125 22 of 25


http://dx.doi.org/10.1101/gad.1158703
http://dx.doi.org/10.1016/j.ccr.2012.07.024
http://dx.doi.org/10.1016/j.ccr.2012.07.024
http://dx.doi.org/10.1101/gad.249409.114
http://dx.doi.org/10.1093/carcin/bgu056
http://dx.doi.org/10.1101/gad.1478706
http://dx.doi.org/10.1053/j.gastro.2011.07.033
http://dx.doi.org/10.1053/j.gastro.2011.07.033
http://dx.doi.org/10.1038/ncb2657
http://dx.doi.org/10.1016/0002-9610(82)90518-9
http://dx.doi.org/10.1016/j.cell.2014.12.021
http://dx.doi.org/10.1016/j.cell.2014.12.021
http://dx.doi.org/10.1053/j.gastro.2013.11.052
http://dx.doi.org/10.1038/nm.2344
http://dx.doi.org/10.1172/JCI59743
http://dx.doi.org/10.1073/pnas.0810111105
http://dx.doi.org/10.1136/gutjnl-2011-301220
http://dx.doi.org/10.1136/gutjnl-2012-304381
http://dx.doi.org/10.1172/JCI71526
http://dx.doi.org/10.1172/JCI71526
http://dx.doi.org/10.1053/j.gastro.2013.02.007
http://dx.doi.org/10.1053/j.gastro.2013.02.007
http://dx.doi.org/10.1016/0092-8674(93)90526-V
http://dx.doi.org/10.7554/eLife.07125

LI FE Research article

Developmental biology and stem cells | Human biology and medicine

of oncogenic Kras in adult mice. Proceedings of the National Academy of Sciences of USA 105:18913-18918.
doi: 10.1073/pnas.0810097105.

Harris H. 1990. The role of differentiation in the suppression of malignancy. Journal of Cell Science 97:5-10.

Hayashi S, Tenzen T, McMahon AP. 2003. Maternal inheritance of Cre activity in a Sox2Cre deleter strain. Genesis
37:51-53. doi: 10.1002/gene.10225.

Heid |, Lubeseder-Martellato C, Sipos B, Mazur PK, Lesina M, Schmid RM, Siveke JT. 2011. Early requirement of
Rac1 in a mouse model of pancreatic cancer. Gastroenterology 141:719-730. 730.e1-7. doi: 10.1053/].gastro.
2011.04.043.

Hingorani SR, Petricoin EF, Maitra A, Rajapakse V, King C, Jacobetz MA, Ross S, Conrads TP, Veenstra TD, Hitt BA,
Kawaguchi Y, Johann D, Liotta LA, Crawford HC, Putt ME, Jacks T, Wright CV, Hruban RH, Lowy AM, Tuveson
DA. 2003. Preinvasive and invasive ductal pancreatic cancer and its early detection in the mouse. Cancer Cell 4:
437-450. doi: 10.1016/51535-6108(03)00309-X.

Hingorani SR, Wang L, Multani AS, Combs C, Deramaudt TB, Hruban RH, Rustgi AK, Chang S, Tuveson DA. 2005.
Trp53R172H and KrasG12D cooperate to promote chromosomal instability and widely metastatic pancreatic
ductal adenocarcinoma in mice. Cancer Cell 7:469-483. doi: 10.1016/j.ccr.2005.04.023.

Hoang C, Swift GH, Azevedo-Pouly A, MacDonald RJ. 2015. Effects on the transcriptome of adult mouse pancreas
(principally acinar cells) by the inactivation of the Ptf1a gene in vivo. NCBI Gene Expression Omnibus GSE70542.
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70542.

Holmstrom SR, Deering T, Swift GH, Poelwijk FJ, Mangelsdorf DJ, Kliewer SA, MacDonald RJ. 2011. LRH-1 and
PTF1-L coregulate an exocrine pancreas-specific transcriptional network for digestive function. Genes &
Development 25:1674-1679. doi: 10.1101/gad.16860911.

