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Pancreatic ductal adenocarcinoma (PDAC) is characterized by the deregulation of the hedgehog signaling pathway.
The Sonic Hedgehog ligand (Shh), absent in the normal pancreas, is highly expressed in pancreatic tumors and is
sufficient to induce neoplastic precursor lesions in mouse models. We investigated the mechanism of Shh
signaling in PDAC carcinogenesis by genetically ablating the canonical bottleneck of hedgehog signaling, the
transmembrane protein Smoothened (Smo), in the pancreatic epithelium of PDAC-susceptible mice. We report
that multistage development of PDAC tumors is not affected by the deletion of Smo in the pancreas,
demonstrating that autocrine Shh–Ptch–Smo signaling is not required in pancreatic ductal cells for PDAC
progression. However, the expression of Gli target genes is maintained in Smo-negative ducts, implicating
alternative means of regulating Gli transcription in the neoplastic ductal epithelium. In PDAC tumor cells, we
find that Gli transcription is decoupled from upstream Shh–Ptch–Smo signaling and is regulated by TGF-b and
KRAS, and we show that Gli1 is required both for survival and for the KRAS-mediated transformed phenotype of
cultured PDAC cancer cells.
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Pancreatic ductal adenocarcinoma (PDAC) carries one of
the worst prognoses in oncology, with a 5-yr survival rate
of <5%, and is in acute need of new therapeutic options
(Bardeesy and DePinho 2002). The early stage of the
disease is characterized by pancreatic intraepithelial neo-
plasia lesions (PanIN) bearing mutations in the Kras
proto-oncogene, which progress to malignant PDAC by
accumulating mutations in other pathways, most fre-
quently in the tumor suppressor genes p16-Ink4A, Trp53,
and Smad4 (Tuveson and Hingorani 2005; Bardeesy et al.
2006a; Hezel et al. 2006). Knowledge of the mutations
that occur frequently in human patients has guided the
engineering of a new generation of mouse models of
PDAC that recapitulate more faithfully the pathology of

the human disease (Aguirre et al. 2003; Hingorani et al.
2003), and in which the contribution of other signaling
pathways to PDAC tumorigenesis can be assessed.
The Hedgehog pathway has been recently implicated

in PDAC formation, following the initial observation
that the Sonic Hedgehog ligand (Shh), undetectable in
the normal pancreas, is highly expressed in PDAC sam-
ples (Berman et al. 2003; Thayer et al. 2003). Canonical
hedgehog signaling requires the binding of a hedgehog
family ligand such as Shh to the Patched (Ptch) 12 trans-
membrane domain receptor, resulting in the activation
of the Smoothened (Smo) seven trans-membrane domain
protein. Activated Smo induces the nuclear translo-
cation of transcriptionally active members of the Gli
transcription factor family and the consequent elevated
transcription of Gli target genes, which include Ptch1
and Gli1 (Pasca di Magliano and Hebrok 2003; Jacob and
Lum 2007). Constitutive activation of this signaling
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pathway, through inactivating mutations of the Ptch
receptor, activating mutations of Smo, or elevated ex-
pression of Gli1 are key tumor-promoting features of
basal cell carcinoma, medulloblastoma, and several
other cancers (Taipale and Beachy 2001; Rubin and de
Sauvage 2006).
Several lines of evidence support the notion that

hedgehog signaling plays a functionally important role
in the genesis of pancreatic cancer. First, forced expres-
sion of Shh during mouse development is sufficient to
induce lesions resembling PanINs (Thayer et al. 2003;
Morton et al. 2007). Second, a Gli-driven transcriptional
program characterized by foregut developmental markers
and elevated expression of canonical Gli target genes is
evident in PanINs (Thayer et al. 2003; Prasad et al. 2005).
Third, activated Kras cooperates with activated Gli2 to
induce undifferentiated pancreatic tumors (Pasca di
Magliano et al. 2006). Finally, cyclopamine, an inhibitor
of Smo activity, is reported to induce apoptosis and to
block primary tumor formation (Thayer et al. 2003) or
metastatic dissemination (Feldmann et al. 2007) of sev-
eral PDAC cell lines upon transplantation. These results
support the hypothesis that autocrine Shh signaling
stimulates PDAC formation (Rustgi 2006; Jacob and
Lum 2007). A recent study identifying mutations of
downstream hedgehog signaling components, including
GLI1 and GLI3, in all human pancreatic cancer cell lines
scrutinized, supports the notion that this pathway is
important for PDAC formation in a cell-autonomous
way (Jones et al. 2008).
While clearly implicating Gli transcription and Shh

signaling in PDAC formation, the aforementioned studies
did not establish a requirement per se for autocrine Shh
signaling nor for Gli transcription in pancreatic ductal
tumorigenesis. Studies in which Shh and Gli2 contribu-
tions have been interpreted to be, respectively, autocrine
and cell-autonomous in nature do not, in fact, exclude
a potentially key stromal contribution of hedgehog sig-
naling to PDAC formation (Thayer et al. 2003; Pasca di
Magliano et al. 2006; Morton et al. 2007). Indeed, a recent
study demonstrates a clear role for Smo-mediated hedge-
hog signaling in the stroma, but not in the epithelial
compartment of transplanted xenografts of hedgehog
ligand-expressing tumor cells (Yauch et al. 2008).
To clarify the importance of hedgehog signaling in

tumor cells for PDAC development and to better map
the key nodes of hedgehog signaling susceptible to
potential therapeutic intervention in this disease, we
sought to determine if the singular transducer of hedge-
hog signaling, the Smo coreceptor, is required in the duc-
tal epithelium during PDAC carcinogenesis in a model of
oncogenic Kras-driven carcinognenesis. We establish that
Smo is dispensable in the pancreatic epithelium during
PDAC tumorigenesis and that expression of Gli transcrip-
tional targets is nevertheless maintained in the absence of
Smo-mediated hedgehog signaling. We then describe ini-
tial investigations into themechanisms of Smo-independent
Gli transcriptional modulation and the requirement of
this transcription factor for PDAC cell survival and
transformation.

