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ABSTRACT

INTRODUCTION
The Hedgehog (HH)/GLI signaling pathway plays a critical role
during vertebrate embryogenesis, during which it controls pattern
formation, proliferation, and differentiation of a number of different
cell types. Its pivotal role in development is underlined by the fact that
mutations leading to aberrant HH/GLI signaling can result in severe
developmental anomalies and tumor formation (1– 4).
HH signal transduction is initiated by binding of secreted and
post-translationally modified HH protein to the 12-pass transmembrane receptor Patched (PTCH), which in the absence of ligand
represses signaling by inhibiting the 7-pass transmembrane protein
Smoothened (SMOH). On ligand binding, the repressive activity of
PTCH is abrogated, allowing SMOH to transduce the signal toward
the nucleus by a complex mechanism that in vertebrates is not fully
understood at present (1, 5).
Binding of HH to PTCH induces the transcriptional activation of
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Aberrant activation of the Hedgehog (HH)/GLI signaling pathway has
been implicated in the development of basal cell carcinoma (BCC). The
zinc finger transcription factors GLI1 and GLI2 are considered mediators
of the HH signal in epidermal cells, although their tumorigenic nature and
their relative contribution to tumorigenesis are only poorly understood.
To shed light on the respective role of these transcription factors in
epidermal neoplasia, we screened for genes preferentially regulated either
by GLI1 or GLI2 in human epidermal cells. We show here that expression
of the key antiapoptotic factor BCL2 is predominantly activated by GLI2
compared with GLI1. Detailed promoter analysis and gel shift assays
identified three GLI binding sites in the human BCL2 cis-regulatory
region. We found that one of these binding sites is critical for conferring
GLI2-specific activation of the human BCL2 promoter and that the
selective induction of BCL2 expression depends on the zinc finger DNA
binding domain of GLI2. In vivo, GLI2 and BCL2 were coexpressed in the
outer root sheath of hair follicles and BCC and in plasma cells that
infiltrated BCC tumor islands. On the basis of the latter observation, we
analyzed plasma cell– derived tumors and found strong expression of
GLI2 and BCL2 in neoplastic cells of plasmacytoma patients, implicating
HH/GLI signaling in the development of plasma cell– derived malignancies. The results reveal a central role for GLI2 in activating the prosurvival factor BCL2, which may represent an important mechanism in the
development or maintenance of cancers associated with inappropriate HH
signaling.

GLI1 and/or GLI2, both members of the GLI family of zinc finger
transcription factors, which mediate the signal in the nucleus of
responsive cells by regulating HH-target gene expression. GLI1 and
GLI2 are expressed in overlapping yet distinct domains and have a
highly conserved zinc finger DNA binding domain, each binding to
the consensus GLI binding site GACCACCCA (6, 7).
Evidence indicates that aberrant HH signaling is involved in the
development of a number of different types of malignancies, including
medulloblastoma, rhabdomyosarcoma, and basal cell carcinoma
(BCC; refs. 8 –10). Deregulated HH/GLI signaling recently also has
been implicated in common highly aggressive cancers of the lung,
gastrointestinal tract, and pancreas, where it not only appears to be
involved in tumor formation but also in tumor maintenance because
the survival of transformed cells depends on active HH signaling
(11–13).
In the case of BCC, a wealth of data suggest that ligand-independent activation of HH/GLI signaling resulting either from PTCH loss
of function or from SMOH gain of function mutations represents the
primary genetic lesion sufficient to initiate and propagate carcinogenesis (14 –16). GLI1 and GLI2 are expressed at high levels in BCC, and
transgenic expression of human GLI1 or rodent Gli2 in mouse epidermis showed that the oncogenic HH signal could be mediated by
these transcription factors. Increased expression of GLI1 or Gli2
resulted in the formation of epidermal tumors including BCC, but the
frequency with which certain tumor types were induced was different
(17–20). Although these experiments convincingly showed that HHinduced tumorigenesis could be mediated by the increased activity of
GLI1 and GLI2, the relative contribution of each transcription factor
to tumorigenesis still remains to be addressed.
