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Abstract

Background & Aims—{f-catenin signaling within the canonical Wnt pathway is essential for
pancreas development. However, the pathway is normally down-regulated in the adult organ.
Increased cytoplasmic and nuclear localization of B-catenin can be detected in nearly all human solid
pseudopapillary neoplasms (SPN), a rare tumor with low malignant potential. Conversely, pancreatic
ductal adenocarcinoma (PDA) accounts for the majority of pancreatic tumors and is one of the leading
causes of cancer death. While activating mutations within p-catenin and other members of the
canonical Wnt pathway are rare, recent reports have implicated Wnt signaling in the development
and progression of human PDA. Here, we sought to address the role of -catenin signaling in pancreas
tumorigenesis.

Methods—Using Cre/lox technology, we conditionally activated p-catenin in a subset of murine
pancreatic cells, in vivo.

Results—Activation of B-catenin results in the formation of large pancreatic tumors at a high
frequency in adult mice. These tumors resemble human SPN based upon morphological and
immunohistochemical comparisons. Interestingly, stabilization of B-catenin blocks the formation of
pancreatic intraepithlelial neoplasia (PanIN) in the presence of an activating mutation in Kras that is
known to predispose individuals to pancreatic ductal adenocarcinoma (PDA). Instead, mice in which
B-catenin and Kras are concurrently activated develop distinct ductal neoplasms that do not resemble
PaniIN lesions.

Conclusions—These results demonstrate that activation of B-catenin is sufficient to induce
pancreas tumorigenesis. Moreover, they indicate that the sequence in which oncogenic mutations are
acquired has profound consequences on the phenotype of the resulting tumor.
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B-catenin plays two divergent, yet critical, cellular roles. The first is at the plasma membrane,
where it interacts with cadherins to form adherins junctions that are important for cell-cell
adhesion. The second is at the center of the canonical Wnt signaling pathway, a signaling
cascade that is essential for embryonic development and whose disregulation has been
implicated in a number of human cancers 13 In the absence of Wnt ligand, B-catenin is
targeted for degradation by phosphorylation via its interaction with a complex containing Axin
and APC. However, upon binding of Wnt ligand, this complex is inhibited, unphosphorylated
jB-catenin accumulates in the cytoplasm, and this protein isoform eventually enters the nucleus.
After nuclear entry, this stabilized, or “activated”, form of B-catenin binds Tcf/Lef
trazs%riptional coactivators resulting in upregulation of Wnt-responsive target genes (reviewed
in™ ).

Several recent studies have demonstrated that the canonical Wnt signaling pathway is
dynamically regulated during pancreatic development, and that -catenin, in particular, is
essential for normal pancreatic organogenesis 6-10, However, this pathway is normally
downregulated within the adult pancreas 6,7,

Mutations in B-catenin/APC and/or evidence of aberrant canonical Wnt signaling pathway
activity have been found in pancreatoblastomas 11 acinar cell carcinoma 12, pancreatic ductal
adenocarcinoma (PDA) 13-15  and solid pseudopapillary neoplasm (SPN) 16-19 However,
a direct causal relationship between Whnt pathway deregulation and tumor development has
not been clearly demonstrated in any of these tumor types.

Here, we demonstrate that stabilization of 3-catenin within the pancreatic epithelium, including
duct cells, results in the formation of tumors that resemble human SPN. Surprisingly,
concurrent activation of p—catenin and Kras, a mediator of PDA formation, prevents the
formation of pancreatic intraepithelial neoplasias (PanINs) and PDA. Thus, our data present
invivo evidence that increased Wnt signaling is sufficient to induce pancreatic tumor formation
and that the sequence of oncogene activation is critically important for the formation of
different types of tumors.

Materials and Methods

Mice

Noon of the day when vaginal plugs are detected is treated as €0.5 day post coitum. The
following mouse lines were used: g-catatVe. carrying the floxed exon 3 allele of B-catenin
20, KrasG12D mice, carrying a targeted mutation in the first exon of the Kras allele?l, and the
R26R 22 and Z/AP 23 reporter lines. All lines require Cre-mediated recombination for transgene
expression and were crossed with strains expressing Cre-recombinase under the control of the
endogenous Ptfla promoter24 or the Pdx1 promoter (Pdx-Cre®arty) 25 and maintained in a
mixed background. All transgenic mice used carry a single copy of the indicated transgene.

Tissue preparation, immunohistochemistry, and microscopy

Embryonic tissues were fixed and paraffin wax imbedded as previously described 26 Adult
murine pancreas and tumor tissue was fixed overnight at 4°C in 1x zinc buffered formalin
(Anatech, Ltd.). Hematoxylin/eosin staining, immunohistochemical and immunofluorescence
analysis were performed as previously described 27 on 6um sections.
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Staining for B-galactosidase activity in whole e11.5 embryos was performed as previously
described 28, Alkaline phosphatase and alcian blue staining methods, antibodies used,
morphometric quantitation protocols, quantitative PCR conditions, primer sequences, and
western blotting conditions are provided in the Supplemental Methods section.

Ptfla-Cre mice target a subset of early pancreatic progenitor cells and pancreatic ducts

Previously, we demonstrated that stabilization of B-catenin within most cells of the early
pancreatic epithelium using the Pdx-Cre®@y mouse severely disrupts pancreas development
leading to neonatal lethality. In contrast, delayed expression of -cat3°tve under the control of
a different Pdx1-promoter (Pdx-Crela®) mainly targets acinar, but not ductal cells. In this
context, activation of B-catenin results in a significant increase in acinar cell number without
evidence of cellular transformation?8. To test whether the Ptfla promoter, another pancreatic
transcription factor, would allow stabilization of -catenin within a subset of early pancreatic
epithelial cells that include duct progenitors, we directly compared the pattern of Cre-
recombinase activity in Pdx-Cre®@™¥ and Ptfla-Cre mice. For this purpose, we used two
reporter strains, R26R22 and Z/AP23, which express B-galactisodase or alkaline phosphatase,
respectively, upon Cre-mediated recombination.