Results

Ablating Smo expression in the pancreas of
PDAC-bearing mice

A variation of the genetically engineered PDAC model
used in this study was previously described (Bardeesy
et al. 2006a): The model consists of an activated KrasG12D

conditional allele (LSL-Kras) (Tuveson et al. 2004), a
heterozygous conditional Trp53 loss-of-function allele
(Trp53F) (Jonkers et al. 2001), and the Cre recombinase
targeted to the endogenous Ptf1-p48 locus (p48-Cre)
(Kawaguchi et al. 2002). Compound p48-Cre/+; LSL-

KrasG12D/+; Trp53F/+ mice present with low-grade PanIN
lesions within 4 wk of birth, progress to invasive PDAC
between 9 and 13 wk of age, and succumb to the disease
10–29 wk after birth, with 50% of the animals dying
within 16 wk of birth. PanIN-like and PDAC lesions
from p48-Cre/+; LSL-KrasG12D/+; Trp53F/+ mice express
high levels of the Shh mRNA (Fig. 1A). Shh protein
expression is not detectable in normal pancreatic tissue
(Fig. 1B) but is readily detectable and restricted to the
ductal cells in PDAC sections (Fig. 1C). PDAC tumor
samples from this model also express appreciable levels
of the SmomRNA, as well as elevated levels of the Ptch1
and Gli1 mRNAs (Fig. 1A).
We compared the formation of PDAC in mice hetero-

zygous and homozygous for a Smoothened conditional
loss-of-function allele (SmoF) (Long et al. 2001). The Smo
heterozygousmicewere used as control since a previously

Figure 1. Hedgehog pathway components are deregulated in
PDAC lesions. (A) Expression of Shh, Ptch1, Smo, and Gli1

mRNA in total RNA extracts from ;12-wk-old LSL-Kras/+;
p53F/+ control pancreata (P) (N = 3) or p48-Cre/+; LSL-Kras/+;
p53F/+ tumors (T) (N = 3). Levels of mRNAs expressed as
a percentage of the mGus control mRNA. Asterisk indicates
a P-value <0.01. (B,C) Immuno-histochemical detection of Shh
(503). (B) No Shh detected in normal pancreas. (C) Shh expres-
sion detected inside ductal cells in PanIN lesions of 9-wk-old
PDAC mice. The panels are representative of multiple fields of
pancreatic sections from two control and two PDAC mice.
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described Smo-null allele did not display haplo-insuffi-
cient phenotypes (Zhang et al. 2001). Thus, p48-Cre/+; LSL-
KrasG12D/+; Trp53F/+; SmoF/+ mice (PDAC SmoF/+) were
compared with p48-Cre/+; LSL-KrasG12D/+; Trp53F/+;
SmoF/SmoF mice (PDAC SmoF/F) for their propensity to
develop PanIN-like and PDAC lesions and for their over-
all survival.
We first established that the Smoothened allele was

properly recombined in this model by PCR analysis of
PDAC tumor cell lines derived from these mice. Three
out of three independently derived PDAC SmoF/+ cell
lines carried a recombined SmoF allele, and three out of
four independently derived PDAC SmoF/F cell lines had
recombined both SmoF alleles (Fig. 2A; data not shown).
We confirmed the complete depletion of Smo mRNA in
these cells by quantitative real-time RT–PCR (Fig. 2B).
Furthermore, to investigate the extent of in vivo recom-
bination of the SmoF allele in pancreatic ducts, we
performed a laser capture microdissection of ductal
structures from neoplastic pancreas from PDAC SmoF/+

and PDAC SmoF/F mice: Analysis of pools of ductal
lesions captured from the two genotypes indicated that
the conditional SmoF allele was widely recombined in
neoplastic ducts but not in the surrounding stroma (Fig.
2C). Finally, to validate the loss of the Smo protein in
PDAC SmoF/F pancreatic ducts, we performed fluorescent
immunostaining on sections from PDAC SmoF/+ and
PDAC SmoF/F tumors from 9.5-wk-old PDAC-bearing
mice. A granular cytoplasmic Smo staining pattern was
readily detectable in the PDAC SmoF/+ sections (Fig.
2D,E), similar to what had been described (Incardona
et al. 2002). About 30% of the ductal cells in SmoF/+

ductal lesions express high levels of the Smo protein (Fig.
2D). Strong Smo staining was also detected in PDAC
SmoF/+ tumors (Fig. 2E). In contrast, Smo staining was
depleted in SmoF/F ducts and tumors (Fig. 2F,G). Consec-
utive sections were stained by H&E to show that the
immuno-stained areas depicted in Figure 2, E and G,
represent areas of adenocarcinoma (Supplemental Fig. 1).
Smo protein depletion in PDAC SmoF/F mice was exten-
sive, ranging from the retention of rare Smo-positive cells
in one PDAC SmoF/F mouse to the complete absence of
staining in tumor sections from two other PDAC SmoF/F

mice. Collectively, these analyses demonstrate that Smo
expression is largely ablated in the ductal cell compart-
ment of PDAC SmoF/F mice.

Smoothened depletion does not impact exocrine
pancreatic development

Before characterizing the potential role of Smo during
ductal carcinogenesis, we sought to verify that the loss of
Smo did not affect normal pancreatic development, since
a pre-existing developmental defect in the pancreas
could, in principle, complicate the interpretation of any
tumor phenotype. For this purpose, we compared
pancreas samples from Pdx-Cre; Smo+/+ and Pdx-Cre;
SmoF/Null mice, in which slight pancreatic endocrine
defects have been observed (J. Lau and M. Hebrok,
unpubl.). Quantitative PCR analysis of cDNAs derived

from dissected pancreatic buds of 12.5-d-old embryos
demonstrates that levels of the endogenous Smo mRNA
are decreased by almost 90% in mutant Smo pancreatic
bud extracts (Fig. 3A). This result shows that the
vast majority of pancreatic progenitor cells of Pdx-Cre;
SmoF/Null mice are genetically lacking Smo function. We
stained pancreatic sections of wild-type and Smo mutant
pancreas with an anti-Muc1 antibody to mark ductal
cells, and with an anti-a-amylase antibody to mark acinar
cells. No difference could be observed between the two sets
of pancreas with either staining (Fig. 3B,C). In addition, we
stained wild-type and Smomutant pancreas with H&E and
found no morphological difference (Fig. 3D,E). We conclude
that the development of ductal and acinar lineages proceeds
normally in the absence of Smoothened and that tumor
phenotypes occurring in the absence of Smo will not be
impacted by pre-existing ductal or acinar developmental
defects.