Distinct target gene specificities of Gli1 and Gli2 were revealed by
heterologous expression of Gli genes in Drosophila (21) and were
further supported by the finding that Gli2 acts in ventral mesodermal
patterning in amphibians independent of HH signaling. In this context,
Gli2 but not Gli1 was able to directly activate mesodermal patterning
genes (22). Conversely, Gli1 can compensate for the lack of Gli2
function when expressed from the Gli2 locus, indicating that Gli1 and
Gli2 regulate a similar set of target genes during early mouse embryogenesis. Later in development, however, new gain-of-function defects emerge, suggesting context-dependent regulation of the biological activities of GLI factors (23).
Whether GLI1 or GLI2 or a combination of both factors is required
for HH-induced tumorigenesis is still unclear. Recent evidence uncovered an essential role of Gli2 in transducing HH signaling during
hair follicle development in mice, whereas Gli1 function appears to be
dispensable for this process (24). By contrast, overexpression studies
and the strong expression of GLI1 in the majority of HH-associated
tumors argue that GLI1 plays a central role in mediating the oncogenic HH signal (20, 25–27).
To better understand the contribution of GLI1 and GLI2 in the
neoplastic conversion of epidermal cells, we compared the mRNA
expression profiles of GLI1- and GLI2-expressing human keratinocytes by cDNA array analysis and found that the key antiapoptotic
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Promoter Constructs and Luciferase Reporter Assays. For the construction of the BCL2 reporter plasmid, a fragment spanning 1.9 kb of the putative
promoter and 5⬘-untranslated region of human BCL2 (⫺1291 to ⫹610) was
cloned into pGL3 basic vector (Promega, Madision, WI) yielding BCL2prom
(1.9 kb). The cassette containing the three GLI binding sites (⫺1291 to
⫺1022) was deleted by SmaI digestion yielding BCL2prom (control) construct. The 244-bp cassette containing the three putative GLI binding sites was
isolated from the BCL2 promoter by SmaI restriction digest. The resulting
fragment corresponding to position ⫺1291 to ⫺1047 of the BCL2 promoter
was cloned into pGL3 promoter vector (Promega) yielding BCL2prom244.
Deletion constructs were generated as follows: for construct bs12,
BCL2prom244 was digested with NotI and MluI and the resulting fragment
cloned into SmaI-MluI– digested pGL3 promoter vector; construct bs23 was
generated by cloning a NotI-XhoI fragment into pGL3 promoter plasmid; and
construct bs3 was created by deleting binding sites 1 and 2 from the
BCL2prom244 construct by digestion with Bpu10I and MluI, followed by
religation.
For luciferase reporter assays, HaCaT cells (29) were grown in 12-well
plates to 80% confluence and triple transfected with the respective GLI
expression and luciferase reporter plasmids and a ␤-Galactosidase expression
vector
(pcDNA4/TO/lacZ; Invitrogen) for normalization. Luciferase activity
MATERIALS AND METHODS
was measured in a luminometer (Lucy 2; Anthos, Wals, Austria) using LucifCell Culture, Cell Transfections, and Retroviral Infection of Keratino- erase Assay Substrate (Promega) according to the manufacturer’s protocol.
cytes. HaCaT (29) and HEK-293 (ATCC CRL 1573) were grown at 37°C in Data were normalized for ␤-Galactosidase activity using o-nitrophenyl ␤-DDMEM (high glucose; Life Technologies, Inc., Rockville, MD) adjusted to pH galactopyranoside as substrate. LacZ activity was quantified by measuring
7.2 with 5 mmol/L HEPES, containing 10% FCS, 100 mg/L streptomycin, and absorbance at 405 nm on a Spectra Shell Microplate Reader (SLT, Salzburg,
Austria).
62.5 mg/L penicillin.
RNA Isolation and Real-Time PCR Analysis. Quantitative mRNA measThe T-REx system (Invitrogen, Carlsbad, CA) was used to generate doublestable HaCaT lines expressing GLI1 or NH2-terminally His-tagged GLI2 under urements by real-time PCR analysis were done as described previously (20,
the control of the tetracycline repressor. Transgene expression was induced by 30). Primer sequences for BCL2 were as follows: forward, 5⬘-TGG ACA ACC
the addition of 1 mg/L tetracycline (Invitrogen). Cells were transfected using ATG ACC TTG GAC AAT CA-3⬘; and reverse, 5⬘-TCC ATC CTC CAC CAG
SuperFect (Qiagen, Valencia, CA) according to the manufacturer’s instruc- TGT TCC CAT C-3⬘. Primers for amplification of PTCH and RPLP0 used as
tions. Expression of GLI1 and GLI2 in primary human keratinocytes by reference gene (32) and appropriate controls and calculations of fold inductions were as described previously (20, 30).
retroviral transduction was done as described previously (20, 30).
