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The hedgehog pathway is known to promote proliferation of pancreatic ductal 
adenocarcinoma (PDA) and has been shown to restrain tumor progression. To 
understand how hedgehog causes these effects, we sought to carefully examine 
protein expression of hedgehog signaling components during different tumor 
stages. Genetically engineered mice, Pdx1-Cre;LSL-KrasG12D and Pdx1-Cre;LSL-
KrasG12D;p53lox/+, were utilized to model distinct phases of tumorigenesis, pancre-
atic intraepithelial neoplasm (PanIN) and PDA. Human pancreatic specimens of 
intraductal papillary mucinous neoplasm (IPMN) and PDA were also employed. 
PanIN and IPMN lesions highly express Sonic Hedgehog, at a level that is slightly 
higher than that observed in PDA. GLI2 protein is also expressed in both PanIN/
IPMN and PDA. Although there was no difference in the nuclear staining, the cy-
toplasmic GLI2 level in PDA was modest in comparison to that in PanIN/IPMN. 
Hedgehog interacting protein was strongly expressed in the precursors, whereas 
the level in PDA was significantly attenuated. There were no differences in expres-
sion of Patched1 at early and late stages. Finally, a strong correlation between Sonic 
Hedgehog and GLI2 staining was found in both human and murine pancreatic 
tumors. The results indicate that the GLI2 protein level could serve as a feasible 
marker of ligand-dependent hedgehog activation in pancreatic neoplasms.

Key words: hedgehog, Gli2 protein, carcinoma, pancreatic ductal, pancreatic neo-
plasms, carcinogenesis. 
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Introduction

Pancreatic ductal adenocarcinoma (PDA) is the 
fourth and fifth leading cause of cancer-related death 
in the United States and Japan, respectively. At pres-

ent, its 5-year overall survival rate is less than 10% 
[1, 2]. Since the majority of PDA cases are diagnosed 
at the advanced or metastatic stages of disease, PDA 
is generally treated with chemotherapy rather than 
surgical intervention. Gemcitabine, one of the stan-
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dard treatments for PDA, is the first anticancer drug 
to effectively reduce the clinical symptoms associat-
ed with the disease and to achieve a modest survival 
benefit [3, 4]. Some options, such as tegafur/gime-
racil/oteracil [5] and capecitabine [6], have offered 
consistent improvement in patient outcomes. More 
recently, regimens such as FOLFIRINOX [7] and al-
bumin-bound paclitaxel plus gemcitabine [8] repre-
sent a ‘new era’ of treatment for PDA patients. These 
new options improve survival, and serve as neoadju-
vant chemotherapy for locally advanced and border-
line resectable disease [9, 10, 11]. The identification 
of rational therapeutic strategies based on the diver-
sity of the molecular signature is therefore warranted.

Hedgehog (Hh) protein is a morphogen that is 
required for proper pattern formation during em-
bryonic development, including the organogen-
esis of the pancreas [12, 13]. The aberrant activa-
tion of the Hh signal is one of the core pathways in 
pancreatic cancer, and it has been considered to be 
a promising therapeutic target [13]. Sonic hedge-
hog (SHH) is highly expressed in tumor cells [14], 
and overexpression of the ligand in mice was found 
to induce pancreatic intraductal neoplasm (PanIN), 
a PDA precursor lesion [15]. The authors and other 
researchers have demonstrated that inhibition of the 
Hh signaling pathway reduces or suppresses growth 
of PDA and that SHH primarily acts on the stromal 
compartment of the tumor [16, 17, 18, 19]. How-
ever, despite being demonstrated to have significant 
anti-tumor functions in pre-clinical animal models, 
in clinical trials, the Hh inhibitor vismodegib in PDA 
was not found to improve the response of an unse-
lected cohort [20]. The discrepancy between the ex-
pectations that were based on the pre-clinical model 
and the results of the clinical trial calls for a revision 
of our theoretical views on the signaling pathways at 
different stages of tumorigenesis.