Huang H, Liu Y, Daniluk J, Gaiser S, Chu J, Wang H, Li ZS, Logsdon CD, Ji B. 2013. Activation of nuclear factor-
kappaB in acinar cells increases the severity of pancreatitis in mice. Gastroenterology 144:202-210. doi: 10.1053/
j.gastro.2012.09.059.

Jensen JN, Cameron E, Garay MV, Starkey TW, Gianani R, Jensen J. 2005. Recapitulation of elements of embryonic
development in adult mouse pancreatic regeneration. Gastroenterology 128:728-741. doi: 10.1053/j.gastro.
2004.12.008.

Ji B, Tsou L, Wang H, Gaiser S, Chang DZ, Daniluk J, Bi Y, Grote T, Longnecker DS, Logsdon CD. 2009. Ras activity
levels control the development of pancreatic diseases. Gastroenterology 137:1072-1082. 1082.e1-6. doi: 10.
1053/j.gastro.2009.05.052.

Kawaguchi Y, Cooper B, Gannon M, Ray M, MacDonald RJ, Wright CV. 2002. The role of the transcriptional regulator
Ptf1a in converting intestinal to pancreatic progenitors. Nature Genetics 32:128-134. doi: 10.1038/ng959.

Keefe MD, Wang H, De La O JP, Khan A, Firpo MA, Murtaugh LC. 2012. Beta-catenin is selectively required for the
expansion and regeneration of mature pancreatic acinar cells in mice. Disease Models & Mechanisms 5:503-514.
doi: 10.1242/dmm.007799.

Khasawneh J, Schulz MD, Walch A, Rozman J, Hrabe de Angelis M, Klingenspor M, Buck A, Schwaiger M, Saur D,
Schmid RM, Kléppel G, Sipos B, Greten FR, Arkan MC. 2009. Inflammation and mitochondrial fatty acid beta-
oxidation link obesity to early tumor promotion. Proceedings of the National Academy of Sciences of USA 106:
3354-3359. doi: 10.1073/pnas.0802864106.

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. 2013. TopHat2: accurate alignment of
transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biology 14:R36. doi: 10.1186/
gb-2013-14-4-r36.

Kopinke D, Brailsford M, Pan FC, Magnuson MA, Wright CV, Murtaugh LC. 2012. Ongoing Notch signaling
maintains phenotypic fidelity in the adult exocrine pancreas. Developmental Biology 362:57-64. doi: 10.1016/].
ydbio.2011.11.010.

Kopp JL, von Figura G, Mayes E, Liu FF, Dubois CL, Morris JPt, Pan FC, Akiyama H, Wright CV, Jensen K, Hebrok M,
Sander M. 2012. Identification of Sox9-dependent acinar-to-ductal reprogramming as the principal mechanism for
initiation of pancreatic ductal adenocarcinoma. Cancer Cell 22:737-750. doi: 10.1016/j.ccr.2012.10.025.

Kramer A, Green J, Pollard J Jr, Tugendreich S. 2014. Causal analysis approaches in ingenuity pathway analysis.
Bioinformatics 30:523-530. doi: 10.1093/bioinformatics/btt703.

Krapp A, Knofler M, Ledermann B, Burki K, Berney C, Zoerkler N, Hagenbuchle O, Wellauer PK. 1998. The bHLH
protein PTF1-p48 is essential for the formation of the exocrine and the correct spatial organization of the
endocrine pancreas. Genes & Development 12:3752-3763. doi: 10.1101/gad.12.23.3752.

Kurup S, Bhonde RR. 2002. Analysis and optimization of nutritional set-up for murine pancreatic acinar cells.
Journal of the Pancreas 3:8-15.

Liou GY, Doppler H, Necela B, Krishna M, Crawford HC, Raimondo M, Storz P. 2013. Macrophage-secreted
cytokines drive pancreatic acinar-to-ductal metaplasia through NF-kappaB and MMPs. The Journal of Cell
Biology 202:563-577. doi: 10.1083/jcb.201301001.

Liu J, Willet SG, Bankaitis ED, Xu Y, Wright CV, Gu G. 2013. Non-parallel recombination limits Cre-LoxP-based
reporters as precise indicators of conditional genetic manipulation. Genesis 51:436-442. doi: 10.1002/dvg.
22384.

