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Hedgehog (HH) signaling in the epidermis is primarily medi-
ated by the zinc finger transcription factors GLI1 and GLI2.
Exquisite regulation of HH/GLI signaling is crucial for proper
specification of the epidermal lineage and development of its
derivatives, whereas dysregulation of HH/GLI signaling dis-
rupts tissue homeostasis and causes basal cell carcinoma (BCC).
Similarly, bone morphogenetic proteins (BMPs) and activins
have been described as key signaling factors in the complex reg-
ulation of epidermal fate decisions, although their precise inter-
play with HH/GLI is largely elusive. Here we show that, in
human epidermal cells, expression of the activin/BMP antago-
nist follistatin (FST) is predominantly up-regulated by the HH
effector GLI2. Consistently, we found strong FST expression in
the outer root sheath of human hair follicles and BCC. Detailed
promoter analysis showed that two sequences with homology to
the GLI consensus binding site are required for GLI2-mediated
activation. Interestingly, activation of the FST promoter is
highly GLI2-specific, because neither GLI1 nor GLI3 can signif-
icantly increase FST transcription. GLI2 specificity requires the
presence of a 518-bp fragment in the proximal FST promoter
region. On the protein level, sequences C-terminal to the zinc
finger are responsible for GLI2-specific activation of FST tran-
scription, pointing to the existence of GLI-interacting cofactors
that modulate GLI target specificity. Our results reveal a key role
of GLI2 in activation of the activin/BMP antagonist FST in
response to HH signaling and provide new evidence for a regu-
latory interaction between HH and activin/BMP signaling in
hair follicle development and BCC.

The development and differentiation of mammalian epider-
mis and hair follicles requires precisely regulated interactions
of a multitude of signals exchanged between and within the
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epidermis and the underlying dermis. Hedgehog (HH),? Wnt,
Notch, and transforming growth factor B signaling are key
among the pathways controlling epidermal lineage and home-
ostasis. The well orchestrated interplay between these signals
ensures temporally and spatially coordinated proliferation,
specification, and differentiation.

The HH pathway has been the subject of intense investiga-
tion not only for its role in development but also in different
types of cancer. The pathway is activated by binding of secreted
HH ligand to the transmembrane receptor/repressor Patched
(Ptch). This permits the positive mediator Smoothened to acti-
vate the transcriptional mediators of the pathway, Glil, Gli2,
and Gli3 (reviewed in Refs. 1-5). In addition, all Glis are subject
to regulation by phosphorylation and proteasomal degradation
(6-10). Although Glil, Gli2, and Gli3 can bind the same con-
sensus sequence through a highly conserved zinc finger binding
domain (11), there are some well characterized differences
between the three Gli proteins. Glil has only an activator func-
tion, is not proteolytically processed, and lacks the N-terminal
repression domain present in Gli2 and in Gli3 (12, 13), the third
Gli family member, which has predominantly repressive activ-
ity (14). In contrast to the latent transcription factors Gli2 and
Gli3, Glil is not directly activated by HH signaling but is a
transcriptional target gene of Gli2 and Gli3 (15, 16). Differences
and overlaps in the roles of the three Glis in development are
difficult to resolve in view of the complexity resulting from
context-dependent differences in expression and activation
state. Insight comes from phenotypes of single and compound
mutations: Gli1 '~ mice have no phenotype (17), while G/i2
knockout is lethal (18 —20). The compound mutation Glil ",
Gli2*'~ does have a phenotype, and the double knockout has a
more severe phenotype than G/i2~ '~ alone pointing to an over-
lap of function (17). Addressing functional overlap between
Glil and Gli2, a knock-in of G/iI into the G/i2 locus leads to
dosage-dependent, almost complete rescue, only a hair pheno-
type is seen postnatally (21). In addition to this in vivo demon-
stration of functional equivalence of Glil and Gli2 in mouse
embryonic development, functional redundancy of activator

3 The abbreviations used are: HH, Hedgehog; BCC, basal cell carcinoma; FST,
follistatin; BMP, bone morphogenetic protein; gRT, quantitative reverse
transcription; EMSA, electrophoretic mobility shift assay; ChIP, chromatin
immunoprecipitation; ORS, outer root sheath; CBP, CREB-binding protein;
CREB, cAMP-response element-binding protein; FSTprom, FST promoter
reporter plasmid; PTCHprom, PTCH reporter.
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Glis has also been shown in chick neural tube development (22).
Graded Shh signaling, which is normally mediated by the Gli
code represented by the activator and repressor forms of the
three Glis (23), can be artificially mimicked by a gradient of
different Gli3 activator and Gli3 repressor forms (22). These
results emphasize the common properties of the Gli family
members, but there is also considerable evidence for different
biochemical and functional properties in contexts that are not
related to a phenotype in embryogenesis.

The specific effects of expression of each Gli are not com-
pletely conserved between vertebrates. In neural tube develop-
ment the requirements for Glil and Gli2 are different for Xeno-
pus, zebrafish, and mouse (24-27). Although Glil acts as an
activator in all three species, its inactivation has no effect in
mouse but in zebrafish GLI1 is absolutely required. Gli2 has
important repressor function in zebrafish but functions only as
an activator in mouse neural tube development (17). Karlstrom
and colleagues propose a function for Glil as an important
amplifier of an activation signal, which may be required only in
some contexts (25). Generally, the relative contribution of any
Gli to a process is difficult to unravel, because not only the
balance but also cooperativity and physical interaction of the
Glis may play a role in establishing the Gli code regulating gene
expression (27). Whether Glil and Gli2 are independently or
cooperatively involved in HH pathway induced carcinogenesis
is not known. In skin, constitutive pathway activation leads to
basal cell carcinoma (BCC) and can be caused by mutational
inactivation of the receptor/repressor Patched (28, 29), activa-
tion of the positive mediator Smoothened (30), and, in trans-
genic models, by overexpression of Shh (31) or either of the
transcription factors Glil and Gli2 (32, 33). Although GLI1 is
most consistently overexpressed in human tumors, including
BCC (34, 35), Gli2 was shown to be required for BCC mainte-
nance in a conditional expression model (36). Furthermore, in
human hepatocellular carcinoma cell lines antisense knock-
down experiments point to a special role of GLI2 in prolifera-
tion and target gene activation (37).

