Hedgehog/Ras interactions regulate early
stages ot pancreatic cancer
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Pancreatic ductal adenocarcinoma (PDA) constitutes a lethal disease that affects >30,000 people annually in
the United States. Deregulation of Hedgehog signaling has been implicated in the pathogenesis of PDA. To
gain insights into the role of the pathway during the distinct stages of pancreatic carcinogenesis, we
established a mouse model in which Hedgehog signaling is activated specifically in the pancreatic epithelium.
Transgenic mice survived to adulthood and developed undifferentiated carcinoma, indicating that
epithelium-specific Hedgehog signaling is sufficient to drive pancreatic neoplasia but does not recapitulate
human pancreatic carcinogenesis. In contrast, simultaneous activation of Ras and Hedgehog signaling caused
extensive formation of pancreatic intraepithelial neoplasias, the earliest stages of human PDA tumorigenesis,
and accelerated lethality. These results indicate the cooperation of Hedgehog and Ras signaling during the
earliest stages of PDA formation. They also mark Hedgehog pathway components as relevant therapeutic
targets for both early and advanced stages of pancreatic ductal neoplasia.
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Pancreatic ductal adenocarcinoma (PDA) is the fourth
leading cause of cancer death in the United States (Hezel
et al. 2006). Annually, its incidence closely matches its
mortality, highlighting the inefficacy of existing treat-
ment options (Jemal et al. 2006). Presently, surgical re-
section is the most effective therapeutic intervention,
resulting in survival rates of ~20% over 5 yr; however,
most patients are diagnosed at advanced stages when re-
moval of the cancer is not possible.

Pancreatic intraepithelial neoplasias (PanINs) consti-
tute the most common precursor lesions of PDA. PanIN
lesions are classified based on histological changes and
this histological classification correlates well with the
presence of characteristic genetic alterations (Hruban et
al. 2001), including mutations in KRAS, INK4A, TP53,
and MADH4 (Boschman et al. 1994; Klimstra and Long-
necker 1994; Hahn et al. 1996; Rozenblum et al. 1997;
Wilentz et al. 2000; Maitra et al. 2003). Early PanINs
(PanIN1A/B) are characterized by the change from a cu-
boidal duct epithelium to cells with columnar shape and
by the accumulation of abundant supranuclear mucin.
Higher-grade PanINs (PanIN2) show increasing alter-
ations in the cellular architecture, including changes in
cell polarity and nuclear atypia. PanIN3 lesions are con-
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sidered carcinoma in situ. The cellular changes observed
in these tumors are similar to invasive carcinoma; how-
ever, cells do not invade through the basement mem-
brane.

Previous studies by us and others (Berman et al.
2003; Thayer et al. 2003) have identified activation
of the Hedgehog signaling pathway as a key event
in the histogenesis of pancreatic cancer. The ex-
pression of the Hedgehog ligands SONIC and INDIAN
HEDGEHOG (SHH, THH), the transcriptional target gene
PATCHED (PTC), and the essential pathway component
SMOOTHENED (SMO) is undetectable in normal hu-
man pancreatic ducts. In contrast, a relative increase in
the expression of these proteins is observed during pan-
creatic ductal tumorigenesis. Evidence for a causative
role of Hedgehog signaling in the development of PanIN
lesions comes from studies of transgenic mice in which
the Hedgehog ligand Shh is expressed in developing pan-
creas under the control of promoter elements of the pan-
creatic and duodenal homeobox gene 1 (PdxI1-Shh)
(Thayer et al. 2003). Numerous metaplastic ducts are
found in the pancreatic remnant, an indication that pan-
creas-wide deregulation of the pathway initiates the
early steps of tumorigenesis. However, ectopic expres-
sion of the soluble Shh protein disrupts the epithelial-
mesenchymal signaling events essential for proper pan-
creas organogenesis (Apelqvist et al. 1997; Thayer et al.
2003). Consequently, pancreas formation and function is
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severely affected in Pdx-Shh mice, resulting in a short-
ened life span of less than a month after birth. Thus,
while important in providing initial evidence for a role of
Hedgehog signaling in the development of early precur-
sor lesions, the severe changes in organ morphogenesis
and the limited life span of the transgenic mice prohibits
long-term studies to test whether continued Hedgehog
deregulation is sufficient to cause and maintain pancre-
atic cancer in adult mice.

Here, we describe the generation of a novel mouse
model of pancreatic cancer based on epithelium-specific
activation of the Hedgehog signaling pathway. In this
model, a dominant active form of the GLI2 transcription
factor (CLEG2 transgene), a downstream mediator of the
Hedgehog signaling pathway, is conditionally expressed
in the pancreas upon Cre-mediated recombination. Tis-
sue-specific activation of the transgene is achieved by
crossing CLEGZ2 transgenic animals with Pdx1-Cre mice
(Gu et al. 2002). In contrast to the previously analyzed
Pdx-Shh mice (Thayer et al. 2003), activation of the
Hedgehog signaling pathway in Pdx-Cre;CLEG2 trans-
genics is cell autonomous and confined to the epithe-
lium. As a consequence, disruption of epithelial-mesen-
chymal signaling during pancreas development, a hall-
mark of ectopic Hedgehog ligand expression, is not
observed in Pdx1-Cre;CLEG2 mice. Transgenic mice
survive into adulthood without impaired exocrine and
endocrine pancreas function. However, 30% of these ani-
mals develop pancreatic cancer. These tumors appear
undifferentiated and do not form via PanIN lesions com-
monly found in human patients, suggesting that addi-
tional changes are required for the occurrence of these
preneoplastic lesions. The vast majority of human pan-
creatic adenocarcinoma carry signature mutations in the
KRAS gene, and expression of a mutated version of Kras,
Kras©'?P, recapitulates PanIN progression and PDA for-
mation in mice (Aguirre et al. 2003; Hingorani et al.
2003, 2005). Simultaneous activation of Hedgehog and
Ras signaling in triple-transgenic Pdx1-Cre; CLEG2;Kras©%P
animals results in formation of extensive preneoplastic
lesions and significantly reduces the latency of onset of
tumor formation and reduces the life span when com-
pared with the double-transgenic Pdx1-Cre;CLEG2 and
Pdx1-Cre;Kras©*?” mice. Thus, although activation of
Hedgehog signaling alone does not recapitulate all as-
pects of human pancreatic adenocarcinoma formation,
increased Hedgehog signaling dramatically promotes for-
mation of PanIN lesions in the presence of deregulated
Ras signaling. These results shed light on the role of
Hedgehog signaling during transformation of pancreatic
epithelial cells and the early stages of pancreatic carci-
nogenesis.