Loboda A, Nebozhyn M, Klinghoffer R, Frazier J, Chastain M, Arthur W, Roberts B, Zhang T, Chenard M, Haines B,
Andersen J, Nagashima K, Paweletz C, Lynch B, Feldman |, Dai H, Huang P, Watters J. 2010. A gene expression
signature of RAS pathway dependence predicts response to PI3K and RAS pathway inhibitors and expands the
population of RAS pathway activated tumors. BMC Medical Genomics 3:26. doi: 10.1186/1755-8794-3-26.

MacDonald RJ, Swift GH, Przybyla AE, Chirgwin JM. 1987. Isolation of RNA using guanidinium salts. Methods
Enzymol 152:219-227.

Krah et al. eLife 2015;4:e07125. DOI: 10.7554/eLife.07125 23 of 25


http://dx.doi.org/10.1073/pnas.0810097105
http://dx.doi.org/10.1002/gene.10225
http://dx.doi.org/10.1053/j.gastro.2011.04.043
http://dx.doi.org/10.1053/j.gastro.2011.04.043
http://dx.doi.org/10.1016/S1535-6108(03)00309-X
http://dx.doi.org/10.1016/j.ccr.2005.04.023
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70542
http://dx.doi.org/10.1101/gad.16860911
http://dx.doi.org/10.1053/j.gastro.2012.09.059
http://dx.doi.org/10.1053/j.gastro.2012.09.059
http://dx.doi.org/10.1053/j.gastro.2004.12.008
http://dx.doi.org/10.1053/j.gastro.2004.12.008
http://dx.doi.org/10.1053/j.gastro.2009.05.052
http://dx.doi.org/10.1053/j.gastro.2009.05.052
http://dx.doi.org/10.1038/ng959
http://dx.doi.org/10.1242/dmm.007799
http://dx.doi.org/10.1073/pnas.0802864106
http://dx.doi.org/10.1186/gb-2013-14-4-r36
http://dx.doi.org/10.1186/gb-2013-14-4-r36
http://dx.doi.org/10.1016/j.ydbio.2011.11.010
http://dx.doi.org/10.1016/j.ydbio.2011.11.010
http://dx.doi.org/10.1016/j.ccr.2012.10.025
http://dx.doi.org/10.1093/bioinformatics/btt703
http://dx.doi.org/10.1101/gad.12.23.3752
http://dx.doi.org/10.1083/jcb.201301001
http://dx.doi.org/10.1002/dvg.22384
http://dx.doi.org/10.1002/dvg.22384
http://dx.doi.org/10.1186/1755-8794-3-26
http://dx.doi.org/10.7554/eLife.07125

LI FE Research article Developmental biology and stem cells | Human biology and medicine

Maier HJ, Wagner M, Schips TG, Salem HH, Baumann B, Wirth T. 2013. Requirement of NEMO/IKKgamma for
effective expansion of KRAS-induced precancerous lesions in the pancreas. Oncogene 32:2690-2695. doi: 10.
1038/0nc.2012.272.

Maniati E, Bossard M, Cook N, Candido JB, Emami-Shahri N, Nedospasov SA, Balkwill FR, Tuveson DA, Hagemann
T. 2011. Crosstalk between the canonical NF-kappaB and Notch signaling pathways inhibits Ppargamma
expression and promotes pancreatic cancer progression in mice. The Journal of Clinical Investigation 121:
4685-4699. doi: 10.1172/JCI45797.

Marino S, Vooijs M, van Der Gulden H, Jonkers J, Berns A. 2000. Induction of medulloblastomas in p53-null mutant
mice by somatic inactivation of Rb in the external granular layer cells of the cerebellum. Genes & Development
14:994-1004.

Masui T, Long Q, Beres TM, Magnuson MA, MacDonald RJ. 2007. Early pancreatic development requires the
vertebrate Suppressor of Hairless (RBPJ) in the PTF1 bHLH complex. Genes & Development 21:2629-2643.
doi: 10.1101/gad.1575207.