Western Blot Analysis. Detection of GLI1 protein was performed accordPlasmid Construction. For short hairpin RNA (shRNA) plasmid, construction oligonucleotides (see below) were annealed and cloned into ApaI/ ing to standard procedures using a polyclonal goat anti-GLI1 antibody (C-18;
EcoRI-digested pBS/U6 vector (31). To avoid off-target effects, shRNAs Santa Cruz Biotechnology, Santa Cruz, CA).
BCL2 protein expression in inducible GLI2-HaCaT cells was detected using
targeting GLI1 were designed to have at least three mismatches with any other
human mRNA sequence other than GLI1. The following oligonucleotides were a polyclonal mouse antihuman BCL2 antibody (clone 100; Santa Cruz Bioused: shRNA-A (targeting nucleotides 565 to 585 of GLI1; GenBank accession technology).
Recombinant GLI2 Protein Expression and Purification. For the prono. NM 005269): 5⬘-GGATGATCCCACATCCTCAGAAGCTTCTGAGGATGTGGGATCATCCCTTTTTG-3⬘ and 5⬘-AATTCAAAAAGGGATGAT- duction of recombinant GLI2 protein, the region coding for amino acids 1 to
332 of GLI2 was cloned into pHIS-Parallel2 bacterial expression plasmid (33).
CCCACATCCTCAGAAGCTTCTGAGGATGTGGGATCAT C3-⬘; shRNA-C (targeting nucleotides 3008 to 3028 of GLI1): 5⬘-GGCAAATAGGG- Protein expression was induced for 60 minutes in Escherichia coli strain BL21
CTTCACATAAAGCTTTATGTGAAGCCCTATTTGCCCTTTTTG-3⬘ and (Stratagene, La Jolla, CA) by the addition of 1 mmol/L isopropyl-1-thio-␤-D5⬘-AATTCAAAAAGGGCAAATAGGGCTTCACATAAAGCTTTATGTG- galactopyranoside (Sigma, St. Louis, MO). Protein purification was done via
AAGCCCTATTTGC- 3⬘; and shRNA-K (control): 5⬘-GGTGCACAATAGT- Ni-NTA agarose affinity chromatography (Qiagen) according to the manufacACTACGAAAGCTTTCGTAGTACTATTGTGCACCCTTTTTG3-⬘ and 5⬘- turer’s instructions.
Electrophoretic Mobility Shift Assay. Binding reactions for bandshift
AATTCAAAAAGGGTGCACAATAGTACTACGAAAGCTTTCGTAGTAassays were done as described previously (34). Five micrograms of purified
CTATTGTGCAC- 3⬘.
For the construction of the EGFP-GLI1 expression plasmid, the GLI1 His-tagged GLI2 protein and 40 ng of radioactively labeled double-stranded
oligonucleotides were added to the reaction and incubated for 25 minutes at
coding region with a silent mutation at position 3381 to destroy the internal
EcoRI site was cloned into HindIII/EcoRI-digested pEGFP-C1 vector (BD room temperature. In competition experiments, 40 ng or 2 g of specific
Biosciences, San Jose, CA). To generate Myc-tagged GLI1 protein containing unlabeled oligonucleotide were used per reaction. For unspecific competition,
a nuclear localization signal (NLS), the GLI1 coding sequence was cloned into 1.5 g poly(dI䡠dC) were added to the reaction. Samples were separated on 6%
StuI/XbaI-digested pCS2⫹NLSMT (gift from Dr. Dave Turner, University of polyacrylamide gels, exposed overnight, and scanned with a BAS-1800II
Michigan, Ann Arbor, MI). The resulting NH2-terminally NLS–Myc-tagged phosphorimager (Fuji Medical Systems, Stamford, CT).
Immunohistochemistry. Specimens from BCC or plasmacytoma patients
GLI1 was isolated by HindIII-XbaI digestion and shuttled into pcDNA4/TO
(diagnosed at the Institute of Pathology, St. Johann’s Hospital, Salzburg,
expression vector (Invitrogen).