We have previously shown that the transcriptional response
to overexpression of GLI1 and GLI2 in keratinocytes is only
partially overlapping (38), suggesting differences in target gene
specificity, which may indicate nonredundant function. Apart
from moderate quantitative differences there are a number of
genes expressed almost exclusively in response to one of the
two transcription factors. A striking example is follistatin
(FST), an activin/BMP antagonist, which binds activins and
several members of the BMP family thereby blocking down-
stream signaling (reviewed in Refs. 39 and 40). We have inves-
tigated the differential transcriptional response in more detail
to show that FST is a direct target gene preferentially activated
by GLI2 rather than GLI1. Moreover we show that FST is co-
expressed with GLI2 in hair follicles and BCC. The role of FST
in many different developmental processes and, in particular,
skin and hair follicle development was demonstrated not only
by the knockout phenotype in mouse (41) but also by ectopic
induction of feather buds or hair follicles by application of FST
(42, 43). We identified the DNA region responsible for GLI2
specificity by deletion analysis of the FST promoter and local-
ized the relevant region of the protein to the C-terminal part,
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but outside the VP16-like transactivation domain. This differ-
ence between GLI1 and GLI2 suggests a special role of GLI2 in
hair follicles and might also affect BCC.

EXPERIMENTAL PROCEDURES

Cloning—For the FST promoter reporter plasmid (FSTprom)
a 3088-bp Mscl fragment of the human BacPac clone RP11-
93713 (obtained from Children’s Hospital Oakland Research
Institute) containing the putative FST promoter region was
cloned into the Smal restriction site of the luciferase reporter
plasmid pGL3basic (Promega, Madison, WI). GLI binding sites
were mutated at the essential positions 5, 6, and 7 to Gly by
using the QuikChange site-directed mutagenesis kit (Strat-
agene). For FSTdelA and FST-A, FSTprom was digested with
Aatll/Xhol or Nhel/Aatll, blunted with T4 polymerase, and
re-ligated. The reporter vector 6bsSV40 consists of a 6-Gli
binding site cassette (15), which was cloned into the BglII site of
pGL3promoter (Promega). For 6bsFST-A, FSTprom was
digested with Nhel/Aatll, blunted with T4 DNA polymerase,
and ligated with a blunted BglII fragment containing the Gli
binding site cassette of 6bsSV40. GLI1, activated human GLI2
(GLI2act, N-terminally truncated), and GLI121 expression
constructs have been described previously (44). Activated
human GLI3 (GLI3act, amino acids 431-1580) was cloned into
p3xFLAG-CMV-10 (Sigma-Aldrich). For the GLI112 expres-
sion construct the N-terminal region of GLI1, including the
zinc finger (amino acids 1-379), was fused to the C-terminal
region of GLI2 (amino acids 254 —1258 of GLI2act). Similarly,
for GLI221, the N-terminal region of GLI2, including the zinc
finger (amino acids 1-253 of GLI2act), was fused to the C-ter-
minal region of GLI1 (amino acids 380-1106). Briefly the N-
and C-terminal regions of either GLI protein were amplified by
PCR and cloned into the EcoRI/Xbal sites of pBluescript II KS
(Stratagene). N-terminal regions were fused to the C-terminal
region using a single BspEI site, which was introduced into the
GLI sequences. The internal EcoRI site in GLI1 was eliminated
by site-directed mutagenesis. The resulting chimeric GLI
fusion constructs GLI112 and GLI221 were cloned into the
EcoRI/Xbal site of the expression vector pcDNA4/TO (Invitro-
gen). For GLI1TA2, amino acids 1135-1258 of GLI2act were
fused to amino acids 1-1017 of GLI1. The corresponding con-
struct GLI2TA1 was constructed by fusing the C-terminal
amino acids 1018 -1106 of GLI1 to amino acids 1-1134 of
GLI2act. For cloning, an Avrll site was introduced by silent
mutagenesis. For the expression construct p4TO-FST344 a
344-amino acid-long isoform of human FST was amplified
from the IMAGE clone IRAUp969F0524D (obtained from
imaGenes) by PCR and cloned into the EcoRI/Xhol sites of the
expression vector pcDNA/4TO (Invitrogen).

Cell Culture—HaCaT cells were cultured in Dulbecco’s mod-
ified Eagle medium (high glucose, PAA Laboratories) with 10%
fetal calf serum (PAA Laboratories), 100 pg/ml streptomycin,
and 62.5 ug/ml penicillin (Invitrogen) at 37 °C, 5% CO.,. For
double stable inducible HaCaT lines expressing either human
GLI1 (GLI1-HaCaT) or GLI2act (GLI2-HaCaT) (38, 45),
medium was supplemented with 25 ug/ml Zeocin (Invitrogen)
and 8 pg/ml blasticidin-S (ICN-Biomedica). For growth factor
treatment HaCaT cells were cultured in Defined Keratinocyte-
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SFM medium (Invitrogen) and either treated for 24 h with
recombinant human BMP4 (R&D Systems) or for 6 h with
recombinant human activin A (R&D Systems). The activin/
transforming growth factor-B pathway inhibitor SB431542
(Sigma-Aldrich) dissolved in DMSO (Sigma-Aldrich) was used
at a final concentration of 10 um in Dulbecco’s modified Eagle
medium supplemented with 10% fetal calf serum. Transgene
expression was induced by adding 1 wg/ml tetracycline
(Invitrogen) to the medium. Murine keratinocyte line C5N
and murine BCC tumor cell lines ASZ001 and CSZ1 (46, 47)
were cultured in 154-CF medium (Cascade Biologics) sup-
plemented with 0.05 mm CaCl,, 2% fetal bovine serum (PAA
Laboratories), 100 wg/ml streptomycin, and 62.5 ug/ml pen-
icillin (Invitrogen) at 37 °C, 5% CO.,.