Masui T, Swift GH, Deering T, Shen C, Coats WS, Long Q, Elsasser HP, Magnuson MA, MacDonald RJ. 2010.
Replacement of Rbpj with Rbpjl in the PTF1 complex controls the final maturation of pancreatic acinar cells.
Gastroenterology 139:270-280. doi: 10.1053/j.gastro.2010.04.003.

Masui T, Swift GH, Hale MA, Meredith DM, Johnson JE, Macdonald RJ. 2008. Transcriptional autoregulation
controls pancreatic Ptf1a expression during development and adulthood. Molecular and Cellular Biology 28:
5458-5468. doi: 10.1128/MCB.00549-08.

McAllister F, Bailey JM, Alsina J, Nirschl CJ, Sharma R, Fan H, Rattigan Y, Roeser JC, Lankapalli RH, Zhang H,
Jaffee EM, Drake CG, Housseau F, Maitra A, Kolls JK, Sears CL, Pardoll DM, Leach SD. 2014. Oncogenic Kras
activates a hematopoietic-to-epithelial IL-17 signaling axis in preinvasive pancreatic neoplasia. Cancer Cell 25:
621-637. doi: 10.1016/j.ccr.2014.03.014.

Means AL, Meszoely IM, Suzuki K, Miyamoto Y, Rustgi AK, Coffey RJ Jr, Wright CV, Stoffers DA, Leach SD. 2005.
Pancreatic epithelial plasticity mediated by acinar cell transdifferentiation and generation of nestin-positive
intermediates. Development 132:3767-3776. doi: 10.1242/dev.01925.

Murtaugh LC. 2014. Pathogenesis of pancreatic cancer: lessons from animal models. Toxicologic Pathology 42:
217-228. doi: 10.1177/0192623313508250.

Murtaugh LC, Keefe MD. 2015. Regeneration and repair of the exocrine pancreas. Annual Review of Physiology 77:
229-249. doi: 10.1146/annurev-physiol-021014-071727.

Navas C, Hernandez-Porras |, Schuhmacher AJ, Sibilia M, Guerra C, Barbacid M. 2012. EGF receptor signaling is
essential for k-ras oncogene-driven pancreatic ductal adenocarcinoma. Cancer Cell 22:318-330. doi: 10.1016/j.
ccr.2012.08.001.

Neuschwander-Tetri BA, Bridle KR, Wells LD, Marcu M, Ramm GA. 2000. Repetitive acute pancreatic injury in the
mouse induces procollagen alphal(l) expression colocalized to pancreatic stellate cells. Laboratory Investigation
80:143-150. doi: 10.1038/labinvest.3780018.

Pan FC, Bankaitis ED, Boyer D, Xu X, Van de Casteele M, Magnuson MA, Heimberg H, Wright CV. 2013.
Spatiotemporal patterns of multipotentiality in Ptf1a-expressing cells during pancreas organogenesis and injury-
induced facultative restoration. Development 140:751-764. doi: 10.1242/dev.090159.

Pasca di Magliano M, Logsdon CD. 2013. Roles for KRAS in pancreatic tumor development and progression.
Gastroenterology 144:1220-1229. doi: 10.1053/j.gastro.2013.01.071.

Petersen GM, Amundadottir L, Fuchs CS, Kraft P, Stolzenberg-Solomon RZ, Jacobs KB, Arslan AA, Bueno-
de-Mesquita HB, Gallinger S, Gross M, Helzlsouer K, Holly EA, Jacobs EJ, Klein AP, LaCroix A, Li D,
Mandelson MT, Olson SH, Risch HA, Zheng W, Albanes D, Bamlet WR, Berg CD, Boutron-Ruault MC,
Buring JE, Bracci PM, Canzian F, Clipp S, Cotterchio M, de Andrade M, Duell EJ, Gaziano JM, Giovannucci
EL, Goggins M, Hallmans G, Hankinson SE, Hassan M, Howard B, Hunter DJ, Hutchinson A, Jenab M, Kaaks
R, Kooperberg C, Krogh V, Kurtz RC, Lynch SM, McWilliams RR, Mendelsohn JB, Michaud DS, Parikh H,
Patel AV, Peeters PH, Rajkovic A, Riboli E, Rodriguez L, Seminara D, Shu XO, Thomas G, Tjgnneland A,
Tobias GS, Trichopoulos D, Van Den Eeden SK, Virtamo J, Wactawski-Wende J, Wang Z, Wolpin BM, Yu H,
Yu K, Zeleniuch-Jacquotte A, Fraumeni JF Jr, Hoover RN, Hartge P, Chanock SJ. 2010. A genome-wide
association study identifies pancreatic cancer susceptibility loci on chromosomes 13922.1, 1932.1 and
5p15.33. Nature Genetics 42:224-228. doi: 10.1038/ng.522.

