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Hedgehog (HH)/GLI signaling plays a critical role in epidermal development and basal cell carcinoma.
Here, we provide evidence that epidermal growth factor receptor (EGFR) signaling modulates the target
gene expression profile of GLI transcription factors in epidermal cells. Using expression profiling and
quantitative reverse transcriptase PCR, we identified a set of 19 genes whose transcription is synergisti-
cally induced by GLI1 and parallel EGF treatment. Promoter studies of a subset of GLI/EGF-regulated
genes, including the genes encoding interleukin-1 antagonist IL1R2, Jagged 2, cyclin D1, S100A7, and
S100A9, suggest convergence of EGFR and HH/GLI signaling at the level of promoters of selected direct
GLI target genes. Inhibition of EGFR and MEK/ERK but not of phosphatidylinositol 3-kinase/AKT
abrogated synergistic activation of GLI/EGF target genes, showing that EGFR can signal via RAF/MEK/
ERK to cooperate with GLI proteins in selective target gene regulation. Coexpression of the GLI/EGF
target IL1R2, EGFR, and activated ERK1/2 in human anagen hair follicles argues for a cooperative role
of EGFR and HH/GLI signaling in specifying the fate of outer root sheath (ORS) cells. We also show that
EGF treatment neutralizes GLI-mediated induction of epidermal stem cell marker expression and provide
evidence that EGFR signaling is essential for GLI-induced cell cycle progression in epidermal cells. The
results suggest that EGFR signaling modulates GLI target gene profiles which may play an important

regulatory role in ORS specification, hair growth, and possibly cancer.

The behavior of a given cell in a multicellular organism is to
a large extent determined by its microenvironment, which pro-
vides a rich source of distinct stimuli. The precise sensing of
and responding to this variety of extracellular stimuli is a fun-
damental process in metazoans. The controlled integration of
these molecular cues via activation of distinct signaling net-
works implies intricate regulatory mechanisms that orchestrate
the multitude of cellular inputs to accomplish the appropriate
transcriptional responses (41). In line with the importance of
such networks in development, growth, and tissue homeostasis,
perturbation or aberrant activation of signaling cascades, such
as Wnt, transforming growth factor beta, epidermal growth
factor receptor (EGFR), or the Hedgehog (HH) pathway, is a
major causative factor in diseases such as cancer (for reviews,
see references 37, 56, 83, and 88).

In recent years, the HH/GLI signaling pathway has gained
significant importance, as it has been shown to play a promi-
nent role in a number of different developmental processes and
in the growth and maintenance of a variety of common tumors
whose growth can be efficiently prevented by selective inhibi-
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tion of constitutive pathway activity (reviewed in references 7,
39, 43, 71, 82, 83, 86, and 101).

HH signal transduction involves binding of processed HH
proteins to the HH receptor Patched (PTCH), a 12-pass trans-
membrane protein that, in the absence of ligand, represses
pathway activity by inhibiting the activity of the seven-trans-
membrane domain protein Smoothened (SMOH). Binding of
HH protein to PTCH triggers the signaling activity of SMOH,
which eventually converts the latent GLI zinc finger transcrip-
tion factors GLI2 and GLI3 into transcriptional activators to
control HH target gene expression. Activation of latent GLI
proteins is an intricate process that involves modifications and
interactions of a number of positive and negative pathway
regulators and is not fully understood (5, 6, 12; for reviews see
references 32, 39, 43, and 50). Following the activation of
latent GLI proteins, transcription of the third member of the
vertebrate GLI family, GLI1, is directly induced by the activa-
tor forms of GLI2 and GLI3. The concerted activity of the GLI
proteins is thought to control the transcriptional program in
response to HH signaling in a highly context-dependent man-
ner (3, 12, 20, 38, 61).

In mammalian skin, HH/GLI signaling plays a prominent
role in the development of epidermal appendages and skin
cancer. Loss of HH signaling in murine epidermis results in an
arrest of hair follicle growth at an early stage of follicle devel-
opment due to reduced proliferation (16, 58, 95), while con-
stitutive pathway activation in epidermal cells induces (with
high frequency) tumors with basal cell carcinoma (BCC)-like
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features (22, 26, 36, 63, 66, 106). The causative role of aberrant
HH/GLI signaling in BCC is underlined by the fact that the
majority of human BCCs show increased HH/GLI signaling
due to inactivating mutations in PTCH or activating mutations
in SMOH (24, 27, 40, 47, 106).

The transcriptional programs activated in response to HH
signaling in epidermal development and BCC are mainly
controlled by GLI1 and GLI2. The skin phenotype of
Gli2~/~ mice largely resembles that of Shh-deficient mice,
suggesting that the Gli2 gene encodes the major transcrip-
tional effector of HH signaling during epidermal develop-
ment. By contrast, the loss of Glil or Gli3 does not affect
epidermal development (58, 70).

Although dispensable for normal development, GLI1 is
likely to play a key role in HH-driven cancers. GLI1 is ex-
pressed at elevated levels in BCC and other types of HH-
driven tumors. Its forced expression induces BCC-like tumors
in transgenic mice, transforms epithelial cells, enhances the
metastatic potential of prostate cancer cells, and induces ex-
pression of prosurvival genes, such as the BCL2 gene (9, 18, 42,
63, 65, 76, 77, 84). Moreover, RNA interference-mediated
inhibition of GLI1 function has been shown to be sufficient to
inhibit proliferation of prostate cancer cells (87).

A remarkable feature of GLI proteins is their context-de-
pendent biological activity (3, 61), which suggests that the
cellular microenvironment and the entity of regulatory factors
coexpressed with GLI proteins eventually determine the tran-
scriptional programs activated by HH signaling. Besides pro-
teolytic processing of GLI proteins that regulates the precise
balance of GLI activator and repressor activity (3, 4, 93, 105),
the transcriptional activity of GLI proteins appears to be also
controlled by interactions with a number of other factors. The
dual-specificity Yakl-related kinase Dyrk1 has been shown to
increase Glil-dependent target gene activation by retaining
Glil in the nucleus and by enhancing its transcriptional activity
(55). The actin-binding protein Missing in Metastasis is en-
coded by a Shh-responsive gene that enhances the activity of
GLI1 and GLI2 in skin development and tumorigenesis (13).
Furthermore, several intraflagellar transport proteins act as
regulators of Gli protein activity by controlling both Gli acti-
vator and repressor activity (33, 34, 48).

While regulatory factors, such as Missing in Metastasis and
intraflagellar proteins, are acting within the HH pathway itself
to control GLI activity, little is known about the role of parallel
signaling cascades in modulating GLI target gene profiles and
target gene specificities. Recent reports have provided evi-
dence that the biological effect of HH/GLI signaling can be
modulated by parallel activation of additional intracellular sig-
naling routes, such as those triggered by EGF or fibroblast
growth factor (10, 44, 51, 68, 69). Inputs from the local micro-
environment may thus interact with HH/GLI signaling and
account for at least part of the context-dependent properties of
GLI proteins. In line with this concept, recent reports suggest
a requirement of phosphatidylinositol 3-kinase (PI3K)/AKT
and MEK/ERK activation for HH/GLI signaling (78, 79),
though the molecular basis and biological consequences of
HH/GLI pathway modulation by parallel signaling cascades
are still largely elusive.