Results

Epithelial-specific activation of the Hedgehog
signaling pathway in the pancreas

We have used a new mouse model of cell-autonomous

activation of Hedgehog signaling, the CLEG2 mouse, to
conditionally activate the Hedgehog signaling pathway
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in pancreatic epithelium via ectopic expression of a
dominant active version of GLI2, one of the transcrip-
tional mediators of Hh signaling. In the absence of Cre
recombinase, the constitutively active CAG promoter
induces the expression of a green fluorescent protein
(EGFP). The EGFP cDNA is flanked by loxP sites and
includes a polyA tail with a strong termination sequence
that prevents expression of the downstream myc-GLI2
fusion protein (Fig. 1A). The dominant active version of
GLI2, GLI2AN, consists of an N-terminally truncated
version of the protein that lacks an N-terminal repressor
domain (Roessler et al. 2005). The GLI2AN protein is
tagged by a short fragment of the myc protein, a modifi-
cation that allows detection of the fusion protein via
staining with a myc-specific antibody. Upon Cre recom-
bination, the EGFP cassette is excised and the GLI2AN
transgene is irreversibly activated in Cre-expressing cells
and all of their progeny (Fig. 1B). To determine the con-
sequences of Hedgehog activation in pancreatic epithe-
lium, we have crossed the CLEG2 transgenic animals
with Pdx1-Cre transgenic mice (Gu et al. 2002). Pancre-
atic morphology was assessed in 3-wk-old Pdx-Cre;
CLEG2 mice. We found that pancreas size, shape, and
histology were comparable to control littermates, in-
cluding wild-type, Pdx-Cre, and CLEG2 single-trans-
genic mice (Fig. 1C,D; data not shown). This finding is in
striking contrast to the loss and disruption of pancreatic
tissue previously described in Pdx1-Shh mice (Apelqvist
et al. 1997).

Recombination of the CLEG?2 allele was confirmed by
examination of the pancreas under ultraviolet (UV) light.
As expected, EGFP expression was readily observed in
the pancreas and adjacent organs of CLEG2 single trans-
genics (Fig. 1E). Efficient Cre recombination of the
CLEG?2 transgene in Pdx-Cre; CLEG2 mice was indicated
by the loss of fluorescence in the pancreas but not in the
other organs, including adjacent stomach and duodenal
tissues (Fig. 1F; data not shown).

When double-transgenic animals were aged, 30% de-
veloped pancreatic tumors between 6 and 20 wk (Fig.
1G). These animals presented with swollen abdomen,
which upon necropsy were determined to be due to tu-
mor mass and hemorrhagic ascites. EGFP-negative tu-
mors were identified both in the head and tail regions of
the pancreas (Fig. 1H). As expected, the adjacent organs
retained EGFP expression. Although tumors are solitary
in most instances, in some cases a second smaller tumor
was found within a different area of the pancreas. While
all tumors appeared to be locally invasive, no gross me-
tastasis to other organs was observed. Despite the fact
that Pdx1 expression has been noted in stomach and
duodenum, no recombination of the CLEG2 transgene
and no tumors were found in these organs in any of the
animals examined. In contrast, some of the Pdx-Cre;
CLEGZ2 animals succumbed to tumors in the cerebellum,
most likely due to activity of the Pdx1 promoter element
in neural tissue (data not shown). Thus, cell-autonomous
activation of Hedgehog signaling within pancreatic epi-
thelium does not disrupt organ development but ini-
tiates the formation of pancreatic tumors in adult mice.



Tumor development in the Pdx-Cre;CLEG2 mice does
not progress via PanIN

Older animals presented with pancreatic tumors local-
ized either within the head or the tail of the pancreas
(Fig. 2A). Cells within these tumors displayed polygonal-
to-spindle cell morphology without signs of glandular
differentiation. Tumor cells were relatively homoge-
neous and showed enlarged nuclei and scant cytoplasm
(Fig. 2B,C). Areas of necrosis were frequently encoun-
tered. Since there were no signs of differentiation toward
a specific cell lineage (the tumors did not express insulin,
amylase, or Pdx1), we diagnosed these tumors as undif-
ferentiated carcinoma. Ductal proliferation, accompa-
nied by acinar cell loss, was observed in some areas that
did not show evident cellular atypia (Fig. 2D).

The expression of the GLI2AN transgene was con-
firmed by immunohistochemical staining using an anti-
myc antibody that recognizes the myc tag of the GLI2—
myc fusion protein (Fig. 2E). Interestingly, despite the
semiquantitative nature of immunostaining, varying ex-
pression levels of the GLI2AN protein were detected.
With the exception of a few scattered cells that stained
strongly positive for the fusion protein, low-level expres-

Pdx-Cre;CLEG2
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sion was found in the areas of the pancreas that were
morphologically normal. In contrast, moderate to high
expression levels of the transgene were observed in the
tumors and areas of ductal proliferation adjacent to tu-
mors (Fig. 2E). Quantitative PCR analysis revealed that
the variable expression levels of GLI2-myc protein are
due to differences in GLI2AN expression. Transcription
of transgene mRNA is very low in the nonneoplastic
pancreas of Pdx-Cre; CLEG2 mice, while it is expressed
at high levels in tumors (data not shown). These differ-
ences in mRNA expression indicate either differential
activity of the CAG promoter or a distinct mechanism
by which transgenic mRNA is stabilized in the tumor
cells.

CK19, a cytokeratin expressed in the ductal cell lin-
eage, was undetectable in the undifferentiated tumors
(Fig. 2F), a finding that is consistent with what has pre-
viously been observed in pancreatic tumors of transgenic
mice marked by increased Kras activity (Hingorani et al.
2003). Interestingly, the undifferentiated tumors showed
expression of the mesenchymal marker vimentin, while
epithelial markers were lost (Hoorens et al. 1998; data
not shown). These results are reminiscent of previous
studies in which a transition from epithelial cells toward
cells displaying mesenchymal characteristics had been
described in tumors derived from pancreatic ductal cells
(Deramaudt et al. 2006).