Pin CL, Rukstalis JM, Johnson C, Konieczny SF. 2001. The bHLH transcription factor Mist1 is required to maintain
exocrine pancreas cell organization and acinar cell identity. The Journal of Cell Biology 155:519-530. doi: 10.
1083/jcb.200105060.

Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister F, Reichert M, Beatty GL, Rustgi AK, Vonderheide
RH, Leach SD, Stanger BZ. 2012. EMT and dissemination precede pancreatic tumor formation. Cell 148:349-361.
doi: 10.1016/j.cell.2011.11.025.

Robinson MD, McCarthy DJ, Smyth GK. 2010. edgeR: a Bioconductor package for differential expression analysis
of digital gene expression data. Bioinformatics 26:139-140. doi: 10.1093/biocinformatics/btp616.

Rooman |, Real FX. 2012. Pancreatic ductal adenocarcinoma and acinar cells: a matter of differentiation and
development? Gut 61:449-458. doi: 10.1136/gut.2010.235804.

Rose SD, Swift GH, Peyton MJ, Hammer RE, MacDonald RJ. 2001. The role of PTF1-P48 in pancreatic acinar gene
expression. The Journal of Biological Chemistry 276:44018-44026. doi: 10.1074/jbc.M106264200.

Ryan DP, Hong TS, Bardeesy N. 2014. Pancreatic adenocarcinoma. The New England Journal of Medicine 371:
1039-1049. doi: 10.1056/NEJMra1404198.

Krah et al. eLife 2015;4:e07125. DOI: 10.7554/eLife.07125 24 of 25


http://dx.doi.org/10.1038/onc.2012.272
http://dx.doi.org/10.1038/onc.2012.272
http://dx.doi.org/10.1172/JCI45797
http://dx.doi.org/10.1101/gad.1575207
http://dx.doi.org/10.1053/j.gastro.2010.04.003
http://dx.doi.org/10.1128/MCB.00549-08
http://dx.doi.org/10.1016/j.ccr.2014.03.014
http://dx.doi.org/10.1242/dev.01925
http://dx.doi.org/10.1177/0192623313508250
http://dx.doi.org/10.1146/annurev-physiol-021014-071727
http://dx.doi.org/10.1016/j.ccr.2012.08.001
http://dx.doi.org/10.1016/j.ccr.2012.08.001
http://dx.doi.org/10.1038/labinvest.3780018
http://dx.doi.org/10.1242/dev.090159
http://dx.doi.org/10.1053/j.gastro.2013.01.071
http://dx.doi.org/10.1038/ng.522
http://dx.doi.org/10.1083/jcb.200105060
http://dx.doi.org/10.1083/jcb.200105060
http://dx.doi.org/10.1016/j.cell.2011.11.025
http://dx.doi.org/10.1093/bioinformatics/btp616
http://dx.doi.org/10.1136/gut.2010.235804
http://dx.doi.org/10.1074/jbc.M106264200
http://dx.doi.org/10.1056/NEJMra1404198
http://dx.doi.org/10.7554/eLife.07125

LI FE Developmental biology and stem cells | Human biology and medicine

Sellick GS, Barker KT, Stolte-Dijkstra |, Fleischmann C, Coleman RJ, Garrett C, Gloyn AL, Edghill EL, Hattersley AT,
Wellauer PK, Goodwin G, Houlston RS. 2004. Mutations in PTF1A cause pancreatic and cerebellar agenesis.
Nature Genetics 36:1301-1305. doi: 10.1038/ng1475.

