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Background: KRAS is a known oncogene driving transformation in multiple tissues.
Results: We demonstrate a role for the transcription factor GLI1 in KRAS-induced transformation through regulation of the

IL-6/STATS3 axis in the tumor microenvironment.

Conclusion: This study defines a novel oncogenic network downstream of KRAS modulating transformation.
Significance: This knowledge will contribute to the understanding of the pathogenesis of tumors driven by KRAS.

Although the biological role of KRAS is clearly established in
carcinogenesis, the molecular mechanisms underlying this phe-
nomenon are not completely understood. In this study, we pro-
vide evidence of a novel signaling network regulated by the tran-
scription factor GLI1 mediating KRAS-induced carcinogenesis.
Using pancreatic cancer (a disease with high prevalence of KRAS
mutations) as a model, we show that loss of GLI1 blocks the
progression of KRAS-induced pancreatic preneoplastic lesions
in mice with pancreas-specific Cre-activated oncogenic mutant
kras. Mice lacking GLI1 develop only low-grade lesions at low
frequency, and in most cases, the pancreata are histologically
normal. Further characterization of the phenotype showed a
decrease in the activation of STAT3 in pancreatic preneoplastic
lesions; STATS3 is a transcription factor required for the devel-
opment of premalignant lesions and their progression into pan-
creatic cancer. Analysis of the mechanisms revealed a key role
for GLI1 in maintaining the levels of activated STAT3 through
the modulation of IL-6 signaling. GLI1 binds to the IL-6 mouse
promoter and regulates the activity and expression of this cyto-
kine. This newly identified GLI1/IL-6 axis is active in fibro-
blasts, a known source of IL-6 in the tumor microenvironment.
Sonic hedgehog induces GLI1 binding to the IL-6 promoter and
increases IL-6 expression in fibroblasts in a paracrine manner.
Finally, we demonstrate that mutant KRAS initiates this cascade
by inducing the expression of Sonic hedgehog in cancer cells.
Collectively, these results define a novel role for GLI1 in carci-
nogenesis acting as a downstream effector of oncogenic KRAS in
the tumor microenvironment.
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The small GTPase KRAS plays a major role in the pathogen-
esis of numerous malignancies. Mutations in the KRAS gene
appear early in tumor development and are found in multiple
cancers, including pancreatic cancer, where KRAS mutations
are present in >90% of cases (1-4). Most of these mutations
result in amino acid substitutions at codons 12 and 13 (5-8).
These missense mutations impair intrinsic and GTPase-acti-
vating protein-mediated GTP hydrolysis, thus increasing the
levels of GTP-bound active KRAS. This in turn activates down-
stream signaling, resulting in increased cell growth and survival
leading to neoplastic transformation (9 —14). Although the bio-
logical role of KRAS during neoplastic transformation has been
intensively studied, the detailed molecular mechanism under-
lying this phenomenon in cancer cells, especially the role of
downstream nuclear effector molecules, remains to be estab-
lished. Because direct targeting of KRAS or the use of mutant
forms of KRAS as a biomarker for diagnosis of disease has been
unsuccessful to date, a better understanding of the downstream
effects of KRAS signaling may lead to novel strategies to over-
come this clinical problem.

Here, using a combination of in vitro and in vivo models, we
identified the transcription factor GLI1 as a key mediator of
KRAS-induced pancreatic transformation. It was previously
reported that KRAS can modulate GLI1 activity and requires
this transcription factor to modulate transformation in vitro
(15). However, the biological significance of these findings and
the molecular mechanisms mediating this phenomenon
remain elusive. To address these issues, we used the well estab-
lished Lox-Stop-Lox (LSL)?*-kras“’*” mouse crossed with the
pancreas-specific p48-Cre mouse model of pancreatic cancer
(referred to as KC mice). In this model, KC mice develop the
entire spectrum of precursor pancreatic intraepithelial neopla-
sia (PanIN) lesions, PanIN-1A to PanIN-3, with 100% pen-

2 The abbreviations used are: LSL, Lox-Stop-Lox; KC, kras®'??;p48-Cre; PanIN,
pancreatic intraepithelial neoplasia; GKO, gliT knock-out; p-STAT3, phos-
pho-STAT3; SHH, Sonic hedgehog.
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etrance and pancreatic cancer at an advanced age (13, 14). Mice
with a total loss-of-function allele of glil (glil knock-out
(GKO)) were crossed with the KC animals to generate the
GKO/KC mouse. We show that GKO/KC mice do not develop
tumors in the pancreas and present with fewer PanIN lesions
that are only of low-grade compared with KC mice. Recent
evidence suggests that activation of STAT3 in cancer cells is
required for KRAS-induced PanIN progression (16, 17). Fur-
ther analysis of the mechanism underlying this phenomenon
shows that GLI1 regulates activation of STAT3 through mod-
ulation of IL-6 expression and promoter activity in pancreatic
fibroblasts. Together, these findings define a novel signaling
network in the tumor microenvironment required by KRAS to
induce transformation that utilizes GLI1 as its central
mediator.