Pancreatic adenocarcinomas are believed to develop

Figure 1. Pdx-Cre;CLEG2 mice develop pancreatic cancer. (A)
Schematic of the CLEG2 transgene. In the absence of Cre ex-
pression, the constitutively active CAG promoter drives ex-
pression of EGFP in multiple organs. Under these conditions a
polyA sequence with strong termination signal inhibits tran-
scription of the GLI2AN transgene located 3’ of the EGFP
cDNA. The EGFP cDNA is flanked by loxP sites (triangles). (B)
The CLEG2 transgenic mouse was crossed with transgenic
Pdx1-Cre animals to initiate recombination within the whole
pancreatic epithelium of Pdx-Cre;CLEG2 bitransgenic mice.
Cre-mediated excision of the floxed EGFP-stop cassette results
in transcription of the GLI2AN transgene. The myc tag present
at the 5’ end of the myc/Gli2AN fusion protein allows immu-
nohistochemical detection of the transgene. (C) Gross morphol-
ogy of the pancreas in a control single-transgenic CLEG2
mouse. The pancreas, nestled between the stomach, the spleen,
and the duodenum, is outlined with a yellow dashed line. (D)
The size and gross morphology of Pdx-Cre;CLEG2 pancreas
(outlined in yellow) is comparable to control. (E) Stomach, duo-
denum, and pancreas express GFP in a CLEG2 mouse. The fluo-
rescence in the pancreas appears especially intense due to the
light color and density of the organ. (F) The expression of GFP
is retained in the stomach and duodenum of Pdx-Cre;CLEG2
mice, but it is absent from the pancreas, indicating tissue-spe-
cific Cre recombination. A fluorescent lymph node within the
pancreas is indicated with an arrow. Note that different expo-
sure times were used for E and F due to the strong fluorescence
of the pancreas in CLEG2 mice. (G) Tumor (outlined in yellow)
invading the abdominal cavity of a 4-mo-old Pdx-Cre;CLEG2
mouse. (H) UV light picture of the same tumor demonstrates
absence of EGFP expression, consistent with recombination of
the CLEG?2 transgene. The surrounding organs remain EGFP
positive.
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Figure 2. Tumors in Pdx-Cre;CLEG2 mice are
undifferentiated. (A) A massive tumor (in a 12-
wk-old mouse), firmly attached to the gastrointes-
tinal organs, has invaded the abdominal cavity
and impaired the digestive process. (B) Histologi-
cal section through a representative tumor (the
tumor border is marked by a dashed yellow line).
Note the prominent vascular space (v) and the
pronounced necrotic area (n). (C) High magnifica-
tion of tumor cells. Tumor cells are undifferenti-
ated and have enlarged nuclei and scant cyto-
plasm. Ductal structures are not observed. (D)
Acinar-ductal replacement is observed in the pe-
riphery of the tumor (white arrows). The tumor
border is marked by a yellow dashed line. Note
the presence of remnants of acinar cells within
the ducts. (E) Immunohistochemistry for myc.
Tumor cells show strong nuclear staining (out-
lined in yellow). A subset of cells in ducts under-
going acinar-ductal replacement exhibits moder-
ate level of myc expression (arrows). (F) Staining
for CK19. Tumor tissue (border marked in yellow)
is negative, whereas a duct adjacent to the tumor
is strongly positive.

from pancreatic ducts, and initial lesions commonly
progress through well-characterized PanINs (Hruban et
al. 2001). However, we could not detect any noninvasive
neoplastic lesions in these mice as defined by the Penn
Workshop (Hruban et al. 2006). Thus, tumor formation
upon epithelial-specific Hedgehog activation does not
progress via classical PanIN lesions. These findings sug-
gest that other signaling changes are required to more
completely recapitulate the human disease.

Activation of the CLEG2 transgene in the context
of Kras mutation results in extensive PanIN formation
and increased mortality

The vast majority of human pancreatic tumors are
marked by mutations in the KRAS gene that render the
protein independent of regulatory mechanisms (Hezel et
al. 2006). The significance of increased Kras signaling in
pancreatic cancer is supported by the observation that
conditional expression of Kras“’?P, the most common
mutation in human tumors, results in formation of
PanlIN lesions and pancreatic tumors in transgenic Pdx-
Cre;Kras©2P mice (Aguirre et al. 2003; Hingorani et al.
2003, 2005). However, in the absence of additional mu-
tations in other tumor suppressors or oncogenes the le-
sions progress slowly and only a minority of these mice
develop invasive tumors (Hingorani et al. 2003).

In humans, deregulation of the Hedgehog signaling
pathway has been noted in PanIN1 lesions (Thayer et al.
2003), suggesting that ectopic Hedgehog activation
might provide the “second hit” that precipitates tumor
formation in Pdx-Cre;Kras“'?" mice. To test this hy-
pothesis, we crossed the Pdx-Cre;CLEG2 and Kras©'2P
mice to generate triple-transgenic Pdx-Cre;CLEG2;Kras©%P
animals. While the pancreas appeared normal at birth
(Supplementary Fig. 1), the health of all triple-transgenic
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mice (n = 18) deteriorated rapidly and the animals were
sacrificed between 3 and 8 wk of age (Supplementary Fig.
2). In all animals, the pancreas appeared fibrotic at nec-
ropsy, with some animals presenting with grossly detect-
able tumors and hemorrhagic ascites. Pancreata of Pdx-
Cre;CLEG2;Kras“'?P mice invariably showed character-
istic histological features. Normal organization of
pancreas architecture was completely disrupted and re-
placed by proliferation of ducts exhibiting lobular struc-
tures against a background of extensive fibrosis (Fig. 3C).
Acinar cells were almost completely abolished. These
dramatic changes in tissue architecture of Pdx-
Cre;CLEG2;Kras<*?P mice were in stark contrast to the
apparently normal pancreas morphology found in Pdx-
Cre;CLEG2 (Fig. 3A) and Pdx-Cre;Kras©*?" (Fig. 3B)
mice at this stage. The ductal epithelium showed vary-
ing degrees of atypia, corresponding to PanIN1A-3 (Fig.
3D-F). In some areas, epithelial cells showed abundant
cytoplasmic mucin and basally located small nuclei (Fig.
3D). In other areas, ductal cells exhibited enlarged atypi-
cal nuclei and pronounced papillary projections (Fig. 3F).
Most of the cells within the enlarged ducts found in PanIN
lesions express CK19 (Fig. 3G); however, some cells
seemed to have lost their polarity within the duct epi-
thelium and ceased to express CK19 (Fig. 3G, arrow-
heads). As observed in human patients, PanINs expressed
abundant mucins as shown by alcian blue and PAS stain-
ing (Fig. 3H,I). The expression of the GLI2/myc fusion
protein in the enlarged ducts was confirmed via immuno-
histochemistry with an anti-myc antibody (Fig. 3]). Simi-
larly to Pdx-Cre;CLEG2 mice, PdxCre;CLEG2;Kras?P
mice developed undifferentiated carcinomas composed
of tumor cells with polygonal-to-spindle morphology
and areas of necrosis (Fig. 3K,L). In a few mice, stromal
invasion of differentiated tumors was suspected. Thus,
while the PanINs observed in PdxCre;CLEG2;KrasS!?P
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Figure 3. Histology of lesions and tumors observed in Pdx-Cre; CLEG2;Kras“'?P mice. (A,B) Low-magnification images of the pan-
creas of 6-wk-old Pdx-Cre; CLEG2 (A) and Pdx-Cre;Kras©'?” (B) mice. The composition and structure of the pancreas appears normal.
(C) Low-magnification image showing the pancreas histology of a 6-wk-old Pdx-Cre; CLEG2;Kras“*?”® mouse. The normal pancreas
morphology has been replaced by an extensive network of dilated ducts that are interspersed by fibrotic areas. Acinar cells that
constitute the majority of cells in a normal pancreas are almost completely lost. (D-F) Formation of PanIN lesions in Pdx-
Cre; CLEG2;Kras“’P pancreata. (D) PanIN1A lesions composed of characteristic goblet cells with basal nuclei and abundant intra-
cellular mucin. (E) PanIN1B lesions. The epithelial cells show somewhat enlarged nuclei. (F) PanIN2/PanIN3 lesions with papillary
growth and higher nuclear/cytoplasmic ratio of the tumor cells. (G) Most duct cells within PanIN lesions are positive for CK19. Subsets
of cell clusters have lost CK19 expression and show altered polarity (arrowheads). (H,I) Epithelial cells within PanIN lesions show
mucin accumulation as marked by alcian blue (H) and PAS (I) stainings. (/) Detection of the GLI2AN/myc fusion protein in a PanIN
lesion by immunohistochemistry with an anti-myc-tag antibody. (K,L) Invasive tumors. (K) Undifferentiated carcinoma (outlined in
yellow). Polygonal-to-spindle tumor cells show solid growth and surround a duct (d). (L) High-magnification picture of tumor cells.
Tumor cells with high nuclear/cytoplasmic ratio form a solid pattern. Mitotic figures are indicated by arrows.