Effect of Smoothened depletion on PDAC formation

In the transgenic model of PDAC used in our study, the
pancreas undergoes profound phenotypic changes follow-
ing the activation of mutant KrasG12D and the heterozy-
gous deletion of Trp53 throughout the developing
pancreas. Following a process of acinar-ductal metaplasia,
virtually all the exocrine pancreas is replaced with neo-
plastic ductal structures by 9.5 wk of age. At this stage,
adenocarcinoma lesions are commingled with numerous
ductal foci containing PanIN-like lesions, separated from
each other by a thick activated stroma composed of
activated fibroblasts and immune cells (Fig. 4A,C). When
we compared the histopathology of PDAC SmoF/+ and
PDAC SmoF/F pancreas, we found no appreciable differ-
ence between the pathology of SmoF/+ and SmoF/F mice.
The analysis of pancreata from five mice in each cohort
revealed similar foci of PanIN-like lesions surrounded by
an activated stroma (Fig. 4A,B) along with scattered
invasive adenocarcinoma lesions characterized by a prom-
inent desmoplastic component (Fig. 4C,D). Thus, the
acinar-ductal metaplasia and the formation of PanIN
and adenocarcinoma lesions were not qualitatively af-
fected by the deletion of Smo in PDAC SmoF/F mice. We
also noted a complete absence of Smo staining in the
ducts of mucin-negative PanIN-like lesions (Fig. 2F) and
in PDAC tumor areas (Fig. 2E), highlighting that these
advanced neoplastic lesions can develop in the absence of
Smo.
Given that no normal pancreas remained at 9.5 wk of

age, we used whole pancreatic weight as a proxy mea-
surement for tumor burden. Using this metric, we found
an approximate doubling of the pancreatic weight of
PDAC mice compared with Cre-negative control ani-
mals. Notably, we found no statistical difference in
pancreatic tumor weight between the SmoF/+ and the
SmoF/F animals (Fig. 4E). Moreover, we aged two cohorts
of 31 mice each to evaluate a possible survival difference
between PDAC SmoF/+ and PDAC SmoF/F mice. If Shh
produced by PDAC cancer cells promoted tumor growth
in an autocrine manner, we expected the PDAC SmoF/F
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mice, in which ductal Shh signal transduction is lost,
to live longer than their PDAC SmoF/+ littermates.
However, to our surprise, PDAC SmoF/F animals died
on average 17 d earlier than their PDAC SmoF/+ counter-
parts (Fig. 4F). This statistically significant difference
may be explained by slight genetic variations among the
different mouse strains that were bred to generate the
PDAC SmoF/F and PDAC SmoF/+ compound mice. The
lack of a survival advantage in PDAC SmoF/F mice,
however, clearly demonstrates that Smo deletion does
not alleviate PDAC-induced morbidity in these mice.
Since a few Smo-positive cells persisted in one of three

PDAC SmoF/F mice analyzed, a possibility arose that
Smo function inside PDAC tumors may be conveyed
by a few isolated cells that possess stem cell-like prop-
erties. In such a scenario, even a few remaining Smo-
positive cells might be sufficient to carry out the tumor
cell-intrinsic function required for PDAC tumor growth,
and thus ablating Smo in >90% of the cancer cells may
not be sufficient to produce an observable defect in
PDAC tumorigenesis. To address this possibility, we
conducted a second experiment in which Smo function
was entirely ablated. One of the pancreatic tumor-
derived cell lines we obtained from PDAC SmoF/F mice
had undergone transformation without recombining its
Smo conditional alleles (Fig. 4G, lane 3). We proceeded

to delete Smo in these cells by infecting them in vitro
with an adenovirus expressing the Cre recombinase.
Through this process, we obtained genetically matched
PDAC cell lines that differed only by the recombina-
tion status of their Smo conditional allele (Fig. 4G),
which we named 4.2 NR (nonrecombined) and 4.2 R
(recombined). We orthotopically injected 10,000 cells
from each cell line into the pancreases of two cohorts
of eight nude mice to assess their propensity to develop
PDAC tumors in vivo. After 2.5 wk, the two cohorts of
mice were sacrificed, and the weight of their pancreatic
tumors was measured. No difference was found between
the tumor weight of nude mice injected with 4.2 NR or
with 4.2 R cells (Fig. 4H). In addition, no morphological
difference was evident in H&E-stained sections of these
tumors (Fig. 4I,J). To ensure that the nonrecombined Smo
allele had not spontaneously recombined in vivo in the
4.2 NR cells, we genotyped the Smo locus in the de-
rivative tumors after sacrifice, and detected the non-
recombined allele in 4.2 NR, but not the 4.2 R tumor
genomic DNA (Supplemental Fig. 2), as well as the wild-
type Smo allele present in whole-tumor DNA because of
Smo wild-type host mesenchymal cells present in the
tumor.

Figure 2. Smoothened is depleted in ductal cells of PDAC
SmoF/F mice. (A) Recombination of the Smo locus in PDAC cell
lines. PCR amplification of the Smo locus (Smo) or the p48-Cre
transgene (p48). The Smo genotyping procedure amplifies the
nonrecombined conditional SmoF allele (upper band, F) and the
wild-type (wt) Smo allele (lower band, wild type). The upper PCR
band is lost upon Cre recombination of the Smo conditional
locus. The input genomic DNA used in each PCR reaction is
indicated: (Tail) genomic DNA from mouse tail, 100 ng; (Cells)
genomic DNA from PDAC-derived tumor cell lines, 10 ng; (+/+)
Smo+/+; (F/+) SmoF/+; (F/F) SmoF/F. (B) Depletion of the Smo

mRNA in recombined cell lines. Expression of Smo mRNA in
total RNA extracts from Smo+/+ (W), SmoF/+ (H), or SmoF/F (F)
PDAC cell lines. Levels of mRNAs expressed as a percentage
of the m-Gus control mRNA. Total RNA extracts from two
cells lines of each genotype were assayed in triplicate. (C) In
vivo recombination of the Smo locus. Genomic DNA from
ductal structures or stromal areas isolated by laser-capture
microdissection (LCM) from PDAC tumors was subjected to
the same PCR amplification as in A. Ducts or stromal areas
from two PDAC tumors of each genotype were pooled and
subjected to PCR amplification. The input genomic DNA used
in each PCR reaction is indicated: (Tail) DNA from mouse tail;
(Ducts) LCM-captured ducts from two PDAC tumors; (Stroma)
LCM-captured stromal-rich area of two PDAC tumors; (+/+)
Smo+/+; (F/+) SmoF/+; (F/F) SmoF/F. (D–G) In vivo depletion of
the Smo protein. Immunofluorescent detection of Smo (green)
and Muc-1 (red) (6303). The Smo protein is detected in a sub-
set of mucin-negative ducts inside PDAC SmoF/+ PanIN-like
lesions (D), but not in mucin-positive ducts (white arrows) as
well as in mucin-negative PDAC SmoF/+ adenocarcinoma le-
sions (E). Smo is undetectable in PDAC SmoF/F PanIN-like
lesions (F) orin PDAC SmoF/F adenocarcinoma (G). Granular
cytoplasmic Smo staining of an individual PDAC SmoF/+ cell
(25203) (D, insert) absent in individual PDAC SmoF/F cells (F,
insert). The panels are representative of multiple fields of
pancreatic sections from three PDAC SmoF/+ mice and three
PDAC SmoF/F mice.
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Thus, targeted ablation of Smo in pancreatic epithelial
cells does not affect the tumor grade or tumor burden of
mice engineered to develop PDAC, nor does it confer
a survival advantage. We conclude that autocrine Shh
signaling mediated by Smo is not required in pancreatic
ductal cells for the onset and progression of PDAC.

