Genetic ablation of Smoothened
in pancreatic fibroblasts increases
acinar-ductal metaplasia
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The contribution of the microenvironment to pancreatic acinar-to-ductal metaplasia (ADM), a preneoplastic tran-
sition in oncogenic Kras-driven pancreatic cancer progression, is currently unclear. Here we show that disruption of
paracrine Hedgehog signaling via genetic ablation of Smoothened (Smo) in stromal fibroblasts in a Kras“"*” mouse
model increased ADM. Smo-deleted fibroblasts had higher expression of transforming growth factor-a (Tgfa) mRNA
and secreted higher levels of TGFa, leading to activation of EGFR signaling in acinar cells and increased ADM. The
mechanism involved activation of AKT and noncanonical activation of the GLI family transcription factor GLI2.
GLI2 was phosphorylated at Ser230 in an AKT-dependent fashion and directly regulated Tgfa expression in fibro-
blasts lacking Smo. Additionally, Smo-deleted fibroblasts stimulated the growth of Kras®*?P/Tp53%172H pancreatic
tumor cells in vivo and in vitro. These results define a non-cell-autonomous mechanism modulating Kras“*?P-
driven ADM that is balanced by cross-talk between Hedgehog/SMO and AKT/GLI2 pathways in stromal fibroblasts.
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The pancreas undergoes tightly regulated developmental
processes during organogenesis that result in the forma-
tion of discrete endocrine and exocrine components in
the mature organ (Gittes et al. 1996). This process relies
on a classic model of epithelio-mesenchymal interactions
to drive the undifferentiated duodenal anlage into a fully
developed pancreas with well-defined acinar, ductal, and
centroacinar compartments (Fell and Grobstein 1968).
Seminal studies by Golosow and Grobstein (1962) showed
that in vitro culture of the dorsal pancreatic rudiment oc-
curs only in the presence of mesenchyme. In the years fol-
lowing, many groups unsuccessfully attempted to identify
the “mesenchymal factor” in the embryonic pancreas re-
sponsible for inducing pancreatic epithelial development
(Rutter et al. 1964; Ronzio and Rutter 1973; Filosa et al.
1975; Karasaki 1975). More recent studies that aimed to
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define epithelial lineage-specific responses to mesenchy-
mal signals demonstrated that removal of the pancreatic
mesenchyme disrupted acinar cell morphogenesis, thus
inhibiting epithelial branching and outgrowth (Gittes
et al. 1996; Miralles et al. 1998). These results clearly de-
fined the dependence of pancreatic epithelial cell fate de-
cisions on mesenchymal cues, and subsequent work has
demonstrated that FGF (Bhushan et al. 2001), EGF (Tula-
chan et al. 2006), retinoic acid (Stafford et al. 2006),
WNT (Jonckheere et al. 2008), and bone morphogenetic
protein (Ahnfelt-Renne et al. 2010) are important media-
tors of this process. Similar to pancreatic epithelial cell de-
velopment during organogenesis, the paracrine signaling
networks between the pancreatic epithelium and its adja-
cent stroma in cancer development have been the subject
of intense scrutiny.

© 2016 Liu et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publi-
cation date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After
six months, it is available under a Creative Commons License (At-
tribution-NonCommercial 4.0 International), as described at http://creati-
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Oncogenic mutations in Kras are present in >90% of
pancreatic ductal adenocarcinoma (PDAC) patients
(Almoguera et al. 1988; Smit et al. 1988; Morris et al.
2010) and are thought to be the initiating mutation in pan-
creatic cancer (Eser et al. 2014). Genetically engineered
mice expressing mutant Kras have metaplastic acini that
transdifferentiate into the ductal lineage (Guerra et al.
2003; Hingorani et al. 2003), a process referred to as aci-
nar-to-ductal metaplasia (ADM). Thus, the pancreatic ep-
ithelium maintains a degree of cellular plasticity that
mimics pancreatic organogenesis (Puri and Hebrok 2010;
Reichert and Rustgi 2011). These ADM events have been
characterized as premalignant precursors to PDAC pri-
marily through mouse modeling studies. For example, ge-
netically engineered mouse models (GEMMs) that place
mutant Kras under the control of acinus-specific promot-
ers generate ADM lesions that progress to pancreatic intra-
epithelial neoplasias (PanINs) with ductal morphology
(Grippo et al. 2003; Tuveson et al. 2006; Habbe et al.
2008). Initial analysis of this acinar-to-ductal switch de-
fined the importance of Kras in ADM formation (Habbe
etal. 2008) and has since expanded to additional molecular
components within the epithelium that drive ADM, in-
cluding transforming growth factor-a (TGF-a) (Song et al.
1999), EGFR (Ardito et al. 2012}, MIST1 (Shi et al. 2013,
SOX-9 (Kopp et al. 2012), KLF4 (Wei et al. 2016), and phos-
phoinositide-3-kinase (PI3K) (Hill et al. 2010) signaling.
Additionally, multiple groups have demonstrated in hu-
man studies that ADM occurs during pancreatic cancer
progression, justifying the potential significance of defin-
ing the underlying pathways that drive acinar cell transdif-
ferentiation (Parsa et al. 1985; Zhu et al. 2007; Remmers
et al. 2013). However, the contribution of the mesenchy-
mal stroma to ADM has not garnered the same attention,
and non-cell-autonomous signaling networks that drive
ADM remain poorly defined. This is surprising given the
observations that the desmoplastic stromal reaction in-
creases in the metaplasic pancreas and the previously dis-
cussed role of the mesenchyme during epithelial cell fate
determination in pancreatic organogenesis.

Hedgehog signaling is one of the most widely studied
pancreatic paracrine networks, where Kras transformed
epithelial cells secrete Hedgehog ligands that bind to
and activate stromal fibroblasts (Hebrok 2003). In canoni-
cal Hedgehog signaling, ligands (Sonic, Indian, and Desert
hedgehog) bind to the receptor Patchedl (PTCH1), releas-
ing its repression of Smoothened (SMO), the key compo-
nent of the signaling cascade. Activated SMO relocalizes
to the cilia membrane and initiates an intracellular down-
stream signaling cascade, resulting in activation of GLI
transcription factors and expression of downstream tar-
gets such as GIil, Ptchl, and C-myc (Onishi and Katano
2014). Other groups have genetically deleted SMO from
the pancreatic epithelium in a Kras pancreatic tumor
model and observed no significant difference in malignant
transformation or progression, establishing that epithelial
Smo is dispensable for Kras-mediated transformation
(Nolan-Stevaux et al. 2009).