Western Blot—Cells were lysed in 125 mm Tris (pH 6.8), 5%
glycerol, 2% SDS, 1% B-mercaptoethanol, 0.006% bromphenol
blue, and extracts resolved by SDS-PAGE. GLI2 and FST pro-
tein were detected using polyclonal rabbit-anti-GLI2 antibody
(GLI2-H300, Santa Cruz Biotechnology), affinity-purified poly-
clonal goat-anti-FST antibody (R&D Systems), secondary goat-
anti-rabbit horseradish peroxidase-conjugated antibody (Santa
Cruz Biotechnology) and a chicken-anti-goat horseradish per-
oxidase-conjugated antibody (Santa Cruz Biotechnology). Pro-
teins were visualized using the ECL detection system (Amer-
sham Biosciences).

Immunohistochemistry—Staining for FST was performed on
routinely formalin-fixed paraffin embedded tissue, using a
standardized automated system (Autostainer, Dako) in combi-
nation with an Envision detection system (Dako). A mouse
monoclonal antibody directed against human FST (R&D Sys-
tems, dilution, 1:100) was used. Archival formalin-fixed paraf-
fin-embedded sections (4 um thick) were deparaffinized with
xylene, hydrated, followed by heat-induced epitope retrieval in
antigen retrieval buffer, pH 9. Endogenous peroxidase blocking
was carried out 10 min with 3% H,O, in absolute methanol, and
normal serum was applied. Primary antibodies were incubated
at room temperature for 1 h, and after several washes detection
was performed using the Envision detection system, followed
by development with diaminobenzidine. Slides were counter-
stained with hematoxylin.

qRT-PCR Analysis—Total RNA was isolated and purified
(High Pure RNA Isolation Kit, Roche Applied Science), and
c¢DNA was synthesized from 4 ug of total RNA with Superscript
II (RNase H™) reverse transcriptase (Invitrogen) using oligo(dT)
primers, according to the manufacturer’s instructions. qRT-PCR
analysis was performed on a Rotor-Gene 3000 (Corbett Research)
using iQ™ SYBR Green Supermix (Bio-Rad). Human large ribo-
somal protein PO (RPLPO) or mouse acidic ribosomal phosphopro-
tein PO (Arbp) was used for normalization in qRT-PCR analysis
(48). For primer sequences see supplemental Table S1.

Luciferase Reporter Assay—HaCaT cells were grown in
12-well plates to 80% confluence and transfected in triplicate
with the respective GLI expression constructs, pGL3 luciferase
reporter plasmids as indicated in the figures and Renilla lucif-
erase (pRL-SV40, Promega) expression plasmids for normaliza-
tion. Transfection was carried out using SuperFect transfection
reagent (Qiagen) according to the manufacturer’s protocol.
Cells were harvested 48 h after transfection, and luciferase
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activity was measured with a Lucyll luminometer (Anthos)
using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s instructions. Data were nor-
malized for Renilla luciferase activity.

Electrophoretic Mobility Shift Assay—EMSA was carried out
with 5 g of recombinant NHIS-GLI2-zinc finger protein
(amino acids 409 — 602 of human GLI2, NP_005261), purified as
described before (16), and 10 ng of [**P]dCTP (Amersham Bio-
sciences) labeled double-stranded oligonucleotide in 30 ul of 20
mM Tris, pH 7.8, 25 mm KCl, 5 mm MgCl,, 0.5 mm dithiothrei-
tol, 10 mMm ZnSO,, 0.77 ug of poly(dI-dC) (Sigma-Aldrich), 10%
glycerol. Reactions were incubated for 25 min at room temper-
ature. Competition was carried out with 5- or 10-fold excess of
specific (bs1, bs2, or bs3) or mutant unlabeled oligonucleotide
(bsm) or 1.2-2.4 ug of poly(dI-dC). Samples were separated on
6% acryl amide gels. Following electrophoresis, gels were
dried, exposed overnight, and scanned with a BAS-1800II
(Fuji). Oligonucleotides used for EMSA are shown in supple-
mental Table S3).