EXPERIMENTAL PROCEDURES

Breeding—Mice were housed in pathogen-free conditions
and maintained in facilities approved by the American Associ-
ation for Accreditation of Laboratory Animal Care in accord-
ance with current regulations and standards of the United
States Departments of Agriculture and Health and Human Ser-
vices and the National Institutes of Health Institutional Animal
Care and Use Committee. LSL-kras mouse strain 1X]J6 B6.129-
kras"™**Y (LSL-kras®*?") and p48-Cre (13, 14) and GKO (18)
mice were provided by F. C. and C. W. LSL-kras“*?” and p48-
Cre;GKO mice were crossed, ultimately producing three
groups of mice: 1) GKO;LSL-kras®*??;p48-Cre (GKO/KC), 2)
GHet;LSL-kras®'?”;p48-Cre (GHet/KC), and WT glil;LSL-
kras®'?P;pa8-Cre (KC). Allele-specific PCR verified the pres-
ence of floxed LSL-kras“*?” alleles in the tail and Cre-recom-
binase-dependent rearranged alleles in the pancreas, and two
PCRs verified the presence of either the wild-type or 3-gal allele
in glilHet mice (18). 15 animals per cohort were aged for sur-
vival. Mice were euthanized when they displayed signs of
cachexia or weight loss or were not moving. Survival was ana-
lyzed by Kaplan-Meier curves, and statistics were measured
using the log-rank (Mantel-Cox) test in Prism. This approach
takes into account animals that had been withdrawn from the
study due to causes other than those described above. Mice of
each genotype were killed at 2, 4, 6, and 8 months, and selected
tissues were collected for histopathological evaluation.

To determine that the phenotype seen in the GKO/KC cross
was not due to loss of expression of the kras“’*” mutant, pan-
creatic tissue from KC and GKO/KC mice was minced, and
RNA was extracted using TRIzol reagent (Invitrogen) following
the manufacturer’s protocol. cDNA was generated using a High
Capacity first-strand cDNA kit (Applied Biosystems) as recom-
mended by the manufacturer. To amplify the 243-bp products
from both the wild-type and mutant transcripts, the following
primers were used: krasl, 5'-aggcctgctgaaaatgactg-3'; and
kras7, 5'-ccctcecgagttctcatgta-3'. Verification of the kras®'?P
allele was performed using HindIII digestion of the PCR prod-
uct, which yielded a 213- and 30-bp product present only in the
mutant (but not wild-type) form of kras. Products were verified
on 4% agarose gels and subsequently sequenced to detect the
G— A mutation in the cDNA.
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Genotyping—Tail DNA was extracted using the Qiagen
DNeasy kit. The Qiagen Taq polymerase kit was used following
the manufacturer’s instructions. The primers used for WT gli1
and GKO (18, 19), kras“’?” (NCI Mouse Repository), and p48-
Cre were as follows: WT glil, 5'-ccagtttctgagatgagggttaga-3’
(forward) and 5'-ttgaatggggaatacaggggcttac-3' (reverse); GKO,
5'-gcatcgagctgggtaataagegttggeaat-3' (forward) and 5'-gacacc-
agaccaactggtaatggtagcgac-3' (reverse); kras®'?", 5'-agctagcca-
ccatggcttgagtaagtctgea-3' (forward) and 5’-cctttacaagegcacgce-
agactgtaga-3’ (reverse); and p48-Cre, 5'-agatgttcgcgattatcttc-3’
(forward) and 5’-agctacaccagagacgg-3' (reverse). PCR cycling
conditions were as follows: GKO and kras“’?”, 95 °C for 5 min,
95 °C for 30's, 63 °C for 45 s, and 72 °C for 1 min for 34 cycles;
p48-Cre, 95 °C for 5 min, 95 °C for 30 s, 58 °C for 45 s, and 72 °C
for 1 min for 34 cycles, followed by 72 °C for 10 min; and WT
glil, 95 °C for 5 min, 95 °C for 30's, 61 °C for 45 s, and 72 °C for
1 min for 34 cycles, followed by 72 °C for 10 min. Amplified PCR
products were run on 1% agarose gels with molecular weight
markers, and amplified products were visualized under UV
transillumination.