We found that, like the Pdx-Cre®"¥ mouse strain (Fig. 1A), the Ptfla-Cre strain has detectable
Cre recombinase activity resulting in p-galactosidase staining at e11.5 (Fig. 1C), a time point
when ductal progenitors are still being specified 25 However, while the Pdx-Cre®a mouse

has robust Cre-recombinase activity in the majority of cells within the pancreatic epithelium

(Fig. 1B), only a subset of epithelial cells are targeted by the Ptfla-Cre strainﬁFig. 1D, black
arrows) at this time point. These results are consistent with previous reports 24,

By four weeks of age, the majority of acinar cells within both the Pdx-Cre®@"¥ and Ptfla-Cre;
Z/AP mice are positive for alkaline phosphatase (Fig 1E). In addition, pancreatic ducts contain
cells that have alkaline phosphatase activity in those mice (Fig 1E, yellow arrows). A subset
of pancreatic ducts in the Ptfla-Cre; Z/AP mouse do not show evidence of Cre-recombinase
activity and are not positive for alkaline phosphatase (Fig1E, red arrow). Sections from control
animals did not exhibit detectable alkaline phosphatase activity within the acinar or ductal
compartments (Fig. 1E). Thus, the limited Cre-expression domain within the early pancreas,
when B-catenin stabilization is likely to disrupt organogenesis, coupled with effective targeting
of pancreatic ductal cells make this mouse line well suited to probe the effects of B-catenin
stabilization in adult mice.

Activation of B-catenin in Ptfla-Cre; B-cat?°!iVe mice causes ductal lesions and increased
pancreas mass

Consistent with our reporter mouse analysis, only a subset of cells within the early pancreatic
epithelium of the Ptfla-Cre; p-cat?ctie mice exhibit evidence of B-catenin activation
(Supplemental figure 1C). At birth, the gross pancreatic morphology of Ptfla-Cre; -
cat@®tive gppears similar to control (data not shown). Pancreatic mass is also equivalent at this
time point (Fig. 2F, graph inset), suggesting that activation of -catenin within the small number
of cells of the early pancreatic epithelium in the Ptfla-Cre; g-cat®ie compared to the
widespread activation in the Pdx-Cre€arly; p-catactive 28 s not sufficient to disrupt pancreas
formation (Supplemental figure 1 B,C).

At PO, prominent ductal associated lesions are visible throughout the pancreas of the Ptfla-
Cre; p-cat?i mice (Fig. 2B). These lesions are not seen in control mice (Fig. 2A) or in Pdx-
Crelate; p_catactive \hich do not have any Cre activity in pancreatic ducts 28, High levels of
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nuclear-localized B-catenin are seen within these ductal associated lesions (Fig. 2D), while p-
catenin is found exclusively at the plasma membrane in control animals (Fig. 2C). Despite their
proximity to ductal structures, cells within the lesion that have elevated levels of B-catenin do
not express the ductal marker, mucin 1 (Fig. 2D). Formal proof of the ductal origin of these
cells is not possible without cell lineage tracing experiments. However, the location of these
cells suggests a ductal source, indicating that activation of B-catenin may have caused some
loss of differentiation in this population.

While pancreas morphology and mass is normal at PO, one month old Ptfla-Cre; p-catactive
exhibit a grossly enlarged pancreas that is four times greater in mass than control (Fig. 2E).
Pancreas mass continues to increase with age in the Ptfla-Cre; f-cat?ctiVe (Fig. 2F), similar to
what we have previously seen in Pdx-Crelat€; p-catactive mice,

PtflaCre Bcatactive develop large pancreatic tumors at a high frequency

Pancreatic tumors are not observed in Pdx-Crelat€; p-catactive mice despite the dramatic
increase in pancreatic mass 28, However, large, well encapsulated tumors are detectable at the
gross morphological level in Ptfla-Cre; f-cat?°tie mice by three months of age (Fig. 3A).
These tumors are slow-growing and non-metastatic; moreover, affected animals continue to
eat and groom normally. By 12 months, nearly half of all mice exhibit large tumors, which are
most often found in the ventral pancreas (Fig. 3B).

In cross section at the gross and histological levels, areas of necrosis (Fig. 3C, yellow), cystic
structures (Fig. 3C,E *), and solid, pseudopapillary regions (Fig. 3C,E#) are visible. Some
pancreas tissue, including acinar and islet structures, remains attached to the outer capsule of
the tumor (Fig. 3E, arrows).

Although E-cadherin expression and membrane localization in the Ptfla-Cre; p-catactive
pancreas is equivalent to control (Supplemental Figure 2A,B; Supplemental Figure 3A), its
expression is downregulated within the tumors seen in those mice (Supplemental Figure
2C;Supplemental Figure 3A). The Wnt target genes, Axin2, cyclin D1, and p21 are
significantly upregulated in the pancreata of Ptfla-Cre; -cat®!iV¢ mice when compared to
control (Fig. 3D, F, Supplemental Figure 3D), indicating that stabilization of p-catenin has
resulted in robust activation of the canonical Wnt signaling pathway. Tumors isolated from
Ptfla-Cre; g-cat?°tive demonstrated an even greater increase in both Axin2 and cyclin D1
expression (Fig. 3D,F), as well as significant upregulation of p21, Cdk4, and c-jun expression
(Supplemental Figure 3B,C,D), suggesting that further deregulation of the canonical Wnt
pathway may be occurring during tumorigenesis.