The GLI121 expression construct was generated by sequentially fusing the Austria) and normal skin tissue were analyzed in this study. ImmunohistoNH2-terminal region of Myc-tagged GLI1 (amino acids 1 to 233), the zinc chemical staining for GLI2, GLI3, and BCL2 was performed on formalin-fixed
finger domain of GLI2 (amino acids 92 to 244), and the COOH-terminal region paraffin-embedded tissues (4-m sections) using standard streptavidin-biotinof GLI1 (amino acids 389 to 1106) by a PCR-based approach. This yielded a peroxidase (StreptABComplex/HRP Duet kit; DakoCytomation, Carpinteria,
GLI121 fusion protein with an NH2-terminal Myc-epitope but no NLS se- CA) and double-immunofluorescence techniques. GLI2, GLI3, or BCL2 proquence. Like GLI1, GLI121, human GLI2 (GenBank accession no. tein was detected with polyclonal goat anti-GLI2 antibody [GLI2-(N-20);
AB007296), and GLI3 (GenBank accession no. NM 000168) were cloned Santa Cruz Biotechnology; 1:100], polyclonal goat anti-GLI3 antibody [GLI3into pcDNA4/TO expression vector (Invitrogen). All of the constructs were (N-19); 1:100], and monoclonal anti-BCL2 antibody (DakoCytomation; 1:40),
sequence verified, and their expression was controlled by Western blot anal- respectively.
Primary antibodies were incubated at 4°C overnight, and after several
ysis.
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factor BCL2 was predominantly induced by GLI2. Intriguingly, Bigelow et al. (28) recently have established a direct link between
HH/GLI signaling and BCL2 expression, showing that GLI1 but not
GLI3 was able to stimulate the BCL2 promoter. The role of GLI2 has
not been addressed (28). Here we show that in human epidermal cells
the GLI2 oncogene is a potent activator of BCL2 expression compared
with GLI1. Detailed analysis of the BCL2 promoter identified a single
conserved GLI binding site that was essential for selective activation
by GLI2. We also show that the preferential activation of BCL2 by
GLI2 depends on the zinc finger domain of GLI2, implicating the
highly conserved DNA binding domain in selective target site recognition and differential gene regulation. These results, together with the
observation that GLI2 and BCL2 are coexpressed in BCC and plasmacytoma, suggest a predominant role for GLI2 in activating the key
prosurvival factor BCL2, thereby uncovering a potential mechanism
by which GLI2 contributes to tumor development in response to
deregulated HH signaling.

ACTIVATION OF BCL2 EXPRESSION BY GLI2

washes, detection was performed using biotinylated goat antimouse or biotinylated rabbit antigoat and horseradish-streptavidin-biotin complex (DakoCytomation), followed by development with diaminobenzidine. Specimens were
counterstained with hematoxylin.
For double-immunofluorescence staining, primary antibodies were applied
simultaneously, followed by incubation with biotinylated rabbit antigoat antibody, Alexa Fluor 555 goat antimouse (1:50), and Streptavidin-Alexa Fluor
488 (1:100; Molecular Probes, Eugene, OR). Positive and negative control
samples were included, and preabsorption controls using appropriate blocking
peptides (Santa Cruz Biotechnology) were performed. Confocal microscopy
analysis was done on a Zeiss LSM 510 laser scanning microscope (Zeiss,
Oberkochen, Germany).

RESULTS
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Predominant Activation of BCL2 mRNA Expression by GLI2
in Human Epidermal Cells. GLI1 and GLI2 have been implicated in
mediating HH signal transduction in BCC development, although
their specific contribution to epidermal neoplasia is unclear at present.
To elucidate their respective roles in tumorigenesis and to address
whether GLI1 and GLI2 display distinct target gene specificities, we
compared by cDNA array technology the mRNA expression profile of
the human keratinocyte cell line HaCaT either expressing GLI1 or
GLI2 under the control of the tetracycline repressor (20, 30). In this
screen, the key antiapoptotic factor BCL2 was identified as the target
gene preferentially induced by GLI2 compared with GLI1. The array
result then was analyzed in detail by quantitative real-time reverse
transcription-PCR analysis.