Sendler M, Dummer A, Weiss FU, Kruger B, Wartmann T, Scharffetter-Kochanek K, van Rooijen N, Malla SR,
Aghdassi A, Halangk W, Lerch MM, Mayerle J. 2013. Tumour necrosis factor alpha secretion induces protease
activation and acinar cell necrosis in acute experimental pancreatitis in mice. Gut 62:430-439. doi: 10.1136/
gutjnl-2011-300771.

Serra RW, Fang M, Park SM, Hutchinson L, Green MR. 2014. A KRAS-directed transcriptional silencing pathway
that mediates the CpG island methylator phenotype. elife 3:e02313. doi: 10.7554/elLife.02313.

Sherman MH, Yu RT, Engle DD, Ding N, Atkins AR, Tiriac H, Collisson EA, Connor F, Van Dyke T, Kozlov S, Martin
P, Tseng TW, Dawson DW, Donahue TR, Masamune A, Shimosegawa T, Apte MV, Wilson JS, Ng B, Lau SL,
Gunton JE, Wahl GM, Hunter T, Drebin JA, O'Dwyer PJ, Liddle C, Tuveson DA, Downes M, Evans RM. 2014.
Vitamin d receptor-mediated stromal reprogramming suppresses pancreatitis and enhances pancreatic cancer
therapy. Cell 159:80-93. doi: 10.1016/j.cell.2014.08.007.

Shi C, Klein AP, Goggins M, Maitra A, Canto M, Ali S, Schulick R, Palmisano E, Hruban RH. 2009a. Increased
Prevalence of precursor lesions in familial pancreatic Cancer patients. Clinical Cancer Research 15:7737-7743.
doi: 10.1158/1078-0432.CCR-09-0004.

Shi G, Zhu L, Sun Y, Bettencourt R, Damsz B, Hruban RH, Konieczny SF. 2009b. Loss of the acinar-restricted
transcription factor Mist1 accelerates Kras-induced pancreatic intraepithelial neoplasia. Gastroenterology 136:
1368-1378. doi: 10.1053/j.gastro.2008.12.066.

Singh A, Greninger P, Rhodes D, Koopman L, Violette S, Bardeesy N, Settleman J. 2009. A gene expression
signature associated with ‘K-Ras addiction’ reveals regulators of EMT and tumor cell survival. Cancer Cell 15:
489-500. doi: 10.1016/j.ccr.2009.03.022.

Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM, Costantini F. 2001. Cre reporter strains
produced by targeted insertion of EYFP and ECFP into the ROSA26 locus. BMC Developmental Biology 1:4.
doi: 10.1186/1471-213X-1-4.

Strobel O, Dor Y, Alsina J, Stirman A, Lauwers G, Trainor A, Castillo CF, Warshaw AL, Thayer SP. 2007. In vivo
lineage tracing defines the role of acinar-to-ductal transdifferentiation in inflammatory ductal metaplasia.
Gastroenterology 133:1999-2009. doi: 10.1053/j.gastro.2007.09.009.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR,
Lander ES, Mesirov JP. 2005. Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proceedings of the National Academy of Sciences of USA 102:15545-15550.
doi: 10.1073/pnas.0506580102.

Thomas S, Bonchev D. 2010. A survey of current software for network analysis in molecular biology. Human
Genomics 4:353-360. doi: 10.1186/1479-7364-4-5-353.

von Figura G, Fukuda A, Roy N, Liku ME, Morris Iv JP, Kim GE, Russ HA, Firpo MA, Mulvihill SJ, Dawson DW,
Ferrer J, Mueller WF, Busch A, Hertel KJ, Hebrok M. 2014a. The chromatin regulator Brg1 suppresses formation
of intraductal papillary mucinous neoplasm and pancreatic ductal adenocarcinoma. Nature Cell Biology 16:
255-267. doi: 10.1038/ncb2916.

von Figura G, Morris JPt, Wright CV, Hebrok M. 2014b. Nr5a2 maintains acinar cell differentiation and constrains
oncogenic Kras-mediated pancreatic neoplastic initiation. Gut 63:656-664. doi: 10.1136/gutjnl-2012-304287.