Tumors in PtflaCre B-catactiVe mice are morphologically similar to human SPN of the

pancreas

Based upon published reports, upregulation of B-catenin is often seen in human SPN of the
pancreas 16,17 Moreover, activating mutations within the third exon of the human p-catenin
gene are also found in the majority of SPN’s 18 Therefore, we directly compared the
morphology of a collection of human SPN tissue and the tumors observed in Ptfla-Cre; -
catactive mice.

We found that the mouse tumors recapitulated microscopic features that characterize SPNs in
humans. Like the human tumors, all of the mouse tumors were well circumscribed with a
distinct fibrous capsule (Fig. 4A,B, black arrows). Moreover, they exhibited extensive necrosis
(Fig. 4C,D red arrow) and haemorrhage (Fig. 4C,D black arrows) centrally with preserved
tissue typically being found at the periphery (Fig. 4A,B). The tumor cells in the subcapsular
region were arranged in solid sheets and the intervening spaces were filled with haemorrhage
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or necrotic debris. No glandular spaces were present. Focal calcifications were observed in one
mouse tumor (data not shown), a feature that is sometimes seen in human SPN (Fig. 4C, green
arrow). As in human SPN’s (Fig. 4E,F) the mouse tumor cells were small, polygonal and
monomorphic with a moderate amount of clear or pale eosinophilic cytoplasm. In addition, the
mouse tumor cell nuclei were round to ovoid with dispersed, finely granular chromatin and
inconspicuous nucleoli, features that are very similar to those seen in human SPN (Fig. 4E,F ).
Mitotic figures were rare in both human and mouse tumors.

In contrast to human cases of SPN, no eosinophilic hyaline globules or cholesterol clefts were
identified in the mouse tumors, although foamy macrophages were often present. Nuclear
grooves that are seen in human SPN’s were also absent in the mouse tumors. A summary of
our comparison of tumor morphology is presented in Supplemental Table 1.

Tumors in PtflaCre; B-catc!iVe mice have marker expression that is similar to human SPN

In order to characterize the molecular similarities between our cohort of human SPN tissue and
the tumors present within the Ptfla-Cre; f-cat?te mice, we analyzed the expression of a
variety of well-established markers of SPN by immunohistochemistry. The human SPN
samples in our collection demonstrated marker expression that is consistent with the published
literature. The majority of human SPN’s in our panel (11/13) had clear and dramatic
upregulation of B-catenin, including strong cytoplasmic and nuclear localization (Fig. 5A). In
comparison, B-catenin is exclusively localized to the plasma membrane in normal human
pancreatic tissue (Fig. 5A). As expected, all tumors present in the Ptfla-Cre; f-cat?ctiVe have
similarly high levels of cytoplasmic and nuclear B-catenin (Fig. 5A). In support of the increased
expression levels of Wnt target genes (Fig. 3, Supplemental Fig. 3), B-catenin is more robustly
expressed in tumor tissue, than in the pancreas from Ptfla-Cre; f-cat?ctiVe mice, where it
remains preferentially partitioned to the nucleus (Fig. 5A).

All 13 human SPN samples expressed alpha-1 anti-trypsin and cyclin D1, while normal human
pancreatic tissue is largely negative for both markers (Fig. 5B, C respectively). All tumors
analyzed from Ptfla-Cre; f-cattVe mice (6/6) also showed staining for alpha-1 anti-trypsin
and cyclin D1 that was similar to the human SPN samples (Fig. 5B,C respectively). While the
pancreas of Ptfla-Cre; -cat?°tVe was negative for alpha-1 anti-trypsin (Fig. 5B) as in the
human samples, cyclinD1 staining could be detected within exocrine cells (Fig. 5C). This
increase is predicted by the quantitative PCR analysis shown previously (Fig 3F). Because
cyclinD1 is a critical regulator of cell cycle progression, its upregulation in Ptfla-Cre; -
catative may be partially responsible for the increase in pancreas mass observed (Fig. 2E).

All human and murine tumors tested were also positive for neuron specific enolase (NSE) (data
not shown), while negative for chromogranin, AE1/AE3, clusterin, or estrogen receptor a,
(data not shown). Neither the majority of human tumors (12/13) nor the murine tumors (6/6)
expressed synaptophysin, a marker of endocrine differentiation (Fig. 5D). Murine tumors also
did not express chymotrypsin, a marker of pancreatic exocrine cells (data not shown). The
results of this marker comparison are summarized in Supplemental Table 2. These data
demonstrate that the tumors found in Ptfla-Cre; -cat3®ie mice closely resemble human SPN
at the immunohistochemical level.

PanIN formation is blocked in Ptfla Cre B-catactive KrasG12D mjce

Activating mutations in the GTP-ase Kras are found in over 90% of invasive pancreatic ductal
adenocarcinomas (PDA) 29 and are thought to play a critical role in the formation of these
highly lethal tumors 21,30,31 A single amino acid change from glycine to aspartic acid, the
most common site of mutation in human PDA, causes constitutive activation of Ras effector
pathways. Previous reports using a mouse model in which expression of the Kras¢12D
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oncogenic form is mediated by Ptfla-Cre, have demonstrated that this mutation alone is
sufficient to induce Eancreatic intraepithelial neoplasia (PanIN), the most common precursor
lesion to PDA 21, 32, 33 Therefore, we asked whether aberrant activation of Kras in Ptfla-
Cre; p-catctive mice might convert the SPN-like lesions into a more malignant tumor.

At 3 months of age, Ptfla-Cre; g-cat?ie, Kras®12D mice have pancreata that are reduced in
size compared to control and Ptfla-Cre; Kras®12P [ittermates (Fig. 6A). This loss of pancreatic
mass in the Ptfla-Cre; -cat?®tive, Kras®12D js striking given that Ptfla-Cre; f-cat?iVe mouse
littermates exhibit pancreatic hyperplasia (Fig. 6A) similar to what was previously described
(Fig. 2E).