Smo-independent mechanisms of Gli target
genes maintenance

Our experiments demonstrate that expression of Smo in
the pancreatic ductal epithelium is dispensable for the
initiation and progression of PDAC. One anticipates that
the loss of Shh signaling via Smo would result in the
down-regulation of hedgehog target genes such as Gli1
and Ptch1. This would in turn suggest that the Gli
transcriptional program could be down-regulated without
adverse effect to pancreatic tumor cells, a somewhat
unexpected result in light of studies that implicate Gli
transcription as a salient characteristic of this disease
(Thayer et al. 2003; Prasad et al. 2005). To explore this

matter in vivo, we performed laser capture microdissec-
tions of ductal structures from frozen tumor sections
obtained from PDAC Smo+/+, PDAC SmoF/+, or PDAC
SmoF/F mice (Fig. 5A,B). We extracted total RNA from
these microdissected ducts to evaluate the level of
expression of the Ptch1 and Gli1 transcripts, two known
Gli target genes. We also assayed the expression of the
Shh transcript. We found that, whereas Smo expression is
greatly reduced in microdissected neoplastic SmoF/F

ducts compared with analogous SmoF/+ and Smo+/+ ducts,
the expression levels of Ptch1 and Gli1 are not signifi-
cantly affected by the genetic ablation of Smo (Fig. 5C).
This unexpected observation reveals that the transcrip-
tion of Gli1 and Ptch1 is maintained in neoplastic ductal
cells through Smo-independent mechanisms.
Given the lack of effect onGli1 and Ptch1 transcription

upon Smo abrogation in neoplastic pancreatic ducts, we
asked if PDAC cancer cells were capable of transducing
hedgehog signals. We investigated this question by com-
paring Smo-positive neoplastic PDAC cells with Smo-
positive primary pancreatic fibroblasts for their in vitro
ability to induce Gli target genes upon exposure to
exogenous recombinant Shh (rShh). Once grown to con-
fluence, both cell types were incubated in low serum
conditions for 16 h, then stimulated with increasing
amounts of rShh for 8 h (Fig. 5D). In response to rShh,
the transcription of Gli target genes was markedly in-
duced in primary pancreatic fibroblasts, but not in PDAC
cells. Admittedly, absolute levels of the various compo-
nents of the Hedgehog/Gli machinery varied significantly
between these two cell types (Table 1), but both cell types
express readily detectable levels of Smo and Ptch1,
suggesting that their lack of responsiveness is not due
to a lack of Shh receptors. We conclude that both PDAC
cells and pancreatic fibroblasts express Gli1 and Ptch1
transcripts. However, Smo-positive PDAC cells do not
respond to direct hedgehog ligand stimulation, indicating
that their expression of Gli1 and Ptch1 is decoupled from
upstream Shh/Ptch/Smo signaling.

TGF-b and Kras signaling impact Gli target genes
independently of Smo

We next sought to identify pathways that could be
regulating the observed Gli1 and Ptch1 transcription in
PDAC cells independently of Smo-mediated signaling.
TGF-b has been reported to induce Gli1 and Gli2 mRNA
levels in several cell lines (Dennler et al. 2007). Given
that TGF-b1 is highly expressed by PDAC tumor cells in
vivo in a closely related murine PDAC genetic model
(Bardeesy et al. 2006b), as well as in themodel used in this
study (C. Chaudury and D. Hanahan, unpubl.), we
assessed the impact of TGF-b1 signaling on Gli1 tran-
scription in the genetically matched pair of Smo wild-
type (4.2 NR) and Smo mutant (4.2 R) PDAC cell lines
introduced above. We cultured these cells with or with-
out recombinant TGF-b1 and measured the effect on the
expression of Gli1, Gli2, Gli3, Ptch1, and E-cadherin, the
latter being a transcript known to be strongly down-
regulated by the TGF-b pathway (Fig. 6A). We found

Figure 3. Ductal and acinar pancreatic development is normal
in the absence of Smo function. (A) Quantitative RT–PCR
comparison of SmomRNA in total RNA extracts from dissected
pancreatic buds of 12.5-d Pdx-Cre; Smo+/+ (Smo+) embryos and
Pdx-Cre; SmoF/Null (Smo�) embryos. (B,C) Anti-Muc1 and anti-
a-amylase staining of pancreatic sections from Pdx-Cre; Smo+/+

mice (B) and Pdx-Cre; SmoF/Null mice (C). (D) H&E staining of
pancreatic sections from Pdx-Cre; Smo+/+ mice and Pdx-Cre;

SmoF/Null mice. Arrows indicate pancreatic ducts. The panels
are representative of multiple fields of pancreatic sections from
two Pdx-Cre; Smo+/+ and two Pdx-Cre; SmoF/Null mice.
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that regardless of the Smo status of the PDAC cells,
incubation with TGF-b resulted in a marked 4.5-fold up-
regulation of Gli1 and a >25-fold elevation of Gli3; Gli2
remained undetectable in these cells (data not shown),
but Ptch1 was decreased by 40%, while E-cadherin, as
expected, decreased by 90% upon TGF-b1 exposure.
These marked effects on E-cad, Gli1, Gli3, and Ptch1
were observed in two other independently derived PDAC
cell lines (data not shown).
Given that the mouse PDAC model is engineered to

express the activated Kras oncogene, the most prevalent
genetic event detected in human PDAC, we investigated
if Kras itself might also be involved in regulating Gli1
and Ptch1 mRNA levels. We transfected the genetically
matched Smo wild-type and Smo mutant PDAC cells
with siRNA constructs targeted at Kras or Gli1 and
measured the impact of this treatment on the expression
of Kras, Gli1, Gli2, Gli3, and Ptch1 after 48 h. We found
that depleting 80% of Kras expression with Kras-targeted
siRNAs resulted in a significant down-regulation of the
Gli1 and Ptch1 mRNAs in both PDAC lines (Fig. 6B).
Interestingly, depleting 80% of Gli1 expression with
Gli1-targeted siRNAs not only resulted in the decreased
expression of Ptch1, but also of Kras itself (Fig. 6B),
suggesting reciprocal feedback regulation. Gli2 remained
undetectable, and Gli3 was unaffected in PDAC tumor
cells following Kras depletion (data not shown). Thus,
we demonstrate that both TGF-b1 and Kras regulate Gli1

and Ptch1 expression independently of Smo-mediated
signaling.