RNA isolated from pools of four independent HaCaT lines expressing GLI1 or GLI2 under tetracycline control was used for the measurements to minimize interclone variability. In GLI2-expressing HaCaT cells, significantly elevated levels of BCL2 mRNA were already
detected after 12 hours of tetracycline treatment (8.4-fold increase),
whereas in GLI1-expressing cells, the level of BCL2 mRNA was only
moderately higher at that time point compared with uninduced cells
(1.6-fold increase). The predominant induction of BCL2 mRNA expression by GLI2 also was observed at later time points (Fig. 1A). The
GLI1 and GLI2 HaCaT pools expressed comparable levels of transgene, showing that the differences in target gene activation are not
caused by differences in GLI1 or GLI2 expression levels (Fig. 1; see
Supplementary Data). The known direct GLI target gene PTCH also
was induced to comparable levels by GLI2 and GLI1 (Fig. 1B),
excluding the possibility that GLI1 protein was generally less active
than GLI2. The results were validated with retrovirally transduced
primary human keratinocytes expressing GLI1 or GLI2 for 72 hours.
Like in HaCaT cells, only GLI2 induced high levels of BCL2 mRNA
(7.1-fold induction by GLI2 versus 1.3-fold induction of BCL2 by
GLI1), whereas GLI2 and GLI1 stimulated transcription of PTCH
(Fig. 1C). Moderate activation of BCL2 mRNA expression in response to GLI1 was only observed at later time points (96 hours
post-transduction; data not shown). Induction of BCL2 expression in
response to GLI2 also was confirmed by Western blot analysis (Fig.
1D). Collectively, the data suggest that in human keratinocytes, BCL2
expression is predominantly activated by GLI2 in response to HH/GLI
signaling.
GLI2 Directly Activates BCL2 Expression by Binding to a
Short Region of the BCL2 Promoter Containing Three Closely
Spaced GLI Binding Sites. Recent work by Bigelow et al. on the
BCL2 promoter region has shown that GLI1 but not GLI3 can directly
activate BCL2 expression (28). The rapid and strong activation of
BCL2 expression in response to GLI2 prompted us to ask whether
GLI2 also directly activates the BCL2 promoter and if so, which
molecular mechanisms account for the selective activation of BCL2
expression by GLI2.

Fig. 1. Preferential induction of BCL2 expression by GLI2 in human keratinocytes. A,
real-time PCR analysis of BCL2 mRNA induction in HaCaT keratinocytes expressing
either GLI1 or GLI2 under tetracycline control. Transgene expression was induced by
tetracycline for the time indicated. Fold mRNA values represent the ratio of mRNA levels
in induced cells to mRNA levels in uninduced cells. B, analysis of PTCH mRNA
expression in response to GLI1 or GLI2. The same cells as described in A were used for
measurements. C, differential induction of BCL2 expression in primary human keratinocytes expressing either GLI1 or GLI2. Results shown in A–C represent the mean fold
induction calculated from three independent measurements. D, Western blot analysis of
GLI2-expressing HaCaT cells showing gradual increase in BCL2 protein levels following
induction of GLI2 expression by tetracycline (tet). Cells were either treated with tetracycline for the times indicated or left untreated.
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Fig. 2. GLI2-mediated activation of BCL2 expression involves three GLI binding sites
in the BCL2 promoter. A, sequence of three closely spaced GLI binding sites (bs1, bs2,
and bs3) identified in the BCL2 promoter. The same oligonucleotide sequences were used
for EMSA analysis. For reasons of simplicity, the complementary sequences are not
shown. The core binding sites with homology to the consensus GLI binding sequence are
underlined and in uppercase; bsm1, bsm2, and bsm3 represent mutated oligonucleotides
used for EMSA studies and competition experiments to show specific binding of GLI2 to
the wild-type sequences. The bp exchanges are indicated by lowercase letters. B, EMSA
analysis showing specific binding of recombinant GLI2 protein comprising the NH2
terminus and zinc finger domain. Only the wild-type GLI binding sequences bs1, bs2, and
bs3 were bound by GLI2. Point mutations at critical positions within the core binding site
(bsm) abolish binding. Binding of GLI2 protein to bs1, bs2, and bs3 could be competed
with excess wild-type binding sequences but not with poly(dI䡠dC) or bsm1, bsm2, or bsm3
oligonucleotides (data not shown), indicating that all three GLI binding sites are specifically bound by the GLI2 DNA binding domain in vitro. C, luciferase reporter assays
showing preferential activation of the BCL2 promoter [BCL2prom (1.9 kb)] by GLI2
compared with GLI1 and GLI3. The control reporter construct lacking the three GLI
binding sites [BCL2prom (cont)] was neither induced by GLI2 nor by GLI1. For
comparison, activation of a PTCH reporter by GLI1 and GLI2 is shown as inset.