We used a Kras GEMM of ADM to address the function
of fibroblast hedgehog signaling on acinar cell fate. To
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achieve this, we deleted the key signaling component
Smo specifically in fibroblasts in the context of acinar
cell-specific expression of oncogenic Kras“??P. The results
presented here demonstrate that deletion of SMO in fibro-
blasts caused an increase in ADM formation. The loss of
SMO triggered activation of AKT, leading to increased
GLI2-mediated secretion of TGF-a in fibroblasts, EGFR ac-
tivation in epithelial cells, and enhanced ADM formation.
These results define a SMO/AKT/TGFa pathway that,
when disrupted, promotes a microenvironment favoring
ADM formation in the context of mutant Kras.

Results

Fibroblast-specific deletion of Smo increases ADM
in a Kras“'*P GEMM

In order to study the role of fibroblast SMO on pancreatic
ADM progression, we used the Mist15"%“7P/* murine
model in combination with fibroblast-specific cre
(FspCre)-mediated knockout of Smo™® (Supplemental
Fig. 1A; Long et al. 2001; Tuveson et al. 2006; Trimboli
et al. 2008, 2009). The use of this model is critical to
the approach because it allows for both Cre-loxP deletion
of Smo™" in stromal fibroblasts and expression of
KRASS!D in the acinar cell epithelium. Of note, the
Mist15¥735G12P/+ model develops ADM, which progresses
to acinar cell carcinoma with ductal features (Tuveson
et al. 2006). To use the Mist157%12P/* mice as a model
of de novo ADM formation, all mice were harvested at 6
mo of age. Thus, in this study, we specifically used this an-
imal model to focus on the effect that stromal SMO has on
pancreatic ADM development. This was achieved by gen-
erating mice from two genetic groups: control mice (Mist1-
Kras©'2P;8mo™*’/~ [KS]) and experimental mice (Mist1-
Kras©'2P;FspCre;Smo™"/~ [KCS]). Dual-color immuno-
histochemistry (IHC) for SMA and SMO was performed
to precisely examine the extent of SMO deletion in the fi-
broblast compartment (Fig. 1A). The Vectra multispectral
platform was used to differentiate and quantify the per-
centage of SMO-positive cells within the SMA-positive
and SMA-negative cellular compartments (see the Materi-
als and Methods) (Bronisz et al. 2011). This analysis re-
vealed that SMO deletion was confined to SMA-positive
stromal fibroblasts with no collateral deletion in epithelial
ducts or acini (Fig. 1A, top and bottom graphs, respective-
ly). Single-color IHC for SMO also demonstrated efficient
ablation of expression in stromal fibroblast (Supplemental
Fig. 1B). To additionally confirm SMO deletion in fibro-
blasts, SMA-positive pancreatic fibroblasts were isolated
(Supplemental Fig. 1C) and shown to exhibit markedly de-
creased SMO protein and RNA expression when isolated
from KCS animals (Supplemental Fig. 1D,E). Purity of fi-
broblast cultures was assessed by quantitative real-time
PCR for fibroblast-specific genes Acta2 and S100a4 along
with epithelial-specific genes Cdhi1, Krt18, Krt7, and
Krt8in KS and KCS fibroblasts and KPC-derived epithelial
cell cultures (Supplemental Fig. 1F). SMO expression lev-
els in other stromal cell compartments, including F4/80-
positive macrophages, were unaffected, consistent with


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.283499.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.283499.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.283499.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.283499.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.283499.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.283499.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.283499.116/-/DC1

SMO (Unmixed)

A AL T ARY ('

7
7 o

Kras;FspCre;Smo** Kras;Smo "

Amylase/CK19

SMA/Ki67

SMA (Unmixed)

Disrupting Hedgehog drives ADM via AKT/GLI2 axis

SMOJSMA Liu_Figure1
(MaskedﬁOveﬂapped) 12 Fibroblast
1 W A -;_210 _I_
Lo
I S
% o 5
"85 T
\ T o
. KS KCS
01 Epithelium
S 40 ns
230
020
1810
T o
KS KCS
. 60 v
E T 1
Eso
£, i
@
c
[ ]
w
5 .
520 .E. .
a
<

=
o (=]
o]

KS KCS
(N=15)  (N=14)

" w 8 T o 40
8 7 [] 335 ]
L6 3 2%
w0
€5 % £ .
B4 g g2 °
13T m15 ”
=2 210 s
LR 25 .
()] —
KS KCS KS KCS
(N=7)(N=7) (N=7)(N=7)

Figure 1. Stromal SMO ablation accelerates pancreatic ADM and cellular proliferation. (A) Dual-color IHC for SMO (brown) and SMA
(red) and quantification of SMO levels in fibroblast and epithelial cell compartments. Unmixed composite and component images of dual-
color IHC and colocalization map showing SMA and SMO overlap in yellow. Bars, 50 um. nn = 3. Error bars represent means = standard devi-
ation (SD). (B) Dual-color IHC for p-amylase (red) and cytokeratin 19 (CK19; brown) and quantification of ADM lesions. KS control mice
were compared with KCS experimental mice, and each dot represents one individual mouse. The red bar represents the median of each
genetic group. Bars, 25 ym. (C) Dual-color IHC and quantitation for SMA (red) and Ki67 (brown) for fibroblasts (Ieft graph) and ductal-like

cells (right graph). Bars, 25 um. (***) P <0.001; (ns) not significant.

our previous characterization of the FspCre transgene
(Supplemental Fig. 1G; Trimboli et al. 2008, 2009).