GLI1 is required for PDAC cell survival and for
KRAS-driven transformation

Next, we asked if the maintenance of Gli1 expression in
PDAC cells was functionally important for PDAC cancer
cell homeostasis. We first performed cell growth assays
on mouse PDAC cells treated with siRNA constructs
targeting Kras and Gli1. In two independent mouse
PDAC cell lines (4.2 NR and 3.3), we found that both
Kras and Gli1 siRNA targeting resulted in significantly
decreased cell numbers 72 h after transfection and 24 h
after serum deprivation (Fig. 6C). We repeated the siRNA
targeting and stained 3.3 cell cultures with an anti-
cleaved caspase-3 antibody that marks cells undergoing
apoptosis. We find that apoptosis increases markedly in
3.3 cells treated with Gli1 and Kras siRNAs (Fig. 6D).
We then asked if our findings in mouse PDAC cells also

applied to human PDAC cells. We transfected four
human PDAC cell lines with a shRNA targeting GLI1
and compared it with a scrambled shRNA. Three lines
(L3.6, PANC1, and MiaPaCa2) contained an activating
mutation in KRAS, whereas a fourth, BxPC3, was wild
type for KRAS; all four lines express comparable levels of
KRAS mRNA (data not shown). We found that upon
challenge with cyclohexamide, apoptosis was markedly

Figure 4. Genetic depletion of Smo in the
pancreatic epithelium does not affect
PDAC tumorigenesis. (A–D) H&E analysis
of the histopathology of PDAC SmoF/+

(A,C) and PDAC SmoF/F (B,D) lesions
reveals no overt difference in the presenta-
tion of PanIN-like lesions (A,B) or PDAC
(C,D). (E) No significant difference in the
pancreatic weight of PDAC SmoF/+ mice (F/
+; N = 10) and PDAC SmoF/F mice (F/F; N =

11) could be detected [(**) P = 0.378)], but
a significant difference is observed between
the pancreatic weight of tumor-bearing
mice and control non-tumor-bearing mice
[N = 13; (*) P < 0.01]. (F) The mean survival
of a cohort of PDAC SmoF/+ mice (green
line; N = 31) was significantly greater [17 d;
(*) P < 0.05] than that of a PDAC SmoF/F

mice (red line; N = 31). The panels are
representative of multiple fields of pancre-
atic sections from eight PDAC SmoF/+ mice
and eight PDAC SmoF/F mice. (G) In vitro
recombination of the Smo locus in the
PDAC 4.2 R cell line derived from the
nonrecombined PDAC 4.2 NR cell line.
PCR amplification of the Smo locus (Smo)
or the Betacellulin control locus (Btc). Smo

genotyping: unrecombioned SmoF allele (upper band, F) and wild-type Smo allele (lower band, wild type). The upper PCR band is lost
upon Cre recombination of the Smo conditional locus. The input genomic DNA is indicated: (Tail) genomic DNA from mouse tail; (4.2
NR) genomic DNA from nonrecombined PDAC cell line; (4.2 R) genomic DNA from in vitro recombined PDAC cell line. (H) Average
pancreatic tumor weight from nude mice orthotopically injected with 4.2 NR (N = 8, Smo+) or 4.2 R cells (N = 8, Smo�). No significant
difference was detected. (I,J) H&E staining of 4.2 NR (Smo+) and 4.2 R(Smo�) xenograft tumor sections. The panels are representative of
multiple fields of pancreatic sections from four 4.2 NR and four 4.2 R pancreatic tumors.
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increased in all four human PDAC cell lines (Fig. 7A,B).
We then asked if this decrease in cellular fitness also
impacted the propensity to form colonies in soft agar, a
transformation assay that measures anchorage-independent
cell growth and approximates the malignant potential of
tumor cells. Colony formation in soft agar was markedly
impaired following GLI1 depletion in all three KRAS
mutant cell lines but had a less notable effect on KRAS
wild-type BXPC3 cells (Fig. 7C), suggesting that the GLI1
requirement for cellular transformationwasmore acutely
detected in the context of mutant KRAS. To investigate
this possibility, we transfected KRAS wild-type BxPC3
cells with an oncogenic KRAS construct, which resulted
in a significant increase in colony formation (Fig. 7D).
Remarkably, in the context of oncogenic KRAS, BxPC3
colony formation was much more sensitive to GLI1
depletion. This sensitivity was confirmed to be GLI1-
specific, as it could be rescued by a cotransfected resis-
tance GLI1 cDNA construct (rGLI1) that is not targeted

by theGLI1 shRNA (Fig. 7D, right bar). Colony formation
induced by wild-type KRAS overexpression in BxPC3 cells
was less pronounced and less sensitive to GLI1 depletion
than with mutant oncogenic KRAS (data not shown).
We next tested the prediction, based on the results from

the mouse model, that human PDAC cell lines in which
phenotypic effects of GLI1 depletion were observed
would nevertheless be unresponsive to Shh stimulation,
in support of our interpretation that endogenous GLI1
regulation is decoupled from upstream Shh signaling in
PDAC cells. We exposed L3.6 and PANC1 cells to
exogenous recombinant Shh, monitoring the expression
of a GLI-luciferase reporter. There was no effect of Shh on
the GLI reporter, whereas it was readily induced in
a fibroblastic cell line (CH10T1/2) (Supplemental Fig.
3A). In both PDAC cells and fibroblasts, in contrast,
transfection of GLI1 markedly increased transcription
from the GLI-luciferase reporter, demonstrating that the
GLI reporter can respond to elevated GLI transcriptional
activity in both cell types (Supplemental Fig. 3B).
Since GLI1 mediates important functions of oncogenic

KRAS in human PDAC cells, we investigated the re-
lationship between KRAS and GLI transcription. We
found that shRNA-mediated depletion of KRAS in hu-
man PDAC cells leads to a marked down-regulation of
GLI transcription, as assayed by the activity of a GLI-
luciferase reporter (Fig. 7E). Moreover, oncogenic KRAS
cooperates with GLI1 to induce elevated GLI transcrip-
tion when transfected into KRAS wild-type BxPC3 cells
(Fig. 7F).
Thus KRAS is both required and sufficient for the

induction of GLI transcriptional activity in PDAC cancer
cells that evidence SHH-independent GLI transcription,
and GLI1 demonstrably contributes to PDAC cancer cell
survival and to malignant cellular phenotypes mediated
by KRAS.

Discussion

Hedgehog signaling is deregulated in pancreatic adeno-
carcinoma, and functional studies have implicated this
pathway in pancreatic tumorigenesis: Shh overexpres-
sion is sufficient to initiate PanIN-like precursor lesions
(Berman et al. 2003; Thayer et al. 2003) and to accelerate
tumor formation in mouse orthotopic xenotransplants
(Morton et al. 2007), while GLI transcription synergizes

Figure 5. Ptch1 and Gli1 expression are maintained in vivo in
Smo-depleted neoplastic ductal cells. (A,B) Laser microdissec-
tion of pancreatic ducts before (A) and after (B) capture on H&E-
stained frozen tumor sections (503). (C) Expression of Smo, Ptch1,
Shh, and Gli1 mRNA in total RNA extracts from pools of laser
capture microdissected pancreatic ducts from two PDAC Smo+/+

(W), two PDAC SmoF/+ (H), and two PDAC SmoF/F (F) tumors.
Levels of mRNAs expressed as a percentage of the m-Gus control
mRNA. (D) Relative expression (% mGus) of Hedgehog/Gli signal-
ing components following stimulation with increasing concen-
trations of recombinant Shh (0–50–150–500 ng/mL) in primary
pancreatic fibroblasts (F) or in PDAC cell line 3.3 (P). Asterisk
indicates a P value <0.01 (C) or <0.001 (D).