Chromatin Immunoprecipitation—ChIP was done according
to the Chromatin Immunoprecipitation Kit protocol (Upstate),
with some modifications. In brief, GLI1- or GLI2-HaCaT cells
were grown for 48 h in the presence of 1 pug/ml tetracycline to
induce GLI expression. Cells were washed once with warm 1X
phosphate-buffered saline prior to addition of Dulbecco’s mod-
ified Eagle medium containing 1% formaldehyde and incuba-
tion for 10 min at room temperature. Cross-linking was
stopped by adding 2.5 M glycine to a final concentration of 125
mM. Unless otherwise indicated, all following steps were either
performed on ice or at 4 °C, and buffers were supplemented
with protease inhibitor mixture (Sigma-Aldrich). Cross-linked
cells were washed twice with ice-cold 1X phosphate-buffered
saline, scraped, pelleted by centrifugation, resuspended in lysis
buffer (5 mm PIPES, 85 mm KCl, 0.5% Nonidet P-40, pH 8), and
Dounced to release nuclei. After centrifugation at 5000 rpm,
nuclei were lysed in SDS lysis buffer and chromatin was frag-
mented by sonication with a Sonopuls HD2070 Sonifier (Ban-
delin Electronics) to an average fragment size between 100 and
1000 bp. Debris was removed by centrifugation, and the size of
chromatin checked on agarose gels after de-cross-linking and
proteinase digestion. Aliquots corresponding to 107 cells were
diluted 1:10 with ChIP dilution buffer. Protein G-Sepharose 4
Fast Flow (Amersham Biosciences) was pre-blocked with 1
mg/ml herring sperm DNA (Sigma-Aldrich) and 5 mg/ml
bovine serum albumin (Carl Roth). Each aliquot of chromatin
(2 ml) was precleared with 25 ul of a 25% Sepharose slurry for 30
min. Goat polyclonal anti-GLI1 (GLI1-C18), goat polyclonal
anti-GLI2 (GLI2-N20) (Santa Cruz Biotechnology), rabbit
polyclonal anti acetyl histone H3 (Upstate Biochemicals), or
species-matched normal IgG (Santa Cruz Biotechnology) was
added, and samples were incubated with the antibodies over-
night with rotation. Antibody complexes were precipitated by
addition of 60 ul of pre-blocked 25% Sepharose slurry for 4h,
while rotating. Supernatants were removed, from the normal
IgG samples 500 ul was kept and processed as input controls,
and Sepharose beads were washed twice with each ice-cold
wash buffer. Protein-DNA complexes were eluted in 500 ul of
elution buffer (0.2% SDS, 100 mm NaHCO,), 20 ul of 5 M NaCl
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FIGURE 1. FST expression is preferentially induced by GLI2 in human keratinocytes. A, qRT-PCR analysis of FST mRNA levels in HaCaT keratinocytes
expressing either GLIT (GLI1-HaCaT) or GLI2act (GLI2act-HaCaT) under tetracycline control for the time indicated. As a control for GLI activity the known target
gene PTCH is shown (inset). B, FST and PTCH mRNA levels in human N/TERT-1 keratinocytes retrovirally transduced with GLI1 or GLI2act measured by qRT-PCR.
The -fold change refers to the mRNA ratios for induced to uninduced cells (A) and cells infected with a GLI1/2 to control EGFP expressing virus (B). C, Western
blot analysis of FST protein levels in GLI2act-HaCaT cells. Samples were taken from tetracycline-treated and untreated GLI2act-HaCaT cells as indicated. The
upper panel shows protein expression of GLI2act transgene. FST protein was detected using a specific antibody recognizing all FST isoforms (lower panel). For
control HaCaT cells were transiently transfected with an expression plasmid expressing human FST isoform 344 (p4TO-FST344) or empty expression vector

(p4TO). *, unspecific signal.

was added, and samples were incubated for at least 5hin a 65 °C
water bath to open cross-links. Input samples were adjusted to
200 mMm NaCl and processed as above. After reverting cross-
links, eluates and input samples were treated with RNase A and
proteinase K, and final DNA clean up was performed with GFX
PCR and Gel band kit (Amersham Biosciences), DNA was
eluted in 60 ul of RNase and DNase free sterile water, and 3.8 ul
of eluates was used for PCR analysis. Input samples were further
diluted 1:80, and 3.8 ul was used in PCR reactions. For ChIP-
PCR, the FailSafe™ GREEN Real-Time PCR System (Epicenter
Biotechnologies) was used according to the manufacturer’s
instructions. Primers used for PCR are shown in supplemental
Table S2. PCR was performed in 10-ul reaction volume in a
Rotor-Gene 3000 (Corbett Research). PCR was done in dupli-
cates, both samples were pooled, and products were visualized
on 3% MetaPhor (Cambrex Bio Science)/1X Tris-acetate-
EDTA gels.

RESULTS

Induction of FST Expression in Response to GLI2 in Human
Keratinocytes—The activin/BMP antagonist FST was identified
as a putative GLI2 target gene in an array-based screen of
HaCaT keratinocytes expressing GLI1 (GLI1-HaCaT) or GLI2
activator form (GLI2act) (GLI2act-HaCaT) (38) in response to
tetracycline treatment. In contrast to the majority of GLI target
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genes identified in this screen, FST was turned on almost exclu-
sively in response to GLI2act and not to GLI1 expression. To
verify the specific activation of FST by GLI2, we analyzed FST
expression at several time points after GLI2act or GLI1 induc-
tion by qRT-PCR (Fig. 14) and Western blot (Fig. 1C). Elevated
levels of FST mRNA were detected already 24 h after GLI2act
induction (3-fold increase compared with uninduced samples),
whereas in GLI1-HaCaT cells FST levels were unchanged. At
later time points, FST mRNA increases up to 20-fold in
GLI2act-induced samples compared with controls, with only a
moderate increase in GLI1-induced cells (3.5-fold at 72 h). The
latter increase might also be due to the indirect induction of
GLI2 by GLI1 leading to delayed GLI2 expression in GLI1-
HaCaT cells (45). Induction of the well characterized GLI target
gene PTCH by GLI1 and GLI2act was comparable as expected
(Fig. 1A, inset). To exclude that differential induction of FST is
a specific property of the HaCaT cells used in these experi-
ments, we repeated the experiments in the immortalized
human keratinocyte cell line N/TERT-1 (49). N/TERT-1 kerat-
inocytes were retrovirally transduced with either human GLI1,
GLI2act, or EGFP (50) and analyzed after 60 h of transgene
expression for mRNA levels of FST and PTCH (Fig. 1B). As in
HaCaT cells, FST was predominantly activated by GLI2act
(11.3-fold increase), whereas no induction was observed in

JOURNAL OF BIOLOGICAL CHEMISTRY 12429


http://www.jbc.org/cgi/content/full/M707117200/DC1

Follistatin Is a Direct Transcriptional Target of GLI2

of sections of human scalp and BCC with an FST specific antibody. A, FST
protein localizes to the outer root sheath (ORS) (arrowheads) of human ana-
gen hair follicles (HF). Higher magnification (inset) shows expression in the
outermost layer of the ORS. B, cross-section of a human HF. C, FST protein is
clearly detectable in basal keratinocytes (arrows) of the interfollicular epider-
mis. D, strong staining is seen in BCC tumor islands. SG, sebaceous gland; HS,
hair shaft.

response to GLI1. PTCH transcription was comparable in both
GLI1 and GLI2act expressing N/TERT-1 keratinocytes. Induc-
tion of FST by GLI2act was also observed at the protein level as
shown by Western blot analysis (Fig. 1C). The three bands may
represent different FST isoforms (51) present in human kerat-
inocytes. GLI2act protein is not detectable in uninduced sam-
ples. In summary these data suggest that in human keratino-
cytes FST expression is mainly activated by GLI2.