Histological examination showed that loss of SMO in
stromal fibroblasts significantly increased the incidence
of ADM, characterized by staining for the ductal cell
marker cytokeratin 19 (CK19) and the acinar cell marker
B-amylase (Fig. 1B). Sox9 staining of the same tissue con-
firmed that CK19/B-amylase dual-positive cells were com-
mitted to the ductal lineage (Supplemental Fig. 2A; Kopp
et al. 2011; Shroff et al. 2014). Ki67 staining of pancreatic
sections from both genetic groups demonstrated an in-
crease in proliferative SMA-positive fibroblasts (Fig. 1C,
quantified in the left graph) and proliferative ductal-like
cells in the KCS group versus KS controls (Fig. 1C, quanti-
fied in the right graph). Immunofluorescent costaining of
the same tissue with CK19 and Ki67 confirmed the in-
creased proliferation of ductal cells in stromal Smo-delet-
ed mice (Supplemental Fig. 2B).

Additionally, vascular density, measured by MECA32
staining, was significantly increased upon disruption of
stromal Smo (Supplemental Fig. 3A). Infiltration of
immune cells was assessed. The total T-cell infiltrate,

as measured by CD3 staining, was significantly decreased
in KCS mice relative to KS mice (Supplemental Fig.
3B). However, infiltration of FOXP3-positive T-regula-
tory cells increased in KCS mice relative to KS mice (Sup-
plemental Fig. 3C). In contrast, infiltration of GR-1-
positive myeloid cells was not significantly altered (Sup-
plemental Fig. 3D).

Smo-deleted fibroblasts promote ADM through
activation of EGFR in epithelial cells

In order to elucidate the mechanisms by which Smo-de-
leted fibroblasts influence acinar cell transformation, an
established three-dimensional (3D) acinar cell culture
system was used to examine whether fibroblast-secreted
factors could promote acinar-to-ductal transformation
(Navas et al. 2012; Eser et al. 2013). Wild-type acinar cells
treated with conditioned medium (CM) from KCS fibro-
blasts formed dramatically greater numbers of ductal-
like structures compared with CM from control KS cells
(Fig. 2A). These structures were confirmed to represent
ADM by costaining with CK19 and B-amylase, revealing
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dual staining of cells similar to ADM observed in vivo (Fig.
2B).

EGFR is a key regulator of ADM and pancreatic carcino-
genesis (Miyamoto et al. 2003; Moore et al. 2007; Ardito
etal.2012), and IHC with antibodies specific for phosphor-
ylated EGFR at Tyr1068 revealed robust activation of the
receptor in KCS mice relative to controls (Fig. 2C). In paral-
lel experiments, the EGFR antagonist erlotinib blocked
KCS fibroblast CM-stimulated transformation of acinar
cells in vitro (Fig. 2D). To further analyze the downstream
pathways activated as a result of EGFR phosphorylation,
staining was performed for p-ERK, p-STAT3, and HESI.
ERK phosphorylation was unchanged in the epithelial
compartment between KS and KCS (Supplemental Fig.
4A), as predicted for cells expressing Kras©’?P. STAT3
phosphorylation at Tyr705 was markedly increased in the
epithelium of KCS mice relative to KS mice (Supplemental
Fig. 4B). The Notch pathway target HES1 was also up-regu-
lated, as expected in EGFR-activated pancreatic epitheli-
um (Supplemental Fig. 4C; Miyamoto et al. 2003).

Smo-deleted fibroblasts increase growth of Kras©!2P;

p53R172HA pancreatic tumor cells in vivo and in vitro

To study the effect of deletion of Smo in fibroblasts on
pancreatic tumor cell growth and proliferation, KPC cells

1946 GENES & DEVELOPMENT

0
Vehicle Erlotinib

(a Kras©'2P;p53R172H* mouse PDAC tumor cell line) (see

the Materials and Methods) were admixed with either KS
or KCS fibroblasts and coinjected into nude mice. KPC tu-
mor cells injected alone or mixed with wild-type fibro-
blasts produced tumors of the same mass after 5 wk (Fig.
3A). In contrast, KPC cells injected with fibroblasts lack-
ing SMO were significantly larger than the SMO-intact
control (Fig. 3A).

Parallel in vitro experiments demonstrated increased
staining for proliferation marker phospho-Histone
H3%19 in KPC cells treated with CM from KCS fibro-
blasts compared with CM from control KS cells (Fig. 3B).
Erlotinib treatment blocked the enhanced proliferation
of KPC treated with CM from Smo-deleted fibroblasts
(Fig. 3C). Erlotinib efficacy was confirmed by Western
blot analysis of phosphorylated EGFR at Tyr1068 (Supple-
mental Fig. 4D).

TGF-« is up-regulated in Smo-deleted fibroblasts
and promotes ADM

To identify the EGFR-activating ligand produced by KCS
fibroblasts, mRNA expression levels of several known
EGFR-activating ligands were analyzed. A striking in-
crease in Tgfa mRNA was detected in KCS fibroblasts
(Fig. 4A). Analysis of KCS CM revealed that TGF-a protein
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Figure 3. Deletion of SMO in fibroblasts enhances tumor cell growth and proliferation through EGFR. (A) Quantitation of tumor mass 5
wk after implantation (tumors images are shown below the graph). Bar, 5 mm. n = 5. Each dot represents one tumor, and the red dot cor-
responds to the image below the graph. (B) Images and quantitation of the percentage of p-Histone H3" over total CK19* cells treated with
the indicated CM. n = 3. Error bars represent means = SD. (C) Images and quantitation of the percentage of p-Histone H3* over total CK19*
cells cotreated with the indicated CM and DMSO or erlotinib. Bar, 40 ym. nn = 3. Error bars represent means = SD. (*) P < 0.05; (***) P < 0.001;

(ns) not significant.

was significantly increased relative to control CM (Fig. 4B,
SPARC expression served as an internal control). Consis-
tent with this data, TGF-a, measured by IHC staining, was
increased in the stroma of KCS animals (Fig. 4C). Pretreat-
ment of CM from KCS fibroblasts with TGF-a-neutraliz-
ing antibody significantly decreased formation of ductal-
like structures, thus providing evidence that TGF-a was
necessary for ADM induction by KCS fibroblasts (Fig. 4D).