Table 1. Comparative expression of Hedgehog/Gli pathway

components in PDAC cells versus unstimulated pancreatic

fibroblasts as a percentage of mGus expression

PDAC cells
(% mGus)

Fibroblasts
(% mGus)

Gli1 0.3 0.6
Gli2 Undetected 2.4
Gli3 0.9 40.9
Ptch1 47.9 26.1
Smo 2.6 24.9
Shh 0.6 Undetected
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with activated Kras to induce aggressive undifferentiated
pancreatic tumors (Pasca di Magliano et al. 2006). In
addition, cyclopamine, a Smo inhibitor, has a clearly
deleterious effect on a subset of human PDAC cell lines
(Berman et al. 2003; Thayer et al. 2003; Feldmann et al.
2007). Collectively, these studies suggested that auto-
crine Shh signaling in neoplastic ductal cells was impor-
tant for PDAC carcinogenesis, alongside a potential but
untested interplay with the tumor stroma (Fig. 8A).
A recent study, however, reports that a potent and

specific inhibitor of Smo signaling down-regulates Gli
transcription in the stroma of transplanted PDAC
tumors, but not in the cancer cells. Furthermore, in-
hibition of hedgehog signaling in the stroma is function-
ally important, as it is sufficient to impair tumor growth
in subcutaneous xenotransplants of hedgehog ligand-
positive cancer cells (Yauch et al. 2008). Other data from

the same group also show that pancreatic ductal epithe-
lial cells are not susceptible in vivo to oncogenic Smo
signaling, whereas expression of oncogenic Smo in mes-
enchymal cells induces mesenchymal tumors (Tian and
de Sauvage, unpubl.). These new observations, in concert
with the data presented herein, support an alternative
model for the role of hedgehog signaling in PDAC
formation, in which hedgehog ligands secreted by the
pancreatic ductal epithelium do not stimulate the cancer
cells in an autocrine manner, but rather serve a para-
crine signaling function, resulting in the canonical Smo-
dependent activation of GLI transcription in adjacent
mesenchymal cells.Moreover, our study supports the prop-
osition that neoplastic pancreatic ductal cells do not trans-
duce hedgehog ligand signals, as we show that, unlike
fibroblastic cells, PDAC cells do not induce Gli transcrip-
tion following incubation with Shh. We also demonstrate

Figure 6. TGF-b and activated Kras signaling impact Gli and Ptch1 expression in a Smo-independent manner. (A) Expression of Smo,
Ptch1, E-Cad, Gli1, and Gli3 mRNA in total RNA extracts from wild-type Smo (4.2 NR) or Smo mutant (4.2 R) PDAC cell lines 48 h
after stimulation with 5 ng/mL recombinant TGF-b1. Levels of mRNAs expressed as a percentage of the mGus control mRNA. (B)
Expression of Kras, Gli1, and Ptch1 mRNA in total RNA extracts from wild-type Smo (4.2 NR) or Smo mutant (4.2 R) PDAC cell 48 h
after transfection with control siRNA pools or siRNA pools targeting Kras or Gli1. Levels of mRNAs expressed as a percentage of the
mGus control mRNA. (C) Absorbance at 540 nm of two PDAC cell lines (4.2 NR and 3.3) incubated with MTT (see the Materials and
Methods) 72 h after transfection with control siRNA pools or siRNA pools targeting Kras or Gli1 and after 24 h of serum starvation. (D)
Relative change in Activated Caspase 3 immuno-fluorescent staining of mouse PDAC 3.3 cells 60 h after transfection with control
siRNA pools (Ctrl) or siRNA pools targeting Kras or Gli1, following 12 h of serum starvation. Staining was evaluated in five fields each
containing at least 500 cells for each condition. Act-Casp-3-positive cells expressed as a percentage of DAPI nuclei; the percentage in
Ctrl-treated cells was set at 100%. Asterisk indicates a P-value <0.01 (A), <0.05 (B,C), or <0.005 (D).
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that autocrine Smo-mediated hedgehog signaling is nei-
ther limiting nor functionally required in the ductal epi-
thelium for the development of PDAC, since genetically
ablating Smo in the pancreatic epithelium has no effect
on PDAC tumorigenesis.
However, while gain or loss of Smo function does not

affect pancreatic ductal cells, similarly targeted expres-
sion of a downstream effector of hedgehog signaling, the
transcription factor Gli2, induces pancreatic neoplasia

and accelerates Kras-induced carcinogenesis, albeit of
a nondifferentiated kind (Pasca di Magliano et al. 2006).
Moreover, a GLI-mediated transcriptional program is
clearly induced in PanIN lesions in vivo (Prasad et al.
2005), arguing that GLI transcription inside ductal cells
may be important for pancreatic tumorigenesis. Remark-
ably, we observed no significant decrease in the levels of
expression of Gli target genes following the genetic
ablation of Smo in neoplastic ductal cells, showing that

Figure 7. GLI1 is required for survival and maintenance of the transformed phenotype of human PDAC cancer cells. (A) Relative
changes in chromatin condensation/margination and nuclear fragmentation (proxy for apoptosis) in L3.6, PANC1, MiaPaCa2, and
BxPC3 pancreatic cancer cells 48 h after transfection with shGLI1 or scramble control shRNA and subsequent treatment with 25 mM
cycloheximide. More than 300 cells in four high-power fields were counted; apoptotic cells are expressed as a percentage of total cells.
(B) Hoescht 33342 staining of L3.6 PDAC cells transfected with scramble shRNA, shGLI1, or shGLI1 alongside an shGLI1-resistant
GLI1 cDNA construct (rGLI1). Arrows indicate nuclear morphological patterns indicative of apoptosis (blue, Hoechst 33342). (C)
Relative colony formation (neoplastic anchorage-independent growth) of L3.6, PANC1, MiaPaca2, and BxPC3 pancreatic cancer cells
assayed following transfection with shGLI1 or scramble shRNA (control) plasmids. (D) Relative colony formation of BxPC3 pancreatic
cancer cells (wild-type KRAS) transfected with oncogenic KRAS and scramble control shRNA, shGli1, or shGli1 alongside an shGLI1-
resistant GLI1 cDNA rescue construct (rGli1). (E) Relative changes in Luciferase activity in L3.6, PANC1, MiaPaCa2, and BxPC3
pancreatic cancer cells transfected with a Gli-Luciferase reporter and with shKRAS or scramble control shRNA. (F) Relative changes in
Luciferase activity in BXPC3 (wild-type KRAS) pancreatic cancer cells transfected with aGLI-Luciferase reporter with or without KRAS

