Published OnlineFirst February 3, 2009; DOI: 10.1158/0008-5472.CAN-08-2331

Epidermal Growth Factor Receptor Signaling Synergizes with
Hedgehog/GLI in Oncogenic Transformation via Activation

of the MEK/ERK/JUN Pathway

Harald Schnidar,’ Markus Eberl,” Stefan Klingler,' Doris Mangelberger, Maria Kasper,
Cornelia Hauser-Kronberger,” Gerhard Regl,” Renate Kroismayr,’ Richard Moriggl,'

Maria Sibilia,” and Fritz Aberger'

'Department of Molecular Biology, University of Salzburg; *Department of Pathology, St. Johann’s Hospital, Paracelsus Medical
School, Salzburg, Austria; ‘Institute of Cancer Research, Medical University Vienna; and ‘Ludwig Boltzmann Institute for

Cancer Research, Vienna, Austria

Abstract

Persistent activation of the Hedgehog (HH)/GLI signaling
pathway has been implicated in the development of a number
of human cancers. The GLI zinc finger transcription factors
act at the end of the HH signaling cascade to control gene
expression, and recent studies have shown that the activity of
GLI proteins can be additionally modified by integration of
distinct signals, such as the MEK/extracellular signal-regulat-
ed kinase (ERK) and phosphinositide-3 kinase (PI3K)/AKT
pathway. However, little is known about the identity of the
upstream activators of these HH/GLI interacting signaling
pathways in cancer. Here, we provide evidence that integra-
tion of the HH/GLI and epidermal growth factor receptor
(EGFR) pathway synergistically induces oncogenic transfor-
mation, which depends on EGFR-mediated activation of the
RAS/RAF/MEK/ERK but not of the PI3K/AKT pathway. EGFR/
MEK/ERK signaling induces JUN/activator protein 1 activa-
tion, which is essential for oncogenic transformation, in
combination with the GLI activator forms GLI1 and GLI2.
Furthermore, pharmacologic inhibition of EGFR and HH/GLI
efficiently reduces growth of basal cell carcinoma (BCC) cell
lines derived from mice with activated HH/GLI signaling. The
results identify the synergistic integration of GLI activator
function and EGFR signaling as a critical step in oncogenic
transformation and provide a molecular basis for therapeutic
opportunities relying on combined inhibition of the HH/GLI
and EGFR/MEK/ERK/JUN pathway in BCC. [Cancer Res
2009:69(4):1284-92]

Introduction

Hedgehog (HH)/GLI signaling plays a critical role in the
initiation and growth of a number of human malignancies
(reviewed in refs. 1-3). HH signaling is initiated by the binding of
HH protein to its receptor Patched (PTCH), a transmembrane
domain protein that represses signal transduction in the absence
of ligand by inhibiting the transmembrane domain protein
Smoothened (SMO). Binding of HH protein to its receptor blocks
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PTCH function and unleashes SMO activity. Activation of SMO
eventually results in an increase in activator forms of the GLI zinc
finger transcription factors GLI2 and GLI1, which regulate target
gene expression in response to pathway activation (reviewed in
refs. 4, 5).

In cancer, failure to terminate HH/GLI signaling leads to a
persistent increase in GLI1 and GLI2 activity, which has been
shown to account for the initiation and growth of HH-associated
tumors (reviewed in ref. 6). The biological activity of GLI proteins is
controlled at the transcriptional and posttranslational level, the
latter involving protein phosphorylation, processing, degradation,
and interaction with distinct cofactors (reviewed in ref. 7-9). A
growing body of evidence suggests that activation of GLI proteins is
not controlled exclusively by HH signaling itself but also by other
pathways frequently activated in human malignancies. GLI activity
can be modulated by phosphinositide-3 kinase (PI3K)/AKT, MEK/
extracellular signal-regulated kinase (ERK), protein kinase C6, and
transforming growth factor B/SMAD, which affect stability,
subcellular localization, or expression of GLI proteins (reviewed
in refs. 6, 10, 11). In vivo HH/GLI and Ras have been shown to
cooperate in the progression of pancreatic cancer lesions and in
melanoma growth, although the molecular details of this
interaction are still not well understood (reviewed in ref. 6). The
complexity of HH/GLI modulation is further highlighted by the
unexpected finding that, in brain cancer cells, fibroblast growth
factor-mediated activation of MEK/ERK and c-Jun NH, terminal
kinases (JNK) negatively regulates oncogenic HH/GLI signaling
(12), suggesting intricate and cell type-specific regulatory mech-
anisms of signal integration.