Histological analysis of the pancreas sections from Ptfla-Cre; g-cat?ctie, KrasS12D mice by
hematoxylin/eosin staining reveals a dramatic loss of acinar cells replaced by small dilated
ducts, suggestive of acinar to ductal metaplasia (Fig. 6B, Supplemental Fig. 4D). Moreover,
the Ptfla-Cre; p-cat?ctive, KrasG12D mouse pancreas exhibits a substantial desmoplastic
reaction that is more extensive than what is observed in the Ptfla-Cre; Kras®12P (confirmed
by Gomori trichrome staining, data not shown). These mice also exhibit tumors with two
distinct morphological patterns: cribriform and ductal (Fig. 6B; yellow * region with cribriform
morphology; yellow # region with ductal morphology. Higher magnification pictures are
shown in Supplemental Fig. 4D and E, F respectively). Lesions with similar morphology are
not seen in the pancreas or in the SPN-like tumors of Ptfla-Cre; -cata!Ve mice (Fig. 6B; Fig.
4F; Sup Fig 4B), Ptf1a-Cre; Kras®12D (Fig. 6B; Supplemental Fig. 4C) or in control littermates
(Fig 6B; Supplemental Fig. 4A). Interestingly, few PanIN lesions consisting of ducts lined with
mucinous columnar epithelium that are encountered with high frequency throughout the
pancreas of Ptfla-Cre; Kras®12P (Fig. 6B, Supplemental fig. 4C) are found in Ptfla-Cre; 4-
catactive; KrasG12D mice,

In order to confirm the relative absence of PanIN lesions in Ptfla-Cre; p-catctive; KrasG12D
mice, pancreas sections were stained with alcian blue which binds the acidic mucins produced
by most PanINs. Cells with abundant alcian blue staining are frequently detected within
pancreatic ducts exhibiting PanIN morphology in the Ptfla-Cre; Kras®12P mouse (Fig. 6C).
However, alcian blue* cells are not present in the Ptfla-Cre; s-cat?ctive; Kras®12D mouse (Fig.
6C, characteristic ductal lesions marked by #). Control and Ptfla-Cre; p-cat?ctie (Fig. 6C)
pancreatic tissue was also negative for alcian blue. Similar results were obtained with periodic
acid/Schiff’s reagent staining (PAS), which is known to mark PanINs (data not shown),
indicating that PanIN formation is blocked in Ptfla-Cre; g-catactive KrasG12D mice.

Lesions with ductal morphology in Ptfla-Cre; -cat?®tie; Kras®12D mice contained cells
whose cytoplasm was intensely stained for the ductal marker cytokeratin (CK) 19 (Fig. 6D, #),
confirming that they have some degree of ductal differentiation. The areas of cribriform growth
pattern in Ptfla-Cre; g-cat®ive; KrasG12D mice were negative for CK19 (Fig. 6D, *).
Pancreatic ducts within the Ptfla-Cre; f-cat?°tiVe pancreas exhibit strong apical staining for
CK19 that is equivalent to what is observed in control animals (Fig. 6D). PanIN lesions in
Ptfla-Cre; Kras®12D mice were also strongly CK19 positive, which is consistent with previous
reports34 (Fig. 6D).

In order to determine whether the tumors in the Ptfla-Cre; f-cat?ctiVe; KrasS12D mice exhibit
endocrine differentiation, pancreatic sections were stained with the islet marker synaptophysin.
As expected, synaptophysin staining was localized exclusively to endocrine islets in control
and Ptfla-Cre; S-cat?°tVe pancreatic tissue sections (Fig. 6E). However, in addition to
synaptophysin™ islet structures, some scattered synpatophysin*cells were found near PanIN
lesions in Ptfla-Cre; Kras®12D samples (Fig. 6E). Both the cribriform and ductal lesions were
negative for synaptophysin in Ptfla-Cre; -cat®tive: KrasG12D samples, suggesting a lack of
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endocrine differentiation (Fig. 6E; *, cribriform; #, ductal; brown staining within the center of
some cysts is background staining caused by the presence of cellular debris).

Tumors in Ptfla-Cre; g-cat?ctive, KrasG12D with cribriform morphology superficially resemble
human acinar cell carcinoma, another rare, but aggressive, pancreatic neoplasm. Some cells
within these lesions are arranged back-to-back with small lumens. The nuclei in these columnar
cells are round to oval and basally located, with a moderate amount of eosinophilic cytoplasm
(Fig. 6B,*; higher magnifications shown in Supplemental Fig. 2E,F). However, the cells are
negative for markers of acinar differentiation, including amylase and chymotrypsin (data not
shown). Moreover, they do not appear to have granules within the cytoplasm or the distinctively
prominent nucleoli that are common hallmarks of human acinar cell carcinoma. Alternatively,
these tumors display similarities to human intraductal tubular tumors3°-37. Given the rare
appearance of these tumors, the presence and level of Wnt signaling has not been investigated.

Together, the histological analysis of this cohort of mice demonstrates that activation of p-
catenin in this particular context blocks the formation of lesions that are usually induced by
Kras activation. Instead, tumor progression appears to have been shifted towards a different
fate in Ptfla-Cre; p-catctive; KrasG12D mice.