Smo deletion in fibroblasts selectively activates
GLI2-mediated TGF-a production

To address the mechanism by which loss of SMO signal-
ing up-regulates TGF-a production in fibroblasts, we per-
formed global gene expression profiling on SMO-intact
and SMO-deleted fibroblasts. Analysis of the data revealed
that 516 genes were significantly differentially expressed
(greater than twofold, P <0.05) (the top 100 differentially
expressed genes are in Supplemental Table 1). Interesting-
ly, GIi2, a canonical hedgehog signaling transcription fac-
tor, was one of the top 25 up-regulated genes in KCS cells
(Supplemental Table 1). This result was surprising given
the observation that KCS cells had decreased overall
hedgehog signaling by gene set enrichment analysis
(GSEA) (Fig. 5A). Furthermore, quantitative real-time
PCR of SMO signaling components GIi1/2/3 and Ptchl
showed that only GIi2 levels were highly enriched in
KCS cells relative to KS cells (Fig. 5B). Glil, Gli2, GIi3,
and Ptchl all responded as expected to Sonic hedgehog
(SHH) treatment in SMO-intact KS cells but not in SMO
knockout KCS cells (Fig. 5C; Supplemental Fig. 5A).
Knockdown of GIi2 by siRNA in KCS cells (Fig. 5D,E;
Supplemental Fig. 5B) resulted in decreased levels of
Tgfa expression (Fig. 5F). Analysis of the Tgfa promoter re-
gion identified a putative GLI consensus binding region
that was conserved between humans and mice 0.8 kb up-
stream of the transcriptional start site, suggesting that

GLI2 might directly regulate Tgfa (Fig. 5G). Chromatin
immunoprecipitation (ChIP) analysis of the Tgfa promot-
er region demonstrated enrichment of GLI2 at the puta-
tive binding site (Fig. 5H). Furthermore, luciferase
reporter assays using the proximal Tgfa promoter region
demonstrated that GIi2 overexpression in Smo-null fibro-
blasts increased Tgfa promoter activation (Fig. 5I).

Smo deletion activates AKT-GLI2 signaling upstream
of TGF-« transcription

GSEA also revealed that KCS cells had altered PI3K signal-
ing compared with KS cells (Fig. 6A). Since previous work
indicated that AKT activation is one mediator of the onco-
genic functions of cancer-associated fibroblasts, we fo-
cused attention on this pathway in our model (Okawa
et al. 2007). Western blot analysis demonstrated that
AKT-activating phosphorylation events (at both Ser473
and Thr308) increased in SMO-deleted cells (Fig. 6B;
Supplemental Fig. 6A). Importantly, treatment of KCS fi-
broblasts with the AKT inhibitor MK-2206 (Fig. 6C; Sup-
plemental Fig. 6B; Hirai et al. 2010) reduced both Tgfa and
GIi2 levels (Fig. 6D).

To determine whether AKT signaling in SMO-depleted
fibroblasts was relevant at later stages of PDAC progres-
sion, we performed two types of experiments. First, previ-
ous work demonstrated that a small molecule inhibitor of
SMO resulted in increased growth of pancreatic tumors in
the KPC model (Rhim et al. 2014). We examined the in
vivo effect of the SMO inhibitor GDC-0449 (see the Mate-
rials and Methods; Von Hoff et al. 2009) on stromal AKT
activation. The KPC-BRCA1“%° mice, representing a rap-
idly progressing PDAC mouse model (Shakya et al. 2011),
were used for this approach. Inhibition of Hedgehog
signaling was confirmed by decreased expression of
Glil mRNA in pancreatic tissue from treated mice rela-
tive to the vehicle controls (Supplemental Fig. 6C). The
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Figure 4. Deletion of SMO in fibroblasts promotes ADM via
TGF-a. (A) Quantitative real-time PCR analysis of known
EGFR-activating ligands. n = 3. Error bars represent means = SD.
(B) Western blot of TGF-a in CM; SPARC was used for a loading
control. (C) IHC and quantitation for TGF-q; the graph represents
the quantification of the H score for each genotype. Bar, 25 ym. n
= 3. Error bars represent means = SD. (D) Images and quantitation
of ductal-like structures in 3D ADM formation assay with pre-
treatment of KCS CM with TGF-a-neutralizing antibody. The in-
sets show a higher magnification view of representative cellular
structures. The graph represents the quantitation of ductal-like
structures. Bar, 40 um. n = 3. Error bars represent means + SD. (*)
P <0.05; (**] P <0.01; (***) P <0.001.

inhibition of SMO in this model resulted in robust activa-
tion of p-AKT in SMA-positive fibroblasts (Fig. 6E). Sec-
ond, CM isolated from KCS fibroblasts treated with
AKT inhibitor (MK-2206) decreased KPC hyperprolifera-
tion relative to vehicle-treated fibroblasts in vitro (Fig.
6F). Activation of EGFR in KPC cells by CM from MK-
2206-treated fibroblasts was also significantly diminished
(Supplemental Fig. 6D).

AKT-GLI?2 signaling is activated in Smo-deleted
fibroblasts

GLI2 is stabilized through phosphorylation of residue
Ser230 by AKT, resulting in increased expression of down-
stream target genes (Shi et al. 2015). To test whether the
observed increase in GLI2 protein in KCS cells could be
due to AKT-dependent phosphorylation, GLI2 was immu-
noprecipitated from KS and KCS fibroblasts, and its phos-
phorylation status was determined by Western blot
analysis using an antibody specific for phospho-(Ser/Thr)
AKT substrates (Zhang et al. 2002). Mouse GLI2 Ser230
and the corresponding human GLI2 Ser234 are within a
perfect AKT recognition motif (Supplemental Fig. 7A).
Importantly, this is the only perfectly matched AKT rec-
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ognition site in GLI2. The results showed that endoge-
nous GLI2 was phosphorylated at AKT substrate sites in
KCS cells (Fig. 7A; Supplemental Fig. 7A). Comparison
of the relative ratio of p-GLI2 to total GLI2 protein in KS
cells versus KCS cells indicated that GLI2 phosphoryla-
tion levels were increased ~2.5-fold in KCS cells (Supple-
mental Fig. 7B). To confirm that GLI2 phosphorylation
occurs at Ser230, Flag-tagged GLI2 wild type and GLI2-
S230A (lacking the AKT phosphorylation site) were ex-
pressed in KS and KCS cells. Robust phosphorylation of
Flag-tagged GLI2 wild type could be detected in KCS but
not KS cells. In contrast, phosphorylation of Flag-GLI2-
S230A was not detected in KCS cells or KS cells (Fig. 7B).