FST Is Expressed in Human Hair Follicle, Interfollicular Epi-
dermis, and BCC—Previous studies have shown that in human
skin GLI2 expression is restricted to the outermost layer of the
outer root sheath (ORS) of the hair follicle and is also detectable
in keratinocytes of the basal layer of the interfollicular epider-
mis (16). There is also increased expression of GLI2 in BCC (16,
45). As a direct target of GLI2 in hair follicle keratinocytes and
human BCC, FST should be expressed in the same regions. We
therefore stained sections of paraffin-embedded human scalp
(Figs. 2, A-C) and samples from nodular BCCs (Fig. 2D) with an
antibody recognizing all isoforms of FST. In hair follicles
intense staining for FST was detected in the ORS (Fig. 2, A and
B) as has been described previously (52). Notably, expression of
FST was restricted to the outermost cell layer in a region below
the sebaceous gland (Fig. 24). Strong staining was also observed
in basal keratinocytes of the interfollicular epidermis (Fig. 2C).
The staining appears not to be homogenously distributed
throughout the basal layer of the epidermis, with some cells
showing a strong signal for FST, while others are weakly or not
at all stained. Moreover, all BCC samples tested (1 = 5) show
intense staining for FST throughout the tumor island (Fig. 2D).
Consistent with the in vitro data from cultured human kerati-
nocytes and mouse BCC tumor cell lines (supplemental Fig. S3)
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we found FST protein in GLI2-expressing compartments of the
hair follicle, interfollicular epidermis, and BCC, supporting reg-
ulation of FST expression by GLI2 in vivo.

The FST Promoter Contains Three Putative GLI Binding Sites—
To investigate whether FST is a direct transcriptional target of
GLI2 we searched for putative GLI binding sites in a region 3 kb
upstream and 0.5 kb downstream of the FST transcriptional
start site (according to RefSeq NM_013409). Using the GLI
consensus binding site (53) we identified three potential bind-
ing sites, two with one (bsl and bs3) and one with two (bs2)
mismatches to the GLI consensus binding sequence GACCAC-
CCA (Fig. 3A). All three sites are located within 300 bp in close
proximity to the transcriptional start site (Fig. 34) in a region
highly conserved in mammals (Fig. 3B). We tested GLI binding
by EMSAs using a recombinant His-tagged GLI2 zinc finger
domain protein (amino acids 409-602 of human GLI2,
NP_005261). This protein specifically binds to all three sites in
vitro, and binding could be competed with excess of binding
sequences bs1, bs2, and bs3 (bs) but not or only much less effi-
ciently with mutated oligonucleotide (bsm) or poly(dI-dC) (Fig.
3C). This suggests that transcriptional activation is mediated
directly by GLI2. To corroborate binding of GLI to this region
in vivo we performed ChIP (Fig. 3D) from GLI2act-HaCaT cells
induced for 48 h. As shown in Fig. 3D, ChIP analysis confirms
binding of GLI proteins to the predicted promoter region
within the active FST promoter.

Two of the Three Putative GLI Binding Sites Are Required for
Activation of the FST Promoter—Having shown that GLI2 binds
to sequences present in the FST promoter in vitro and in vivo,
we focused on the role of the individual binding sites. We
cloned a 3088-bp fragment comprising the putative GLI bind-
ing sites, the transcription start site, the first exon, and part of
the first intron into the pGL3basic luciferase reporter vector
(FSTprom) (Fig. 4A). As expected this FST promoter was acti-
vated by GLI2act, whereas neither GLI1 nor an activator form
of GLI3 (GLI3act) were able to significantly stimulate reporter
activity. The functionality of all constructs was confirmed using
the well characterized promoter of the GLI target gene PTCH
(PTCHprom)* (54) (Fig. 4B). To assess the role of each putative
binding site we introduced mutations at essential positions (see
“Experimental Procedures”) into bsl, bs2, and bs3, and both
bsl and bs3. FST luciferase reporter containing wild-type
(FSTprom) or mutated GLI binding sites (FSTprom-bslmut,
FSTprom-bs2mut, FSTprom-bs3mut, and FSTprom-bs13mut)
(Fig. 4C) were co-transfected with GLI2act into HaCaT cells.
Mutations in bs1 or bs3 or a combination of both almost com-
pletely abolished GLI2-dependent FST promoter activation
(Fig. 4D). Interestingly, mutation of bs2 did not result in any
reduction of promoter activity, although it binds the GLI2 zinc
finger domain in vitro as shown by EMSA (Fig. 3C). This obser-
vation is consistent with data showing that many consensus
GLI binding sequences within promoter regions are not bound
and/or not functional in vivo (55).°> The data show that GLI2
and the presence of two GLI binding sites, bs1 and bs3, within
the FST promoter are required for activation.

4 C. Schmid, unpublished data.
5 A-M. Frischauf, unpublished observations.
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FIGURE 3.The FST promoter contains three putative GLI binding sites. A, overview of the localization and sequence of three putative GLI binding sitesin the
human FST promoter. Numbers indicate distance from the transcription start site (according to RefSeq NM_013409). B, cross-species alignment of the region
surrounding the putative GLI binding sites shows high conservation between the indicated species. Putative GLI binding sites are highlighted in gray boxes, in
the first line, the consensus GLI binding site is indicated, and diverging bases are shown in lowercase. Arrows indicate the orientation of the putative binding
sites. C, EMSA analysis shows specific binding of recombinant GLI2 zinc finger domain protein to all three putative GLI binding sites in vitro. Specificity of
binding was tested by competing with increasing amounts of unlabeled oligonucleotide corresponding to either the wild type binding sequence (bs) or
mutated binding site (bsm) sequences or unspecific competitor dI-dC. D, chromatin immunoprecipitation shows specific binding of GLI2 to the FST promoter
in vivo. Chromatin isolated from induced GLI2act- or GLI1-HaCaT cells was precipitated with either specific (aGLI2 and aGLI1) or unspecific (normal 1gG)
antibodies. A 127-bp fragment (asterisk in A) spanning bs2 and bs3 of the FST promoter was amplified only from the specific precipitate, a 148-bp fragment
from the PTCH promoter was used as positive control. No amplification was detected from the unspecific precipitates and for a 284-bp fragment from the
promoter of the human acidic ribosomal protein PO (RPLP0) (negative control). A representative of three independent experiments is shown.