Several recent studies have implicated the epidermal growth
factor (EGF) receptor (EGFR) pathway in the modulation of HH/
GLI activity. For instance, EGF and Sonic HH cooperate to
stimulate neural stem cell proliferation and invasive growth of
keratinocytes (13-15), and there is preliminary in vifro evidence
that both pathways may interact in prostate cancer cells (16). Our
own group has recently shown that EGFR signaling synergizes with
GLI1 and GLI2 to selectively activate transcription of a subset of
direct GLI target genes via stimulation of RAS/RAF/MEK/ERK
signaling (17). On the other hand, a negative effect of GLI1 on
EGFR and ERK activation can be observed in keratinocytes when
cultured under conditions that allow induction of epidermal stem
cell markers by GLI1, further underlining the context-dependent
regulation of GLI protein activity (18).

Aberrant activation of EGFR signaling has been implicated in a
number of human malignancies, which has made EGFR a prime
molecular target in drug-based cancer therapy (reviewed in refs. 19,
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20). Under normal physiologic conditions, signaling via EGFR/
HERI1, a member of the ErbB family of receptor tyrosine kinases,
involves ligand binding to the extracellular domain of EGFR, which
results in activation of the EGFR tyrosine kinase and phosphor-
ylation of multiple COOH terminal tyrosine residues that serve as
binding sites for SRC homology 2 and phosphotyrosine binding
domain containing cytosolic signaling proteins (21). The selective
docking of these proteins relays the signal toward the nucleus via
multiple routes, including RAF/MEK/ERK, PI3K/AKT, SRC, and
Janus-activated kinase (JAK)/signal transducers and activators of
transcription (STAT). Specific regulation of the transcriptional
programs in response to EGFR signaling involves context-
dependent activation of transcriptional regulators, such as
members of the activator protein-1 (AP-1), ETS, and STAT family
(reviewed in refs. 22, 23).

In this study, we addressed whether integration of the HH/GLI
and EGFR pathway is a critical step in cancer development. We
report that EGFR signaling synergistically interacts with HH/GLI in
oncogenic transformation and identify a novel molecular mecha-
nism of HH/GLI and EGFR integration relying on EGFR-activated
MEK/ERK and JUN/AP-1 function.

Materials and Methods

Cell culture, chemical treatments, and retroviral transduction. RK3E
cells, human HaCaT keratinocytes (24), and mouse ngr’/ ~ fibroblasts (line
1-1; ref. 25) were routinely grown in DMEM (PAA) supplemented with 10%
fetal bovine serum (FBS; PAA), penicillin (62.5 pg/mL), and streptomycin
(100 pg/mL), at 37°C in a humidified atmosphere of 5% CO,. For the
analysis of EGFR signal transduction, cells were starved overnight in DMEM
with 0.1% FBS before the respective treatments with pharmacologic
compounds. Wortmannin (Calbiochem) was used at a final concentration
of 1 umol/L, UO126 (Sigma) at 10 pmol/L, gefitinib (IRESSA, AstraZeneca)
at 1 pumol/L, JAK inhibitor I at 1 pmol/L (Calbiochem), and SP600125
(Sigma) at 10 pmol/L. Recombinant human EGF (Sigma) was used at
concentrations as indicated in the text. Induction of GLI1 or GLI2
expression in doxycycline-controlled HaCaT keratinocytes was done as
described previously (26). To stably express GLI1 at physiologic levels, RK3E
or EGFR-deficient mouse fibroblasts were transduced with a lentiviral
vector encoding EGFP-tagged GLI1 construct (27). For stable expression
of dominant-active AKT or MEKI, dominant-negative AKT or PTEN,
doxycycline-regulated GLI1 HaCaT lines were transduced with respective
retroviral constructs followed by selection in medium containing neomycin
(for AKT constructs) or puromycin at a concentration of 1 mg/mL and
1.5 pg/mL, respectively. The same protocol was used for reconstitution of
ngrf/ ~ cells with human wild-type or oncogenic EGFR variants (kindly
provided by Dr. Heidi Greulich) or with the GRB2 binding mutant
EGFRY'***¥ For controls, cells were transduced with inactive AKT or empty
vector followed by neomycin and puromycin selection, respectively. Virus
production and cell transductions were carried out as described in ref. 27,
except that Metafectene Pro (Biontex) was used as transfection reagent
according to the manufacturer’s instructions.