SHH, one of three homologs of Hh, is aberrantly 
expressed, not only in PDA, but also in precursor le-
sions including PanIN [15] and intraductal papillary 
mucinous neoplasm (IPMN) of the pancreas [21]. 
However, the difference in the expression levels of the 
Hh ligand and other molecules associated with the 
pathway in the earlier and later stages of pancreatic 
tumorigenesis have remained to be elucidated. We 
employed two genetically engineered mouse models 
and human resected specimens to study the expres-
sion of these proteins.

Material and methods

Strains of genetically engineered mice: PanIN 
and PDA models

All of the animal experiment protocols were ap-
proved by the Institutional Animal Care and Use 

Committee of Asahikawa Medical University. We 
used two genetically engineered mouse models, 
which were created with the modification of sever-
al oncogenic genes [22]. Briefly, the mouse strains 
used in this study included the following alleles: 
Pdx1-Cre, LSL-KrasG12D, and p53lox. The Pdx1-Cre 
mice intercrossed with LSL-KrasG12D (Pdx1-Cre;LSL-
KrasG12D) developed non-invasive PanIN precursor 
lesions, which provide a model of early pancreat-
ic tumorigenesis. The further introduction of p53lox 
(Pdx1-Cre;LSL-KrasG12D;p53lox/+) leads to predomi-
nantly ductal adenocarcinomas, which are defined by 
the presence of neoplastic glandular/ductal cells in 
a dense fibrous stroma, providing a model of invasive 
PDA. All experiments were performed on an FVB/n 
background. The mice in the PanIN and PDA mod-
els were sacrificed at 15-24 weeks and 12 weeks of 
age, respectively.

Human pancreatic tissue samples

Surgically resected pancreatic specimens were col-
lected from 9 patients with benign and non-invasive 
IPMN (male, n = 8; female, n = 1; mean age, 68.3 
years [range: 53-80 years]), and 17 patients with 
invasive PDA (male, n = 8; female, n = 9; mean 
age, 68.6 years [range: 42-83 years]) after obtain-
ing approval from the research ethics committee of 
Asahikawa Medical University. The patient classifi-
cations and histological grade of the tumors are sum-
marized in Table I.

Immunohistochemical analysis

Formalin-fixed and paraffin-embedded tumor 
specimens from human samples were utilized for the 
histological assessments. Tumor specimens from mice 
were fixed in zinc fixative solution (IHC ZINC fixa-
tive, BD Biosciences, San Jose, CA, USA) for 24-36 
hours at room temperature, and subsequently em-
bedded in paraffin.

Four-µm-thick specimens were deparaffinized and 
rehydrated in progressively decreasing concentrations 
of ethanol. The antigens of the formalin-fixed human 
tumor specimens were retrieved by boiling the tis-
sue sections in Target Retrieval Solution (DAKO, 
Glostrup, Denmark) for 10-20 min in a microwave 
oven. No pretreatment was performed for zinc-fixed 
mouse tumor specimens. The sections were then incu-
bated with phosphate buffered saline supplemented 
with 5% bovine serum albumin (Wako Pure Chem-
ical Industries Ltd., Tokyo, Japan) and 0.1% Triton 
X-100 (Sigma Aldrich, St. Louis, MO, USA) for 
1 hour at room temperature to block the non-specific 
binding sites. A VECTOR M. O. M. Immunodetec-
tion Kit (Vector Laboratories, Inc., Burlingame, CA) 
was also used for the analysis of mouse specimens.
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Immunohistochemical staining was performed us-
ing rabbit anti-SHH (1 : 50 for mouse specimens, 
1 : 200 for human specimens, Santa Cruz Biotech-
nology, Inc, Santa Cruz, CA), rabbit anti-Gli2 (for 
mouse specimens: 1 : 200 [Abcam, Cambridge, 
UK]; for human specimens: 1 : 200 [NOVUS Bi-
ologicals, LLC, Littleton, Co]), rabbit anti-PTCH1 
(1:200 [NOVUS Biologicals, LLC]), rabbit anti-Hip 
(for mouse specimens: 1 : 200 [Abcam]; for human 
specimens: 1 : 200 [Thermo Fisher Scientific Inc., 
Waltham, MA]) and mouse anti-PCK26 (1 : 200 or 
400 [Sigma Aldrich, St. Louis, MO]) antibodies. For 
the secondary antibody, highly cross-absorbed Alexa 
Flour 594-conjugated goat anti-rabbit IgG, or Al-
exa Flour 488-conjugated goat anti-mouse IgG (Life 
Technologies, Carlsbad, CA) was utilized. Nuclei 
were counterstained with 100 ng/ml DAPI (Sigma 
Aldrich). The sections were mounted in an aqueous 
mounting medium.