In this study, we addressed whether parallel activation of
EGFR signaling by EGF affects the transcriptional activity of
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the major epidermal HH effectors GLI1 and GLI2. We fo-
cused on EGF signaling, as EGF has already been shown to
stimulate the proliferative activity of Shh on neural cells with
stem cell characteristics and to enhance the invasive properties
of epidermal cells expressing Shh (10, 68, 69). We present
evidence that the transcriptional activity and target gene pro-
files of GLI1 and GLI2 are modulated by concomitant EGFR
signaling in human keratinocytes and hair follicles and propose
that combined EGFR-HH/GLI signaling is involved in kerati-
nocyte proliferation, outer root sheath specification, and hair
follicle growth.

MATERIALS AND METHODS

Cell culture and retroviral transgene expression. Retroviral expression of
GLI1 and GLI2* in primary human keratinocytes and N/TERT-1 keratinocytes
was done as described previously (75). Following retroviral transduction, cells
were first cultured for 36 h in defined, serum-free keratinocyte medium (SFM)
in the presence of growth supplement (GS) (Invitrogen) and then in SFM
without GS. Twenty-four hours prior to harvesting, cells were either exposed to
10 ng/ml EGF (Sigma) or kept in SFM without GS. Doxycycline-inducible GLI1
and GLI2* HaCaT keratinocytes were cultured as described previously (77). For
analysis of ERK1/2 function, cells were seeded at a density of 30 percent con-
fluence in Dulbecco’s modified Eagle’s medium-10% fetal bovine serum and
treated with 50 ng/ml doxycycline (Sigma) to induce transgene expression. 36 h
after transgene induction culture media were changed into defined SFM without
GS. Twenty-four hours prior to harvesting, cells were treated with 10 ng/ml EGF,
10 .M UO126, or 20 uM LY294002 (Sigma). For protein stability assays, GLI1
and GLI2 expression was induced in tetracycline-regulated HaCaT keratinocytes
by doxycycline in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum. The next day, medium was replaced with SFM and cells were
further kept in the absence of doxycycline to cease transgene expression. Cells
were treated overnight with 10 ng/ml EGF, 10 pM UO126, or 25 uM MG132
(Sigma) or a combination thereof as indicated below.

RNA isolation and qRT-PCR analysis. Real-time quantitative reverse trans-
criptase PCR (qRT-PCR) analysis was done as described previously (77). In
brief, total RNA was isolated using High Pure RNA isolation kit (Boehringer
Mannheim). cDNA was synthesized with SuperScript II (RNase H™) reverse
transcriptase (Invitrogen) according to the manufacturer’s instructions. qRT-
PCR analysis was done on a Rotorgene 3000 (Corbett Research) using SYBR green
supermix (Bio-Rad Laboratories). The sequences of the primers used for amplifi-
cation are listed in Table S2 in the supplemental material. Primers used that are not
listed in Table S2 in the supplemental material were as described previously (75, 77).

DNA array analysis. mRNA expression profiling was done as described in
references 1 and 75. Array images were analyzed by using AIDA Metrix Array
Suite (Raytest). Data were normalized for total signal intensity and statistically
analyzed using Significance Analysis of Microarrays 2.1 software (104).

Promoter constructs and luciferase reporter assays. For the construction of
the ILIR2 reporter plasmid, a 255-bp fragment of the 5’ cis-regulatory and
untranslated region of human IL1R2 (position —81 to +174; GenBank accession
no. NM_004633) was cloned into Kpnl/Xhol-digested pGL3 basic vector (Pro-
mega) by PCR using the following primers sequences: forward, 5’CATCCTCG
AGTCTCACCTTGTTGCTG CTCA3’; and reverse, 5’GAGGGTACCAACTT
ATGCGGCGTTTCCTT3'. GLI binding sites were mutated by using the
QuikChange multisite-directed mutagenesis kit (Stratagene). SI00A7, S100A9,
CCNDY1, and JAG?2 reporter constructs were generated by PCR-based cloning of
the promoter regions as shown in Fig. 3A into pGL3-basic (JAG2) or pGL3-
promoter (S100A7, SI00A9, and CCND1) vector (Promega) by using the prim-
ers listed in Table S2 in the supplemental material. Luciferase reporter assays in
HaCaT keratinocytes (11) cultured in complete medium and 293 cells were done
as described previously (76). To measure the effect of EGF treatment on GLI-
induced activity, doxycycline-inducible GLI1 or GLI2 HaCaT cells were grown to
80-percent confluence. Gene expression was induced by adding 50 ng/ml doxy-
cycline for 24 h. Cells were then transfected with respective reporter constructs,
mutated controls (ILIR2) or PTCH reporter in combination with renilla pRL-
SV40 plasmid (Promega) for normalization and treated with 10 ng/ml EGF for
24 h or left untreated in defined SFM with GS. Luciferase assays were done using
a dual-luciferase reporter assay system (Promega) and signals measured on a
Lucy IT luminometer (Anthos).

Protein expression and EMSAs. For the production of recombinant GLI1
protein, a region encompassing part of the N terminus and the entire five-zinc



VoL. 26, 2006

finger DNA binding domain (amino acids 209 to 397) was PCR amplified using
GLI1 cDNA as the template (45) and the following primers: forward, 5'GAA
CTAG TTTCAACTCGATGAC3'; and reverse, S'TAGCAAGCTTGTGCCGT
TTGGTCA3'. The amplicon was subcloned into the Escherichia coli expression
vector pHIS-Parallell (92). Protein expression, purification, and electrophoretic
mobility shift assays (EMSAs) were done as described previously (38).

Western blot analysis, protein stability, and proliferation assays. Western blot
analysis of GLI1 and GLI2 protein expression was done according to standard
procedures using polyclonal goat anti-GLI1 antibody (C-18; Santa Cruz Biotech-
nology), polyclonal goat anti-GLI2 antibody (N-20; Santa Cruz Biotechnology),
and a secondary donkey anti-goat horseradish peroxidase (HRP)-conjugated
antibody (Santa Cruz Biotechnology). Phosphorylated ERK1/2 (p-ERK1/2) pro-
tein was detected using an anti-phospho-p44/42 mitogen-activated protein kinase
(MAPK) antibody (Thr202/Tyr204 [E10]; Cell Signaling Technology), phospho-
AKT (Ser473) protein with monoclonal mouse antibody (587F11; Cell Signaling
Technology). All incubations were done in the presence of 100 pM NaVO,. For
total ERK1/2 and for total AKT protein detection, polyclonal rabbit anti-p44/42
MAPK and anti-AKT antibody, respectively (Cell Signaling Technology), and a
secondary goat anti-rabbit HRP-conjugated antibody were used (Santa Cruz
Biotechnology). Proteins were visualized with ECL detection system (Amersham
Biosciences). Densitometric quantification of GLI1 and GLI2 proteins was done
using Aida Image Analyzer version 3.10 software (Raytest). S-phase activity of
HaCaT keratinocytes was determined by bromodeoxyuridine (BrdU) incorpora-
tion as described previously (77), except that Alexa Fluor 594-conjugated anti-
bromodeoxyuridine mouse antibody (Molecular Probes) was used.

Immunohistochemistry. Specimens from paraffin-embedded skin tissue were
stained for IL1IR2, EGFR, and phospho-ERK1/2 by using standard streptavidin-
biotin-peroxidase (StreptABComplex/HRP Duet kit; DakoCytomation, Glostrup,
Denmark) and double-immunofluorescence techniques.