Expression constructs, validation, and real-time PCR. For lentiviral
GLI1 expression in RK3E and ngr’/ " mouse fibroblasts, NH, terminally
EGFP-tagged GLI1 was cloned into pLentiLox3.7 vector (28). For
transduction with dominant-active, myristoylated Aktl, the corresponding
inactive control myrAkt1®'”™ or dominant-negative Akt1“'"*™, pLNCX
lentiviral vectors were used (29). PTEN (generous gift from Dr. W Sellers,
Addgene plasmid 10787), dominant-active AN-MEK-EE (MEK*; generous
gift from Dr. Graham Neill, Barts and The London School of Medicine
and Dentistry), wild-type human EGFR, the kinase-dead mutant EGFRP837A,
and all oncogenic variants (EGFRY747-E749del  pGRRP77O-N77HnsNPG o g
EGFR"*®%; ref. 30), as well as the GRB2 binding mutant EGFR"'***", were
in retroviral pBabe-puro vector. Commercial nontarget control (SHC002)
and validated JUN short hairpin RNA (shRNA) lentiviral vectors were

selected from the mission shRNA library (Sigma-Aldrich). The integrity of all
constructs was verified by sequencing. Expression of all constructs was
validated by quantitative PCR (qPCR) or Western blotting. Comparable
surface expression of EGFR variants was further analyzed by flow
cytometric analysis using FITC-conjugated anti-EGFR antibody 528 (Santa
Cruz Biotechnology).

Real-time quantitative reverse transcription-PCR analysis was done, as
described previously (26). Primers for mouse EGFR were forward 5 AGG
GGG AAC CAA GGG AGT TTG TGG 3’ and reverse 5 TGG CGT GGC ATA
GGT GGC AGA 3’ or as published previously (17).

In vitro transformation and xenograft assays. To analyze anchorage-
independent growth, cells were seeded in 12-well plates in 0.4% select agar
on top of 0.5% bottom select agar (Invitrogen) according to standard
protocols. Cells (5 X 10°) were seeded in 1.5 mL select agar and cultures
grown for 14 d (RK3E and mouse fibroblasts) or 28 d (human keratinocytes)
at 37°C in a humidified atmosphere of 5% CO,. Anchorage-independent
growth was documented on a stereomicroscope equipped with a Cell*D
Image capture system. Colony growth in soft agar cultures was quantified
using Colony Counter software (Microtech Nition).

In vivo tumor development was analyzed by s.c. injection of 5 X 10° cells
into the flank of nude mice (The Jackson Laboratory). To induce and
maintain GLI1 expression in the xenografts, doxycycline (Sigma) was added
to a final concentration of 10 mg/mL to drinking water supplemented with
5% sucrose. Tumor growth was measured every other day over a period of
25 d.

Western blot analysis, chromatin immunoprecipitation, and gel
shift assays. For the analysis of protein expression and modifications, cells
were lyzed in Laemmli buffer supplemented with PhosStop (Roche) and
1 mmol/L sodium orthovanadate (Sigma). The following antibodies were
used: anti-GLI1 antibody, anti-phosphorylated JUN antibody, anti-p-actin
antibody, anti-EGFR antibody (all Santa Cruz Biotechnology), anti-
phosphorylated p44/42 mitogen-activated protein kinase (MAPK) antibody,
anti-phosphorylated AKT antibody, anti-p44/42 MAPK, anti-AKT antibody,
anti-phosphorylated EGFR (p-EGFR; Tyr''”%, all Cell Signaling Technology),
and anti-JUN antibody (BD Biosciences). Proteins were visualized with
horseradish peroxidase-conjugated secondary antibodies in combination
with enhanced chemiluminescence detection system (GE Health Care).
EGFR staining on human basal cell carcinoma (BCC) specimen was done
as described previously using Food and Drug Administration-approved
PharmDx EGFR detection kit (Dako; ref. 17).

Chromatin immunoprecipitation was carried out with SimpleChIP
Enzymatic ChIP kit (Cell Signaling Technology) according to the manufac-
turer’s instructions. Chromatin was isolated from FLAG-cJUN transduced
GLI1-HaCaT cells. Before harvesting, cells were treated with 10 ng/mL EGF
for 30 min. Chromatin was precipitated with anti-FLAG-M2 antibody
(Sigma). Specific enrichment of DNA was compared with species and isotype-
matched IgG control antibodies (Santa Cruz). Primer sequences used for
quantitative qPCR measurement of immunoprecipitated promoter frag-
ments were as follows: ILIR2 forward 5TGGTATTTGGTGAGATTTTCC-
TAC3', ILIR2 reverse 5GGCTTTTCCCATTATTTTGATGA3; JAG2 forward
5'GAGGGAGCAGAGTGGAGAGG3', JAG2 reverse 5CAGACCTACGGGTT-
GAGACAG3’; S100A9 forward 5GAAAGTCCACCTGAAAGTTGAGAGS,
S100A9 reverse 5’AAAAAGCATGACAATGAAGCAG3’; JUN forward
5TTCAGACTAGGTTTCTAAATGAGCAS', JUN reverse 5TGAGTCAGGATG-
GTTTAGGTTATG3; PTCH forward 5GAGGATGCACACACTGGG-
TTGCCTAS3', PTCH reverse 5 GGGCTGTCAGATGGCTTGGGTTTCTS'. Real-
time qPCR was performed on a Rotor-Gene 3000 cycler (Corbett Research).