The images were examined with a fluorescence 
microscope (BV9000, Keyence, Osaka, Japan). The 
ImageJ software program (version 1.38) was used to 
quantify the mean intensity of staining in 4 to 10 
random viable fields (20× objective).

Statistical analysis

All results are expressed as the means ± SEM un-
less otherwise noted. The statistical significance of 
differences was determined using the Mann-Whit-
ney U test or Kruskal-Wallis test followed by Dunn’s 
multiple comparison test. The correlation between 
SHH and Hh signaling was analyzed with Pearson’s 
correlation coefficient. All statistical analyses were 

performed using the Prism software package (version 
5.0). P values of less than 0.05 were considered to be 
statistically significant.

Results

Aberrant expression of SHH was observed in 
both the earlier and later stages of murine and 
human pancreatic neoplasms

In order to determine the stage of PDA in which 
Hh signaling is activated, we used pancreatic tis-
sues from two strains of genetically engineered mice: 
Pdx1-Cre;LSL-KrasG12D, which spontaneously devel-
op non-invasive PanIN precursor lesions; and Pdx1-
Cre;LSL-KrasG12D;p53lox/+, which develop invasive 
PDA with a dense fibrous stroma [22]. SHH expres-
sion was observed in the PanIN and PDA lesions but 
not in normal acinar cells as reported previously [15] 
(Fig. 1A). There was no significant difference in the 
intensity of SHH staining in the PanIN and PDA 
mouse models (Fig. 1E).

We next sought to evaluate whether aberrant 
SHH expression was observed in human tissue. Since 
it is generally difficult to obtain PanIN specimens, 
IPMN tissues were employed as a human model for 
the early stage of pancreatic tumorigenesis. Benign 
or non-invasive, branched-type IPMN specimens 
(n = 9) were selected and immunostaining patterns 
were compared with classic PDA with abundant des-
moplasia (n = 17) (Table I). The aberrant expression 
of SHH was observed in both IPMN and PDA lesions 
(Fig. 2A); there was no significant difference in the 
intensity of SHH staining (Fig. 2E).

Table I. Patient characteristics

pancreatic tumOr

ipmn
(n = 9)

pda
(n = 17)

Mean age (range) 68.3 (53-80) 68.6 (42-83)

Male : Female 8 : 1 8 : 9

Location of tumor Pancreatic head: 6

Pancreatic head and body: 1

Pancreatic body and tail: 1

Whole pancreas: 1

Pancreatic head: 8

Pancreatic body: 5

Pancreatic tail: 2

Pancreatic body and tail: 2

Operative procedure Pancreaticoduodenectomy: 6

Distal pancreatectomy: 2

Segmental pancreatectomy: 1

Pancreaticoduodenectomy: 8

Distal pancreatectomy: 9

Pathological findings Adenoma: 6

Borderline malignancy: 1

Non-invasive carcinoma: 2

Moderately differentiated PDA: 14

Poorly differentiated PDA: 2

Undifferentiated carcinoma: 1
IPMN – intraductal papillary mucinous neoplasm; PDA – pancreatic ductal adenocarcinoma

http://www.ncbi.nlm.nih.gov/pubmed/16585505
http://www.ncbi.nlm.nih.gov/pubmed/14520413
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Hh signaling activation was observed in the 
earlier stage but downregulated in the later 
stage of pancreatic tumorigenesis

Since Gli transcription factors are major mediators 
of the Hh pathway [23, 24, 25], we next performed 
an immunohistochemical analysis of Gli expression 
using genetically engineered mouse specimens. Ab-
errant expression of Gli2 was observed in PanIN and 
PDA lesions but not in the normal pancreas (Fig. 1B). 
The intensity of Gli2 staining was weaker in PDA le-
sions than in PanIN lesions; however, the difference 
was not significant (Fig. 1F). There was no difference 
in Gli2 nuclear staining.