Before antibody application unspecific staining was prevented by incubation
with rabbit normal serum or goat normal serum (DakoCytomation) for 10 min at
room temperature. Following preincubation for 10 min at room temperature
with rabbit (Novacastra) or goat normal serum (DakoCytomation), proteins
were detected with polyclonal goat anti-IL1R2 antibody (1:25; RnD Systems),
monoclonal mouse anti-EGFR antibody (1:20; DakoCytomation), and monoclo-
nal mouse anti-phospho-p44/42 MAPK (1:50) (Thr202/Tyr204 [E10]; Cell Sig-
naling Technology) antibody. Primary antibodies were incubated at 4°C over-
night. Detection was performed using biotinylated goat anti-mouse (1:200) or
biotinylated rabbit anti-goat (1:400) antibody and horseradish peroxidase-
streptavidin-biotin complex (DakoCytomation), followed by development with
diaminobenzidine. Sections were counterstained with hematoxylin. For double-
immunofluorescence staining primary antibodies were applied simultaneously
followed by incubation with biotinylated rabbit anti-goat antibody (1:200), Alexa
Fluor 555-goat anti-goat antibody (1:100; Molecular Probes) and fluorescein
isothiocyanate-streptavidin (1:50; Molecular Probes). Microscopic analysis was
done on an Olympus IX 70 microscope equipped with a SPOT charge-coupled-
device camera (Diagnostic Instruments Inc.).

RESULTS

EGF signaling modulates GLI-regulated gene expression
patterns in human keratinocytes. We first addressed whether
EGF signaling modifies the transcriptional response of epider-
mal cells to GLI1. To analyze this on a more global scale, we
performed gene expression profiling of human keratinocytes
with either GLI1 or EGF signaling or a combination of both
signals activated. For a biological system that allows the con-
trolled activation of distinct signaling pathways under serum-
free conditions, we used the human keratinocyte line
N/TERT-1, which has been immortalized by stable hTERT
expression (53). N/TERT-1 keratinocytes have retained their
responsiveness to typical growth control and differentiation
signals yet show enhanced survival in the absence of exogenous
growth stimuli compared to primary keratinocytes (53) (M.
Kasper and F. Aberger, unpublished). N/TERT-1 keratino-
cytes therefore represent an excellent model system with which
to study changes in gene expression in response to well-defined
stimuli.
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To analyze whether EGF signaling can modulate the biolog-
ical activity of HH/GLI in keratinocytes, N/TERT cells were
retrovirally transduced with human GLI1 (45) or control trans-
duced with inactive GLI1 lacking the nuclear localization sig-
nal (GLI1ImNLS). Transduced cells were either treated with 10
ng/ml EGF for 24 h or left untreated. Changes in the tran-
scriptional profiles were analyzed by microarrays representing
a set of 2,135 human transcripts (75) (see Table S1 in the sup-
plemental material) followed by qRT-PCR validation, the re-
sults of which are shown in Table 1. According to the tran-
scriptional response to GLI1 and EGF treatment, we defined
two classes of differentially regulated genes: class I genes (n =
19) showed synergistic transcriptional induction by GLI1 and
EGF (GLI1/EGF > GLI1 + EGF), e.g., ILIR2 mRNA levels
were induced 2.4-fold (ARC, 1.7-fold; S100A9, 1.2-fold,;
S100A7, 2.3-fold; EGR3, 7.7-fold; JAG2, 1.9-fold) by EGF,
9.9-fold (ARC, 1,097.5-fold; S100A9, —1.6-fold; S100A7, 9.8-
fold; EGR3, 1.2-fold; JAG2, 19.0-fold) by GLI1, and 999.5-fold
(ARC, 11,585.2-fold; S100A9, 24.3-fold; S100A7, 1,351.1-fold;
EGR3, 652.6-fold; JAG2, 90.5-fold) by simultaneous GLI1/
EGF treatment.

By contrast, class II genes (n = 11) were regulated by GLI1
but were largely unchanged by parallel treatment with EGF
(for induction, GLI1/EGF ~ GLI1) (e.g., induction for BCL2,
2.2-fold by EGF, 7.2-fold by GLI1, and 7.7-fold by simulta-
neous GLI1/EGF treatment). Comparable results were ob-
tained with primary human keratinocytes. Here, the effect of
EGF treatment was less pronounced than in N/TERT-1 kera-
tinocytes, which may be due to the significantly lower levels of
EGFR in primary keratinocytes (Fig. 1) (data not shown).

HH/GLI and EGF signaling converge upstream or at the
level of direct GLI target genes. Having shown that treatment
of human keratinocytes with EGF has dramatic effects on the
mRNA profile of GLI1-expressing keratinocytes, we next ad-
dressed the levels at which EGF and HH/GLI signaling may
interact. Though the unresponsiveness of the BCL2 and PTCH
direct GLI target genes to EGF (Table 1) points to conver-
gence below the level of downstream target genes, signaling
induced via EGF may well converge at the level of direct GLI
target genes in a promoter-specific manner. To test whether
convergence of the two signal transduction pathways can occur
at the level of direct GLI target gene promoters, we used the
ScanAce algorithm (81) to scan 5 kb of the upstream regula-
tory region of all 19 GLI1/EGF-regulated genes for the pres-
ence of multiple GLI binding sequences. As shown in Table 2,
eight GLI1/EGF-regulated genes had at least two GLI binding
sites in their promoter region. This suggests that these genes
represent putative direct GLI target genes whose activation
depends on concomitant EGF signaling.