Electrophoretic mobility gel-shift assays (EMSA) were done with
doxycycline-inducible GLI1-HaCaT cells. Before harvesting, cells were
treated as indicated in the text [i.e., with 10 ng/mL EGF (Roche) for 16 h
to induce AP-1 DNA binding activity, with 1 pg/mL doxycycline to induce
GLI1 expression, or with a combination of doxycycline/EGF, EGF/U0126
(10 pmol/L), or doxycycline /EGF/U0126]. Cells were harvested in ice-cold
PBS, centrifuged for 15 min at 4°C at 13,000 rpm and stored at —80°C until
further use. Preparation of extracts and EMSA analysis were done as
described previously (31, 32). The sequence of AP-1 binding oligonucleo-
tides and mutated controls was as described in ref. 31.
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Results

Induction of anchorage-independent growth by combined
activation of GLI1 and EGFR signaling. To test a possible role of
EGFR and HH/GLI cooperation in oncogenic transformation, we
first studied the effect of single and combined GLI1 and EGFR
activity on anchorage-independent growth of RK3E rat kidney
epithelial cells. As shown in Fig. 14 and B, neither expression of
GLI1 nor activation of EGFR signaling alone was sufficient to elicit
anchorage-independent growth of RK3E rat kidney epithelial cells.
Interestingly, simultaneous activation of GLI1 and EGFR signaling
induced anchorage-independent growth, providing first evidence
that integration of HH/GLI and EGFR signaling can synergistically
promote the emergence of tumorigenic characteristics. The failure
of GLII to induce transformation on its own differs from results of
a previous report and may be due to lower GLI1 expression levels
in our study, wherein GLI1 was expressed at levels comparable with
or slightly lower than those detected in human BCC (refs. 33, 34;
Supplementary Fig. S1).

Next, we tested whether oncogenic EGFR variants identified in
lung cancer patients (35, 36) can also cooperate with GLI1 to
enhance anchorage-independent growth. As shown in Supplemen-
tary Fig. S2, the constitutively active oncogenic EGFR variants
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Figure 1. Induction of anchorage-independent growth by combined activation of
EGFR and GLI1. A, RK3E rat kidney epithelial cells stably expressing GFP

(a, ¢) or GLI1 (b, d). Cells were either left untreated (a, b) or treated with 1 ng/mL
EGF (c, d). B, quantification of assays shown in A. rel. CFU, relative number of
colony forming units.

EGFRMY7-E749del and EGRRP77O-NTTHnsNPG and, to a lesser extent,
EGFR™%®® (35) induced transformation of RK3E cells but did not
synergize with GLI1. As the oncogenic activity of these EGFR
mutants has been ascribed to the activation of AKT and STAT (37),
we hypothesized that integration of EGFR signaling with GLI1
may be independent of AKT and STAT function and rather involve
RAS/MEK/ERK activation, as previously shown for the selective
activation of GLI/EGF target genes (17).

To analyze whether MEK/ERK activation in response to EGFR
signaling is required for synergistic GLI1/EGFR-dependent trans-
formation, we first took a genetic approach and reconstituted
EGFR-deficient mouse embryonic fibroblasts (25) with either
human wild-type EGFR or an EGFR mutant (EGFRY'°*F) deficient
in GRB2 binding, which is critical for coupling activated EGFR
to RAS/RAF/MEK/ERK signaling (38). As shown in Fig. 24, EGF
treatment of Egfir '~ cells reconstituted with EGFRY'** failed to
induce sustained ERK activation, whereas activation of PI3K/AKT
signaling was comparable with activation by wild-type EGFR. We
found that, like in RK3E cells, transformation of mouse fibroblasts
was only observed upon simultaneous expression of human EGFR
and GLI1 (Fig. 2B, a-e and D). By contrast, the GRB2-binding
mutant EGFRY'*°®F failed to cooperate with GLI1 (Fig. 2B, f and D),
suggesting that sustained activation of MEK/ERK in response to
EGFR stimulation is required for synergistic transformation with
GLII. This is further supported by pharmacologic studies showing
that inhibition of MEK (by UO126 treatment; Fig. 2B, g and D) but
not of PI3K function (by wortmannin treatment; Fig. 2B, k& and D)
abolished transformation in response to combined GLI1 and EGFR
activation.

Integration of HH/GLI and EGFR-MEK/ERK signaling
induces transformation of human keratinocytes. Ligand-
independent activation of HH/GLI signaling in epidermal cells
has been identified as the key etiologic factor in BCC, a very
common nonmelanoma skin cancer (ref. 3, and references therein).
We therefore asked whether integration of GLI and EGFR signaling
may also synergize in the transformation of human epidermal cells.
Because primary human keratinocytes undergo growth arrest in
response to long-term expression of either GLI1 or GLI2, possibly
as a result of oncogene-induced senescence,” we used non-
tumorigenic HaCaT keratinocytes, which (a) have retained the
capacity to undergo relatively normal epidermal differentiation
(24), (b) allow doxycycline-controlled GLI expression, and (c) have
proved a valuable model to study GLI-regulated gene expression in
the context of BCC (26).