Syngeneic Model—Subconfluent cultures of cancer cells
derived from the KC mouse were harvested using a 0.05% tryp-
sin solution, washed twice with PBS, and resuspended as single-
cell suspensions in PBS. Cell viability was tested using trypan
blue exclusion. Mice were given a general anesthesia of ket-
amine hydrochloride (Sigma) and xylazine (Fort Dodge Animal
Health, Fort Dodge, IA) at concentrations of 90 and 10 mg/kg
injected intraperitoneally. A 1-cm incision was made in the left
abdominal flank, exposing the spleen. The spleen was gently
guided out to expose the pancreas. 5 X 10° cells in a volume of
50 ul were injected slowly into the tail of the pancreas using a
27-gauge needle. The pancreas was then replaced in the
abdominal cavity. The abdominal cavity was closed with a 4-0
vicryl suture (Fisher).

Immunohistochemistry—Paraffin-embedded tissue sections
were processed using 3 X xylene for 5 min, 2X 100% alcohol for
5 min, 95% alcohol for 5 min, 75% alcohol for 5 min, and 2
changes of deionized water for 5 min. Antigen retrieval was
performed using citrate buffer (pH 6.0) or 1 mm EDTA for 15
min in the microwave and cooled. Blocking was achieved using
10% hydrogen peroxide for 10 min, and then sections were
blocked with 5% normal goat serum in Tris-buffered saline con-
taining 1% Tween for 30 min. Primary antibody was applied to
sections overnight at 4 °C, and anti-rabbit polymer secondary
antibody (HRP-conjugated EnVision-labeled polymer) or Sig-
nalStain Boost IHC detection agent (Cell Signaling Technology,
Danvers, MA) was applied for 15 min. Sections were developed
using 3,3’-diaminobenzidine (Sigma D3939). Phospho-STAT3
(p-STATS3), amylase, and insulin (Cell Signaling Technology)
were used as primary antibodies. Anti-Sonic hedgehog (SHH)
antibody was purchased from R&D Systems (Minneapolis,
MN). Images were taken with an Olympus BX51 microscope,
an Olympus DP71 digital camera, and DP Controller software.

Cell Culture Conditions—Mouse embryonic fibroblasts were
established using embryonic day 18.5 embryos and pancreatic
fibroblasts from adult pancreata. Tissues were minced with a
razor blade and homogenized with TrypLE Express (Invitro-
gen). Cells were placed at 37 °C for 10 min and homogenized by
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pipetting; this process was repeated four times. Fibroblast cells
were seeded to 80 —90% confluency in Iscove’s modified Eagle’s
medium with 10% FBS and then starved by replacing the
medium with Iscove’s modified Eagle’s medium with 0.5% of
FBS. Sixteen h later, cells were treated with the recombinant
mouse and human SHH N-terminal (R&D Systems) in 0.5%
Iscove’s modified Eagle’s medium. The control group was
treated with the vehicle (0.5% Iscove’s modified Eagle’s medium
with 0.2% BSA in PBS) used to reconstitute the recombinant
ligand. Cells were harvested for RNA at 24, 48, and 72 h after
treatment.

Plasmids—The FLAG-tagged GLI1 plasmid was previously
used by Elsawa et al. (20). The mouse IL-6-luciferase reporter
was a gift from Dr. Gail A. Bishop (Department of Microbiol-
ogy, University of Iowa, lowa City, IA). The GLI1-luciferase
reporter was kindly provided by Dr. Chi-chung Hui (University
of Toronto, Ontario, Canada). The mouse SHH promoter was
purchased from GeneCopoeia (Rockville, MD). The KRASS*2P
mutant was a gift from Dr. Daniel Billadeau (Mayo Clinic,
Rochester, MN).

Transfection—Cells were transfected using Lipofectamine
(Invitrogen) following the manufacturer’s recommendations.
Briefly, 1.5 X 10° cells were plated in 6-well plates with standard
medium and transfected 24 h later. For each condition, 3 ug of
IL-6 or 5 g of SHH promoter-reporter constructs was used in
3 wells of a 6-well plate. In overexpression assays, 3 ug of glil,
and 5 pg of KRASS"*”, or control vector was used.

Luciferase Reporter Assay—Cells were grown and transfected
as described above. For luciferase reporter assays, cells were
plated in triplicate in 6-well plates in medium containing 10%
FBS. Samples were harvested and prepared for luciferase assays
in accordance with the manufacturer’s protocol (Promega,
Madison, WTI). Cells were harvested 36 —48 h after transfection
for overexpression studies and conditioned media experiments.
The SHH-blocking antibody (5E1) was purchased from the
Developmental Studies Hybridoma Bank (University of Iowa).
To control for intersample variations in transfection efficiency,
the total protein from samples in each well was quantitated
using the Bio-Rad protein assay, and luciferase readouts were
normalized to protein content.