Wajapeyee N, Malonia SK, Palakurthy RK, Green MR. 2013. Oncogenic RAS directs silencing of tumor suppressor
genes through ordered recruitment of transcriptional repressors. Genes & Development 27:2221-2226. doi: 10.
1101/9ad.227413.113.

Weedon MN, Cebola |, Patch AM, Flanagan SE, De Franco E, Caswell R, Rodriguez-Segui SA, Shaw-Smith C, Cho
CH, Lango Allen H, Houghton JA, Roth CL, Chen R, Hussain K, Marsh P, Vallier L, Murray A, International
Pancreatic Agenesis Consortium, Ellard S, Ferrer J, Hattersley AT. 2014. Recessive mutations in a distal PTF1A
enhancer cause isolated pancreatic agenesis. Nature Genetics 46:61-64. doi: 10.1038/ng.2826.

Westmoreland JJ, Drosos Y, Kelly J, Ye J, Means AL, Washington MK, Sosa-Pineda B. 2012. Dynamic distribution
of claudin proteins in pancreatic epithelia undergoing morphogenesis or neoplastic transformation.
Developmental Dynamics 241:583-594. doi: 10.1002/dvdy.23740.

Wu CY, Carpenter ES, Takeuchi KK, Halbrook CJ, Peverley LV, Bien H, Hall JC, DelGiorno KE, Pal D, Song Y, Shi C,
Lin RZ, Crawford HC. 2014. PI3K regulation of RAC1 is required for KRAS-induced pancreatic tumorigenesis in
mice. Gastroenterology 147:1405-1416.e7. doi: 10.1053/j.gastro.2014.08.032.

Yachida S, Jones S, Bozic |, Antal T, Leary R, Fu B, Kamiyama M, Hruban RH, Eshleman JR, Nowak MA, Velculescu
VE, Kinzler KW, Vogelstein B, lacobuzio-Donahue CA. 2010. Distant metastasis occurs late during the genetic
evolution of pancreatic cancer. Nature 467:1114-1117. doi: 10.1038/nature09515.

Zhang W, Nandakumar N, Shi Y, Manzano M, Smith A, Graham G, Gupta S, Vietsch EE, Laughlin SZ, Wadhwa M,
Chetram M, Joshi M, Wang F, Kallakury B, Toretsky J, Wellstein A, Yi C. 2014. Downstream of mutant KRAS, the
transcription regulator YAP is essential for neoplastic progression to pancreatic ductal adenocarcinoma. Science
Signaling 7:ra42. doi: 10.1126/scisignal.2005049.

Krah et al. eLife 2015;4:e07125. DOI: 10.7554/eLife.07125 25 of 25


http://dx.doi.org/10.1038/ng1475
http://dx.doi.org/10.1136/gutjnl-2011-300771
http://dx.doi.org/10.1136/gutjnl-2011-300771
http://dx.doi.org/10.7554/eLife.02313
http://dx.doi.org/10.1016/j.cell.2014.08.007
http://dx.doi.org/10.1158/1078-0432.CCR-09-0004
http://dx.doi.org/10.1053/j.gastro.2008.12.066
http://dx.doi.org/10.1016/j.ccr.2009.03.022
http://dx.doi.org/10.1186/1471-213X-1-4
http://dx.doi.org/10.1053/j.gastro.2007.09.009
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1186/1479-7364-4-5-353
http://dx.doi.org/10.1038/ncb2916
http://dx.doi.org/10.1136/gutjnl-2012-304287
http://dx.doi.org/10.1101/gad.227413.113
http://dx.doi.org/10.1101/gad.227413.113
http://dx.doi.org/10.1038/ng.2826
http://dx.doi.org/10.1002/dvdy.23740
http://dx.doi.org/10.1053/j.gastro.2014.08.032
http://dx.doi.org/10.1038/nature09515
http://dx.doi.org/10.1126/scisignal.2005049
http://dx.doi.org/10.7554/eLife.07125


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