To confirm that GLI2 Ser230 is directly phosphorylated
by AKT in KCS fibroblasts, in vitro kinase assays were per-
formed (see the flow diagram in Supplemental Fig. 7C for
the experimental design). p-AKTS*’2 antibody was used to
immunoprecipitate activated AKT from either KS or KCS
fibroblasts, and the isolated p-AKT was incubated with
whole-cell lysates prepared from Smo-positive KS fibro-
blasts. After incubation, endogenous GLI2 was immuno-
precipitated, and the pellet was analyzed by Western
blot with AKT substrate antibody. The results showed ro-
bust GLI2 phosphorylation by p-AKT isolated from KCS
fibroblasts but not KS fibroblasts (Fig. 7C).

To further demonstrate that GLI2 phosphorylation was
AKT-dependent and required for Tgfa expression, we iso-
lated pancreatic fibroblasts from Tet-off-inducible myris-
toylated AKT1 (myr-AKT) transgenic mice (see the
Materials and Methods; Belteki et al. 2005; Sun et al.
2005; ). The phosphorylation of GLI2 was compared be-
tween vehicle-treated cells and doxycycline-treated cells
(Fig. 7D). Doxycycline treatment decreased myr-AKT ac-
tivity as expected (Supplemental Fig. 7D) and resulted in
decreased GLI2 Ser230 phosphorylation (Fig. 7D). Doxy-
cycline treatment also resulted in decreased expression
of Tgfa and GIi2 mRNA (Supplemental Fig. 7E). These bio-
chemical assays establish that Smo deletion leads to in-
creased GLI2 phosphorylation at position Ser230 in an
AKT-dependent manner.

Discussion

The prevailing view is that the Hedgehog pathway func-
tions in paracrine signaling between epithelial cells with
activating Kras mutations and stromal fibroblasts during
pancreatic adenocarcinoma progression (Hebrok 2003).
In this study, we focused on the function of the Hedgehog
pathway in fibroblasts at the initial stage of Kras-depen-
dent acinar transformation. Our rationale for focusing
on this earliest event in pancreatic cancer progression
was that the influence of the stroma can be more easily
dissected at very early stages of the malignant cascade be-
fore heterogeneity in tumor cells and consequently, in the
stroma, make it difficult to discern cell-autonomous from
non-autonomous gene function. Unexpectedly, these
studies elucidated a connection between loss of Hedgehog
signaling, activation of AKT signaling, and secretion of

TGF-a by fibroblasts that synergized with Kras“’?P in
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Figure 5. Loss of SMO leads to GIi2 up-regulation and enhanced Tgfa synthesis. (A) GSEA enrichment plot for Hedgehog signaling
upon deletion of Smo. (FDR) False discovery rate. (B) Quantitative real-time PCR analysis of Gli1, GIi2, GIi3, and Ptch1 in pancreatic
fibroblasts. n=3. Data are represented as fold change relative to KS. Error bars represent means = SD. (C) Quantitative real-time PCR
analysis of Glil, Gli2, and GIi3 upon treatment of pancreatic fibroblasts with recombinant SHH. n =3. Data are represented as fold
change relative to untreated KS. Error bars represent means + SD. (D,E) Western blot analysis and quantification of GLI2 in KS and
KCS fibroblasts transfected with nonsilencing control (NC) siRNA or siRNA targeting GIi2. (F) Quantitative real-time PCR analysis
of Tgfa in KS and KCS mouse pancreatic fibroblasts transfected with nonsilencing control or siRNA targeting GIli2. (G) Schematic
map of the GLI-binding site in the promoter of Tgfa. (H) Relative GLI2 enrichment at the Tgfa promoter by chromatin immunoprecip-
itation (ChIP) analysis in both KS and KCS mouse pancreatic fibroblasts. n = 3. Error bars represent means = SD. (I). Relative luciferase
activities measured in KCS cells transfected with mouse Tgfa luciferase reporter (pGL3 vector) and GIi2 expression vector (FUW vec-
tor). (**) P<0.01; (***) P<0.001.

acinar cells to increase ADM (Fig. 7E). Ablation of Smo in gression (Rhim et al. 2014). Similarly, ablation of stromal
fibroblasts instigated the noncanonical activation of GLI2 SMA -positive cells increased growth of pancreatic tumors
expression, and GLI2 directly regulated Tgfa expression. (Ozdemir et al. 2014). Our present study supports the sup-
The mechanism involved AKT-dependent phosphoryla- pressive function of the Hedgehog-SMO pathway even at
tion of Ser230 in GLI2, which, previous work demonstrat- very early stages of preneoplastic transformation. Impor-
ed, leads to enhanced stability and transactivation activity tantly, our study provides mechanistic insight into how
(Shi et al. 2015). this occurs, revealing the significance of cross-talk be-