GLI2 Specificity Is Controlled by Regulatory Elements in the
FST Promoter—GLI1 and GLI2 bind in vitro to the same con-

shown in Fig. 54, deletion of fragment A led to an increase in
overall activation with concomitant loss of GLI2 specificity

sensus sequence (GACCACCCA) with comparable affinities
(11), suggesting that differences in target gene specificity are
primarily determined by interactions or combinatorial pro-
moter binding with cofactors rather than differences in binding
site affinity. We therefore set out to localize cis-regulatory
sequences that may serve as binding sites for potential cofactors
regulating GLI target specificity. Using luciferase reporter
assays we identified a 518-bp region (fragment A) downstream
of the GLI binding sites bs1 to bs3, which influences GLI2 spec-
ificity (Fig. 5A). A luciferase reporter construct (FSTdelA) con-
taining bsl and bs3 but lacking this 518-bp region (Fig. 54,
schematic) was co-transfected with either GLI1 or GLI2act or
an empty expression vector as control (pc) into HaCaT cells. As
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compared with the wild-type promoter (FSTprom) (Fig. 5A4).
Overall GLI1 activity when normalized to GLI2act (100%)
increases from ~5% on FSTprom to about 80% on FSTdelA,
which is comparable to the normal ratio of activation by GLI1
to GLI2act on unspecific promoters such as PTCH (Fig. 4B) or
the artificial GLI reporter construct 6bsSV40 (Fig. 5B, inset).
The increase in overall promoter activity of FSTdelA compared
with FSTprom suggests that the 518-bp fragment A contains
negative regulatory sequences which specifically GLI2 but not
GLI1 is able to override. In fact, fragment A by itself can medi-
ate GLI2 specificity as was shown by luciferase reporter assays
using the artificial reporter construct 6bsSV40 (Fig. 5B). When
fragment A is inserted to replace the SV40 promoter between
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FIGURE 4. The human FST promoter is predominantly activated by GLI2. A, luciferase reporter assay with a cloned 3088-bp fragment of the human FST
promoter (FSTprom, schematic drawing). HaCaT cells were co-transfected with FSTprom reporter construct and GLI expression constructs as indicated. Only
GLI2act expression resulted in strong activation of the FST promoter. B, activity of the expression constructs used in A was tested on a reporter construct
(PTCHprom) containing a 1313-bp fragment of the human PTCH promoter. C, activation of the FST promoter is dependent on two GLI binding sites. A schematic
view of constructs with mutated bs1, bs2, and bs3 is shown. D, luciferase reporter constructs were either co-transfected with GLI2act expression construct or
empty vector as control (pc, right graph). Mutation of bs1 or bs3 or a combination of both abolished GLI2act-dependent activation of the FST promoter, whereas

mutation of bs2 showed no influence on activation.

the 6xGLI binding sites sequence and the luciferase gene
(6bsFST-A), GLI2 specificity is conferred upon the unspecific
construct 6bsSV40 (Fig. 5B). In the absence of 6xGLI binding
sites (FST-A) no luciferase activity is observed (Fig. 5B). These
results suggest that the relative activities of GLI1 and GLI2 on
the FST promoter are controlled by sequences other than the
GLI binding sites. Although ChIP results show binding of GLI1
to upstream GLI binding sites (Fig. 3D), activation is only pos-
sible in the absence of fragment A pointing to modulation of
transcriptional activity by specific cofactors.

Preferential Activation of FST by GLI2 Is Mediated by a
Region C-terminal to the DNA Binding Domain—Having local-
ized the DNA sequences responsible for GLI2-specific activa-
tion of FST expression we next searched for domains within
GLI2 involved in specific activation of FST expression. Very
roughly, GLIs can be divided into the zinc finger DNA binding
domain flanked by an N- and a C-terminal part, which have
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been shown to contain many regulatory elements controlling
stability and activity. In another example of GLI2-specific acti-
vation, Regl and colleagues recently used a hybrid GLI protein
consisting of GLI2act with the zinc finger domain of GLI1
instead of GLI2 to show that the predominant activation of the
human BCL2 promoter by GLI2 is dependent on the presence
of the GLI2 zinc finger domain (44). Co-transfection of this GLI
hybrid (GLI121) (Fig. 6A) with the FST promoter produced no
increase in luciferase activity compared with wild-type GLI1
(Fig. 6B). It therefore seems likely that, in the case of FST,
sequences other than the zinc finger domain are responsible for
specific transcriptional activation. This is consistent with the
result that GLI1 is able to activate the FST promoter provided
that fragment A has been deleted (Fig. 54).