Consistent with our findings in rodent cells, the simultaneous
activation of EGFR signaling and GLI1 synergistically induced
transformation of human HaCaT keratinocytes (Fig. 34, a-d and
B). Next, we applied pharmacologic and genetic approaches to
characterize the downstream pathways regulated by EGFR
signaling. In agreement with our studies in mouse fibroblasts,
pharmacologic inhibition of MEK/ERK function by administration
of UO126 significantly reduced anchorage-independent growth in
response to GLI1 and EGFR activation (Fig. 34, f and B). By
contrast, inhibition of PI3K/AKT by wortmannin had no effect on
cell transformation (Fig. 34, g and B). Also, interfering with SRC or
JAK/STAT signaling did not affect transformation by EGFR and

® H. Schnidar and F. Aberger, unpublished observation.
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Figure 2. Requirement of MEK/ERK
function for transformation by synergistic
EGFR and GLI1 activity. A, Western blot
analysis of Egfr~'~ cells reconstituted with
wild-type human EGFR or EGFRY '8 and
stimulated with different concentrations of
EGF (0.5, 1, and 5 ng/mL) for 5 and 30 min,
respectively. B, EGFR-deficient mouse
embryonic fibroblasts treated with

10 ng/mL EGF (a). b—h, EGFR-deficient
mouse embryonic fibroblasts either
reconstituted with human wild-type EGFR
(b, ¢, e, g, h) or with the GRB2-binding
mutant EGFRY'%F (f) or expressing GLI1
only (d). Reconstitution with functional
EGFR was validated by high-dosage EGF
treatment (10 ng/mL) known to induce
anchorage-independent growth (c). d, no
transformation by GLI1 in the absence of
EGFR. e, transformation by wild-type
EGFR in combination with GLI1 activation.
Transformation is lost upon reconstitution
of EGFR™'~ cells with EGFRY'%%%F (f) or by
pharmacologic inhibition of MEK function
(UO126 treatment; g) but not by inhibition
of PIBK/AKT by wortmannin treatment (h).
C, Western blot analysis of ngr‘/‘ mouse
embryonic fibroblasts reconstituted with
wild-type human EGFR and treated with
EGF showing efficient inhibition of
MEK/ERK (pERK) and PI3K/AKT (pAKT)
activation by UO126 and wortmannin
treatment, respectively. D, quantitative
analysis of assays shown in B. Wort,
wortmannin; Gef, gefitinib.
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GLI1 (Supplementary Fig. S3). Similar results were found for GLI2
expressing keratinocytes (Supplementary Fig. S4).

The differential effect of MEK/ERK and PI3K/AKT signaling on
the oncogenic activity of GLI1 was further tested by coexpression
of GLI1 and negative regulators of AKT and PI3K or dominant-
active forms of AKT and MEK. As shown in Fig. 4, neither enforced
expression of a dominant-negative AKT (dnAKT) nor of PTEN
decreased anchorage-independent growth of keratinocytes in-
duced by simultaneous activation of GLI1 and EGFR signaling.
Expression of a dominant-active AKT (AKT¥) failed to induce a
transformed phenotype irrespective of GLI1 expression. However,
expression of constitutively active MEK1 (MEK*) induced clonal
soft agar growth but only in combination with GLI1. Efficient
transgene expression of dnAKT, AKT¥, PTEN, and MEK* is shown
in Supplementary Fig. S5.

We also addressed the tumorigenic potential of human HaCaT
keratinocytes expressing AKT* or MEK* in combination with GLI1
in xenograft assays. In agreement with results from anchorage-
independent growth assays, we found that only the combined
expression of GLI1 and MEK* induced tumor growth in nude mice
(Fig. 4C and D), further supporting the critical role of MEK/ERK
signaling in the modulation of the oncogenic activity of GLI1
downstream of EGFR.

Transformation by integration of HH/GLI and EGFR
signaling requires JUN activation. We have previously provided
evidence that integration of HH/GLI and EGFR signaling involves

convergence at the cis-regulatory region of GLI/EGF target genes
(17), although the detailed molecular mechanisms remained
unclear. We speculated that regulation of GLI/EGF target genes
requires EGFR-dependent activation of transcription factors that
cooperate with GLI in selective target gene expression and
oncogenic transformation.