The stroma undergoes a dramatic expansion in concert tween Hedgehog/Smo signaling and AKT signaling. We
with the stepwise development of human PDAC, suggest- propose that activation of the AKT/GLI2 axis in stromal
ing that the stroma is an active partner in PDAC initiation fibroblasts and subsequent activation of the EGFR path-
and progression (Feig et al. 2012). However, recent studies way in acinar cells via TGF-a are critical for the increased
have challenged this view, demonstrating that deletion of formation of Kras-dependent pancreatic ADM lesions
SHH in epithelial cells increases pancreatic cancer pro- when Hedgehog signaling is disrupted.
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Figure 6. AKT phosphorylation is induced
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EGEFR activation is a potent oncogenic mediator of Kras-
driven pancreatic cancer that has been shown to be essen-
tial for PDAC formation and epithelial cell proliferation
from the earliest stages of detectable disease (Ardito
et al. 2012; Navas et al. 2012). Additionally, treatment
with the EGFR inhibitor erlotinib prolongs survival in
PDAC mouse models (Singh et al. 2010; Miyabayashi
etal. 2013). Analysis of downstream EGFR signaling com-
ponents revealed that activation of STAT3 signaling is
seen in acinar cells undergoing transformation (Navas
et al. 2012). Consistent with these studies, we show that
disruption of fibroblast Hedgehog signaling leads to in-
creased production of TGF-a and subsequent activation
of EGFR and STAT3 in the preneoplastic epithelium.
Thus, stromal fibroblasts as well as epithelial cells (Smith
et al. 1987; Navas et al. 2012) are also a source of TGF-a
production during ADM transformation. Enhanced Tgfa
expression by Smo-deleted fibroblasts is driven by nonca-
nonical activation of the GLI2 transcription factor. In ca-
nonical Hedgehog signaling, GLI1, GLI2, and GLI3 are
known to have discrete but overlapping functions in con-
trolling expression of pathway target genes. The noncanon-
ical activation of GLI2, but not GLII1 or GLI3, supports that
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blasts. (A) GSEA enrichment plots for
PI3K signaling upon deletion of Smo. (B)
Western blots of three pancreatic fibroblast
cultures for total AKT and phosphorylated
AKT (Ser473 and Thr308). Quantification
is in Supplemental Figure 6. (C) Western
blots for p-AKTS*”® in DMSO-treated or
MK-2206-treated KCS fibroblasts. Quanti-
fication is in Supplemental Figure 6. (D)
Gli2 Quantitative real-time PCR analysis for
Tgfa and GIli2 in DMSO-treated or MK-

2206-treated fibroblasts. n=3. Error bars
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escence of SMA and phosphorylated

e AKT™% in KPC-BRCA1“*® mice treated
with GDC-0449 or DMSO. n=3. Error
bars represent means = SD. (F) Images and

+ 1 MK-2208 quantitation of the percentage of p-Histone
H3" over total CK19" cells cotreated with
the indicated CM and DMSO or MK-2206.
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individual members of this transcription factor family
can selectively respond to upstream signaling events in
an independent fashion (Varjosalo and Taipale 2008).
Cross-talk between the Hedgehog and PI3K signaling
pathways has been identified previously in medulloblas-
toma (Buonamici et al. 2010). These cancers harbor muta-
tions in multiple Hedgehog pathway components, and
treatment of patients with SMO inhibitors leads to an ini-
tial positive clinical response, but resistance to this ther-
apy subsequently develops (Yauch et al. 2009). One
mechanism of resistance in a subset of patients treated
with SMO inhibitors is activation of PI3K signaling, and
PI3K inhibitors are able to overcome the resistance to
SMO antagonists in preclinical studies (Buonamici et al.
2010). A second potential mechanism of resistance to
SMO inhibitors is genomic amplification of GLI2 (Dijk-
graaf et al. 2011; Kool et al. 2014). Similarly, in our study,
Smo deletion in pancreatic stromal fibroblasts led to acti-
vation of PI3K/AKT signaling, as evidenced by AKT phos-
phorylation at Ser470 and Thr308 and activation of GLI2.
We also observed a striking increase of GIi2 mRNA levels
when Smo was deleted, and in silico analysis predicts GLI-
binding sites in the GIi2 promoter region. Previous reports
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Figure 7. p-AKTS*"3 directly modulates GLI2 pro-
tein. (A) Western blots for phospho-(Ser/Thr) AKT
substrate after coimmunoprecipitation with IgG or
GLI2 antibody in both KS and KCS mouse pancreatic
fibroblasts. Quantification is in Supplemental Figure
7. (B) Western blots for phospho-(Ser/Thr) AKT sub-
strate (top panel) or GLI2 (bottom panel) in KS and
KCS pancreatic fibroblasts transfected with control
vector, GIli2%%2%4 mutant, or Gli2"7T vectors after
coimmunoprecipitation with Flag antibody. (C, top
panel) p-AKTS*" isolated from KS or KCS was incu-
bated with fresh KS lysate followed by immunoprecip-
itation with GLI2 antibody and immunoblotting for
phospho-(Ser/Thr) AKT substrate. The bottom panel
shows total GLI2 levels. (D) Western blots for phos-
pho-(Ser/Thr) AKT substrate after immunoprecipita-
tion with GLI2 antibodies in Tet-off myristoylated
AKT1 (myr-AKT)-expressing fibroblasts with the indi-
cated doxycycline treatment. (E) Smo deletion leads to
activation of the Akt pathway, which phosphorylates
and stabilizes GLI2. GLI2 directly binds to the Tgfa
promoter and induces its transcription. Secreted
TGF-a then triggers ADM events.

SMO™" FIBROBLASTS

have suggested that GLI transcription factors can positive-
ly autoregulate their own promoters to amplify Hedgehog
signaling (Regl et al. 2002; Weiner et al. 2002; Lai et al.
2004; Hu et al. 2006). Future work will test the hypothesis
that AKT activation stabilizes GLI2 and induces an auto-
crine feed-forward loop that reinforces GIi2 expression.

In conclusion, we identified cross-talk between Hedge-
hog/SMO and AKT/GLI2 pathways involved in cross-talk
between epithelial and mesenchymal cell compartments
in the pancreas that suppresses ADM. Future studies us-
ing recently developed mouse models that combine a
FLP recombinase system to drive oncogenic Kras expres-
sion and pancreatic cancer (Schonhuber et al. 2014) can
be combined with stromal Cre drivers to test whether
this pathway cross-talk is also involved during later stages
of malignant transformation.

Materials and methods

Animal strains, husbandry, and maintenance

The use of animals was in compliance with federal and university
laboratory animal resource regulations. Mist1<"“12P/+, FspCre;
Smo'**/~ animals were generated by crossing the previously de-

scribed Mist 157G 12P/+ (Tuveson et al. 2006), Smo™" (Long et al.
2001), Smo~ (Long et al. 2001), and FspCre (Trimboli et al. 2008)
strains. FspCre; LSL-tTA; TetO-myrAkt1 mice were used in the
myr-AKT experiments (Belteki et al. 2005; Sun et al. 2005). The
experiments were performed using littermate mice from a mixed
C57BL/6; 129/Sv and FVBN genetic background. KPC epitheial
cell lines were isolated from Elas-Cre®™; LSL-Kras®2P/,
TP53R172H* mice and were a generous gift from Dr. Stephen
F. Konieczny.