7727

Downloaded from http://aacrjournals.org/cancerres/article-pdf/64/21/7724/2520215/zch02104007724.pdf by guest on 10 August 2022

In silico analysis of the human BCL2 promoter using the ScanAce
motif search program (35) revealed the presence of three closely
spaced putative GLI binding sites (bs1, bs2, and bs3) with significant
homology to the consensus GLI binding site GACCACCCA (ref. 6;
Fig. 2A). To address whether GLI2 is able to bind to these sequences,
we performed electrophoretic mobility shift assays (EMSAs). As
shown in Fig. 2B, all three sequences were specifically bound by the
GLI2 zinc finger, suggesting that like GLI1, GLI2 regulates BCL2
expression by directly binding to the BCL2 promoter. To corroborate
this, we isolated the putative BCL2 promoter region from position
⫺1291 to ⫹610 relative to the transcriptional start site (36) and
cloned the fragment containing the three GLI binding sites into a
luciferase reporter vector yielding BCL2prom (1.9 kb). As a control,
we used a reporter construct in which the three putative GLI binding
sites located within the region from ⫺1291 to ⫺1022 of the BCL2
promoter fragment were deleted [BCL2prom (cont); Fig. 2C, top].
The reporter constructs were tested in HaCaT keratinocytes for activation by GLI1, GLI2, or GLI3. To exclude that the weak induction
of BCL2 expression by GLI1—as observed in our real-time PCR
analysis— could be because of cytoplasmic rather than nuclear localization of GLI1 protein, we used a modified GLI1 construct that
directs GLI1 protein to the nucleus by the presence of an NH2terminal NLS. Consistent with previous results (28), GLI1 induced
BCL2 reporter activity (Fig. 2C). Activation of the BCL2 promoter by
GLI2, however, was ⬎10-fold stronger compared with GLI1-mediated reporter activation. By contrast, activation of a PTCH reporter by
GLI2 was only moderately stronger (1.8-fold) than activation by GLI1
(Fig. 2C, inset), showing a similar activator potential of both transcription factors. GLI3 did not significantly induce activation of the
BCL2 reporter, and neither GLI1 nor GLI2 was able to activate BCL2
reporter expression on deletion of the three GLI binding sites
[BCL2prom (cont); Fig. 2C]. Together with our studies on endogenous BCL2 mRNA levels in GLI1- and GLI2-expressing keratinocytes, these results suggest that among the three human GLI genes,
GLI2 is the predominant factor involved in the direct activation of
BCL2 expression in response to HH/GLI signaling.
Activation of BCL2 Expression by GLI2 Is Independent of
Endogenous GLI1. We have shown previously that GLI1 is strongly
up-regulated by GLI2 in human keratinocytes and that this is caused
by direct binding of GLI2 to the GLI1 promoter (20, 34). Therefore,
the strong activation of BCL2 expression in response to GLI2 may be
mediated by the increase of endogenous GLI1 protein. To determine
the contribution of endogenous GLI1 to activation of the BCL2
promoter in response to GLI2, we knocked down endogenous GLI1
expression in GLI2-transfected cells by small-interfering RNA technology (Fig. 3A and B). The knockdown efficiency was tested in
transient transfection assays, in which a cytomegalovirus promoter
GLI1-EGFP expression construct was cotransfected with shRNA targeting GLI1. As shown in Fig. 3B, shRNA-GLI1C reduced the levels
of GLI1-EGFP protein by ⬎80%.
In reporter assays, coexpression of shRNA-GLI1C and GLI2 did
not significantly reduce BCL2 promoter activation compared with
cells expressing GLI2 only (Fig. 3A), suggesting that activation of
BCL2 expression in human epidermal cells can be directly mediated
by GLI2 independent of GLI1.