To experimentally verify that EGF signaling can modulate
the transcriptional response of a subset of direct GLI target
genes, we analyzed in detail a 255-base-pair fragment (po-
sition —81 to +184) of the IL1R2 promoter region compris-
ing a cluster of three predicted GLI binding sites in the
proximal region of the IL1R2 promoter (Fig. A2). By
EMSA, we found that the DNA-binding domain of GLI1
specifically bound to all three binding sites in vitro (Fig. 2B).
In luciferase assays, GLI1 activated the IL1R2 promoter
more than 20-fold compared to controls. Of note, induction
of reporter activity by GLI1 was dramatically reduced upon
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TABLE 1. qRT-PCR analysis of GLI1/EGF-regulated target gene expression in human keratinocytes
Fold mRNA induction change compared to
HUGO gene Basis for nomenclature® N(,:BI untreated controls (SD)
demgnatlon accession no.
EGF GLI1 GLI1/EGF
Class I (GLI1/EGF >
GLI1 + EGF)
EGR3 Early growth response 3 NM_004430 7.7 (2.1) 1.2(0.3) 652.6 (192.2)
S100A47 $100 calcium binding protein A7 (psoriasin 1) NM_002963 2.3 (0.6) 9.8 (2.5) 1,351.1 (156.3)
ILIR2 Interleukin-1 receptor, type II NM_004633 2.4(0.3) 9.9 (0.4) 999.5 (165.3)
S100A49 $100 calcium binding protein A9 (calgranulin B) NM_002965 1.2(0.2) —1.6(0.3) 243 (3.2)
FOXA2 Forkhead box A2 NM_021784  76.1 (12.9) 14.4 (2.4) 494.6 (65.6)
ARC Activity-regulated cytoskeleton-associated protein NM_015193 1.7(0.4)  1,097.5(98.4) 11,585.2(967.3)
LNK Lymphocyte specific adapter protein Lnk (signal NM_005475 2.5(0.5) 1.5(0.4) 9.2 (0.9)
transduction protein Lnk) (lymphocyte adapter protein)
ID2 Inhibitor of DNA binding 2, dominant negative NM_002166 1.7 (0.6) 6.5 (0.9) 33.1(4.9)
helix-loop-helix protein
JAG2 Jagged 2 NM_002226  1.9(0.3) 19.0 (2.4) 90.5 (11.3)
MAPKI1 Mitogen-activated protein kinase 11 NM_002751 —1.1(0.2) =2(0.7) 2.1(0.2)
TUFM Tu translation elongation factor, mitochondrial NM_003321 1.3 (0.2) -1.2(0.3) 2.9 (0.4)
PHILDA2 Pleckstrin homology-like domain, family A, member 2 NM_003311 2.7(0.4) 5.3(0.4) 17.1 (1.7)
IDS Iduronate 2-sulfatase (Hunter syndrome) NM_000202 1.9 (0.2) 2.2(0.1) 7.0 (0.4)
CDC34 Cell division cycle 34 NM_004359 1.0 (0.2) 3.7(0.2) 10.6 (1.7)
ULKI Unc-51-like kinase 1 (C. elegans) NM_003565 —1.4(0.3) 8.3 (1.6) 219 (2.1)
CCND1 Cyclin D1 NM_053056 1.5(0.1) 2.5(0.3) 5.1(0.6)
RXRA Retinoid X receptor, alpha NM_002957 —1.1(0.3) 6.1 (0.8) 11.3 (1.9)
CDHI1 Cadherin 1, type 1, E-cadherin (epithelial) NM_004360 1.0 (0.3) 1.9 (0.2) 3.5(0.4)
RPS6KAI Ribosomal protein S6 kinase, 90-kDa, polypeptide 1 NM_002953 1.2 (0.4) 1.1 (0.1) 1.8 (0.1)
Class II (GLI1/
EGF ~ GLI)
PTCH Patched homolog (Drosophila) NM_000264 —2.1(0.3) 29.9 (3.1) 19.7 (2.7)
BCL2 B-cell CLL/lymphoma 2 NM_000633 2.2 (0.4) 7.2(0.9) 7.7 (0.6)
CTSL Cathepsin L NM_001912 1.3 (0.2) 12.7 (2.0) 8.8 (1.4)
TCEA2 Transcription elongation factor A (SII) 2 NM_198723 —1.6(0.2) 123.6 (12.1) 119.4 (17.6)
FYN FYN oncogene protein related to SRC, FGR, YES NM_002037  1.2(0.2) 4.8 (0.3) 8.3 (0.5)
DGCRo6 DiGeorge syndrome critical region gene 6 protein NM_005675 —1.2(0.2) 2.3 (0.1) 2.3(0.2)
PITRM1 Pitrilysin metallopeptidase 1 NM_014889  1.5(0.1) 3.7(0.4) 2.4 (0.5)
MYLK Mpyosin, light polypeptide kinase NM_053025 —2.2(0.7) 5.1(1.5) 3.6 (1.4)
MNATI Menage a trois homolog 1, cyclin H assembly factor NM_002431 1.4 (0.4) 1.7 (0.2) 2.1(0.3)
(Xenopus laevis)
MYC v-myc myelocytomatosis viral oncogene homolog NM_002467  1(0.2) —4.3(0.6) -2.5(0.2)
protein (avian)
BNCI Basonuclin 1 NM_001717 1.8 (0.2) —2.8(0.14) -2.4(0.3)

“ Nomenclature is per the HUGO database (approved gene names).
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FIG. 1. qRT-PCR validation of GLI1/EGF-regulated gene expres-
sion in primary human keratinocytes. Note that the lower induction
values compared to N/TERT keratinocytes (see Table 1) are likely to
be due to lower expression levels of EGFR.

mutation of any of the three GLI binding sites (Fig. 2C, left
graph). We also analyzed activation of the ILIR2 promoter
in response to an activator form of GLI2 (GLI2*) (80, 97).
Similar to GLI1, GLI2* induced IL1R2 reporter activation,
which was abolished by mutation of any of the three GLI
binding sites (Fig. 2C, right graph).

We next tested whether the treatment of epidermal cells
with EGF is able to boost the GLI-mediated induction of the
IL1R2 promoter. For this purpose, we transfected HaCaT
keratinocytes expressing GLI1 or GLI2* under tetracycline
control (75, 77), either with IL1R2 wild-type or mutated pro-
moter constructs and monitored luciferase activation in re-
sponse to the addition of EGF. For comparison, the same
experiment was done with a human PTCH luciferase reporter,
containing either wild-type or mutated GLI binding sites. As
shown in Fig. 2D, addition of EGF resulted in 60-percent and
250-percent increases of IL1IR2 promoter activity in GLI1 and
GLI2* expressing cells, respectively. By contrast, activation of
the PTCH promoter was not affected by EGF treatment.

To provide further evidence that EGF and HH/GLI signal-
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TABLE 2. Putative GLI binding sites in
GLI/EGF-regulated promoters

. Position
Gene qi{;i:éﬂgfci relative Reference or source
o to TSS*
ILIR2 CACCACCCA  —2998 110
GATCACCCA —45  This report
TGCCACCCA 28  This report
CACCACCCG 51 This report
ARC Gcccaccca —1890 110
GCCCACccAa —469 110
TGCCACCCA  —4245 This report
S10047 CAccaccca  —4205 110
CACCACCCA  —3755 110
GAACACCCA  —4347 89
TGCCACCCA  —3915 This report
S100A49 Gcccaccca —3270 110
TGCCACCCA  —3636 This report
LNK GATCACCCA  —3054 This report
CACCGCCCA  —522  98; C. Schmid and F. Aberger,
unpublished
JAG2 CcAcceccca  —2208  98; C. Schmid and F. Aberger,
unpublished
cAcceccca  —1428  98; C. Schmid and F. Aberger,
unpublished
ULKI CACCACCCG  —1854 This report
GCCCACCCG —-260 21
CCND1 GACCTCCCA  —4520 110
CACCACCCG  —2755 This report
GCccaccce  —3685 21
GCccaccce  —3125 21
Consensus GACCACCCA 46

¢TSS, transcriptional start site.