PTCH1 and Hip, which affect Hh signaling 
through negative feedback [26, 27], are also consid-
ered to be indicators of the activation of Hh signaling 
[15, 28]. We therefore evaluated the protein expres-
sion of PTCH1 and Hip in genetically engineered 
mouse specimens. The expression of PTCH1 was 
observed in PanIN and PDA lesions but not in the 
normal pancreas (Fig. 1C). On the other hand, the 
expression of Hip was weak in the islet cells of the 
normal pancreas and strong in PanIN lesions (Fig. 
1D), which is consistent with the results of a previous 
study [29]. Curiously, the intensity of Hip staining 

was significantly stronger in PanIN lesions than in 
PDA lesions. There was no significant difference in 
the intensity of PTCH1 staining in PanIN and PDA 
lesions (Fig. 1G, H).

In human specimens, the expression of GLI2 was 
significantly weaker in PDA lesions than in IPMN le-
sions (Fig. 2B). However there was no marked differ-
ence in the nuclear translocation of GKI2 (Fig. 2F), 
suggesting higher expression of GLI2 in the cytosol 
of IPMN lesions in comparison to PDA lesions. Sim-
ilar to the murine samples, the expression of Hip was 
significantly reduced in PDA in comparison to IPMN 
(Fig. 2D, H). No difference was observed in the ex-
pression of PTCH1 in the two types of tumors (Fig. 
2C, G).

Gli2 protein expression was a relevant indicator 
of the ligand-dependent activation of Hh 
signaling

The expression of key components of the Hh path-
way were altered in PDA in comparison to precursor 
lesions, suggesting that the ligand-dependent activa-
tion of Hh signaling may be differentially regulated 
in the early and late stages of pancreatic tumorigen-
esis. We therefore examined the correlation between 

Fig. 3. Analysis of correlation between stained areas of SHH and key Hh 
pathway components in murine samples. A) Analysis of correlation between 
SHH and whole Gli2. B) Analysis of correlation between SHH and nuclear 
translocation of Gli2. C) Analysis of correlation between SHH and PTCH1. 
D) Analysis of correlation between SHH and Hip. Significant positive cor-
relations were observed between SHH and whole Gli2 or Hip (Pearson’s cor-
relation coefficient)
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the SHH ligand and Hh signaling. Because there 
was almost no expression of SHH or Hh signaling 
in the normal pancreas (both in acinar cells and in 
ductal compartments), this analysis was performed in 
mouse PanIN and PDA specimens. Significant posi-
tive correlations were found between SHH and Gli2 
(Pearson’s R = 0.5726) and between SHH and Hip 
(R = 0.6847). No correlation was found between 
SHH and PTCH1 (Fig. 3). In human specimens, 
a significant positive correlation was also observed 
between SHH and GLI2 (R = 0.4699), while neither 
Hip nor PTCH1 was correlated with SHH expression 
(Fig. 4). These results indicated that the Gli2 protein 
level was a relevant indicator of the ligand-dependent 
activation of Hh signaling.

Discussion

We performed immunohistochemical analyses of 
the Hh pathway in pancreatic pre-cancerous lesions 
and invasive PDAs and compared the results. The 
intensity of Hip staining was significantly weaker 
in PDA lesions in comparison to precursor lesions. 
There were no significant differences in the intensi-
ty of the SHH and PTCH1 staining. The intensity 
of Gli2 staining was significantly reduced in human 

PDA in comparison to IPMN specimens, whereas 
there was no difference in the nuclear staining of the 
two histotypes.