Athymic nude mice used for xenograft experiments were pro-
vided by the Ohio State University Target Validation Shared Re-
source Core. For subcutaneous injection, 0.5 x 10° KPC tumor
cells admixed in a 1:1 ratio with fibroblasts were injected into
the flanks of nude mice; tumor volumes were measured once
per week by caliper.

Multispectral analysis of dual-color IHC

Dual-stained samples were imaged using the PerkinElmer Vectra
multispectral slide analysis system. For mouse samples, at least
three multispectral images per animal for at least three mice
per genotype (unless otherwise noted) were taken manually.
The image acquisition work flow consisted of the following: (1)
monochrome imaging of the entire slide, (2) RGB low-power im-
aging of the tumor tissue using an inForm tissue-finding

GENES & DEVELOPMENT 1951


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.283499.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.283499.116/-/DC1

Liu et al.

algorithm, and (3) multispectral high-power imaging of one field
containing tumor epithelium and stroma by means of an inForm
HPF-finding algorithm.

For visualization of the component images (i.e., SMO/brown
and SMA /red), the multispectral images were spectrally unmixed
using Nuance software. Nuance colocalization tool was used to
create the colocalization maps displaying the SMO-positive cells
in the SMA-positive cellular compartment overlap in yellow.

For quantification of the SMO staining, the multispectral imag-
es were reviewed and analyzed using inForm tissue finder soft-
ware. A pattern recognition algorithm was used for processing as
follows: (1) trainable tissue segmentation to segment the SMA-
positive regions, (2) cell segmentation of the SMA-positive com-
partment, and (3) scoring to bin the spectrally unmixed DAB
signal into four categories depending on the staining intensity
(0+, 1+, 2+, and 3+). The H score, which ranges from 0 to 300,
was calculated using following formula: 1x(% cells 1+)+2x
(% cells 2+) + 3 x (% cells 3+). Thus, H score measures staining in-
tensity as well as the percentage of positive cellsin a given cellular
compartment. Of note, the overlap in ITHC staining was a direct
quantitative measure of staining for one antigen (SMO) within a
distinct cell population defined by a second antigen (SMA) and
was not simply the overlap in signal between the two stains.

Statistics

Pearson’s correlation, Wilcoxon rank sum test, and Student’s
t-test were calculated using R 3.0.1 unless otherwise noted. The
P-values from Student’s t-tests are listed unless otherwise speci-
fied. In all graphs, median, means (bar), and standard deviations
(lines) are denoted. Microarray data were processed by the robust
multiarray (RMA) method and analyzed using the moderated
t-test approach (Yu et al. 2011). Comparison-wise, P-value of
0.05 was considered significant.

Histology analysis, IHC, and immunofluorescent staining

Dissected mouse pancreas tissues were fixed, processed, embed-
ded in paraffin, sectioned, and mounted. For THC, all sections
were stained using a Bond Rx autostainer (Leica) unless otherwise
noted. Antibodies for the following markers were diluted in anti-
body diluent (Leica): rabbit antibodies aSMA (1:1500; Abcam),
Ki67 (1:100; Abcam), amylase (1:400; Cell Signaling Technology),
EGFR Y1068 (1:50; Cell Signaling Technology), SMO (1:200;
Bioss), HES1 (Santa Cruz Biotechnology), p-STAT3 (1:100; Cell
Signaling Technology), p-AKT (1:50; Cell Signaling Technology),
and p-ERK (1:400; Cell Signaling Technology) and rat antibody
CK19 (TROMA-II) (1:150; Developmental Studies Hybridoma
Bank [DSHB]|, University of Iowa).

For TGF-a and Sox9, single-antibody IHC staining was per-
formed by conventional methods. The following primary anti-
bodies were used: rabbit anti-SMO (1:100; Abcam) and TGF-a
(1:100; Abcam). Staining was visualized by using an immunoper-
oxidase technique (VectaStain Elite ABC kit, Vector Laboratories)
and 3,3'-diaminobenzadine followed by counterstaining with
Meyer’s hematoxylin.

Fluorescent immunostaining required antigen retrieval, which
was performed using a 1x target retrieval solution (pH 6.0) (Dako).
Antibodies for the following markers were diluted in antibody
diluent (Dako) and applied overnight at 4°C: rabbit antibodies
Ki67 (1:100; Abcam), phospho-histone H3 (1:100; Cell Signaling
Technology), and amylase (1:400; Cell Signaling Technology);
rat antibodies CK19 (TROMA-III| (1:150; DSHB, University of
Towa), CK8 (TROMA-I) (1:300; DSHB, University of Iowa), and
Meca32 (1:200; BD Pharm); and mouse antibody a-SMA (1:400;
Sigma).
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Image acquisition and analysis of ADM and proliferation

Dual-THC-stained slides were imaged using the PerkinElmer Vec-
tra multispectral slide analysis system. The automatic work flow
consisted of the following: (1) monochrome imaging of the entire
slide, (2) RGB low-power imaging, and (3) high-power color imag-
ing of all of the fields containing at least a 90% of pancreatic tis-
sue using inForm tissue-finding and HPF-finding algorithms. All
HPF images (0.4-mm? area each) were reviewed to manually as-
sess the density of ADM lesions, which was expressed as number
per square millimeter. Twenty HPF images were randomly select-
ed per mouse. Ten HPF images were randomly selected to manu-
ally assess the stromal fibroblast Ki67-labeling index (Ki67-
positive fibroblasts/total fibroblasts per square millimeter). All
histology was validated by pancreatic pathologists.

Gli2 knockdown assay

Gli2 siRNA (On-Target plus mouse Gli2 siRNA SMART pool)
and negative control siRNA (On-Target plus mouse nontargeting
pool) were purchased from Dharmacon. In brief, transfection was
performed at 70% confluency with Lipofectamine 2000 in Opti-
MEM medium (Invitrogen). After transfection, the cell culture
medium was replaced with fresh medium, and the cells were in-
cubated for an additional 48 h for RNA or protein extraction.