Western Blotting—For conditioned media experiments, can-
cer cells were harvested 24 h after treatment with medium from
pancreatic fibroblasts treated with recombinant mouse SHH
for 48 h. The IL-6-blocking antibody was purchased from R&D
Systems. Protein lysates were prepared in lysis buffer as
described previously (20). A similar lysis protocol was followed
to obtain whole pancreas lysates. Equal amounts of protein
(50-100 ug/lane) were separated by electrophoresis on a 10%
Tris-HCI gel and then transferred to PVDF membrane. Blots
were probed with polyclonal antibodies against phosphorylated
and total STAT3 or ERK (1:1000 and 1:2000, respectively; Cell
Signaling Technology). Peroxidase-conjugated secondary anti-
bodies were used, and immunoreactive proteins were detected
by chemiluminescence (GE Healthcare).

Quantitative RT-PCR—RNA was extracted from tissues and
cell lines using Trizol and RNeasy mini kit (Qiagen) according
to the manufacturer’s instructions. Reverse transcription reac-
tions were conducted using the High Capacity cDNA reverse
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transcription kit (Applied Biosystems). Samples for quantita-
tive PCR were prepared with 1 X SYBR Green PCR Master Mix
(Applied Biosystems) and various primers. All primers were
optimized for amplification under the following reaction con-
ditions: 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s
and 60 °C for 1 min. GAPDH and cyclophilin was used as the
housekeeping gene expression control. The primers used were
as follows: GLI1, 5'-aggcactagagttgaggaatttgt-3’ (forward) and
5'-gtgcacagcagccccacactcte-3’ (reverse); IL-6, 5'-ctctgcaagaga-
cttccatccagt-3’ (forward) and 5’-gaagtagggaaggccgtgg-3'
(reverse); human SHH, 5'-5'tgggtgaaagcagagaactc-3’ (forward)
and 5'-tctcgatcacgtagaagacc-3’ (reverse); mouse SHH, 5'-aaat-
gecttggecatcte-3”  (forward) and 5'-tttcacagaggagtggatge-3’
(reverse); GAPDH, 5’-ggcattgctctcaatgacaa-3’ (forward) and
5'-tgtgagggagatgctcagtg-3’ (reverse); and cyclophilin, 5'-tcaca-
gaattattccaggattcatg-3' (forward) and 5'-tgccgccagtgecatt-3’
(reverse). Amplification was performed using the LightCycler
480 system (Roche Applied Science), and experiments were
performed in triplicates in three independent experiments. The
results were calculated following the 2AC,, method.

ELISA—Mouse IL-6 ELISA (PeproTech, Rocky Hill, NJ) was
used to measure serum IL-6 levels in cell culture supernatants
following the manufacturer’s recommendations. Results were
obtained with a 96-well plate reader (Molecular Devices, Palo
Alto, CA) and analyzed using SoftMax Pro 5.2 software.

ChiIP—24-36 h after recombinant SHH treatment or trans-
fections, DNA/proteins were cross-linked with 1% formalde-
hyde, followed by cell lysis. DNA was sheared by 45 repeated
cycles of 30 s of sonication followed by 30 s of rest. ChIP was
performed with EZ-Magna ChIP™ G (Millipore, Billerica,
MA) using 1 ug of rabbit IgG or anti-GLI1 antibody (Santa Cruz
Biotechnology and Cell Signaling Technology). PCR primers
were designed to amplify regions of the IL-6 promoter contain-
ing consensus GLI1-binding sites: IL-6, 5'-gcagtgggatcagcac-
taacagat-3’ (forward) and 5'-cctggacaacagacagtaatgttg-3’
(reverse). PCR products were run on 1% agarose gels and visu-
alized by UV light. Quantitative SYBR PCR was performed in
triplicate for each sample or control using the LightCycler 480
system. Experiments were repeated three times.

RESULTS

GLI1 Is Dispensable in the Developing Pancreas—Character-
ization of the GKO mice did not extend beyond the central
nervous system and blood-related cellular compartment (18,
20). We initially sought to evaluate the pancreata of GKO mice
in detail over an extended period of time to determine whether
subtle developmental defects (or Cre-mediated effects) are
present in the background of the colony in the absence of
kras“"?P, which could lead to an error in interpreting the
results of our experiments. GKO and GKO;p48-Cre mice were
viable and born at the expected Mendelian ratio. Neither
weight nor size of these mice was altered compared with their
WT littermates (data not shown). We analyzed the histology of
the pancreata of five GKO and five wild-type mice at 2-month
intervals. Pancreatic histology at 2, 4, 6, and 8 months of age
appeared normal at all time points considered, with minimal
cytoplasmic alterations or atrophy observed in both GKO and
wild-type mice (Fig. 14). Further histopathological analysis of
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organs that could be affected by pancreatic cancer pathogene-
sis, including the spleen (supplemental Fig. 1A4), liver (supple-
mental Fig. 1B), kidney, and lung (data not shown), showed
normal organ size, gross morphology, and histology for this
cohort of transgenic mice. Finally, we examined pancreatic
markers of differentiation and function by immunohistochem-
istry and observed similar staining patterns of amylase (exo-
crine pancreas) and insulin (endocrine pancreas) expression in
control and GKO mice (Fig. 1B). Similar results were obtained
in the GKO;p48-Cre mice (data not shown). Thus, we conclude
that animals with GLI1 loss do not present apparent develop-
mental abnormalities and have pancreata within normal limits
similar to wild-type mice.