ing synergistically act on the promoters of selected direct GLI
target genes, we cloned the upstream-regulatory regions of
S100A7, S100A9, JAG2, and CCND1 comprising the Gli bind-
ing sites and performed luciferase reporter assays. Figure 3A
illustrates the location of Gli binding sites in the respective
promoter regions and the position of the primers used for
cloning. The reporter constructs were first tested in 293 human
embryonic kidney cells for induction by GLI1 and GLI2*. As
shown in Fig. 3B, all reporter constructs were activated by
GLI1 and GLI2*. In addition, we assayed the S100A7 and
S100A9 promoter regions comprising the Gli binding sites for
hyperinduction by parallel] EGF signaling. GLI1 and GLI2* ex-
pressing HaCaT keratinocytes were transfected with SI00A7 or
S100A9 reporter constructs and subsequently treated with EGF
or left untreated. Similar to the case with the ILIR2 promoter
fragment, the addition of EGF significantly increased GLI1/
GLI2*-induced reporter activity driven by the S100A7 and
S100A9 promoter fragments, while GLI1/GLI2*-induced PTCH
reporter activity was unaffected by EGF. In the absence of GLI
effector, EGF had no effect on reporter activity (Fig. 3C).
Taken together, these data identify ILIR2 (an antagonist of
interleukin-1 [IL-1] signaling [17]), SI00A7, S100A9, JAG2,
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and CCND1 genes as direct GLI/EGF-regulated target genes,
providing evidence that EGF signaling converges upstream or
at the level of GLI target promoters to selectively modulate the
target gene profiles for GLI1 and GLI2 in epidermal cells.
EGFR and MEK/ERK signaling are required for synergistic
activation of GLI target genes by EGF. EGF initiates signal
transduction by binding to its specific tyrosine kinase receptor,
EGFR. Signaling by the EGFR is an intricate process and is
relayed towards the nucleus mainly by the RAF/MEK/ERK
and PI3K/AKT signaling routes (14, 91, 109). To analyze which
signaling pathways are required for the synergistic activation of
GLI target genes by EGF, we first addressed whether the effect
of EGF on GLI target genes is specifically relayed via EGFR.
As shown in Fig. 4A, cooperative activation of GLI/EGF tar-
gets (ILIR2, ARC, EGR3, and S100A9 genes) but not of
PTCH and BCL2 GLI target genes (data not shown) was
efficiently blocked by the addition of the highly specific EGFR
inhibitor gefitinib (IRESSA; AstraZeneca), showing that
EGFR signaling cooperates with GLI to regulate selected tar-
get genes. The efficacy of gefitinib as an EGFR inhibitor was
also demonstrated by preventing phosphorylation of ERK1/2
in response to EGF (Fig. 4A, right panel). We next assessed
the impact of pharmacologic inhibition of MEK/ERK and
PIBK/AKT signaling on the transcriptional response of GLI/
EGF target genes. We found that inhibition of MEK/ERK
signaling by treatment of GLI1 or GLI2* expressing keratino-
cytes with the selective MEK1/2 inhibitor UO126 abolished the
synergistic effect of EGF on the transcription of IL1R2, ARC,
and S100A9 genes (Fig. 4B and C). Inhibition of PI3K/AKT by
LY294002 treatment did not affect the EGF-dependent acti-
vation of GLI/EGF targets (Fig. 4D). We noticed that
LY294002 treatment caused a dramatic upregulation of ARC
mRNA levels, suggesting that PI3K/AKT signaling may play a
role in repressing ARC transcription. Consistent with their
EGF-independent activation, induction of BCL2 and PTCH
mRNA expression by GLI1 was affected neither by UO126 nor
by L'Y294002 treatment (Fig. 4B and D). These data suggest
that modulation of GLI target gene transcription by EGFR
signaling involves activation of the RAF/MEK/ERK pathway.
When we analyzed the effect of MEK/ERK inhibition in
GLI2*-expressing cells, we obtained comparable results for the
EGF/GLI-regulated IL1R2, ARC, and S100A9 genes but no-
ticed a significant decrease in the BCL2 and PTCH mRNA
levels upon inhibition of MEK/ERK signaling (Fig. 4C) (data
not shown). Control Western blots showed that simultaneous
treatment of GLI2* expressing cells with EGF and UO126
results in a dramatic decrease in GLI2* protein levels. To test
whether this is due to decreased GLI protein stability in the
absence of active ERK1/2, we quantitatively analyzed the effect
of ERK1/2 inhibition on the stability of GLI1 and GLI2*. We
used a conditional expression system that allows temporal con-
trol of GLI1 and GLI2 protein production in a doxycycline-
dependent manner (Fig. 5) (77). We induced GLI1 and GLI2
expression by adding doxycycline for 72 h. Following the re-
moval of doxycycline to cease transgene production, cells were
treated for 24 h with EGF or a combination of EGF and
UO126. Controls were treated with solvent only (dimethyl
sulfoxide). To analyze whether the decrease in GLI protein
levels in the absence of ERK1/2 function is due to degradation
by the proteasome machinery, one sample set was also treated
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FIG. 2. Direct activation of the IL1IR2 promoter by combinatorial GLI1/EGF signaling. Bs, binding site; mBs, mutated binding site; RLU,
relative light units. (A) Illustration of the localization of three putative GLI binding sites in the 255-bp promoter (prom) fragment of the IL1R2
upstream regulatory region. The sequence of the three binding sites is shown in the table (right panel). For mutated binding sites used in EMSA
(mBs1, mBs2, and mBs3), two essential C nucleotides (underlined) were changed to two G nucleotides. (B) EMSA analysis of the three GLI
binding sites showing that all three sites are bound by recombinant DNA binding domain of GLI1. To demonstrate specific binding, competition
experiments (comp) with increasing amounts of oligonucleotide corresponding either to wild-type or mutated binding site sequences were done.
Furthermore, poly(dI-dC) - poly(dI-dC) (dIdC) was added to the binding reactions to test for unspecific binding. (C) Luciferase reporter assays
showing that both GLI1 (left) and active GLI2* (right) efficiently stimulate reporter activity from the 255-bp IL1IR2 promoter fragment. Note that
mutation of any of the three GLI binding sites is sufficient to abrogate reporter activation. (D) Activation of the IL1R2 promoter by GLI1 and
active GLI2* is enhanced by simultaneous activation of EGF signaling. Mutation of Bsl in the IL1IR2 promoter (IL1R2-mBs1) inhibits the
stimulatory effect of EGF signaling. cont, control. Promoter (prom) activation of the known direct GLI target PTCH is unaffected by EGF
signaling. Reporter assays shown in panels C and D were done in HaCaT keratinocytes.
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FIG. 3. Activation of SI00A9, S100A7, JAG2, and CCND1 promoters in response to GLI and EGF signaling. RLU, relative light units; cont,
control. (A) Illustration of the location of Gli binding sites in the promoter region of SI00A9, S100A7, JAG2, and CCNDI1. Arrows mark the
positions of forward and reverse PCR primers used for cloning of the corresponding luciferase reporter constructs. (B) Reporter assays showing
activation of luciferase activity in response to GLI1 and GLI2* in 293 cells. (C) Enhanced induction of S100A7 and S100A9 but not of PTCH
reporter activity by combinatorial GLI1 (GLI2*)/EGF signaling in HaCaT keratinocytes.

with the proteasome inhibitor MG132. Figure 5 shows that
GLI1 and GLI2 are stable after doxycycline withdrawal. The
addition of EGF resulted in a slight increase in the amount of
GLI1 or GLI2 protein. Inhibition of ERK1/2 function by
UO126 treatment reduced the amount of GLI2* protein by
about 75 percent. GLI1 protein levels decreased by only 35 to
40 percent. Simultaneous inhibition of the proteasome by
MG132 treatment efficiently reversed the destabilizing effect of
UO126, suggesting that functional MEK/ERK signaling is re-
quired to prevent degradation of GLI2 and also of GLI1 by the
proteasome. In this study, we analyzed an activator form of
GLI2 lacking part of the N-terminal domain including a con-
served destabilizing signal that has recently been identified to

contribute to ubiquitin/proteasome-mediated degradation of
Glil protein (35). The more pronounced decrease in GLI2*
compared to GLI1 may therefore in part be due to the use of
a possibly stabilized GLI2 form as reference value.