or GLI1 expression constructs. (*) P-value <0.01; (**) P-value <0.05.
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expression of Gli target genes in PDAC cells is decoupled
from upstream Hh/Ptch/Smo signal transduction. We
find that two signaling molecules prominently involved
in PDAC tumorigenesis, KRAS and TGFb, regulate the
Smo-independent expression of Gli target genes in mouse
PDAC cells. Furthermore, we find that GLI1 is required
in human PDAC cell lines for survival and for KRAS-
mediated cellular transformation. The nonresponsive-
ness to Shh signaling, along with the demonstrable
requirement of Gli1 function inmouse and human PDAC

cells, may help explain why genes that are in other cir-
cumstances downstream effectors or regulators of hedge-
hog signaling, including GLI1 and GLI3, were recently
reported to be mutated in 100% of 24 human PDAC-
derived cell lines whose genome was comprehensively
scanned for mutations (Jones et al. 2008). In contrast, the
PTCH and SMO coreceptors, which we demonstrate
are unimportant in pancreatic cancer cells per se, are
not prone to mutational alteration in such cells, consistent
with the conceptual refinement of paracrine hedgehog sig-
naling in PDAC (Fig. 8B).
In conclusion, the results of this study, together with

data from the de Sauvage group (Yauch et al. 2008), shed
new light on the complex circuitry of hedgehog signaling
in PDAC pathogenesis, in which canonical paracrine Shh
signaling is functionally important in the mesenchymal
component of the tumor stroma,whereas SMO-independent,
noncanonical, cancer cell-autonomous,KRAS-drivenGLI1
transcription is required in the tumor parenchyma (Fig.
8B). The collective knowledge of this and other recent
studies suggests a dual strategy for innovative therapeutic
targeting of PDAC—that of inhibiting either KRAS itself
or Gli transcription in pancreatic cancer cells in conjunc-
tion with abrogating SMO-dependent Shh signaling in
the tumor stroma. A recent report describing inhibitors of
Gli transcription (Lauth et al. 2007) hold in this respect
interesting promise worthy of future investigation in
concert with the new generation of potent and selective
Smo inhibitors (Yauch et al. 2008).

Materials and methods

Mouse strains and genotyping

The LSL-KrasGD12, Trp53F, SmoF, and p48-Cre alleles have been
described (Jonkers et al. 2001; Long et al. 2001; Kawaguchi et al.
2002; Tuveson et al. 2004). The Smo allele genotyping was Smo-

for (GTTCCCAGGGTTGAAGACAG) used at 0.5 mM and a mix
of Smo-rev-wt (ACAGCCAACTCAGCAAAAGC) (wild-type al-
lele, 300-base-pair [bp] band) used at 0.2 mM, and Smo-rev-mut

(CTAAAGCGCATGCTCCAGAC) (flox allele, 350-bp band) used
at 0.3 mM. The PCR conditions were six cycles (94°C, 1 min;
63°C, 30 sec; 72°C, 45 sec), followed by 32 cycles (94°C, 1 min;
60°C, 30 sec; 72°C, 45 sec), and 5 min at 72°C. PCR bands were
separated on 3% agarose gels. All studies were conducted in
compliance with University of California Institutional Animal
Care and Use Committee guidelines.

PDAC cell line isolation and tissue culture of

pancreatic fibroblasts

A 5-mm tumor fragment of PDAC was dissected, minced in cold
PBS with fine scissors, and transferred in 13.5 mL of PBS in
a vessel with a stirring bar. Five-hundred microliters of Clostrid-

ium histolyticum Collagenase XI (20 g/mL; Sigma #C7657) were
added, and the vessel was stirred at high speed for 20min at 37°C.
The sample was filtered through a 100-mm strainer, and the solid
fraction in the strainer was kept; the flow-through was discarded.
The solid fraction was transferred to a 50-mL tube, washed three
times in PBS, and resuspended in 30 mL of complete DMEM
(10% FBS + antibiotics). Large undigested fragments sank, and
the supernatant was plated on Collagen-I coated plates. Two

Figure 8. A new conceptualization of functionally significant
hedgehog signaling and GLI transcription in pancreatic ductal
carcinogenesis. (A) The conventional model of Hh/Gli signaling
in PDAC. Earlier studies suggested that autocrine signaling by
the SHH ligand was functionally important in PDAC cells (green
arrow). Possible in vivo signaling to the stroma was an untested
hypothesis (dotted black arrow), and hedgehog signaling in
cancer cells and stromal cells such as cancer-associated fibro-
blasts was thought to follow canonical hedgehog signaling,
whereby SHH binds to PTCH and induces SMO signaling
resulting in the nuclear translocation of active GLI transcription
factors and transcriptional activation of GLI target genes such as
GLI1 and PTCH1. (B) A refined model of Hh/Gli signaling in
PDAC. Our study demonstrates that PDAC tumor cells (1)
require GLI1 for transformation and survival, (2) do not trans-
duce functionally significant SHH ligand signals through the
SMO coreceptor (crossed-out gray arrow), and (3) continue to
express GLI transcriptional targets independently of SMO via
noncanonical regulation of GLI target genes mediated in part by
KRAS (orange arrow) and TGFb (purple arrow). In parallel to
noncanonical GLI transcription in PDAC cancer cells, SHH
produced by cancer cells signals in a paracrine manner (green
arrow) to the surrounding mesenchyme and may play a key
paracrine function in PDAC pathogenesis (Yauch et al. 2008). In
response to SHH, fibroblasts secrete signaling molecules that
may stimulate tumor cell growth (Yauch et al. 2008) (dotted
black arrow).
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weeks later, colonies grew and were cloned into 6-well plates (no
collagen). For in vitro recombination of PDAC 4.2 NR, 1 3 109

PFUs of Ad5CMVCre virus (GTVC; http://www.uiowa.edu/
;gene) was added to 5 3 106 cells. After 48 h, cells were
trypsinized, resuspended in single cell solution, counted, and
serially diluted in 96-well plates (1–10 successive dilutions
horizontally, followed by 1–10 successive dilutions vertically);
wells containing single colonies of recombined cells were ex-
panded and genotyped (five out of five recovered 4.2R clones
were recombined). Serial dilution was also performed to isolate
uninfected clones of 4.2 NR. Pancreatic fibroblasts were obtained
as follows: One wild-type pancreas was dissected, minced in 2-
mm fragments in ice-cold PBS, and transferred to a stirring vessel
with a sterile stir bar in 2 mL of PBS. Twenty-five milliliters of
Collagenase V (1 mg/mL; Sigma #C9263) were added, and the
vessel was stirred at high speed for 15 min at 37°C. Collagenase
digestion was stopped with three successive washes in complete
DMEM. After resuspension in 10 mL of PBS, the sample was
filtered through a 100-mm strainer. Both fractions (flow-through
and solid fraction) were kept and spun and resuspended in 2 mL
of Trypsin 0.25%. Then they were incubated for 5 min at 37°C.
The digestion was stopped with 25 mL of complete DMEM, and
the pellets were spun and resuspended in 5 mL of complete
DMEM and plated in six-well plates. After ;2 wk (with regular
media changes), cells senesced after five to six passages.