Luciferase assay

Luciferase assay were performed as described previously (Achar-
yyaetal. 2010). After 24 h of transfection, Gli2 expression was in-
duced by doxycycline. Luciferin reagent (Sigma) was added to
lysates, and luciferase activity was measured. FUW-Gli2 and con-
trol FUW vector were generous gifts from Fanxin Long. Mouse
Tgfa promoter (2.0 kb) was inserted into a pGL3 luciferase report-
er to generate the pTGFa vector.

ChIP assays

ChIP assays were performed as described previously (Bronisz et al.
2011). Primary KS and KCS cells (2 x 10° cells) were used for each
experiment. In brief, cells were cross-linked for 10 min with 1%
formaldehyde and lysed. Chromatin was collected and sonicated.
Anti-GLI2 ChIP-grade antibody (ab26056) and protein G agarose
slurry (Millipore, 16-266) were used to pull down chromatin. Af-
ter reverse-cross-linking, the DNA was recovered, purified, and
analyzed by real-time PCR. Gli2 forward primer 5-CAATAAA
CTGGAATTTTCAACTCTGA-3' and reverse primer 5-AA
TCAGACTGACCCCTCTCCT-3' were used.

Pancreatic fibroblast and isolation of CM

Primary pancreatic fibroblasts were purified based on the follow-
ing protocol. Briefly, pancreata were dissected from 6-mo-old
mice, minced, and digested with collagenase (0.5% collagenase
II, 120 UmL ™! DNase I in 1x PBS) with shaking at 225 rpm for
1 h at 37°C. Digested tissue was resuspended in medium and
gravity-purified for 10 min. Supernatants were aspirated, and pel-
lets were washed three times, subjected to two additional gravity
sedimentations, and then seeded on tissue culture dishes.

3D acinar culture

3D acinar cell culture was established using previously published
protocols (Shi et al. 2015). In brief, mouse pancreata were minced,
and acini were released by collagenase P digestion, washed three
times in cold 5% fetal bovine serum (FBS), and then filtered



through a 105-um nylon mesh. Cell suspensions were layered on
top of FBS, and acini were collected by centrifugation and then re-
suspended in 3D culture base medium. Twenty-four-well tissue
culture plates were coated with a 250-uL per well collagen layer
before acini isolation. The cell suspension was then mixed with
collagen and plated in a 1:1 ratio. Erlotinib (LC libraries) was dis-
solved in DMSO and stocked in —20°C. The final concentration
in treatment was 10 uM. TGF-a antibody (Abcam) was preincu-
bated with CM from KCS cells as suggested by the manufacturer.

Tumor cell culture

Tumor cells isolated from Elas-Cre®®; LSL-Kras®?P/,
TP53R172H/* mice were plated and starved with 0% FBS medium
overnight. After starvation, cells were treated for 48 h with CM as
indicated in the figure legends. Erlotinib (10 nM) treatment was
coadministered at the same time. For AKT inhibition, fibroblasts
were treated with 5 nM MK-2206 prior to harvesting CM.

AKT inhibitor (MK-2206) treatment assays

Primary pancreatic fibroblasts were cultured to 80% confluence
and washed with PBS followed by fresh 10% FBS-DMEM. AKT in-
hibitor MK-2206 (Selleckchem, S1078) was used at final concen-
tration of 5 uM, and cellular lysates were collected with RIPA
buffer after different time points for Western blot.

GDC-0449 drug treatment

Smo inhibitor GDC-0049 was custom-synthesized by the Medic-
inal Chemistry Shared Resource at Ohio State University and
used for in vitro studies dissolved in DMSO and at the concentra-
tions specified in the figure legends. For in vivo experiments,
GDC-0449 was orally administrated to KPC-BRCA1°%® mice.
The dosage was 100 mg/kg once per day for 4 d. Four hours after
the last dose, mice were dissected, and pancreata were harvested
for histology as well as staining as described above.

Coimmunoprecipitation and Western blotting

Primary pancreatic fibroblasts were harvested by trypsinization
and lysed in RIPA lysis buffer for Western blot or in nondenatur-
ing extraction buffer (Cell Signaling, 9803). Inmunoprecipitation
was performed with 8 pg of Gli2 (ab26056) or IgG antibody. After
incubation, PRO-A magnetic beads (Millipore, LSKMAGAO2)
were added. Samples were then washed, and Laemmli buffer
was added for Western blot analysis. Primary antibody concentra-
tions were as follows: rabbit polyclonal antibody against SMO
(1:500); p-Akt, total Akt, and mouse monoclonal anti-f-actin
(1:5000; Sigma-Aldrich) from Cell Signaling Technology;
GAPDH (sc-25778) from Santa Cruz Biotechnology; Gli2 from
Abcam; and horseradish peroxidase-conjugated anti-mouse
and anti-rabbit secondary antibodies (both at 1:10,000). Signal
was developed with the ECL detection reagent (Amersham).
Flag-tagged Gli2 mutant (S230A) vector was a generous gift
from Fanxin Long.

In vitro AKT kinase assay

p-AKTS*”® antibody was added to KS and KCS lysates. After incu-
bation, protein A beads were added into the lysates to immuno-
precipitate the p-AKT protein. The precipitated p-AKT beads
were added into fresh KS lysate together with ATP and incubated
for 2 h at 30°C. Beads were removed, and the remaining lysate was
immunoprecipitated with Gli2 antibody and analyzed by West-
ern blot with p-AKT substrate antibody as mentioned above.

Disrupting Hedgehog drives ADM via AKT/GLI2 axis

RNA, microarray, and real-time PCR

RNA was harvested with Trizol according to the manufacturer’s
instructions (Invitrogen). RNA samples were hybridized to Affy-
metrix GeneChip mouse genome 430 2.0 platform at the Ohio
State University Comprehensive Cancer Center Microarray
Shared Resource Facility. The microarray data were deposited
with Gene Expression Omnibus (GEO) and can be viewed at
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
token=afgbqacoxbgltor&acc=GSE61707.
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