mice strongly resemble those found in human patients, The endocrine compartment appeared normal in tu-
the predominantly undifferentiated tumors found in the mor-bearing Pdx-Cre; CLEG2;Kras“'?" transgenic ani-
transgenic pancreata are distinct from human PDA (a mals by histological inspection (data not shown), possi-
schematic depicting the various tumor types is shown in bly reflecting the importance of cellular context in
Supplementary Fig. 3). determining responsiveness to oncogenic stimuli. Alterna-
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tively, the CAG promoter might be less active in islet
cells, resulting in lower Hedgehog activity in these cells.
The notion of functional pancreatic endocrine cells is
supported by the fact that transgenic mice maintain nor-
mal blood glucose levels for the first few weeks of life
(blood glucose levels decreased significantly in the final
stages of the disease).

Tumors in Pdx-Cre;CLEG2 and Pdx-Cre;CLEG2;Kras©'?P
animals share common marker expression

A number of experiments were performed to define the
molecular mechanisms that mediate the formation of
pancreatic carcinoma in Pdx-Cre;CLEG2 and Pdx-
Cre;CLEG2;Kras“*?P tumor models. As expected, pre-
cursor lesions and tumors found in both transgenic mod-
els have an elevated proliferation index, as determined
via ki67 staining (Fig. 4A-E). While few proliferating
cells are observed within ducts of nontransgenic con-
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Figure 4. Characterization of gene expression in le- % ]
sions and tumors from Pdx-Cre;CLEGZ2 and Pdx- Q -;'-'_;
Cre;CLEG2;Kras®'?P mice. (A-E) Proliferating 5
cells are detected with immunostaining against é
ki67. (A) Control pancreas. Increased proliferation =
is observed in both acinar-ductal replacement (B) =
and tumors (C) in Pdx-Cre;CLEG2 mice. (D,E) Pa- =
nIN lesion (D) and undifferentiated tumor (E) in
Pdx-Cre; CLEG2;Kras“*?P pancreata. (F) Hesl labels
centroacinar cells but not duct cells in adult
pancreas (arrowheads). (d) Duct; (v) blood vessel. 4 Z
(G,H) Elevated Hesl levels in proliferating ducts (G) g s
and tumor cells (H) in a Pdx-Cre; CLEG2 mouse. (I) & o
Hesl expression is up-regulated in a PanIN lesions @
(I) and poorly differentiated tumors (/) in a Pdx- EI‘
Cre; CLEG2;Kras“’?P mouse. (K) Membrane-associ- o)
ated E-cadherin expression in control pancreas. g
(L,N) Membrane E-cadherin is retained in the areas X
of acinar-ductal replacement of the Pdx-Cre; E
CLEG2 mice as well as in PanINs of Pdx-
Cre;CLEG2;Kras©'?P animals. (M,0) E-cadherin ex-
pression is lost in the undifferentiated areas of both
Pdx-Cre;CLEG2 and  Pdx-Cre;CLEG2;Kras®'?P

tumors.
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undifferentiated

trols, numerous ki67-positive cells were observed in the
abnormal ducts adjacent to tumors. Interestingly, no in-
crease in proliferation was detected in the nontumori-
genic exocrine and endocrine compartments (data not
shown). Thus, increased proliferation is confined to
transformed areas within the pancreas.

Previous studies have shown that up-regulation of the
Notch signaling pathway occurs in human pancreatic
cancer (Miyamoto et al. 2003). Activity of Notch signal-
ing can be monitored via staining for Hes1, a direct tran-
scriptional target of the pathway. Under normal condi-
tions, Hesl is expressed early during pancreas formation
but is down-regulated at the end of development (Jensen
et al. 2000; Lammert et al. 2000). In the adult animals,
only the centroacinar and a few duct cells are positive for
Hesl staining (Fig. 4F, arrowheads; Miyamoto et al.
2003; Stanger et al. 2005). A similar pattern of expression
was observed in pancreata of young Pdx-Cre;CLEG2
mice before the onset of tumor formation (data not

ki67 - E-cadherin




shown). Consistent with the findings in human adeno-
carcinoma, pancreatic lesions in both the Pdx-Cre;
CLEG2 and Pdx-Cre; CLEG2;Kras“'?" animals displayed
up-regulation of Hesl staining (Fig. 4G-J). It should be
noted that, in contrast to PanIN lesions, ducts that ap-
peared normal by histological examination remained
Hesl negative (data not shown).

A characteristic of tumor cells is the loss of normal
cell-cell contacts that maintain epithelial integrity. Ex-
pression of E-cadherin, a transmembrane protein that en-
sures cell adhesion properties in epithelial cells, is also
displaced from its normal cellular location in the undif-
ferentiated regions of the lesions and tumors in both
transgenic models (Fig. 4K-O). Membrane localization of
E-cadherin is retained in the areas of acinar-ductal re-
placement in Pdx-Cre;CLEG2 and in PanIN lesions in
Pdx-Cre; CLEG2;Kras©'?” mice (Fig. 4L,N; data not
shown). Thus, activation of Hedgehog signaling either
alone or in the context of increased Kras signaling acti-
vates proliferation and modulates the differentiation sta-
tus of epithelial cells.

Ras/Hedgehog interactions

Previous results from Pdx-Shh mice had suggested that
ectopic expression of Hedgehog ligands is sufficient to
activate the Ras signaling pathway by inducing a muta-
tion in the Kras gene (Thayer et al. 2003). However, se-
quencing of the Kras gene in DNA extracted from Pdx-
Cre;CLEG2 tumor tissue revealed no activating muta-
tions (data not shown). Consistent with this result, we
failed to observe a significant increase in phosphorylated
ERK1/2, one of the downstream effectors of Ras signal-
ing, in Pdx-Cre;CLEG2 tumors (Fig. 5A). As expected,
the activating mutation in Kras present in Pdx-
Cre;CLEG2;Kras“'?P mice lead to strong phospho-
ERK1/2 levels in PanIN lesions and tumors (Fig. 5A; data
not shown).