Numerous studies have linked EGFR signaling to the activation
of the AP-1 transcription factor, a dimeric complex composed of
members of the JUN, FOS, ATF, and MAF families (reviewed in
ref. 39). As in silico promoter analysis revealed cooccurrence of GLI
and consensus AP-1 binding sites in a number of direct GLI/EGF
target genes, but not in EGF-independent GLI targets such as
PTCH and BCL2 (Supplementary Table S1), we addressed whether
EGFR signaling results in activation of the main AP-1 factor JUN,
which may then cooperate with GLI to synergistically induce
oncogenic transformation and GLI/EGF target gene expression.

We first analyzed whether EGFR signaling induces activation of
AP-1 DNA binding activity and activation of JUN, which is reflected
by phosphorylation of the NH, terminal activation domain at Ser®®
and Ser”® mediated by JNK or ERK (40, 41). As shown in Fig. 54, EGF
treatment induced AP-1 DNA binding activity in a MEK/ERK-
dependent manner and led to phosphorylation of JUN, which was
abolished by inhibition of MEK/ERK but not of JNK or PI3K function.
Levels of total EGFR or activated p-EGFR did not significantly
change in response to GLI expression. We conclude that EGFR can
activate JUN/AP-1 via MEK/ERK signaling.
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To address the involvement of JUN in selective GLI/EGF target
gene regulation and transformation, we stably knocked down JUN
expression by a retroviral shRNA approach. Consistent with a
critical role of JUN in GLI/EGF target gene regulation, RNA
interference (RNAi) knockdown of JUN inhibited the synergistic
transcriptional response of the GLI/EGF target genes EGR3, IL1R2,
and ARC to combined GLI/EGFR activation. By contrast, activation
of EGF-independent GLI targets, such as PTCH and BCL2, was not
affected by RNAi-mediated knockdown of JUN (Fig. 5B; data not
shown). To corroborate the involvement of JUN in synergistic GLI/
EGF target gene activation, we performed chromatin immunopre-
cipitation (ChIP) studies using EGF-treated GLI1-HaCaT cells
expressing FLAG-tagged JUN. As shown in Fig. 5C, JUN was bound
at the predicted AP-1 binding sites in the promoter regions of the
EGF-dependent direct GLI target genes ILIR2, JAG2, and S100A9
(also see Table 1, supplementary material), suggesting that EGFR
signaling induces JUN binding to promoters of selected direct GLI/
EGF target genes.

Consistent with a critical role of JUN downstream of EGFR/
MEK/ERK signaling, RNAi against JUN also dramatically reduced
transformation in response to synergistic GLI1 (and also GLI2)
and EGFR signaling (Fig. 5D and Supplementary Fig. S6). Note
that growth of JUN knockdown cells in two-dimensional cultures
was comparable with control cells, suggesting that the failure to
grow in soft agar cultures is not simply due to a proliferation
defect resulting from reduced JUN levels (Supplementary Fig. S74
and B). Also, we did not observe down-regulation of EGFR
mRNA levels in response to JUN small interfering RNA (siRNA)
expression (data not shown), suggesting that the effect of JUN
inhibition on transformation by synergistic GLI and EGFR

activity is not due to reduced EGFR expression (42). Based on
these data, we propose that EGFR signaling synergizes with GLI
activator forms (GLI*") in transformation and selective GLI
target gene regulation via activation of MEK/ERK and JUN/AP-1
function.

Combined inhibition of EGFR/MEK/ERK/JUN and HH/GLI
signaling efficiently reduces basal cell carcinoma cell growth
and viability. Although it is well established that EGFR
signaling plays a critical function in skin cancer development
(25), its implication in BCC development and growth has not yet
been addressed in detail. By immunohistochemical analysis of a
panel of 20 human BCC using a clinically approved diagnostic
anti-EGFR antibody, we can show that all BCC tested expressed
EGFR. Five BCCs showed EGFR expression at levels slightly
lower than normal skin, eight tumors gave signals comparable
with normal skin, and seven tumors showed higher EGFR levels
than normal skin (Fig. 64 and Supplementary Fig. S8;
Supplementary Table S2). This was partially confirmed by qPCR
analysis of EGFR mRNA expression in BCC samples compared
with normal human keratinocytes or N/TERT-1 keratinocytes
(ref. 43; Supplementary Fig. S9A). Similarly, Ptch™'~ (ASZ001)
and Ptch™'; p537/ ~ (BSZ2, CSZ1; ref. 44) mouse BCC cell lines
express elevated levels of EGFR mRNA when compared with
Pich*"* keratinocytes (Supplementary Fig. S9B). In agreement
with the mRNA expression data, all BCC cell lines express sig-
nificant levels of total and activated tyrosine-p-EGFR (Fig. 6B).
In light of our findings on synergistic transformation by HH/GLI
and EGFR/MEK/ERK/JUN signaling, we asked whether combined
targeting of EGFR and HH/GLI may prove an efficient strategy
to interfere with BCC growth.
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and treated with EGF (d). e-g, HaCaT cells
with activated EGFR and GLI1 treated
with gefitinib (Gef; e), UO126 (f), or
wortmannin (g). B, quantification of assays
shown in A. Statistical analysis was done
by Student’s t test. **, P < 0.005. Data
represent the mean value of three
independent experiments, each performed
in triplicate. C, Western blot analysis of
doxycycline-inducible GLI1 HaCaT
keratinocytes showing specific activation
and inhibition of MEK/ERK and PI3K/AKT
function by treatment with the respective
compounds. Samples Gef, UO126, and
Wort were also treated with doxycycline
and EGF. Cont, control; DOX, doxycycline;
D/E, doxycycline/EGF treated; Wort,
wortmannin.