Numerous publications have described sequences in the
C-terminal region, which are important for post-translational
modifications, processing, and protein stability or for interac-
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expression vector (pc).

tion with other factors of the transcriptional machinery
(reviewed in Refs. 56 —58). The contribution of these sequences
to GLI target gene specificity is unknown. We therefore
exchanged the regions C-terminal to the zinc finger between
GLI1 and GLI2act, thus generating the chimeric constructs
GLI112 and GLI221 (Fig. 6A). GLI112 activates the FST lucif-
erase reporter almost as efficiently as GLI2act, whereas the
activity of GLI221 is strongly decreased (Fig. 6B). Both chimeric
proteins activate the PTCH reporter (PTCHprom) and the
6xGLI binding site promoter (6bsSV40) at comparable levels
(data not shown). These results suggest that the dramatic dif-
ference in activation potential on FST between GLI1 and GLI2
is mediated by sequences C-terminal to the zinc finger domain.
The transcriptional co-activator CBP/p300, which is required
for full transcriptional activity of the Drosophila GLI homo-
logue Cubitus interruptus (59, 60) has been shown to interact
with sequences in the C terminus of mammalian GLI3 (15) and
GLI2° (but not GLI1 (15). We addressed a possible involvement
of CBP in GLI2 activation of the FST promoter using a CBP-
specific small interference RNA-mediated knockdown. RNA
interference-mediated inhibition of CBP expression (supple-
mental Fig. S1C) did not affect the activation of the FST pro-
moter in response to GLI2 (supplemental Fig. S14), suggesting
that CBP does not play a major role in conferring GLI2 speci-
ficity of the FST promoter. It has been shown that a transacti-
vation domain at the C terminus of the GLI proteins is essential

S F. Aberger, unpublished results.
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for activation of target gene transcription (12, 24, 61). We
therefore exchanged the C-terminal 88 and 123 amino acids of
GLI1 and GLI2, respectively, to generate GLI1TA2 and
GLI2TA1 (Fig. 6A). Compared with the respective wild-type
GLIs the overall transcriptional activation potential of the chi-
meric proteins was decreased on both the unspecific 6bsSV40
and the FST promoter. GLI2TA1, however, still activates the
FST promoter much more efficiently than GLI1TA2 (Fig. 6C).
This indicates that, even though the C-terminal transactivation
domain is necessary for transcriptional activity, it does not
account for the specific activation of FST transcription by GLI2.
Together these results suggest that on selected promoters,
GLI2 is able to interact with protein factors/DNA sequences in
a way that GLI1 cannot.

GLI2 Antagonizes the Effect of activin A and BMP4 in Human
Keratinocytes—Having established the activin/BMP antagonist
FST as the GLI2 target gene we reasoned that GLI2 expression
should antagonize BMP and activin signaling and result in
repression of BMP and activin target genes, respectively. In
agreement with this hypothesis, GLI2 expression down-regu-
lated a panel of well established activin/BMP target genes
(GLI2act-HaCaT, Fig. 7A) such as ID1, IVL, MXD1, CDKNI,
SPRRI1A, SPRRI1B, and SPRR3 (62— 66), which in the absence of
GLI2 were induced upon BMP4 (Fig. 7B) or activin A (Fig. 7C)
treatment. By contrast, GLI1 expression in keratinocytes
(GLI1-HaCaT) only moderately reduced levels of activin/BMP
targets, consistent with its inability to induce high levels of FST
(Fig. 1A). Further, inhibition of activin signaling in HaCaT ke-
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ratinocytes by treatment with the specific transforming growth
factor-B/activin inhibitor SB431542 resulted in down-regula-
tion of activin target genes (Fig. 7C) to levels comparable to
those seen in GLI2- and FST-expressing cells (Fig. 7A). These
data support the model that GLI2 but not GLI1 can inhibit
activin/BMP signaling via activation of FST expression. Finally,
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it will be interesting to address the role of this antagonism in the
context of hair follicle morphogenesis and skin cancer in vivo.

DISCUSSION

Glil, Gli2, and Gli3, the mediators of the HH signal, share a
highly homologous zinc finger DNA binding domain and bind
the same consensus Gli binding sequence GACCACCCA with
comparable affinities (11, 53). The predominantly activating
factors Glil and Gli2 have overlapping and distinct functions
and show a high degree of tissue and context specificity in their
actions (13, 24, 27, 67). It is, however, difficult to define their
specific function, because of their functional redundancy dur-
ing embryonic development as is evident from studies in mice
(17-21) and their partly overlapping expression domains.

Here we provide evidence for distinct transcriptional activa-
tor function of GLI1 and GLI2. We show that the expression of
EST, an antagonist of activin/BMP signaling, is predominantly
up-regulated by GLI2 in human keratinocytes. We have found
that only GLI2 but not GLI1 nor GLI3 can activate FST tran-
scription from its promoter uncovering clear differences in tar-
get gene specificity of GLI proteins. In the 5’ regulatory region
of the human FST gene there are three highly conserved GLI
binding sites, of which only two are functional. Interestingly,
mutation of either site completely abolishes GLI2-mediated
activation, which may indicate binding of multiple GLI pro-
teins. Co-occurrence of two or more binding sequences has
been observed in other GLI-responsive promoters (44, 50) and
is integrated into a new bioinformatic approach for the identi-
fication of Gli target genes (11). Indeed, Nguyen and colleagues
(27) recently reported interactions of Gli proteins mediated by
their zinc finger domains.