Hh responsive target gene expression is decreased in PtflaCre B-cat2°tive KrasG12D murine

lesions

In order to determine how Kras activation affects p-catenin protein level and localization,
immunohistochemistry was performed on a cohort of mouse pancreas samples at three months
of age. The cellular concentration of B-catenin is significantly higher in Ptfla-Cre; -
catactive, KrasG12D tumors than it is in the Ptfla-Cre; Scat?°tive pancreas (Fig. 7A). Moreover,
B-catenin localization in Ptfla-Cre; g-cat?tive; KrasG12D s strongly cytoplasmic and nuclear,
while it remained exclusively nuclear and membrane bound in the Ptfla-Cre; fcat?tive, The
further increase in B-catenin that occurred upon tumorigenesis in this model of Kras activation
is similar to what was observed in the SPN-like tumors present in Ptfla-Cre; f-cat?ctiVe mice
(Fig. 5A). B-catenin concentration and plasma membrane localization in the Ptfla-Cre;
Kras®12D pancreas appeared equivalent to control (Fig. 7A).

Quantitative analysis of Wnt target gene expression yielded results predicted by the level of
pancreatic B-catenin in the different mouse samples. Upregulation of Axin2, Tcf1, p21, and
CyclinD1 expression was measured in Ptfla-Cre; fcat?°te mice, with an even more robust
increase occurring in Ptfla-Cre; g-cat?ctive; KrasG12D mice (Fig. 7D, Supplemental Fig. 5A,
B, and data not shown, respectively). Axin2 and p21 expression levels in Ptfla-Cre;
Kras®12D mice were equivalent to control (Fig. 7D, Supplemental Fig. 5B, respectively) while
Tcfl and cyclinD1 levels were slightly elevated (Supplemental Fig. 5 A, and data not shown,
respectively). Interestingly, elevation of c-Myc was only seen in Ptfla-Cre; ScatctiVe, while
Ptfla-Cre; g-cat®clive and Ptfla-Cre; f-cat?®tiVe; Kras®12D remained equivalent to control
(Supplemental Fig. 5C).

Previous reports have shown that gancreatic activation of Kras results in upregulation of the
Hh and Notch signaling pathways 4,3832 Fyrthermore, this increased Hh and Notch pathway
activity has been implicated in the formation of PanIN lesions and early PDA tumorigenesis
40, Therefore, we asked whether modulation of either of these pathways in Ptfla-Cre; S-
cat?ctive KrasG12D mice could account for the absence of PanIN formation. The majority of
cells within both the cribriform and ductal lesions of the Ptfla-Cre; p-catactive, KrasG12D are
positive for the Notch target gene, Hes1 (Supplemental Fig 6D,E), which matches the frequency
and intensity of the staining in the PanIN lesions in the Ptfla-Cre; KrasG12P (Supplemental
Fig. 6C). Hes1 staining in the Ptfla-Cre; f-cat?ctiVé js equivalent to control (Supplemental Fig.
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6B, A respectively). This finding was confirmed by gPCR analysis of Heslexpression
(Supplemental Fig. 5D).

Immunohistochemistry for Ptc, both a Hh receptor and transcriptional target of the signaling
pathway, revealed strong staining within PanIN lesions in Ptfla-Cre; Kras®12P (Fig. 7B) mice.
In contrast, no Ptc* cells were detected in Ptfla-Cre; p-cat?ctive; KrasC12D, Ptfla-Cre; g-
cat?tive or control mice (Fig. 7B). Similar results were obtained for the Hh ligand, Sonic
Hedgehog (Shh) (Fig. 7C). Quantitative PCR for Ptc and Glil, another Hh pathway target gene,
as well as for Shh and Indian Hh (lhh) supports this result. While Ptc, Glil, Shh, and Ihh
expression is increased in Ptfla-Cre; Kras®12P pancreatic tissue, their expression remains
equivalent to control in the Ptfla-Cre; -cat?®tiVe; Kras®12D and Ptfla-Cre; f-cat?ctive tissues
(Supplemental Fig. 5E, F, Fig. 7E, F).

Previous reports have indicated that Kras activation can activate the MAPK and PI3 kinase
pathways3 . Therefore, we asked whether simultaneous activation of B-catenin and Kras in
the Ptfla-Cre; p-cat?ctive; KrasG12D pancreas effected either MAPK or PI3 kinase activity.
Western blotting of pancreatic lysates indicated that the level of MAPK phosphorylation in
Ptfla-Cre; g-cat®clive; KrasG12D was equivalent to that seen in Ptfla-Cre; KrasG12P;
phosphorylated MAPK could not be detected in either control or Ptfla-Cre; p-catactive
pancreatic tissue (Supplemental Fig. 7). However, an increase in Akt phosphorylation, a read-
out of PI3 kinase activity, that is seen in Ptfla-Cre; Kras®12D (2 out of 3 animals) does not
occur in Ptfla-Cre; f-cat?®tive, KrasG12D littermates (0 of 3 animals, Supplemental Fig. 7).
Instead, pAKT levels in the Ptfla-Cre; p-cat?ctive, KrasG12D and Ptfla-Cre; f-cat®®ie animals
appear equivalent to control (Supplemental Fig. 7). Therefore, increased canonical Wnt
signaling may block Kras dependent activation of PI3 kinase.

Thus, stabilization of B-catenin in the presence of an activating mutation in Kras results in a
dramatic increase in canonical Wnt signaling and Notch signaling. Consequently, Kras
activation no longer induces upregulation of the Hh signaling pathway and Akt
phosphorylation. Further experimentation will be necessary to elucidate a mechanism to
explain the molecular changes we have observed. However, it appears possible that these
changes may partially explain the absence of PanIN lesions in Ptfla-Cre; g-catactive
Kras®12D mice.