Loss of GLI1 Impairs PanIN Progression and Pancreatic
Tumor Development—PanIN lesions are the most common
noninvasive precursor lesions to pancreatic cancer. These
lesions have many molecular alterations, including mutations
in the KRAS gene, that are thought to be early events essential
for pancreatic cell transformation (21). Furthermore, as the
degree of atypia in ducts increases, these mutations become
more prevalent, driving aberrant activation of otherwise quies-
cent signaling pathways (4, 22—-26). Recent studies have dem-
onstrated that GLI1 activity is regulated by KRAS and requires
this transcription factor to modulate transformation in vitro
(15, 27). However, the biological significance of these findings
remains elusive. To analyze the role of GLI1 in KRAS-induced
carcinogenesis, we used the LSL-kras“"*” mouse model of pan-
creatic cancer (13, 14). In this model, tumor initiation is
achieved by Cre-mediated removal of a transcriptional stop ele-
ment and activation of an oncogenic allele of kras“’?” under
physiologic control. This is achieved by crossing the LSL-
kras“'?P mice with pancreas-specific p48-Cre transgenic mice.
The kras“'?P;pa8-Cre (KC) mice show preneoplastic forma-
tion with a concomitant increase in the number and grade of
PanlIN lesions with age, as seen in humans. Mice with homozy-
gous loss-of-function alleles of glil (GKO) were crossed with
the KC animals to generate GKO/KC mice. A cohort of mice
was evaluated for signs of disease progression and survival.
Notably, loss of GLI1 prevented tumor development and
resulted in a significantly prolonged median survival rate of 21
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FIGURE 1. GKO pancreatic development is within normal limits. A, histopathological analysis performed by two expert pathologists showed that GKO
pancreatic development was within normal parameters compared with wild-type mice in the colony. Minor cytoplasmic vacuolation was observed in the
exocrine pancreas at 6 months in both groups. Representative H&E pictures are shown in A at X 20 (left panels) and X 40 (right panels) magnifications. B, WT and
GKO pancreata were evaluated by immunohistochemistry for markers of differentiation and function. Amylase and insulin showed no differences in either
group in the localization and levels of expression of these two markers.

months compared to the 16 months of the KC mice (p =
0.0147) (Fig. 2A). In our study, the GKO/KC mice did not
develop pancreatic tumors (Fig. 2B), yet the clinical course of
KC mice was in agreement with the previous reports that ~50%
of mice developed pancreatic tumors (13, 28). Of note, the
GKO/KC phenotype was not due to a change in the expression
or activity of mutant kras“’??, as KC and GKO/KC mice
showed similar expression of this mutant, as well as activation
of its downstream target, ERK (data not shown).

Double-blinded histopathological analysis was performed by
two expert pathologists. Seventy-eight percent of the KC pan-
creata between 13 and 16 months contained high-grade
PanIN-3 lesions, characterized by complete loss of polarity,
nuclear atypia, and destruction of the basement membrane
(Fig. 3A) or pancreatic cancer with surrounding characteristic
accumulation of stromata (Fig. 3B). Overall, the KC group had a
moderate rate of high-grade acinar metaplasia and low-to-
moderate lymphocytic infiltration that was not seen in the
GKO/KC cohort. Evaluation of the GKO/KC pancreata
revealed mixed phenotypes. Two of 10 animals exhibited focal
PanIN-1A lesions, which are characterized by a change from
normal cuboidal to columnar morphology with supranuclear
cytoplasmic mucin and basally located nuclei (Fig. 3C), or
PanIN-1B, in which the development of micropapillary lesions
is present. Eighty percent of mice in this cohort were evaluated
and diagnosed with pancreata within normal limits (Fig. 3D). Of
note, none of the GKO/KC mice examined in this study pre-
sented with high-grade PanIN-3 lesions. Interestingly, compar-
ison of GHet/KC mice (with heterozygous loss of GLI1) and KC
mice showed similar gross morphology and survival (supple-
mental Fig. 24 and data not shown) and histological appearance
(supplemental Fig. 2B), suggesting that one allele of gli! is suf-
ficient for tumor development.