Ras signaling activates the phosphoinositide-3-kinase
pathway (PI3K). This results in phosphorylation of
downstream components, including PDK, AKT, and s6K
(p70), all of which are found at elevated levels in both
Pdx-Cre;CLEG2 tumors and Pdx-Cre;CLEG2;Kras©*?P
PanlIN lesions/tumors (Fig. 5B,C; data not shown). While
these results might argue for activation of a specific
branch of Ras signaling, previous studies have shown
that PI3K can also be activated in a Ras-independent
manner downstream from receptor tyrosine kinases.
Phosphorylation of one of these tyrosine kinases, the epi-
dermal growth factor receptor (EGFR), is observed in
early PanIN lesions and sustained in pancreatic cancer.
In support of EGFR-mediated activation of PI3K signal-
ing we found that phospho-EGFR is consistently up-
regulated in both Pdx-Cre;CLEG2 tumors and
Cre;CLEG2;Kras©'?P PanIN lesions/tumors (Fig. 5C;
data not shown).

In summary, these data suggest that cell-autonomous
activation of the Hedgehog pathway is not sufficient to
induce mutations in the Kras gene or to activate the
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mitogen-activated protein kinase (MAPK) branch of the
Ras signaling cascade. However, other molecular
changes implicated in pancreatic cancer formation, in-
cluding phosphorylation of EGFR and activation of AKT
signaling, play roles in the histogenesis of Pdx-Cre;
CLEGZ2 tumors.

Ras/Hedgehog interactions mediate stromal expansion
in Pdx1-Cre;CLEG2;Kras<'?P tumors

Previous studies have noted that Ras signaling can in-
duce Hedgehog signaling during the formation of pancre-
atic tumors (Hingorani et al. 2005). To determine the
level of Hedgehog activity in the different transgenic ani-
mals we performed quantitative PCR for Ptc1, a Hedge-
hog receptor and downstream target gene of Gli. As ex-
pected, high Ptcl expression levels were observed in
Pdx-Cre;CLEG2 tumors when compared with control
pancreatic tissue (Fig. 5D). Enhanced levels of Ptcl in-
dicative of active Hedgehog signaling were also detected
in Pdx-Cre; CLEG2;Kras“'?P fibrotic pancreata contain-
ing extensive PanIN lesions. Expression levels of Glil,
another target gene of the Hedgehog pathway, were simi-
larly increased in Pdx-Cre;CLEG2 tumors and Pdx-
Cre;CLEG2;Kras“'?P PanINs (Fig. 5D). These data con-
firm that activation of the Hedgehog target gene has oc-
curred as a consequence of CLEG2 transgene expression.

Increased expression of Sonic Hedgehog has been
noted in human PanIN lesions and in transgenic
PdxCre;Kras®*?P mice that carry an additional mutation
in the Trp53 tumor suppressor gene (Hingorani et al.
2005). Interestingly, the transcript levels of the Hedge-
hog ligands Shh and Ihh are significantly increased in the
PanIN lesions of Pdx-Cre;CLEG2;Kras®'?P but not in
Pdx-Cre;CLEG2 tumor or control tissues (Fig. 5D). Im-
munohistochemical analysis confirmed expression of
Shh in Pdx-Cre; CLEG2;Kras“*?P PanIN lesions but not
in areas of acinar-ductal replacement in Pdx-Cre; CLEG2
mice (Fig. 5E,H). It should be noted that, in contrast to
the PanIN lesions, the undifferentiated tumors in Pdx-
Cre;CLEG2;Kras“'?P did not show elevated expression
of Hedgehog ligands, possibly due to the fact that cancer
cells have lost their differentiation status (data not
shown). Thus, these results indicate that Ras activation
regulates Hedgehog signaling during tumor formation
via activation of ligand expression.

Expression of Hedgehog ligands during pancreas devel-
opment has been shown to stimulate expansion of pan-
creatic mesenchyme during organogenesis (Kawahira et
al. 2005). Gomori trichrome staining of pancreata from
Pdx-Cre; CLEG2;Kras©"?" mice revealed prominent des-
moplasia (Fig. 5I), a common feature of pancreatic adeno-
carcinoma (Hezel et al. 2006). Ki67 staining showed that
the desmoplastic stromal cells in PanIN lesions of Pdx-
Cre;CLEG2;Kras“?P were actively proliferating (Fig. 5]).
In contrast, very little stroma with minimal proliferative
activity was observed in the tumors from Pdx-Cre;
CLEG?2 animals that also lack expression of Hedgehog
ligands (Fig. 5F,G). Thus, our results correlate the pres-
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Figure 5. Hedgehog/Ras signaling and A B
desmoplasia in Pdx-Cre;CLEG2 and Pdx-
Cre; CLEG2;Kras“'?P mice. (A) Western

blot shows activation of the MAPK path-
way, measured as elevated levels of phos-
pho-ERK1/2, in the PanIN lesions of Pdx-

Cre; CLEG2;Kras“'?P mice (K). Phospho-
ERK1/2 is barely detectable in control
pancreas (p) and tumor tissue isolated

from Pdx-Cre;CLEG2 mice (C). In all
cases, no significant difference is observed
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in the total amount of ERK1/2. GAPDH

(abbreviated as GAP) served as loading
control. (B) Western blot analysis shows
overexpression of phosphorylated PDK1
and AKT in transgenic tissue compared
with control pancreas. The total AKT
protein levels are unchanged. (C) Ele-
vated levels of phospho-EGFR (active
form) in Pdx-Cre; CLEG2 (C), and Pdx-Cre;
CLEG2;Kras©?P (K) animals compared
with wild-type pancreas (p). Similarly,
phospho-s6k is increased in transgenic
samples compared with control pancreas.
Total AKT and GAPDH protein levels are
unchanged. (D) Expression of Hedgehog
signaling components. Quantitative PCR
shows significantly increased levels of
Ptcl and GIil in Pdx-Cre;CLEG2 (C) and
in Pdx-Cre;CLEG2;Kras“’?P mice (K)
compared with wild-type pancreas tissue
(p). Quantitative PCR analysis of Shh
expression confirms that Shh levels are
undetectable in normal pancreas and in
tumors from Pdx-Cre;CLEG2 mice. In
contrast, expression is significantly in-
creased in the PanIN lesions of Pdx-Cre;