Figure 3. Anchorage-independent growth

of HaCaT keratinocytes by combined

activation of GLI1 and EGFR signaling.
&
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Figure 4. MEK but not AKT synergizes
with GLI1 in oncogenic transformation.

A, HaCaT keratinocytes grown in soft agar
either in the absence of both EGF and GLI1
expression (a), in the presence of GLI1 (b),
in the presence of EGF (c), or in the
presence of both GLI1 and EGF (d).
Anchorage-independent growth is not
affected by coexpression of dnAKT (e) or
PTEN (f). HaCaT cells expressing
constitutively active AKT (AKT*) in the
absence (g) or presence of GLI1 (h).
HaCaT cells expressing dominant-active
MEK (MEK™) alone (i) or in combination
with GLI1 (j). B, quantitative analysis of
soft agar cultures shown in A. Statistical
analysis was done by Student’s t test.

** P <0.001; *, P < 0.005. Data represent
the mean value of three independent
experiments, each performed in triplicate.
C, nude mice (n = 8 for each cell line)
injected with doxycycline-inducible GLI1
HaCaT keratinocytes expressing either
AKT* or MEK*. GLI1 expression was
induced by doxycycline in drinking water
(+ DOX). D, quantitative analysis of tumor
growth in nude mice shown in C.
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As shown in Fig. 6C (left), combined treatment of CSZ1 cells with
the GLI antagonist GANT61 (45) and the EGFR inhibitor gefitinib
reduced tumor cell proliferation and viability much more efficiently
than the single treatments. Strong reduction of cell viability was
also observed in response to the combined inhibition of GLI and
MEK/ERK or GLI and JUN function (Fig. 6C, right and bottom left).
Similar results were obtained for ASZ001 and BSZ2 cells, except
that BSZ2 cells did not respond to cyclopamine/gefitinib treatment
but were efficiently affected by the combination of GANT61 and
gefitinib (Supplementary Fig. S9C and D).

Discussion

Molecular mechanisms of HH/GLI-EGFR integration in
oncogenic transformation and GLI target gene regulation. In
this study, we show that integration of EGFR and HH/GLI signaling,
two prominent pathways with a well-documented etiologic role in
a number of human cancers, synergistically promotes oncogenic
transformation of various cell types of different species. Our data
on EGFR and HH/GLI integration also support the notion that GLI
proteins act as an information nexus to integrate multiple signal
inputs from different pathways, which modulates their activity in
normal and cancer cells (6). Previous studies have provided
evidence that PI3K/AKT and MEK/ERK positively regulate the
transcriptional activity of GLI*** by interfering with the degradation

of GLI proteins and/or by promoting the nuclear localization of
GLI** (46, 47). However, it was unclear how HH/GLI and EGFR
signals are integrated. In our studies, EGFR did not affect the levels
of GLI*** proteins (see Fig. 3C; data not shown) and the synergistic
activation of GLI/EGF target genes by combined GLI1 and EGFR
activation was fully pronounced even with a modified form of GLI1,
which exclusively localizes to the nucleus (17). Also, PI3K/AKT
function is dispensable for GLI/EGF target activation and
oncogenic transformation by concurrent GLI**/EGFR signaling,
We, therefore, propose that modulation of the oncogenic activity of
GLI** by integration of EGFR signaling involves a mechanism that
is different from those described previously. Our studies suggest a
model wherein EGFR synergizes with GLI**" in transformation and
cancer development via activation of RAS/RAF/MEK/ERK/JUN
signaling. Binding of ligand to EGFR induces activation of the
RAS/REF/MEK/ERK cascade, which in turn stimulates JUN/AP-1
DNA binding, Active JUN/AP-1 cooperates with GLI*** to induce
GLI/EGF target gene expression and oncogenic transformation
(Fig. 6D), a scenario that is supported by several findings. First,
stimulation of EGFR signaling activates JUN/AP-1 activity in a
MEK/ERK-dependent manner and JUN binds to promoters of GLI/
EGF target genes. Second, interfering with MEK/ERK function not
only prevents activation of JUN but also reduces transformation
and GLI/EGF target gene expression in response to parallel EGFR
and GLI activity (for reduction of target gene expression by
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Figure 5. EGFR-mediated activation of JUN/AP-1 is essential for synergistic target gene activation and transformation of human keratinocytes by EGFR/GLI. A, top,
gel shift assay demonstrating the activation of AP-1 DNA binding activity by EGF treatment of HaCaT keratinocytes. Inhibition of MEK/ERK function by U0126 treatment
abolished EGF-induced activation of AP-1. As negative control, a mutated (— /anes) instead of wild-type (+ lanes) AP-1 binding oligonucleotide was used. Bottom,
Western blot analysis showing that EGF treatment of HaCaT cells induces phosphorylation of JUN (pJun) via activation of EGFR/MEK/ERK signaling. EGFR was
inhibited by gefitinib (Gef), MEK by UO126, AKT by wortmannin (Wort), and JNK by SP600125 treatment. B, siRNA knockdown of JUN expression selectively interferes
with the synergistic activation of EGF-dependent GLI target genes, such as IL1R2, ARC, or EGR3. Synergistic activation of GLI/EGF targets was achieved by GLI1
expression and simultaneous EGF treatment (10 ng/mL; ref. 17). C, ChlIP analysis showing JUN binding to AP-1 sites in the promoter region of EGF-dependent