Recent reports have demonstrated a role for GLI1 in regula-
tion of the pancreatic epithelial tumor compartment (27, 29);
however, GLI1 is expressed in both pancreatic cancer and stro-
mal cells (supplemental Fig. 3A4). We sought to define the role of
stromal GLI1 in KRAS-induced carcinogenesis. To this end, we
used a syngeneic model in which murine cancer cells with WT
levels of GLI1 were injected orthotopically into the pancreata of
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FIGURE 2. GKO/KC mice do not develop pancreatic cancer and have an
increased survival advantage. A, Kaplan-Meier survival curves show a sta-
tistically significant difference in survival between the GKO/KC mice (21
months) and KC mice (16 months) (p = 0.147). B, KC mice developed pancre-
atic cancer at a rate of 56%, whereas GKO/KC mice did not develop tumors.
Representative images of the KC tumors and GKO/KC pancreata are shown in
the insets. ND, not detected.

WT or GKO mice. The data included in Fig. 4 show that the
average tumor volume in WT pancreas was 128.9 mm® com-
pared with 2.3 mm? in GKO pancreas (Fig. 4, A and B). Pancre-
atic histopathology showed a >75% decrease in tumorigenesis
in mice lacking GLI1 in the pancreatic microenvironment,
whereas 100% of WT mice developed tumors that spread
through at least 80% of the pancreas (Fig. 4C). Together, these
findings provide evidence that this transcription factor plays a
key role in the PanIN lesion progression through regulation of
the pancreatic tumor microenvironment.

GLI1 Regulates Activation of IL-6/STAT3 Signaling in the
Tumor Microenvironment—Recent reports show a central role
for the STAT3 pathway in the regulation of preneoplastic lesion
progression and development of pancreatic cancer. Further-
more, STAT3 activation is thought to be involved in driving
early changes in the microenvironment promoting PanIN for-
mation in the presence of oncogenic KRAS (16, 17). We exam-
ined the level of activity of the pathway by measuring the levels
of p-STAT3, the active form of this transcription factor. We
observed that p-STAT3 was widely expressed in the cancer cells
of pancreatic tumor tissues and in the preneoplastic lesions of
KC mice (Fig. 5A, left panel). In contrast, p-STAT3 was signif-
icantly reduced and, in some cases, absent in the pancreata of
GKO/KC mice (Fig. 5A, middle and right panels). Similar
results were obtained by Western blot analysis of pancreatic
lysates from KC and GKO/KC mice (supplemental Fig. 3B).
Activation of the STAT3 pathway is non-cell-autonomous and
likely depends on the tumor microenvironment in pancreatic
cancer. Recently, cytokines acting upstream of STATS3, specif-
ically IL-6, have been shown to be important for KRAS-induced
transformation (17, 30, 31). Here, we used one of the known
IL-6-expressing cellular models in the tumor microenviron-
ment (fibroblasts) to define the role of GLI1 in the regulation of
the IL-6/STAT3 axis. IL-6 expression was 20-fold higher in
fibroblasts than in tumor cells (supplemental Fig. 3C). Overex-
pression of GLI1 induced IL-6 mRNA expression compared
with the control-transfected cells (Fig. 5B). The basal levels of
IL-6 in the culture medium were undetectable. However, over-
expression of GLI1 resulted in a robust 25-fold increase in IL-6
secretion (Fig. 5C), suggesting that GLI1 expression in fibro-
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blasts may be one of the drivers of IL-6 expression in the stro-
mal compartment, a component necessary for continued acti-
vation of downstream targets leading to carcinogenesis (16, 17,
32-34). To further understand the regulatory mechanism
underlying GLI1 modulation of IL-6 expression, we transfected
fibroblasts with GLI1 and a control vector along with the full-
length mouse IL-6 promoter-luciferase reporter (35). Overex-
pression of GLI1 increased IL-6 promoter activity by 3—4-fold
compared with the control cells (Fig. 5D). The IL-6 promoter
sequence contains three candidate binding sites for GLI1 (Fig.
5E). ChIP assay confirmed binding of endogenous GLI1 to a
region of the IL-6 promoter located —531 to —800 bp
upstream of the first exon (Fig. 5F). Finally, using condi-
tioned medium from pancreatic fibroblasts, we observed
that the activation of STAT3 in pancreatic cancer cells was
induced by IL-6. Western blot analysis showed a strong
induction of p-STAT3 at 24 h, and this effect was decreased
in the presence of conditioned medium treated with IL-6-
neutralizing antibody (Fig. 5G).