Numerous PanIN-like lesions developed in the 
pancreas of transgenic mice in which the aberrant 
expression of SHH was driven by the Pdx1 promot-
er, suggesting a tumor-initiating function of the Hh 
pathway in pancreatic progenitor cells [15]. How-
ever, invasive PDAs were not observed in the Pdx1-
SHH transgenic mice due to their short lifespan; thus 
the model is not feasible for proving the role of SHH 
during progression to the formation of invasive tu-
mors [30]. Another transgenic model in which Gli2 
is conditionally activated together with oncogenic 
Kras, specifically in the pancreatic epithelium, de-
velops undifferentiated carcinoma [30]. However, in 
these models, it is not evident whether the Gli signal 
is mediated through the SHH-dependent canonical 
pathway. In the current study, the Gli2 protein in 
PDA was not upregulated relative to PanIN/IPMN. 
Instead, cytoplasmic Gli2 staining was observed to 
be more abundant in the precursor lesions, indicating 
that ligand-dependent Hh signaling may be active in 
the early phase of pancreatic tumorigenesis, whereas 
alternative ligand-independent signals mainly regu-
late Gli signatures in the advanced stages. Further 

Fig. 4. Analysis of correlation between stained areas of SHH and key Hh 
pathway components in human samples. A) Analysis of correlation between 
SHH and whole Gli2. B) Analysis of correlation between SHH and nuclear 
translocation of Gli2. C) Analysis of correlation between SHH and PTCH1. 
D) Analysis of correlation between SHH and Hip. A significant positive cor-
relation was observed between SHH and Gli2 (Pearson’s correlation coeffi-
cient)
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studies are required to differentiate the role of the  
ligand-dependent Hh signals in precursor lesions 
from the role in the later stages.

Hip is a negative regulator of the Hh pathway 
[27]. It can bind to all three mammalian Hedgehog 
ligands (SHH, Indian Hedgehog, Desert Hedgehog) 
with an affinity similar to that of PTCH1 [27]. Con-
sistent with a previous report, which showed the lo-
calization of human Hip in the normal and diseased 
pancreas [29], we observed weak staining of Hip 
in normal islet cells in our present study. Although 
Hip-positive staining was observed in PDA lesions 
[29], another study demonstrated that Hip expres-
sion was downregulated in several human cancers 
of the liver, lung, stomach, and colon [31]. Gene 
silencing, mediated through methylation, was hy-
pothesized to be responsible for Hip downregulation 
[32, 33], potentially resulting in activation of the 
ligand-dependent pathway. Our data clearly sup-
port the hypothesis that Hip is expressed in benign/
pre-cancerous tumors (PanIN and IPMN) but not 
in invasive PDA lesions. In addition, a recent study 
demonstrated that Hip can block the paracrine but 
not cell-autonomous (ligand-dependent) activation 
of the Hh signaling pathway [34]. The downregula-
tion of Hip in the advanced stage of PDA may induce 
the canonical Hh signaling pathway in the stromal 
components.

We found a positive correlation between SHH and 
Gli2 protein expression in pancreatic neoplasms. This 
was particularly obvious in human tumors, in which 
a closer relationship was observed between SHH and 
cytoplasmic Gli2 staining. It should be noted that 
the Gli2 transcriptional program is associated with 
an undifferentiated phenotype of PDA, and that 
there was no clear difference in the nuclear GLI2 
staining of benign IPMNs and invasive PDAs. On-
cogenic Kras [35] and TGF-β-Smad3 signaling [36] 
have been shown to induce the Gli1 transcription-
al machinery independently of the Hh ligand. Fur-
thermore, Gli2 protein is subject to other forms of 
complex post-translational regulation, such as phos-
phorylation [37]. The cytoplasmic expression of Gli2 
in SHH-overexpressing neoplasms may reflect the 
protein stability associated with the Hh ligand-de-
pendent pathway. Our data indicate that the Gli2 
protein is a precise marker of canonical Hh signaling 
in pancreatic tumors.

Although clinical trials targeting Hh signaling in 
pancreatic cancer patients have failed, the impact of 
the pharmacological inhibition of Hh signaling on 
tumor cells may therefore be dependent on stage and 
histotype. The expression of Gli2 protein, particular-
ly in the cytoplasm, may be a feasible marker for pre-
dicting the effect of vismodegib. Further ex vivo anal-
ysis, which utilizes patient-derived tumor cells, will 
be required to clarify the SHH-dependent signatures.

In conclusion, our data demonstrated a significant 
positive correlation between SHH and Gli2, both in 
human and murine pancreatic neoplasms. The results 
suggest that Gli2 expression level may be a feasible 
marker of ligand-dependent Hh activation.
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