Discussion

Solid-pseudopapillary neoplasms are a rare human neoplasm that account for approximately
1% of pancreatic tumors “+. Various groups have reported that over 90% of these tumors
contain mutations that are predicted to interfere with the serine/threonine phosphorylation that
is necessary to properly target p-catenin for degradation 18,42 Similar loss of this
phosphorylation in s-cat?ctie mice, through Cre-mediated loss of the third exon, resultsin large
tumors that appear closely related to human SPN. Thus, this study demonstrates for the first
time that these human mutations in B-catenin are likely the proximate cause of SPN. Moreover,
the Ptfla-Cre; f-cat?tVe mouse is the first published murine model of this enigmatic tumor
and proves that B-catenin stabilization, alone, is sufficient to induce SPN tumorigenesis within
the appropriate cellular context. Interestingly, human SPNs most often occur in young females

. However, tumor frequency was equivalent in male and female mice and increased with age
in the Ptfla-Cre; f-cat?ie mouse. This suggests that there might be different modifiers which
alter human susceptibility to this pancreatic tumor.

Lineage tracing experiments are necessary to conclusively demonstrate that pancreatic ducts
are the cells of origin in the SPN-like tumors we describe in the Ptfla-Cre; s-cat?°tVé mice.
Unfortunately, efforts to create a mouse strain in which Cre-recombinase activity is restricted
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to the pancreatic ductal compartment have been unsuccessful so far. However, comparing the
Bhenotype we observe in the Ptfla-Cre; f-cat?°tie with that of the Pdx-Crelat; g-catactive

8 provides compelling, although not definitive, evidence of a ductal origin for SPN. Pdx-
Crelat® mice have Cre-recombinase activity in acinar cells and pancreatic islets, but not within
pancreatic ducts. The pancreas of Pdx-Crela®; s-cat2°tive mice grows to nearly 5 times the size
of control littermates due to expansion of the exocrine compartment, a phenotype similar to
that seen in Ptfla-Cre; $-cat?tVe mice. In contrast, tumors did not develop in Pdx-Crelat; 4-
cat?tive mice or in another model of pancreatomegaly that is based on the conditional
elimination of APC43, Conversely, Ptfla-Cre; s-cat?°tiVe mice successfully activate p-catenin
within pancreatic ducts, in addition to the islet and acinar compartments, resulting in a high
frequency of SPN like tumors. While one cannot rule out the existence of a previously
unappreciated cell population that is being selectively targeted by the Ptfla-Cre and not the
PdxCre'at mouse strain, it is likely that cells residing within the ductal compartment are
responsible for the tumors observed. A schematic of the expression domains of the various
mouse Cre strains we have used to stabilize B-catenin and their resultant phenotype is provided
in Figure 8.

Our finding that concurrent activation of p-catenin in the KrasG12D mouse diverts the cellular
fate of neoplasms from PanIN’s to novel ductal and cribriform tumor isoforms was particularly
surprising. The Ptfla-Cre; Kras®12P mouse model has proven to be especially permissive to
the formation of PDA in mice. The introduction of a variety of oncogenic mutations, such as
the loss of the tumor suppressors p53 or Ink4a/Arf 44,34 into this model results in the formation
of tumors with differing degrees of malignancy. More recently it has been shown that the
introduction of other mutations in the Ptfla Cre; Kras®12P mouse model can shift the formation
of PanIN lesions towards the formation of cystic neoplasms. The combination of a Kras
mutation and Dpc4/Smad4 mutations in the mice results in the formation of mucinous cystic
neoplasms (MCN) and intraductal papillary mucinous neoplasms (IPMN), respectively 45,

6 These recently recognized entities are also thought to give rise to PDAC. In contrast to the
Kras/DPC4 induced aberrations, the lesions we observed in PtflaCre; B-cat?tive; KrasG12D are
not mucinous. Therefore, the activation of p-catenin in the context of a Kras activating mutation
prevents the formation of PanIN lesions while resulting in other neoplastic alterations. The
exact nature of these tumors remains to be established, but their ductal properties display
similarities to recently defined intraductal tubular tumors (ITTs)35‘37, a subgroup of
intraductal neoplasms possibly related to intraductal papillary-mucinous neoplasms (IPMN).
However, because these ITTs have only recently been described, a direct comparison between
Ptfla-Cre; f-cat?ctive; KrasG12D mouse and human tumors will need to be addressed in future
studies. A discriminating feature of the tumors observed in the Ptfla-Cre; g-catactive;
Kras®12D mice is the absence of Hh signaling that is seen in PanIN lesions. It will be interesting
to investigate the status of Hh signaling in human ITTs.

In conclusion, our study demonstrates that the context and sequence in which oncogenic
mutations are acquired in the pancreas have a profound impact on tumor initiation and outcome.
Moreover, our results suggest that the Wnt signaling pathway may act as a key determinant of
tumor fate within the pancreas. Human pancreatic ductal adenocarcinoma is the 4t leading
cause of cancer death in the United States. Current therapies are ineffective in treating this
malignancy, resulting in a 5 year survival rate that is less than 5%. Our observation that
stabilization of B-catenin dramatically alters the tumor phenotype in a mouse model of early
PDA provides another window into the complex molecular circuitry involved in tumorigenesis.
Further dissection of how B-catenin activation alters the downstream consequences of Kras
activation might lead to novel therapeutic opportunities.
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Figure 1. Ptfla-Cre mice target a subset of early pancreatic progenitor cells and pancreatic ducts
Staining for lacZ marks cells that have undergone Cre mediated recombination in Pdx-
Cre®a¥ and Ptfla-Cre; R26R mice. (A-D) e11.5 mouse embryos enzymatically stained for
B-galactosidase activity. (A) Pdx-Cre®a™¥; R26R, staining visible in the pancreas, indicated by
black arrow, and enlarged. (C) Ptfla-Cre; R26R, staining visible in the pancreas, indicated by
a black arrow, and enlarged. (B,D) Histological examination of lacZ stained sections
counterstained with eosin. (B) The majority of cells within the pancreatic epithelium of the
Pdx-Cre€ary: R26R are positive for B-galactosidase activity. (D) Equivalent section of a Ptfla-
Cre; R26R reveal that only a subset of cells within the pancreatic epithelium are positive for
B-galactosidase activity (marked by black arrows). Staining for alkaline phosphatase (AP)
marks cells that have undergone recombination in 4 week old Pdx-Cre®arly; Z/AP and Ptfla-
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Cre; ZIAP mice. (E) Histological sections that have been enzymatically stained for alkaline
phosphatase activity (blue), DBA lectin to mark pancreatic ducts (brown) and nuclear fast red
as a counterstain (pink). No alkaline phosphatase activity is detectable in the control pancreas.
The majority of acinar cells and most cells within pancreatic ducts (yellow arrows) exhibit
clear alkaline phosphatase activity in the Pdx-Cre®ary: Z/AP mouse. Almost all acinar cells
and a subset of cells within pancreatic ducts (yellow arrows) have alkaline phosphatase activity
in the Ptfla-Cre; Z/AP mouse. Some pancreatic ducts do not contain cells that are positive for
alkaline phosphatase (red arrow).
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Figure 2. Activation of p-catenin in Ptf1a-Cre; p-cat®tiVe mice causes ductal lesions and increased
pancreas mass