Furthermore, signaling within the tumor microenvironment
has been implicated as the driver of GLI1 activity in tumors (36,
37). Immunocytochemical studies demonstrated that IL-6 pro-
tein expression increased with the addition of SHH ligand in a
dose-dependent manner (Fig. 6A4). As a control for activation of
the pathway by SHH, the GLI1 mRNA levels were measured
upon SHH treatment. GLI1 expression was induced in SHH-
treated WT fibroblasts. No changes in expression were seen in
the GKO fibroblasts (supplemental Fig. 3D). Furthermore, we
observed that ligand-dependent activation of SHH signaling
induced binding of GLI1 to the mouse IL-6 promoter (Fig. 65).
Next, we sought to determine whether the effect of SHH on the
fibroblasts was paracrine. First, we observed that SHH was
expressed only in the epithelial compartment. SHH was unde-
tected in the pancreatic fibroblasts (Fig. 6C). Moreover, the
expression of SHH was regulated by KRASS*?”. Using human
and mouse pancreatic cancer cells, we showed an increase in
SHH expression and promoter activity upon overexpression of
oncogenic mutant KRAS (Fig. 6, D and E). Finally, using a SHH-
blocking antibody, we impaired GLI1 activation in fibroblasts
treated with conditioned medium from cancer cells overex-
pressing KRASS'2P (Fig. 6F). Together, these results suggest a
novel tumor-promoting mechanism that requires GLI1 tran-
scriptional activity in the microenvironment to induce IL-6
secretion and consequently STAT3 activation in the epithelial
compartment (Fig. 7).

DISCUSSION

KRAS and its downstream effector molecules play a central
role in the development of several tumor types, including pan-
creatic cancer. Given the high frequency of oncogenic KRAS
mutations in preneoplastic lesions and the recapitulation of the
carcinogenic process in mouse models with an endogenous
oncogenic kras allele, activation of this GTPase is believed to be
the crucial step in the initiation of pancreatic tumors (38). Here,
we identified GLI1 as a new effector of KRAS at early stages of
pancreatic carcinogenesis. We have shown that loss of GLI1
impairs KRAS-induced carcinogenesis. KC pancreata show the
entire spectrum of precursor lesions, with increasing PanIN
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GKO/KC

FIGURE 3. Loss of GLI1 blocks PanIN progression in KC mice. A-D, pancreata at X 20 (left panels) and X 40 (right panels) magnifications. A and B, KC pancreas
showing developing PanIN-2 and PanIN-3 (A) and pancreatic cancer (B). Cand D, examples of the GKO/KC pancreatic phenotypes. C, representative H&E image
showing PanIN-1A. D, example of the most common phenotype of the GKO/KC mice. These animals present with pancreata containing normal acini and islet

structures.
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FIGURE 4. Loss of GLI1 in the pancreatic microenvironment impairs
tumorigenesis. Tumor volume (A) and macroscopic analysis (B) showed that
the GKO mice did not develop detectable tumors, whereas most of the WT
mice had palpable tumors in all cases. C, representative H&E image of the
phenotypes present in these mice. Images were taken at X1 and X40 mag-
nifications as indicated.

stage as observed by others (13). Although GLI1 ablation did
not result in complete loss of PanIN lesions, we did observe a
marked attenuation of these lesions, and these mice did not
develop pancreatic cancer (Fig. 2B). Moreover, we observed
prolonged survival of GKO/KC mice relative to KC controls (16
months for KC mice and 21 months for in GKO/KC mice)
(Fig. 2A). These results demonstrate an obligatory role for GLI1
in KRAS-induced PanIN progression and pancreatic tumor
development.

APRIL 26, 2013 +VOLUME 288-NUMBER 17

Initiation of pancreatic carcinogenesis is accompanied by
well described changes in epithelial cell morphology and in the
surrounding microenvironment. A key step in the development
of PanlN lesions is the induction of acinar-to-ductal metapla-
sia. The onset of acinar-to-ductal metaplasia was substantially
reduced in g/i1 knock-out (GKO/KC) mice at an early age (data
not shown). GKO/KC mice did not develop PanIN-2 or
PanIN-3 lesions, and in many cases, the pancreata were normal
and lacked any lesions. These results suggest that GLI1 is nec-
essary for the first metaplastic events in acinar cells and poten-
tially for progression of the early lesions to high-grade
neoplasia.

In parallel with the development of acinar-to-ductal meta-
plasia, the activation of stromata surrounding PanIN lesions
has been reported in early stages of pancreatic cancer (13, 14).
The use of a gli! total knock-out allowed us to identify a novel
signaling network explaining in part the mechanism underlying
the cross-talk between the epithelial and stromal compart-
ments during pancreatic cancer initiation. Recent reports
established an activated STAT3 (p-STAT?3) in pancreatic can-
cer biology to be essential for PanIN lesion progression (16, 17,
32). Furthermore, in vivo studies demonstrated that p-STAT3
is not dependent on the constitutively active form of mutant
kras; rather, activation is dependent on sustained IL-6 secre-
tion. In our studies, we detected high levels of p-STAT3 in KC
mice; however, GKO/KC mice had lower levels of this activated
form of STAT3, and in some cases, the pancreata showed no
expression of p-STAT3. Here, we have provided evidence that
GLII induces IL-6 expression, secretion, and promoter activity
in pancreatic fibroblasts, and this effect was significantly
reduced in GKO fibroblasts. This result is particularly impor-
tant because it provides evidence that GLI1 in the microenvi-
ronment is a key protein involved in activating the cytokine that
is essential for continued activation of the oncogenic transcrip-
tion factor STAT3 (16, 17, 32—34). Loss of GLI1 in KC mice
leads to fewer PanIN lesions, thus breaking the cycle of sus-
tained IL-6 signaling.