direct GLI target genes (IL1R2, JAG2, and S100A9). RPL30 and PTCH were used as negative and JUN bound to its own promoter as positive control (48).
D, RNAi-mediated knockdown of JUN (shRNA-cJun) inhibits anchorage-independent growth induced by combined activation of EGFR and GLI1.

MEK/ERK; see ref. 17). Third, RNAi against JUN dramatically
reduces EGFR/GLI**"-induced transformation and abrogates syn-
ergistic induction of GLI/EGF target genes by combined EGFR/GLI
activation.

An intriguing detail of our studies of JUN activation by EGFR
signaling is that GLI1 expression led to a moderate increase in the
level of total JUN protein (Fig. 54), consistent with the presence of
a functional GLI binding site in the JUN promoter.® As JUN is
activated in response to EGFR signaling and also able to enhance
its own expression via an autoregulatory feedback mechanism (48),
concurrent activation of EGFR and GLI**" is likely to potentiate the
level of activated JUN, which may further enforce the synergism
between JUN and GLI** in selective target gene activation and
transformation.

6 . . .
A. Frischauf, personal communication.

HH/GLI and EGFR signaling in BCC. Our studies provide
evidence that integration of EGFR and HH/GLI signaling may
contribute to BCC growth. We found EGFR expression in all BCCs
tested, although unlike many other carcinomas, BCCs do not show
pronounced overexpression of EGFR compared with nonlesional
epidermis (own data; ref. 49). Expression of activated EGFR was
evident in Ptch-deficient mouse BCC cell lines. Also, human BCC
and murine BCC cell lines express several EGFR ligands (data not
shown), pointing to autocrine stimulation of EGFR signaling in
BCC cells. Whether EGFR-induced MEK/ERK signaling cooperates
with GLI*** in BCC remains to be established. We have previously
shown that activated ERK is not highly expressed throughout the
entire tumor mass of BCC, although it can be readily detected in
small subregions of the tumors, such as the peripheral palisading
cells with high proliferative activity, as well as in infiltrating cells
(18). Because we found that coexpression of activated MEK1 and
GLI1 synergistically induces tumor development of human HaCaT
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keratinocytes in nude mice, it is tempting to speculate that the
synergistic interaction of EGFR/MEK/ERK and GLI*** in distinct
subpopulations of BCC cells is associated with tumor growth and a
more aggressive phenotype.

The molecular details of integration of EGFR and HH/GLI
signaling presented in this study suggest that combined inhibition
of both pathways constitutes a more efficient antitumor strategy

than interfering with either signal alone. Indeed, our in vitro
studies using mouse BCC cell lines showed that treatment with the
EGFR inhibitor gefitinib, in combination with cyclopamine or
GANT61, reduced cell proliferation and viability significantly more
efficiently than administration of either compound alone. The
same may be true of other malignancies with a documented role of
both EGFR and HH/GLI signaling. Preliminary evidence supports
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this assumption as the cytotoxic and antiproliferative effect of
gefitinib on metastatic prostate cancer lines has been shown to be
augmented by cotreatment with low concentrations of cyclop-
amine (50). Whether synergistic integration of HH/GLI and EGFR
signaling plays an etiologic role in the initiation and/or tumor
growth in HH/GLI and EGFR-dependent cancers with high medical
need, such as breast and pancreatic cancer, melanoma, and
glioblastoma, is well possible and will have to be addressed in
future studies using appropriate genetic and pharmacologic in vivo

tumor models.
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