In vitro stimulation of PDAC cells and

fibroblasts with rShh and rTGFb1

Stimulation with 0 to 500 ng/mL recombinant rShh (rmShh-
C25II-N; R&D Systems #464SH) was performed in low serum
conditions (0.2% FBS) for 8 h, after a 16-h period of low serum
exposure, and stimulation with 5 ng/mL recombinant TGFb1
(R&D Systems #240-B) was performed in 10% FBS for 48 h.

MTT and siRNA assays

Cell growth assays were performed using the Vybrant MTT cell
proliferation Assay Kit (Molecular Probes #V-13154), following
the manufacturer’s recommendations. siRNA assays were per-
formed using Dharmacon siRNA ON-TARGETplus SMART
pools (Thermo Scientific; Kras #L-043846-01; Gli1 #L-047917-
00; Nontargeting Control #D-001810-10) and DharmaFECT 2
transfection reagents (Thermo Scientific #T-2002).

Quantitative PCR

Total RNA was prepared using the RNeasy Mini (Qiagen)
following the manufacturer’s recommendations. Total RNA
from Laser Microdissected samples was prepared using the
RNeasy Micro (Qiagen). DNase treatment and RNA cleanup
were performed with the DNA-Free RNA Kit (Zymo Research).
cDNA synthesis was performed using iScript (Bio-Rad). PCRs
were performed using the following TaqMan assays (Ap-
plied Biosystems): Mm00494645_m1 (Gli1), Mm01293117_m1
(Gli2), Mm00492338_m1 (Gli3), Mm00436026_m1 (Ptch1),
Mm00436527_m1 (Shh), Mm01162704_m1 (Smo), andMm03053281_
s1 (Kras). The mGus assay was obtained from Integrated DNA
Technologies. (F) CTCATCTGGAATTTCGCCGA; (R) GGCGAG
TGAAGATCCCCTTC; (Probe) fam-CGAACCAGTCACCGCT
GAGAGTAATCG-bhq1. Quantitative PCR reactions were per-
formed on an ABI7900HT Sequence Detection System. Ct values
were determined and subtracted to obtain the DCt [DCt = Ct (test
locus)� Ct (control locus)]. Relative fold difference was calculated
as 2�DCt 3 100.

Histological analysis, immunochemistry, and

immunofluorescence

Tissues were fixed overnight in zinc-buffered formalin and
embedded in paraffin. Sections 7 mm thick were subjected to
either H&E staining or an antigen retrieval procedure (Citra;
BioGenex). Following inhibiting endogenous peroxydases and
blocking the slides, primary antibodies were applied overnight at
4°C. The following antibodies were used: goat anti-Shh (1:100;
R&D systems AF445), rabbit anti-Smo (1:100; kind gift from Dr.
Pao Tien Chuang) (Gerber et al. 2007), Armenian Hamster anti-
Muc1 antibody (1:200; Neomarkers HM-1630-P0), rabbit anti-a-
amylase (1:500; Sigma A8273), anti-activated Caspase3 (1:300;
Cell Signaling 9661S). Biotinylated or fluorochrome-conjugated
antibodies were used as secondary antibodies (1:200; Jackson
Immunoresearch). 3-39-DAB tetrahydrochloride (Sigma D4293)
was used as a chromogen.

Laser capture microdissection

Ten micrometers of fresh frozen PDAC sections were applied to
membrane slides (Leica 11505151) and subjected to a modified
H&E staining protocol (Hematoxylin Solution; Harris modified,
SigmaHHS-16; Eosin Y solutionwith Phloine B, SigmaHT110-3-
16; Blueing reagent, 0.1%NH4OH, Sigma 221228). Laser capture
microdissection was performed over 3 h following the modified
H&E staining with a Leica AS LMD automated microscope.

Soft agar growth assays

All cell lines were electroporated for 10 msec at 360 V using
a BTX square-wave electroporator. L3.6, PANC1, MiaPaca2, or
BxPC3 pancreatic cancer cells (1 3 107) were transfected with
the scramble control or shRNA targeting GLI1. In rescue ex-
periments, a resistant version of the human GLI1 cDNA was
cotransfected. Transfected cells were resuspended in serum
containing media with 0.33% low-melting-point agarose and
plated over a cushion of 0.5% agarose in the same medium in
a 60-mm dish. The cells were allowed to grow for 2 wk, after
which visible colonies containing >50 cells were counted using
an inverted microscope. Three different experiments were per-
formed in triplicate. Control for expression was done by PCR as
follows: RNA was prepared from pancreatic tumor cell lines
using Trizol reagent as per the manufacturer’s instructions
(Invitrogen). cDNA was prepared from the RNA using the
Superscript kit from Invitrogen. The following oligonucleotide
pairs were used in order to amplify specific GLI1 transcripts from
the cell line cDNA: 59-ACTGAAGACCTCTCCAGC-39 and 59-
GCTGACAGTATAGGCAGA-39. PCR was carried out using the
following conditions: 30 cycles of denaturation for 30 sec at
95°C, annealing for 30 sec 52°C, and extension for 1 min at 72°C.
One-tenth of the PCR product was analyzed by separation on
a 1% agarose-TAE gel and stained with ethidium bromide.

Apoptosis assays

L3.6, PANC1, MiaPaCa2, and BXPC3 were transfected with the
scramble control or shRNA targeting GLI1. Forty-eight hours
after transfection, cells were treated with vehicle control
(DMSO) or cycloheximide (25 mM). For apoptosis determination,
cells undergoing apoptosis were identified by the morphological
criteria of nuclear fragmentation, nuclear margination, and
organelle disorganization using the DNA-staining Hoescht
33860. Positive cells were counted using a Zeiss confocal
microscope. GLI1 expression levels were analyzed by PCR at
48 h post-transfection.
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Luciferase assay

All cells were grown and transfected as indicated above. For
luciferase reporter assays, 1 3 106 cells were distributed in
triplicate in 24-well plates and allowed to recover for 18 h. The
cells were subsequently washed, and fresh medium containing
1% FBS was added. Samples were harvested and prepared for
luciferase assays following the manufacturer’s recommendations
(Promega). Total proteins quantitation was used to control for
intersample variations in transfection efficiency.
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