CLEG2;Kras©*?P mice. Similarly, Ihh expression is elevated in Pdx-Cre; CLEG2;Kras“'?P samples (K) but not in Pdx-Cre;CLEG2 (C).
Control pancreas samples are labeled as “p.” (E,H) Immunohistochemical analysis confirms Shh expression in Pdx-
Cre; CLEG2;Kras“'?P (E) but not in Pdx-Cre; CLEG2 acinar-ductal replacement areas or tumors (H). (F,I) Gomori trichrome staining
indicates little stromal infiltration in Pdx-Cre; CLEG2 tumors. Ducts are outlined in yellow. (F) In contrast, extensive fibrosis reaction,
marked by green Gomori staining, is observed in mesenchyme surrounding PanIN lesions in Pdx-Cre; CLEG2;Kras©*?P animals (I). (G)
ki67 staining indicates lack of proliferation in the mesenchymal area (outlined in yellow) surrounded by a Pdx-Cre; CLEG2 tumor.
Note that ki67-positive cells are found within the tumor tissue (bottom part of the picture). (J) In contrast, proliferative activity is
observed in the stroma of a Pdx-Cre; CLEG2;Kras'?P pancreas. The border of the epithelium is outlined in yellow; some ki67-positive

nuclei in stromal cells are indicated by arrows.

ence of Hedgehog ligands with the degree of desmopla-
sia, and suggest that ligand expression might be required
for this change in tumor stroma. These data also suggest
that while increased Hedgehog signaling within pancre-
atic epithelial cells results in pancreatic tumors, devel-
opment of PanIN lesions indicative of early stages of
human pancreatic adenocarcinoma formation may re-
quire cooperation between the Ras and Hedgehog path-
ways.

Discussion

By modeling the genetic mutations found in human
PDA, recent studies in transgenic mice have started to
unravel the molecular mechanisms that underlie the ini-
tial stages of pancreatic tumor formation. Deregulation
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of the Hedgehog pathway has been implicated in the ini-
tiation and maintenance of numerous tumor types
(Pasca di Magliano and Hebrok 2003). Additionally,
Hedgehog signaling becomes activated in the earliest
PanIN lesions, and the expression level of pathway com-
ponents increases during the progression toward PDA
(Berman et al. 2003; Thayer et al. 2003). Therefore, we
decided to test whether sustained Hedgehog activation is
sufficient to cause PDA in mice.

To circumvent the disruption of pancreas organogen-
esis caused by altered mesenchymal-epithelial signaling
due to ectopic expression of Hedgehog ligands (Thayer et
al. 2003; Kawahira et al. 2005), we decided to cell-au-
tonomously activate the Hedgehog pathway within pan-
creatic epithelium via Cre-mediated expression of an N-
terminally truncated, dominant active version of the



transcription factor GLI2 (GLI2AN) (Roessler et al. 2005).
Hedgehog signaling is mediated via the Gli family of
transcription factors that include Glil-3 (Ruiz i Altaba
et al. 2002). Gli2 was chosen because it is believed to be
the main transactivator of the pathway, in contrast to
Glil, which appears to play a minor role in pathway
activation, and Gli3, which usually functions to inhibit
Hedgehog signaling. Glil, however, is a transcriptional
target of the pathway, and measuring Glil mRNA ex-
pression level can be used as a readout of Hedgehog ac-
tivity. As expected, GLI2 overexpression results in acti-
vation of Glil transcription in the transgenic Pdx-Cre;
CLEG2 mice. Pancreas development in the Pdx-Cre;
CLEG2 mice is normal by gross morphological inspec-
tion and transgenic animals survive to adulthood; how-
ever, a significant percentage of these mice develop pan-
creatic tumors. Surprisingly, tumor formation does not
appear to follow the classical PDA progression model
through PanIN. Furthermore, the invasive tumors are
different from PDA as they present with undifferentiated
histology. Thus, our results suggest that ectopic activa-
tion of Hedgehog signaling in the pancreatic epithelium
is sufficient to cause cellular transformation but does
not promote PDA formation via a step-wise progression
involving PanIN lesions at early stages.

Cooperation between Hedgehog and Ras signaling
during PanIN formation

Hedgehog signaling can provide an oncogenic stimulus
in a number of organs, and increased pathway activation
during PanIN formation in the progression toward hu-
man PDA indicates that it may play an important role in
pancreatic tumorigenesis. The lack of PanIN and PDA
formation in Pdx-Cre; CLEG2 mice suggests the absence
of additional signals essential for PanIN progression. Our
results show that deregulation of the Ras pathway can
provide these signals. Increased Ras signaling by itself
results in PanIN lesions with a long latency. Up to 4.5
mo of age, most ducts in Pdx-Cre;Kras“'?" transgenic
mice are normal or present with minimal PanIN1A le-
sions, and more advanced lesions only become prevalent
when mice reach 9 mo of age (Hingorani et al. 2003).
Strikingly, simultaneous activation of both the Hedge-
hog and Ras pathways significantly reduces the latency
of PanIN formation. By the time triple-transgenic mice
reach 3 wk of age, the normal pancreas architecture is
almost completely substituted by PanIN lesions that are
surrounded by abundant mesenchyme. Furthermore, the
triple-transgenic Pdx-Cre; CLEG2;Kras©'?P mice have a
significantly shortened life span due to increased tumor
burden when compared with the Pdx-Cre;CLEG2 and
Pdx-Cre;Kras“'?P double-transgenic mice. The fact that
most tumors are undifferentiated might indicate that
cell-autonomous activation of Hedgehog signaling se-
verely disrupts the differentiation status of the targeted
cells.

How does Ras signaling control PanIN formation in
Pdx-Cre; CLEG2;Kras“'?” mice? During PanIN progres-
sion in humans, the increase in Hedgehog signaling ac-
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tivity—as marked by the elevated expression of the
Hedgehog receptor and transcriptional target, PTC1—is
concomitant with the increased expression of Hedgehog
ligands, including SHH (Thayer et al. 2003). Interest-
ingly, deregulation of Ras signaling in mice lacking p53
function in the pancreatic epithelium has recently been
shown to induce Shh expression (Hingorani et al. 2005).
These results suggest that Kras activation and/or elimi-
nation of p53 function is sufficient to cause expression of
Shh in pancreatic tissue. Given the fact that KRAS mu-
tations appear significantly earlier than TP53 mutations
during human PanIN progression, it is likely that deregu-
lation of Ras activity is responsible for the induction
of SHH expression in human pancreatic cancer. Here
we show that Pdx-Cre;CLEG2;Kras“*?" but not Pdx-
Cre;CLEG2 mice initiate Hedgehog ligand expression.
These findings are important as they provide evidence
for the notion that deregulation of Ras signaling during
the earliest PanIN stages in humans is sufficient to in-
duce Hedgehog signaling. Moreover, this induction oc-
curs via expression of Hedgehog ligands and thus
does not require pathway activation caused by muta-
tions in Hedgehog signaling components. In support of
this hypothesis, mutations in genes that deregulate
Hedgehog activity and consequently cause tumors in
other tissues have not been identified in pancreatic can-
cer specimens.