Using a syngeneic model, we confirmed the importance of
GLI1 expression in the microenvironment by injecting pancre-
atic cancer cell lines generated from KC pancreatic tumors
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FIGURE 5. GLI1 modulates IL-6/STAT3 signaling activity. A, p-STAT3 immunohistochemical staining demonstrated increased expression of the activated
form of this transcription factor in KC pancreas, but low or no staining was evident in the pancreatic cells of GKO/KC mice. Band C, GLIT induced >2.5-fold IL-6
mRNA expression (B) and IL-6 secretion (C) as measured by ELISA in WT fibroblasts. abs, absorbance; ND, not detected. D, a 4-fold increase in full-length IL-6
promoter activity in fibroblasts overexpressing GLI1 was determined by luciferase assay. E, bioinformatics analysis showed three candidate GLI1-binding sites
(G) in the mouse IL-6 promoter. F, to define IL-6 as the direct target of GLI1, we performed the ChIP assay as described under “Experimental Procedures.” The
data show that endogenous GLI1 bound to a region located —531 to —800 bp upstream of the first exon in the promoter. [P, immunoprecipitate. G, p-STAT3
and total STAT3 Western blot analysis showed lower levels of the activated form of this transcription factor in cancer cells incubated with conditioned medium
(CM) treated with IL-6-blocking antibody.
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FIGURE 6. SHH regulates the activity of the newly identified GLI1/IL-6 axis. A, IL-6 expression was induced in pancreatic fibroblasts treated with SHH in a
dose- and time-dependent manner as shown by immunocytochemistry. B, GLI1 binding to the mouse IL-6 promoter was increased by >7-fold in fibroblasts
treated with SHH ligand (1.5 wg/ml). IP, immunoprecipitate. C, real-time PCR showed SHH expression in pancreatic cancer cells. SHH was not expressed in
fibroblasts. Immunohistochemical analysis confirmed the presence of the SHH ligand exclusively in the tumor compartment (inset, arrows). ND, not detected.
D and E, overexpression of human KRAS"?? in human (BxPC3) (right panels) and mouse (left panels) KC pancreatic cancer cell lines increased the expression (D)
and promoter activity () of SHH. F, GLI1-reporter assay of fibroblasts treated with cancer cell-conditioned medium overexpressing KRAS®'?P, Activity was
decreased in the presence of SHH-blocking antibody in the conditioned medium.

(expressing WT GLI1) into the pancreata of WT and GKO Stevaux et al. (27) and Rajurkar et al (29) showing the
mice, resulting in 100% tumor penetrance in WT mice com- importance of GLI1 in the epithelial tumor compartment.
pared with 25% in GKO mice as determined by histopatholog-  These reports, together with our studies, support a key role for
ical analysis. These results complement recent work by Nolan- ~ GLI1 during pancreatic cancer initiation. Additionally, we have
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FIGURE 7. Schematic representation of the model of GLI1-mediated pan-
creatic carcinogenesis. SMO, Smoothened; IL-6R, IL-6 receptor.

defined a model in which KRAS requires active GLI1 in both the
epithelial and tumor compartments.

Furthermore, in this study, we have provided evidence of a
novel role for SHH in the tumor microenvironment. Multiple
reports have shown a crucial function for SHH in regulation of
the desmoplastic reaction, a typical feature of pancreatic cancer
playing a role in pancreatic carcinogenesis by regulating tumor
maintenance and progression (36, 37). Here, we determined
that the SHH signaling cascade regulates early stages of pancre-
atic development. The SHH/GLI1 axis modulates the progres-
sion of PanIN lesions by acting in the tumor stromata, regulat-
ing the IL-6/STAT3 pathway. In addition, we provided a
mechanistic connection between mutant KRAS and activation
of the SHH pathway. Oncogenic KRAS induces the expression
of SHH in cancer cells through regulation of its promoter.

In summary, our study has defined a novel signaling cascade
that identifies the transcription factor GLI1 as a central medi-
ator of the IL-6 signaling network initiated in the tumor
microenvironment, regulating the progression of precursor
lesions and tumor formation (Fig. 7). When GLI1 is absent, IL-6
signaling from tumor-associated fibroblasts is diminished, and
pancreatic precursor lesions do not progress to advanced
stages. Future studies are aimed at defining the epigenetic
mechanism used by GLI1 to control gene expression as well as
the translational significance of targeting this transcription fac-
tor in pancreatic cancer as well as other tumors driven by onco-
genic KRAS.
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