The human BCL2 promoter is preferentially activated by
GLI2, and it is the DNA binding domain of GLI2 that is mainly
contributing to this specificity (44). GLI2-specific activation of
FST transcription is likely to be mediated by a different mech-
anism as we found no significant effect of the GLI2 zinc finger
domain on FST activation. Of note, GLI2-specific activation
depends not only on the presence of GLI binding sites but also
on sequences in a 518-bp fragment downstream of those sites.
Upon deletion of this region, GLI2 specificity is lost, and the
promoter becomes more similar to the PTCH promoter, which
can be activated by all GLI proteins to comparable levels. These
sequences also have the potential to transfer GLI2 specificity to
an artificial GLI-responsive promoter. In addition, we observed
a significant increase in overall promoter activity upon deletion
of the 518-bp region, which suggests the existence of negative
regulatory elements that can be de-repressed by GLI2 only, not
by the other GLI proteins. Although preliminary at this stage, it
is noteworthy that an in silico search for potential binding sites
of transcriptional activators and repressors within fragment A
(supplemental Fig. S2) identified a cluster of four potential
binding sites for ZFP161(ZF5), a zinc finger transcription factor
known to repress c-myc expression (68). Further, a potential
binding site for YY1 was found. YY1 is a prominent repressor of
transcription, also in epidermal cells (69, 70). Neither repressor
has yet been connected to HH/GLI signaling, and additional
studies are necessary to address their potential involvement in
the repression of FST expression. A common mechanism medi-
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FIGURE 7. GLI2 down-regulates activin A and BMP4 target genes in HaCaT keratinocytes. A, qRT-PCR
analysis of mMRNA levels of activin A and BMP4 target genes in HaCaT cells expressing either GLI1T (GLI1-HaCaT)
or GLI2act (GLI2act-HaCaT) for 24 h. B, qRT-PCR analysis of mRNA levels of the BMP targets SPRR1A, SPRR1B,
SPRR3,ID1,and CDKN1A in HaCaT cells treated with recombinant human BMP4 (400 ng/ml medium). C, mRNA
expression levels of the activin A target genes IVL, MXD1, and CDKNTA in HaCaT cells treated with either
recombinant human activin A (20 ng/ml medium) or with the synthetic transforming growth factor-B/activin
signaling inhibitor SB431542 (10 uMm) as indicated. The -fold change refers to the ratio of mRNA levels in treated
to untreated cells. Negative values reflect down-regulation of mRNA levels compared with untreated controls.

ating gene repression is DNA methylation in combination with
co-repressor proteins (reviewed in Ref. 71). Recently, it was
shown that in human adrenocortical cells the FST promoter is
methylated (72). Transcriptional repression is often accompa-
nied by a deacetylation of histone H3 and H4, characterizing a
less active transcriptional status. Chromatin immunoprecipita-
tion at the FST transcription start site did not detect a signifi-
cant difference between GLI1- and GLI2-expressing keratino-
cytes for acetylated histone H3 (supplemental Fig. S1D).
Whether DNA methylation and/or chromatin remodeling pro-
teins are involved in mediating GLI2-specific transcriptional
activation will be an interesting question to address in future
studies.

Although the importance of context-dependent regulation
of Gli function is evident, not much is known about target gene
specificity of the different Gli proteins, and only a limited num-
ber of interacting proteins directly involved in transcriptional
activation has been identified (15, 73—-77). From our results
with different chimeric GLI proteins we conclude that a region
C-terminal to the DNA binding domain is the main contributor
to GLI2-specific activation of the FST promoter. The amino
acid sequence of the C-terminal part of all Gli proteins is only
moderately conserved. In addition to several phosphorylation
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transactivation function of all three
Gli proteins in reporter gene assays.
However, our data suggest that this
domain is not responsible for GLI2-
specific activation of FST, although
it seems necessary for full GLI2
activity, pointing to a more complex
mechanism of FST activation by
GLI2.

It is known that the Drosophila
GLI homologue, Cubitus interrup-
tus (Ci) requires interaction with
the transcriptional co-activator
CBP/p300 for full transcriptional
activity (59, 60). In mammals such
an interaction has been described
for GLI3, while GLI1 does not con-
tain a potential CBP binding motif
and has been shown not to interact
with CBP (15). In contrast, GLI2
harbors a putative CBP interaction
motif, which contributes to activa-
tion of selected target gene promot-
ers.® However, for the activation of
the FST promoter by GLI2, our
results using CBP knockdown by
RNA interference suggest an ancil-
lary role only for CBP. This is further supported by the fact that
GLI3, although it has been shown to bind CBP, also lacks the
potential to activate FST transcription.

In human skin FST expression broadly overlaps the GLI2
expression domain previously shown by Ikram and colleagues
(16). In particular, strong FST expression was detected in the
ORS, most intense in a region referred to as putative stem cell
niche of human hair follicles (reviewed in Refs. 78 —80). This
also agrees with a recent report (52) showing that FST is a
potential marker for epidermal stem cells. It has been amply
demonstrated that HH/GLI signaling is essential for prolifera-
tion and downward growth of placode cells (reviewed in Ref.
81). Furthermore, GLI2 was shown to promote proliferation of
epidermal cells (36, 82) and to be indispensable for hair follicle
development downstream of HH (83), whereas activation of
BMP signaling inhibits hair follicle morphogenesis. Consistent
with a proposed role of GLI2 in antagonizing activin/BMP sig-
naling via up-regulation of FST, we have shown that GLI2
down-regulates a number of established BMP and activin target
genes in human keratinocytes. Several studies have shown that
balancing of BMP signaling is crucial for maintaining the integ-
rity of the ORS and for proper differentiation of cells in adjacent
layers of the hair follicle thus underscoring the importance of
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BMP antagonists in this process (reviewed in Ref. 40). Recently
it has been suggested that BMP antagonists may also play an
important role in expansion of BCC and that BMP proteins
inhibit proliferation and promote cell differentiation of BCC
tumor cells ex vivo. Accordingly, the BMP antagonist Gremlin 1
(GREM1) can reverse the effect of BMPs on BCC cells, thereby
promoting growth of tumor cells (62). We found FST expres-
sion in human BCC tumor islands and at highly elevated levels
in mouse BCC cell lines derived from Ptch-deficient mice. It is
therefore tempting to speculate that up-regulation of the
activin/BMP antagonist FST by GLI2 may represent a novel
mechanism of how aberrant HH signaling initiates and/or
maintains BCC growth.

In summary, we identified GLI2 as a specific activator of FST
in human epidermal cells. Its specificity depends on protein
sequences downstream of the zinc finger domain and on DNA
elements in the FST promoter pointing to a novel mechanism of
differential target gene regulation. It is likely to rely on selective
interaction of GLI proteins with unknown cofactors rather than
on selective DNA binding alone. Given the biological function
of FST in epidermal development, regulation of FST by GLI2
reveals a new regulatory interaction of HH/GLI and the activin/
BMP signaling pathways by which HH signaling may control
proliferation and differentiation in healthy and diseased epider-
mal tissue.
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