Taken together, our results reveal a dual role of MEK/ERK
signaling in modulating the response of epidermal cells to
HH/GLI pathway activation: first, MEK/ERK signal transduc-
tion is essential for EGFR-mediated modulation of GLI1 and
GLI2 target gene transcription, and second, active MEK/ERK
signaling is involved in the stabilization of GLI1 and GLI2
proteins.

IL1R2, EGFR, and p-ERK are coexpressed in the ORS of
human hair follicles. To assess the in vivo relevance of our
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FIG. 4. Inhibition of EGFR and MEK/ERK signaling abrogates synergistic activation of GLI/EGF target genes. (A through D) qRT-PCR
analysis of GLI/EGF (IL1R2, S100A9, and ARC [and EGR3 in panel A]) and EGF-insensitive GLI target genes (PTCH and BCL2 genes) in
HaCaT keratinocytes expressing a doxycycline (Dox)-regulated conditional allele of GLI1 (A, B, and D) or GLI2* (C). (A) Inhibition of EGFR
signaling by gefitinib (Gef) (at 0.5 uM and 1.0 uM) abrogates synergistic activation of GLI1/EGF target genes (IL1R2 [left graph] and ARC,
EGR3, and S100A9 [right graph] genes) but does not affect the induction of PTCH mRNA. (Right panel) Control Western blot showing efficient
inhibition of EGF-induced ERK phosphorylation by gefitinib (0.5 pM and 1.0 puM). (B and C) Synergistic induction of GLI/EGF target gene
expression by EGF is abolished by simultaneous treatment with UO126, a selective inhibitor of MEK1/2 function that prevents activation and
phosphorylation of ERK1/2 (pERK), respectively. mRNA expression of BCL2 was unaffected by EGF and UO126 treatment in GLI1-expressing
cells (B) yet was reduced by UO126 in GLI2-expressing cells (C). Control Western blot analysis of transgene and activated ERK1/2 (pERK)
expression in GLI1 (B) and GLI2 (C) HaCaT cells treated with EGF and/or UO126, showing that UO126 treatment efficiently blocked
phosphorylation of ERK1/2. Note that the GLI2 protein level is decreased by UO126 treatment. Total ERK protein was monitored as loading
control. (D) Inhibition of PI3K/AKT signaling by LY294002 treatment reduces neither synergistic activation of GLI1/EGF target genes nor
GLI1-mediated activation of PTCH mRNA expression. (Right panel) Control Western blot showing inhibition of AKT phosphorylation (pAKT)
by the PI3K inhibitor LY294002.
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FIG. 5. ERK function is required for GLI protein stability. Dox, doxycycline. (A) Western blot analysis of GLI1 and GLI2 protein stability (rel.
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GLI1. (B) Quantitative analysis of GLI1 and GLI2 protein stability in response to EGF treatment, ERK1/2 inhibition and MG132 treatment. Data
represent the mean values and standard deviations calculated from five independent experiments.

data on EGF-dependent modulation of GLI target gene spec-
ificity, we analyzed the protein expression patterns of EGFR,
active ERK1/2 (p-ERK), and the GLI/EGF target IL1R2 in
human skin (Fig. 6). GLI1 and GLI2 have previously been
shown to be expressed in the outer root sheath (ORS) of
human anagen hair follicles (25, 38). Consistent with our in
vitro data, we found strong expression of IL1R2 in the ORS of
anagen hair follicles, where staining was restricted to the re-
gion below the sebaceous gland (Fig. 6A and C). A similar
pattern was observed for EGFR, though staining extended
further towards the hair bulb (Fig. 6B and D). Double immu-
nofluorescence analysis clearly revealed coexpression of IL1R2
(Fig. 6E) and EGFR (Fig. 6F) in ORS cells. In line with the
activation of IL1R2 expression by synergistic GLI and EGFR/
ERK signaling, phosphorylated nuclear p-ERK1/2 protein also
localized to the ORS (Fig. 6G). Together with the findings that
the JAG2 and CCND1 GLI/EGF target genes are also ex-
pressed in the ORS region of anagen hair follicles (74, 107),
the results suggest that synergistic signaling of the EGFR and
HH/GLI signal transduction pathways shown in vitro may also
operate in vivo. However, the data do not rule out the possi-
bility that ERK1/2 may also be activated by signaling pathways
other than EGFR.

Modulation of epidermal stem cell marker expression and
keratinocyte proliferation by GLI1/EGF signaling. The expres-
sion patterns of IL1R2 and EGFR in a region of the ORS that
lies in or close to the putative stem cell niche (bulge region)
(23) of human hair follicles may point to a role of combined
HH/GLI and EGFR signaling in modulating the fate of ORS
cells. We addressed this speculation by analyzing the expres-
sion of hair follicle stem cell markers (KRT15, KRT19, NES,

TNC, and CD71) (52, 60, 96, 103) in human N/TERT-1 kera-
tinocytes in response to GLI1 and EGFR signaling. As shown
in Fig. 7A, expression of GLI1 in the absence of extracellular
stimuli induced elevated mRNA levels of all stem cell markers
tested. Intriguingly, the addition of EGF essentially neutral-
ized the effect of GLI1 such that expression levels of stem cell
markers were comparable to control cells transduced with
EGFP-expressing retrovirus. Accordingly, mRNA levels of the
CD71 gene, which encodes the transferrin receptor that is
absent in stem cells (96), increased in response to GLI1/EGF.
These results show that GLI1 can elicit a stem cell-like expres-
sion signature in epidermal cells and that this signature can be
prevented by simultaneous EGF signaling.

Loss of stem cell-like expression signatures by treatment of
GLI1 keratinocytes with EGF may point to a proliferative role
of combinatorial GLI/EGF signaling in human skin. This is
supported by the observation that both HH/GLI and EGFR
signaling have previously been implicated in proliferative con-
trol and growth of human keratinocytes and anagen hair fol-
licles, respectively, and by our own data presented in this study
showing enhanced induction of CCND1 expression by concom-
itant GLI1 and EGF signaling (16, 28, 58, 67, 72, 94, 95).
Furthermore, we have previously shown that GLI1 and GLI2
promote G,-phase-to-S-phase progression in serum-containing
medium, while they fail to do so under starving conditions,
suggesting that additional mitogenic stimuli are required to
allow GLI proteins to exert their proliferative activity (75, 77)
(G. Regl and F. Aberger, unpublished data). We therefore
asked whether the proliferative effect of GLI1 on human ke-
ratinocytes depends on parallel EGFR signaling. As shown in
Fig. 7B and C, expression of tetracycline-inducible GLI1 in



MoL. CELL. BIOL.

KASPER ET AL.