Hematoxylin/eosin staining of pancreatic sections from PO reveals the presence of prominent
ductal lesions in the pancreata of Ptfla-Cre; -cat?°iVe mice (B) that are not observed in the
pancreata of control littermates (A). Strong nuclear accumulation of B-catenin (green) is seen
in these ductal associated (duct labeled by mucin in red) lesions (D), while in control animals,
f-catenin (green) remains localized to the plasma membrane in pancreatic ducts (C, ducts
labeled by mucin in red). Cells that have nuclear localized B-catenin do not co-express mucin.
Pancreata from Ptfla-Cre; f-cat?ctie are significantly enlarged when compared to control at
one month of age (E). Quantitative measurements revealed an approximately 4 fold increase
in pancreatic mass at 6 months of age (F, n>7 for each time point analyzed; control, blue;
Ptfla-Cre; g-cat?live red). Confidence intervals were calculated using student’s t-test. P
values: #, not significant; **, p<0.01. Error bars represent standard error of the mean.
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Figure 3. Ptfla-Cre; [icataCti"e develop large pancreatic tumors at a high frequency

Gross morphology of a typical tumor seen in the pancreas of Ptfla-Cre; -cat?°tVé aged 9
months (A, right) compared to a pancreas from a littermate control (A, left). Gross morphology
of a cross section of the murine tumor reveals pseudopapillary regions (C, labeled by #) and
cystic structures (C, labeled by *). Histological examination of the murine tumor (x12
magnification) show the pseudopapillary regions (E, labeled by #), cystic structures (E, labeled
by *) and the pancreatic remnant surrounding the tumor (E, labeled by arrow). Tumors are first
detectable in Ptfla-Cre; p-cat®°!® mice at 3 months of age. By 12 months of age, nearly 50%
of Ptf1a-Cre; s-cat?V® mice exhibit tumors (B; n>8 for each time point examined). Expression
of the Wnt target genes, Axin 2 (D) and cyclinD1 (F) are significantly upregulated in the Ptfla-
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Cre; p-cat?tive pancreas when compared to control pancreas at 9 months of age by RT-PCR.
Tumors found in Ptfla-Cre; S-cat?°tiVe mice exhibit a further increase in overexpression of
Axin 2 (D) and cyclinD1 (F). Confidence intervals were calculated using student’s t-test, n>3.
P values: #, not significant; *, p<0.05; **, p<0.01. Error bars represent standard deviation.
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human Ptf1a-Cre; p-catective

Figure 4. Tumors in Ptfla-Cre; p-cat?te mice are morphologically similar to human solid
pseudopapillary tumors of the pancreas

Slides were stained with hematoxylin and eosin to provide contrast. Low power view (x50) of
human SPN (A) and murine tumor (B). Black arrows indicate tumor capsule (A,B). Low power
view (x50) of human SPN (C) and murine tumor (D) with black arrows indicating areas of
haemorrhage (C,D), red arrows indicating areas of necrosis (C,D), and green arrow to indicate
a site of calcification (C). High power view (x400) of human SPN (E) and murine tumors (F).
Images shown are representative samples from 13 human and 6 murine tumors analyzed; mice
were 9 months old.
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Figure 5. Tumors in Ptfla-Cre; p-cat?°tiVe mice have marker expression that is similar to human
SPN

(A) Normal human pancreas showing membranous 3-catenin staining and pancreas from Ptfla-
Cre; f-cat?ctive mice exhibiting membranous and nuclear accumulation of B-catenin. Both
human SPN’s and the murine tumors show marked cytoplasmic and nuclear staining for p-
catenin. (B) Alpha-1 anti-trypsin was expressed in human SPN and murine tumors with a
globular pattern but was not expressed in normal human or Ptfla-Cre; -cat2°ie pancreas. (C)
cyclinD1 was expressed at high levels in human SPN and murine tumors. Elevated levels of
cyclinD1were also detected in the exocrine tissue of the Ptfla-Cre; 5-cat2®tiVe pancreas. Cyclin
D1 was not detected in normal human pancreas tissue. (D) Neither human SPN’s, nor murine
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tumors, express synaptophysin. Synaptophysin is detectable in both normal human pancreatic
islets and the islets of Ptfla-Cre; -catie mice. All images were acquired at high
magnification (x400); tissues were counterstained with hematoxylin to improve contrast; mice
were 9 months old.
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Figure 6. PanIN lesions do not form in Ptfla-Cre; p-cat®tiVe, Kras mice

(A-E) 3 month old pancreata. (A) Pancreas size is reduced and morphology is condensed in
Ptfla-Cre; g-cat?lie, KrasG12D mice when compared to control or Ptfla-Cre; KrasG12D
organs. Ptfla-Cre; -cat?°tiVe mice exhibit pancreatic hyperplasia in this mouse background
that is equivalent to what was previously described. (B) Hematoxylin (blue)/eosin (pink)
pancreas sections, 400x magnification. Two distinct tumor types that frequently form within
Ptfla-Cre; f-cat?tiVe mice have ductal- (B, yellow #) or cribriform (B, yellow *, separated by
dashed yellow line) morphology. Lesions were found in all mice analyzed (n=5). Similar
lesions are not found in control, Ptfla-Cre; g-cat?tive, or Ptfla-Cre; Kras®12P mice. The
characteristic columnar cells found within ductal lesions in the Ptfla-Cre; Kras®12D are not

Gastroenterology. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heiser et al.