Unfortunately, forced expression of Hedgehog ligands
severely disrupts pancreas development and results in
early postnatal lethality (Apelqvist et al. 1997). In the
absence of transgenic mice that would allow temporally
and spatially appropriate expression of Hedgehog ligands
in the mature pancreas, we can only speculate on the
exact role that elevation of these factors might play dur-
ing PanIN formation. Pancreatic adenocarcinoma is
characterized by desmoplasia, the presence of a dense
population of fibroblasts and inflammatory cells (Hezel
et al. 20006). It is noteworthy that desmoplasia is present
in Pdx-Cre; CLEG2;Kras“*?P PanINs but lacking in Pdx-
Cre;CLEG2 mice. Interestingly, ectopic expression of
Shh has been shown to increase the mesenchymal com-
partment within the developing pancreas (Kawahira et
al. 2005). Thus, Hedgehog ligand expression could be re-
sponsible for stromal infiltration during tumor forma-
tion. However, our current results do not establish a
causative relation between increased Hedgehog ligand
expression and desmoplasia, as other signals could also
mediate stromal infiltration.

Absence of Kras mutations in Pdx-Cre;CLEG2 mice

The comparison of distinct models of pancreatic cancer
provides the opportunity to define genetic lesions in-
volved in the earliest stages of PDA initiation. Signature
activating mutations in codon 12 of KRAS are almost
invariable in human PDA tumor specimens and occur as
early as PanIN1A lesions (Almoguera et al. 1988;
Moskaluk et al. 1997). Our work has implicated deregu-
lation of Hedgehog signaling as another pathway suffi-
cient to cause transformation of pancreatic epithelial
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cells. These results raise the question of whether deregu-
lation of the Hedgehog pathway could activate Ras sig-
naling to initiate cellular transformation. Analysis of
pancreatic lesions in Pdx-Shh mice suggested that li-
gand-induced Hedgehog signaling is sufficient to cause
activating mutations within the Kras gene (Thayer et al.
2003). In contrast to these data, we failed here to detect
activating mutations in Kras or a general elevation of
Ras signaling upon epithelial-specific activation of
Hedgehog signaling in Pdx-Cre; CLEG2 mice. A possible
explanation for this discrepancy is that signaling acti-
vated through secreted Hedgehog ligands elicits both
cell-autonomous and paracrine effects, the latter of
which are missing in Pdx-Cre;CLEG2 mice. Also, it is
possible that ligand-induced changes in mesenchymal-
epithelial signaling are responsible for increased propen-
sity of the Kras locus to accrue genetic mutations. Quali-
tative differences in epithelial-specific versus ligand-me-
diated paracrine pathway activation with regard to Ras
activation and PanIN formation would need to be stud-
ied in transgenic mice in which temporal and spatial
Hedgehog ligand expression can be achieved in adult
pancreas.

Our current data suggest that Hedgehog signaling is
activated as a consequence of Ras deregulation. Thus, a
hierarchical relationship exists between the Ras and
Hedgehog pathways in PanIN progression and pancreatic
cancer. The observation that the latency period of PanIN
and cancer formation is significantly reduced in Pdx-
Cre;CLEG2;Kras®'?P triple-transgenic mice compared
with either Pdx-Cre;CLEG2 or Pdx-Cre;Kras®'?" ani-
mals further indicates that enforced up-regulation of
Hedgehog activity promotes tumor progression in
concert with aberrant Ras signaling. The exact mecha-
nism by which deregulation of Hedgehog signaling
increases tumor progression in Pdx-Cre;Kras®'2P ani-
mals needs to be investigated. However, the Hedgehog
pathway is known to directly activate cell proliferation
(Ruiz i Altaba et al. 2002), and these effects might ex-
plain the rapid growth of the tumors found in compound
mice.

Activation of AKT in Pdx-Cre;CLEG2 tumors

Results from the current study also shed light on Hedge-
hog’s role in regulating the activity of other signaling
pathways in epithelial cells. While activation of the clas-
sic Ras/MAPK pathway is not observed in Pdx-Cre;
CLEG2 pancreata, the undifferentiated tumors that form
in these mice are marked by an activation of the AKT
pathway. AKT signaling is a hallmark of many human
cancers (for review, see Vivanco and Sawyers 2002), in-
cluding pancreatic adenocarcinoma (for review, see He-
zel et al. 2006), where it promotes tumor progression by
triggering responses such as cell proliferation, survival,
and motility. Although AKT activation can be mediated
through Ras signaling, our results point to regulation via
receptor kinase signaling, including the EGFR pathway.
Hedgehog signaling has been shown to regulate EGFR
expression in Drosophila (for review, see Pasca di Magli-
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ano and Hebrok 2003). EGFR signaling is prominent in
human pancreatic cancer and is also observed in the un-
differentiated tumors that form in Pdx-Cre; CLEG2 mice.
Thus, our results suggest that epithelial-specific Hedge-
hog signaling does not promote Ras/MAPK signaling. In
contrast, Hedgehog signaling might regulate cell prolif-
eration and survival via activation of EGFR/AKT signal-
ing.

Hedgehog and Notch signaling pathways
in pancreatic cancer

The induction of cell transformation in Pdx-Cre; CLEG2
places the Hedgehog pathway at an early stage of tumor
formation. However, previous reports have assigned im-
portant roles to other signaling pathways during pancre-
atic tumor initiation (Pasca di Magliano and Hebrok
2003). The Notch signaling pathway is important during
pancreas development, where it promotes self-renewal of
pancreatic progenitors while inhibiting progenitor differ-
entiation (Apelgvist et al. 1999; Jensen et al. 2000; Mur-
taugh et al. 2003; Esni et al. 2004). In the adult pancreas,
the Notch pathway is down-regulated, remaining active
only in the centroacinar cells and in a small subset of
ductal cells (Miyamoto et al. 2003; Stanger et al. 2005).
Interestingly, up-regulation of Notch pathway compo-
nents is observed in PanIN1 lesions and pathway activity
remains high in PDA compared with a normal pancreas
(Miyamoto et al. 2003). Ectopic expression of TGF-a in
pancreatic acinar cells induces activation of the Notch
signaling pathway and results in the formation of PanIN
lesions, but it is not sufficient to promote progression to
pancreatic adenocarcinoma in the absence of Trp53 mu-
tations (Sandgren et al. 1990; Wagner et al. 1998, 2001;
Miyamoto et al. 2003). Analysis of the expression of the
Notch target gene Hes1 in the Kras“??P-Trp53 model of
pancreatic adenocarcinoma indicated that the Notch
pathway is up-regulated in PanIN lesions (Hingorani et
al. 2005). Here, we show that up-regulation of Hesl is
observed in tumors of Pdx-Cre; CLEG2 mice, even in the
absence of an activating Kras mutation. These results
indicate that up-regulation of the Notch pathway might
occur downstream from the Hedgehog pathway during
pancreatic adenocarcinoma progression. However, our
data do not exclude that Notch signaling might also ac-
tivate the Hedgehog pathway, as has been observed in
other contexts (Androutsellis-Theotokis et al. 2006).
Since both the Notch and the Hedgehog signaling path-
ways have been shown to promote proliferation of pro-
genitor cells, it would be interesting to test whether
Notch-mediated tumors also show a poorly differenti-
ated phenotype.