6292




VoL. 26, 2006 EGFR SIGNALING MODULATES GLI TARGET GENE EXPRESSION 6293

A

M EGF
GLH
B GLIM/EGF(]

|

& Ty ™

-4 -
6
-8 -

fold mRNA change
[L TN
u
H

GLI/EGF/Gef

KRT15 KRT18 TNC NES CD71

O
O

30 6
28 —{{ll cont 55/H E-,Eﬁ T
26 -H EGF _
2 24 4 GLN 5 7| GLM/EGF
8 224 GLIEGF o 45 | GLM/EGFI/Gef
_g 20— GLM/EGFI/Gef % 4
i e
o < 3
5 14 z
B 12 == [= 25
@ 10~ D 2
> 8 : % 1,5
6 — |
4 | 1
2 - 0,5 -
0 0 -

E2F1 CCND1 CKS1B CDC45L CDC2

FIG. 7. Regulation of epidermal stemcell marker expression and keratinocyte proliferation by combinatorial GLI/EGFR signaling. cont,
control. (A) Expression of GLI1 in the absence of extracellular stimuli resulted in transcriptional activation of the entire panel of epidermal stem
cell markers. Simultaneous activation of EGF signaling (GLI1/EGF) abolished GLI1-mediated induction of stem cell marker genes, while the
negative stem cell marker CD71 increased in response to combined GLI1/EGF signaling. (B and C) BrdU incorporation analysis showing that
GLI1-induced G,/S-phase progression of keratinocytes requires activation of EGFR signaling. Mean values of three independent experiments are
shown. (D) qRT-PCR analysis of cell cycle progression genes regulated in response to GLI1 either in the absence or presence of EGF and/or
gefitinib. Inhibition of EGFR by gefitinib (0.5 wM) prevents GLI1-mediated activation of cell cycle progression genes.

the expression of EGF-independent GLI targets, such as
PTCH and BCL2 genes, nor the overall cell viability (also see
Fig. 4A) (data not shown); concentrations higher than 1.5 pM

confluent HaCaT keratinocyte cultures induced entry into S
phase as monitored by BrdU incorporation. EGF alone or in
combination with GLI1 did not further increase the number of

cells in S phase. However, presence of the selective EGFR-
inhibitor gefitinib (0.5 wM) completely abrogated the S-phase-
promoting effect of GLI1, suggesting that activation of EGFR

were not tested. qRT-PCR analysis of cell cycle progression
genes revealed, to a variable extent, enhanced expression in
response to combinatorial GLI1/EGF signaling compared to

either stimulus alone. Consistent with results obtained with
BrdU incorporation assays, the addition of 0.5 uM gefitinib

signaling is essential for GLI-induced proliferation. At this
concentration (and even up to 1.5 pM), gefitinib affects neither

FIG. 6. Coexpression of ILIR2, EGFR, and p-ERK in the ORS of human anagen hair follicles. (A) IL1R2 protein is localized to the ORS of
human hair follicles below the sebaceous gland. Inset shows intense IL1R2 staining in the ORS at higher magnification. (B) EGFR expression in
human hair follicles is primarily detected in the ORS region. The dashed lines outline the arrector pili muscle. (C through G) Cross sections of
anagen hair follicles cut at the level of high IL1R2 expression below the sebaceous gland. (C and D) Cross sections of anagen hair follicle stained
for IL1R2 (C) and EGFR (D). Staining for ILIR2 and EGFR is restricted to the ORS. (E and F) Double-immunofluorescence analysis showing
coexpression of ILIR2 and EGFR in the ORS. (G) p-ERK expression in anagen hair follicles localized in the nucleus of ORS cells. Inset shows
nuclear p-ERK1/2 staining at higher magnification. Arrowheads in all panels point at the ORS stained with the corresponding antibody. HS, hair
shaft; SG, sebaceous gland.
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inhibited GLI1- and GLI1/EGF-induced expression of cell cy-
cle progression genes, most notably expression of CKS1B and
CDC45L (Fig. 7D). The results uncover an essential role for
EGFR signaling in GLI-induced cell cycle progression and
suggest that combinatorial HH/GLI and EGFR signaling pro-
mote keratinocyte proliferation by cooperative induction of
cell cycle progression genes.

DISCUSSION

Modulation of GLI target gene profiles by EGF signaling.
Using a microarray-based approach, we set out to investigate
the molecular mechanisms by which EGF signaling may modify
the transcriptional response of human epidermal cells to GLI1,
a key effector of HH signaling.

Activation of EGF signaling in human keratinocytes express-
ing GLI1 resulted in a number of distinct transcriptional
changes that were observed only if both signals, EGF and
GLI1, were active. By screening 2,135 genes, we identified a set
of 19 genes whose transcription was synergistically induced by
simultaneous activation of GLI1 and EGFR signaling. Assum-
ing there are 25,000 to 30,000 genes in the human genome, the
total number of genes regulated by combinatorial GLI1/EGFR
signaling in human keratinocytes is likely to be in the range of
200 to 300, suggesting that EGFR signaling has a substantial
impact on the transcriptional response of epidermal cells to
HH/GLI signaling. Analysis of EGF-dependent target gene
expression in keratinocytes expressing an activator form of
GLI2 showed that the effect of EGFR signaling on GLI target
gene specificity was not GLI1 specific but applied to the major
epidermal HH effector GLI2.

By analyzing the promoter regions of GLI/EGF-regulated
genes, we identified IL1R2, S100A7, S100A9, CCND1, and
JAG?2 genes as direct GLI target genes, suggesting that EGFR
and HH/GLI signaling can converge at the level of or upstream
of the promoters of direct HH/GLI target genes. Of note, the
known PTCH (2) and BCL2 (9, 76) direct GLI target genes
were not affected by EGF. This clearly shows that only a subset
of direct GLI target genes is synergistically regulated by par-
allel EGFR signaling. Based on these observations, we propose
that EGFR signaling alters the target gene profiles for GLI
proteins either by directly modifying GLI activator proteins or
by regulating other transcription factors or cofactors that may
interact with GLI1 and GLI2 to control promoter activation of
selected target genes. Alternatively, activation of ERK1/2 via
EGF signaling may also enhance the disassembly and degra-
dation of putative transcriptional repressor complexes, such as
multimeric YAN/Tel proteins, members of the Ets family of
transcriptional regulators (102), which could then allow GLI
activators to access the target promoters and stimulate tran-
scription.

The role of EGFR and MEK/ERK signaling in selective
modulation of GLI target gene expression and GLI protein
stability. We found that pharmacologic inhibition of EGFR
and ERK1/2 but not of PI3K/AKT activation abolished the
synergistic activity of EGF signaling on the induction of GLI/
EGF target genes, without affecting the activation of the EGF-
independent PTCH and BCL2 GLI targets. Two recent reports
on the role of MEK/ERK and PI3K/AKT signaling in regulat-
ing HH/GLI signaling have suggested a more general involve-
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ment of both intracellular pathways in contributing to HH/GLI
activity (78, 79). As these data were obtained with cell types
other than keratinocytes, this opens up the interesting specu-
lation that the context-dependent behavior of GLI proteins
may at least in part result from cell-type-specific cross talk with
other signaling pathways.