Page 22

seen in the Ptfla-Cre; g-cat?ctive;KrasG12D_(C) alcian blue and nuclear fast red stained
pancreas sections, 400x magnification. Alcian blue staining, a hallmark of PanIN that is
apparent throughout the Ptfla-Cre;Kras®12D tissue, is not seen in Ptfla-Cre; g-catective,
Kras®12D mice (# ductal lesion). Alcian blue was not detected in control or Ptfla-Cre; f-
catactive tissye. (D) CK19 (brown) and hematoxylin (blue) stained pancreatic sections, 100x
magnification. Normal ducts are marked by CK19 expression in control and Ptfla-Cre;f-
cat?tive pancreatic tissue, as are the characteristic PanIN lesions in the Ptfla-Cre; KrasG12D
pancreas. Cells with ductal morphology in the Ptfla-Cre; g-cat?ctive, KrasG12D (#) are positive
for CK19. Cells with cribriform morphology do not express CK19 (*, boundary between
distinct lesion types indicated by dashed line). Necrotic debris exhibits non-specific staining
(%). (E) synaptophysin (brown) and hematoxylin (blue) stained pancreatic sections, 400x
magnification. Pancreatic islets within control, Ptfla-Cre; fcat?°tie and Ptfla-
Cre;Kras®12D are synaptophysin positive. Neither the ductal (#) nor the cribriform (*) lesions
are synaptophysin*. Brown staining visible in the Ptfla-Cre; g-cat?ctive, Kras®12D is non-
specific staining of debris within cystic structures. Images are representative of n>7 samples
for each mouse genotype indicated; mice were 3 months old.
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Figure 7. Hh responsive target gene expression is decreased in PtflaCre p-cat?ctive KrasG12D
murine lesions

(A) B-catenin (brown) and hematoxylin (blue) stained pancreatic sections. 3-catenin is
preferentially localized to the plasma membrane and nucleus within the pancreas of Ptfla-Cre;
p-cat?Clive | esions within the Ptfla-Cre; f-cat?ctive, KrasG12D mice exhibit even stronger
nuclear staining for B-catenin, along with high levels of cytoplasmic staining. -catenin remains
localized only to the plasma membrane in control and Ptfla-Cre; Kras®12P pancreata. (B) Ptc
(brown) and hematoxylin (blue) stained pancreatic sections. Cells within PanIN lesions in the
Ptfla-Cre; Kras®12D show strong Ptc staining. Ptc staining in the Ptfla-Cre; s-catactive,
Kras®12D |esion is equivalent to the background staining seen in control and Ptfla-Cre; -
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cat?ctive pancreata. (C) Shh (brown) and hematoxylin (blue) stained pancreatic sections. Robust
staining for Shh ligand is seen in the majority of the remaining epithelial cells and PanIN lesions
in the Ptfla-Cre; Kras®12D pancreas. Shh staining within the lesions in the Ptfla-Cre; -
cat?ctive KrasG12D js only slightly higher than the background staining in control and Ptfla-
Cre; p-cat?°tive pancreata. (D—F) Graphs showing quantitative PCR normalized to wild type
control; control (blue); Ptfla-Cre; -cat®live (red); Ptfla-Cre;Kras®12D (grey); Ptfla-Cre; §-
cat?ctive KrasG12D (green). Significant upregulation of the canonical Wnt target gene Axin2
was detected in Ptfla-Cre; f-cat?tie murine pancreatic tissue when compared to control and
Ptfla-Cre; Kras®12D pancreas (D). Further upregulation of these target genes was measured
in Ptfla-Cre; j-cattive, KrasG12D pancreatic tissue when compared to the Ptfla-Cre; -
cat?tive (D). Significant upregulation of the Hh responsive target genes Gli was seen only in
the Ptfla-Cre; Kras®12D (E). mRNA expression of Gli was equivalent in control, Ptfla-Cre;
f-catd®live and Ptfla-Cre; f-cattive, KrasG12D pancreatic tissue (E). Strong upregulation of
the Hh ligand, Shh, was also detected exclusively in Ptfla-Cre; Kras®12P samples (F). No
significant increase in the expression of this ligand was found in control, Ptfla-Cre; -
cat?ctive and Ptfla-Cre; f-cat?®tive, KrasG12D samples (F). All image data shown in this figure
came from 3 month old mice. Images are representative of n>7 samples for each mouse
genotype indicated. Quantitative PCR was conducted on mRNA isolated from n=3 animals
from each genotype. Error bars represent standard deviation. Confidence intervals were
calculated using student’s t-test. P values: #, not significant; *, p<0.05; **, p<0.01; mice were
3 months old.
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Figure 8. Comparison of Cre expression domains of Pdx-Cre€ar¥, pdx-Cre!at and Ptfla-Cre
Schematic illustrates the cellular compartments targeted by the different pancreatic mouse
Cre strains, and their respective phenotype when crossed to the B-cat?°ti"e mouse. White circles
indicate no Cre expression. Gray striped circles indicate mosaic Cre expression. Dark gray

circles indicate robust Cre expression.
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