Current knowledge indicates that PDA develops via a
defined sequence of signature events, including muta-
tions in tumor suppressors and oncogenes as well as de-
regulation of embryonic signaling pathways that set the
stage for malignant transformation. Our findings support
the concept that aberrantly activated Hedgehog signaling
cooperates with Kras mutations to drive early stages of
pancreatic neoplasia. Defining the exact hierarchical in-



teractions between these events will be critical for our
understanding of the etiology of this disease as well as
the potential for therapeutic intervention.

Material and methods

Mouse strains

Pdx1-Cre mice (Gu et al. 2002) were intercrossed with CLEG2
mice and with LSL-Kras©*?P mice (a gift from David Tuveson,
University of Pennsylvania, Philadelphia, PA, referred to as
Kras©!'?P throughout the text) (Hingorani et al. 2003) to generate
either double or triple mutants: Pdx-Cre; CLEG2 and Pdx-
Cre; CLEG2;Kras“™?P. All studies were conducted in compli-
ance with University of California IACUC (Institutional Ani-
mal Care and Use Committee) guidelines. CLEG2 mice were
generated using the ubiquitously expressed CAG promoter
(Niwa et al. 1991), followed by a floxed EGFP ¢cDNA and bovine
growth hormone polyA sequence, followed by myc-tagged
GLI2AN cDNA (Roessler et al. 2005) and 2xSV40 polyA se-
quence (A. Ermilov, J. Ferris, and A.A. Dlugosz, in prep.).

Western blotting

Tissue samples were homogenized in RIPA buffer (50 mM Tris-
HCI at pH 7.4, 1% [v/v] NP40, 0.1% [w/v] SDS, 0.25% [w/v]
Na-deoxycholate, 1 mM EDTA, phosphatase [1 mM Na-ortho-
vanadate, 40 mM NaF, 10 mM glycerophosphate, 5 mM pyro-
phosphate], protease inhibitor [Complete—Roche]). Equal
amounts of proteins were electrophoresed in 15% SDS-PAGE
gels, transferred to PVDF membrane (Bio-Rad), and processed for
immunoblotting with antibodies against ERK1/2, phospho-
ERK1/2, AKT, phospho-AKT, phospho-PDK1, phospho-s6K
(p70), and phospo-EGFR (1:1000 dilution; Cell Signaling Tech-
nology) or GAPDH (1:3000 dilution). HRP-conjugated second-
ary antibody was used at 1:1000 dilution and detected by ECL
(Amersham Biosciences).

Histological analysis

Control pancreas and tumor tissue samples were fixed over-
night in zinc-containing neutral-buffered formalin, embedded in
paraffin, cut into 5-pm-thick sections, and placed on Superfrost
Plus slides (Fisher Scientific). Sections were subjected to hema-
toxylin and eosin (HE), Periodic Acid Schiff (PAS), Alcian blue,
and immunohistochemical staining. For immunohistochemis-
try, deparaffinized and rehydrated slides were subjected to an-
tigen retrieval via autoclaving in a 10 mM citric acid buffer (pH
6.0). Upon cooling to room temperature for 30 min slides were
blocked with 0.3% H,O, for 20 min, washed in phosphate-buff-
ered saline (PBS), and then blocked with 1% BSA in PBS. Slides
were incubated with diluted primary antibodies overnight at
4°C. The following primary antibodies were used: mouse anti-
B-catenin (1:200 dilution; Becton and Dickinson), mouse anti-
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myec (1:100 dilution; Neomarkers), rabbit anti-Hes1 (1:500 dilu-
tion; gift from Dr. Tetsuo Sudo, Toray Industries, Inc., Ka-
makura, Japan), rabbit anti-ki67 (1:200 dilution; Novocastra),
mouse anti-E-cadherin (1:200 dilution; Becton and Dickinson), rat
anti-CK19 (TROMAIII, 1:1000 dilution; developed by Dr. Rolf
Kemler [Max-Planck Institute of Immunobiology, Freiburg,
Germany| and obtained from the Hybridoma Bank at the Uni-
versity of Iowa), goat anti-SHH (1:100 dilution; Becton and
Dickinson). Biotinylated anti-rabbit (Vector Laboratories), and
anti-goat, anti-rat, and anti-mouse (Jackson Immunoresearch)
antibodies were used as secondary antibodies at a 1:300 dilu-
tion. 3-3’-Diaminobenzidine tetrahydrochloride was used as a
chromogen. Bright-field images were acquired using a Zeiss
Axio Imager D1 scope.

Quantitative PCR

Total RNA was prepared from pancreas or tumor tissue samples
using RNeasy (Qiagen) according to the manufacturer’s proto-
col. Reverse-transcription reaction was performed using Super-
Script III First-Strand Synthesis System (Invitrogen). PCR reac-
tions were performed in a 25-pL reaction mixture containing 1x
SYBR Green PCR master mix (Applied Biosystems) and 300 nM
of each primer. Amplification was performed by initial polymer-
ase activation for 10 min at 95°C, and 40 cycles of 94°C for 30
sec followed by elongation for 1 min at 60°C. Primer sequences
used are listed in Table 1. To exclude contamination with non-
specific PCR products, melting curve analysis was applied to all
final PCR products after the cycling protocol. RNA samples
without reverse-transcription were also subjected to PCR reac-
tion to exclude contamination of genomic DNA. Expression of
Hedgehog pathway genes was compared with the expression
level of B-glucuronidase (GUS) as previously described (Sekine
et al. 2006).

Acknowledgments

We are indebted to Dr. Doug Melton for providing the Pdx-Cre
mouse strain and Drs. David Tuveson and Sunil Hingorani for
sharing the Kras“'?P mice; Dr. Jun-ichi Miyazaki for providing
the CAG promoter; Drs. Erich Roessler and Maximilian
Muenke for providing myc-tagged GLI2AN ¢cDNA; and Dr. Tet-
suo Sudo for sharing the anti-Hesl antibody. The anti-CK19
antibody (TROMAII) developed by Dr. Rolf Kemler (Max-
Planck Institute of Immunobiology, Freiburg, Germany) was ob-
tained from the Developmental Studies Hybridoma Bank devel-
oped under the auspices of the NICHD and maintained by The
University of Iowa, Department of Biological Sciences, Towa
City, IA. We would also like to thank John P. Morris IV and Drs.
Brian Lewis and Roman Nawroth for critical reading of the
manuscript. The work in M.H.’s laboratory was supported by
grants from the NIH (DK60533-01A1, CA112537-01, and P30
CA82103); image acquisition was supported by the University
of California at San Francisco Diabetes and Endocrinology Re-

Forward primer

Reverse primer

Shh CAAAGCTCACATCCACTGTTCTG
Ihh CACGTGCATTGCTCTGTCAA

Ptcl TTGTGGAAGCCACAGAAAACC
Gli1 TGGACTCTCTTGACCTGGACAAC
GUS ACGGGATTGTGGTCATCGA
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