The data presented in our study clearly show that modula-
tion of selective GLI target gene regulation by EGFR signaling
is relayed towards the nucleus via the RAF/MEK/ERK route.
Activated ERK1/2 has many substrates and controls gene ex-
pression by phosphorylating transcriptional regulators such as
MYC, AP1 factors, and members of the Ets, STAT, and Rel
family (reviewed in reference 15). Using the Transfac algo-
rithm and binding matrices (Transfac Professional 10.1; Bio-
base, Germany), we performed in silico analysis of the IL1R2,
S100A7, S100A9, CCND1, and JAG2 promoter regions to
identify putative binding sequences for ERK-regulated tran-
scriptional regulators. Putative binding sites for several of the
transcription factors mentioned above can be localized within
the 5-kb upstream cis-regulatory regions, but the analysis did
not reveal high-scoring binding motifs in the GLI/EGF-respon-
sive promoter regions tested (data not shown). Although the
algorithms available for in silico promoter analysis may miss
such motifs, the data support the suggestion that EGFR sig-
naling can modify GLI proteins. Such modifications could en-
able GLI proteins to interact with cofactors required for the
activation of selected target gene promoters or even control
interactions among GLI proteins themselves, which have re-
cently been shown to undergo homotypic and heterotypic in-
teractions via their zinc finger domains (61). In this context, it
is noteworthy that mutation of any of the three GLI binding
sites in the IL1R2 promoter is sufficient to abolish reporter
activation in response to GLI1 and GLI2*. As EGFR signaling
acts via ERK1/2 activation, a plausible scenario would be direct
phosphorylation of GLI proteins by activated ERK1/2. This,
however, appears unlikely to be the case, as Riobo et al. re-
cently reported that in vitro kinasing assays with GLI1 as the
ERK substrate failed to provide evidence for direct modifica-
tion of GLI proteins (78). Consistent with this finding, we
were unable to identify by phospho-shift gel electrophoresis
analysis phosphorylated forms of GLI1 or GLI2 in response
to EGF treatment (data not shown). Further studies of
additional GLI/EGF target promoters and of potential post-
translational modifications of GLI proteins in response to
EGF treatment are needed to address the detailed molecu-
lar mechanisms involved in the EGF-dependent regulation
of GLI target gene expression.

We provided evidence that ERK1/2 activity, in addition to its
requirement for EGFR-modulated GLI target gene expres-
sion, stabilizes GLI proteins, particularly GLI2*, by preventing
its degradation via the proteasome pathway. Degradation of
GLI2* in the absence of ERK1/2 activity did not yield any
detectable putative GLI repressor fragments, suggesting that a
lack of active ERK1/2 decreases the overall level of GLI2
protein. Compared to GLI2, the stability of GLI1 was less
strongly affected by inhibition of ERK1/2 activity. As GLI2 is
considered a latent transcription factor that becomes activated
upon HH pathway stimulation (12, 58, 90), we propose that
ERK1/2 activity augments the stability of latent GLI2 by pre-
venting its degradation by the proteasome, which may contrib-
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ute to establish sustained competence of a cell to respond to
HH ligand stimulation. Recent work on the role of degradation
signals in Glil has revealed that Glil is targeted for ubiquitin/
proteasome-mediated degradation by binding to B-TrCP (35).
Whether ERK1/2 stabilizes GLI1 and GLI2 proteins by inter-
fering with the formation of B-TrCP-ubiquitin ligase com-
plexes will be an important question to be addressed in future
studies.

Putative role of GLI/EGF signaling in skin development and
disease. HH/GLI signaling has been shown to be essential for
hair follicle development and morphogenesis (16, 58, 95). Con-
versely, aberrant expression of HH effectors in the basal layer
of the epidermis and the ORS of hair follicles results in hy-
perproliferation and BCC-like tumors (26, 36, 63, 66, 106).
Recent studies suggested that HH/GLI signaling is required in
the ORS during the anagen growth phase of the hair follicle
and that BCC may preferentially arise from this region of the
hair follicle (25, 36, 38, 65), although there is also evidence that
these tumors may originate in the interfollicular epidermis (54,
65). We showed that the GLI/EGF target IL1R2 gene is spe-
cifically expressed in the ORS of human anagen hair follicles in
close proximity to the stem cell region (23). Coexpression of
IL1R2 and EGFR in the ORS suggests that in vivo, synergistic
HH/GLI and EGFR signaling may specify the fate of ORS
cells. Of note, we showed that in the absence of growth stimuli,
GLI1 induced expression of a comprehensive panel of epider-
mal stem cell markers, which was neutralized by the addition of
EGF. Furthermore, we provided evidence that activation of
EGFR signaling is essential for GLI-induced keratinocyte pro-
liferation, which is likely to involve synergistic activation of key
regulators of cell cycle progression, such as CCND1, CDC45L,
and CKSI1B. It is therefore tempting to speculate that the
combined activity of HH/GLI and EGFR signaling provides
molecular cues that determine the fate of ORS cells which
have left the stem cell niche to promote hair follicle growth.
Two additional lines of evidence support this model: (i) IL1r2
expression in murine hair follicles is downregulated in the
quiescent population of bulge stem cells compared to nonbulge
cells (60) and (ii) both EGFR signaling and HH/GLI signaling
have been implicated in the control of human ORS cell pro-
liferation and human hair follicle growth (67, 72). Consistently,
Egfr~/~ mice display abnormal hair development, most likely
due to a deficiency in hair follicle cycling, although the overall
EGFR loss-of-function phenotype is highly variable and de-
pendent on the genetic background (28, 57, 94, 100). Exper-
iments addressing the role of HH/GLI signaling in Egfr-
deficient mutants are required to better understand the
(patho)physiological interaction of these pathways in vivo.

HH/GLI-EGFR signaling in the ORS may also protect ana-
gen hair follicles from IL-1-induced inhibition of growth and
hair loss (29, 30, 73) by upregulating the expression of the
IL-1-antagonist IL1R2. Another consequence of combined
GLI/EGFR signaling may be the activation of Notch signaling
by the Notch ligand JAG2. Consistent with the localization of
EGFR and GLI proteins in the ORS of anagen hair follicles,
Jagged 2 has been shown to be expressed in the ORS of murine
hair follicles (74). As Notch signaling appears to play multiple
roles in skin and hair follicle development, ranging from con-
trol of epidermal proliferation and differentiation to the reg-
ulation of hair follicle ORS and stem cell fate (49, 62, 64, 108),

EGFR SIGNALING MODULATES GLI TARGET GENE EXPRESSION 6295

additional approaches addressing the relationship of HH/GLI-
EGFR and Notch signaling will have to be taken to obtain a
better understanding of how, when, and where these pathways
possibly interact to control skin development.

Our study also argues for combined inhibition of EGFR and
HH/GLI signaling as a putative efficient strategy in the treat-
ment of various malignancies. As both signaling pathways have
been implicated in various malignancies, including basal cell
carcinoma, pancreatic cancer, prostate cancer, and glioma (8,
10, 19, 26, 31, 37, 42, 63, 66, 85, 87, 99, 1006), it is well possible
that EGFR and HH/GLI also cooperate in these cancers to pro-
mote tumor growth and malignancy. Consistent with this notion,
combined administration of the EGFR inhibitor gefitinib and
the HH pathway antagonist cyclopamine has recently been
shown to be more efficient in inhibiting invasiveness and in-
ducing apoptosis of metastatic prostate cancer cells than either
drug alone (59).

Future studies of the detailed molecular events involved in
the control of GLI activity by EGFR signaling will help to shed
light on the context-dependent activity of these transcription
factors during development and will provide a basis for the
design of efficient targeted therapies for malignant diseases.
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ADDENDUM

While this paper was being revised, two groups have found
that Gli2 protein also binds to B-TrCP, resulting in degrada-
tion via the ubiquitin-proteasome pathway (8a, 69a). Further-
more, during revision of this paper Eichberger et al. published
expression profiling data showing transcriptional regulation of
ILIR2, ARC, S100A7, and TCEA2 by GLI1 and GLI2 in
human keratinocytes (21a).
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