The Zinc Finger DNA Binding Domain of GLI2 and GLI
Binding Site bs3 Is Required for GLI2-Specific Activation of the
BCL2 Promoter. Vertebrate Gli genes have been shown to bind to
the consensus Gli binding site (GACCACCCA; refs. 6, 37). This has
led to the hypothesis that the distinct biological activities of GLI
proteins rely on differential post-translational modifications, proteolytic processing, or specific interactions with transcriptional cofactors
such as CBP rather than on selective binding site recognition (38 – 41).
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Conversely, the lack of quantitative data on the affinity of the DNA
binding domains of different GLI proteins to variants of the consensus
Gli binding site makes it difficult to assess the role of the zinc finger
domain in mediating the distinct biological activities of GLI proteins.
We addressed the roles of the zinc finger DNA binding domain of
GLI2 and of the three GLI binding sites in the induction of BCL2
expression. We reasoned that if the zinc finger domains of GLI2 were
responsible for strong induction of BCL2 expression, replacing the
zinc finger domain of GLI1 with that of GLI2 would convert GLI1
into a strong inducer of the BCL2 promoter. To test this, we constructed a chimeric protein termed GLI121, consisting of the NH2terminal region of GLI1, the zinc finger domain of GLI2, and the
COOH-terminal region of GLI1 (Fig. 4B). The ability of wild-type
GLI2, GLI121, and NLS-tagged GLI1 protein to activate the BCL2
promoter and the contribution of each of the three GLI binding sites
to promoter activation were measured using the reporter constructs
shown in Fig. 4A.
In line with our results on the 1.9-kb promoter fragment of BCL2,
we found that the cassette comprising all three GLI binding sites
[bs123 ranging from ⫺1291 to ⫺1047 of BCL2prom (1.9 kb)] was
sufficient to recapitulate the GLI2-specific activation of the entire
BCL2 promoter [BCL2prom (1.9 kb); see above]. This suggests that
all of the cis-regulatory elements required for activation of BCL2
expression in response to GLI genes are located within the 244-bp
fragment analyzed. Induction of luciferase activity by GLI2 was
approximately four times higher compared with that of GLI1 (Fig. 4C;
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Fig. 3. GLI2-mediated activation of the BCL2 promoter is independent of endogenous
GLI1 expression. A, luciferase reporter assays showing that expression of shRNA directed
against GLI1 in GLI2-transfected cells (GLI2/shRNA-GLI1) has no significant impact on
the selective activation of the BCL2 promoter by GLI2. B, Cotransfection of shRNAGLI1C and EGFP-tagged GLI1 expression plasmid yields significantly lower GLI1
protein levels than cotransfection with control shRNA (shRNA-control), showing efficient
silencing of GLI1 transgene expression by shRNA-GLI1-C. Left, Western blot analysis of
cotransfected cells; right, fluorescence microscopy analysis of cells transfected with
EGFP-tagged GLI1 and shRNA-GLI1-C plasmid (pEGFP-GLI1/shRNA-GLI1C) or with
EGFP-GLI1 and control shRNA (pEGFP-GLI1/shRNA-control).

bs123). Intriguingly, the chimeric GLI121 protein was as efficient in
inducing reporter activity as wild-type GLI2, suggesting that the zinc
finger domain accounts for the different abilities of GLI2 and GLI1 to
activate the BCL2 promoter.
We next addressed the question of whether any one of the three GLI
binding sites is required for selective promoter activation by GLI2 and
GLI121, respectively. We found that construct bs12 containing binding sites bs1 and bs2 but lacking bs3 was only poorly activated by
GLI1, GLI2, and GLI121. Although bs1 has been identified previously as a critical site for GLI1-mediated activation of the BCL2
promoter (28), these results suggest that bs1 is not responsible for the
differential activation of the promoter by GLI1 and GLI2, respectively. By contrast, constructs bs23 and bs3 were strongly activated by
GLI2 and GLI121 but only poorly by GLI1, suggesting that bs3
represents the cis-regulatory element involved in mediating GLI2specific activation of the BCL2 promoter. Because no significant
difference between constructs bs23 and bs3 was observed, we propose
that bs2 only plays a minor role in mediating BCL2 activation in
response to HH/GLI signaling. The critical role of bs3 in mediating
selective BCL2 activation is further underlined by the fact that among
the three binding sites found in the human BCL2 promoter, only bs3
has been fully conserved between human, mouse, and rat, as shown by
sequence alignment of the respective genomic regions using PipMaker sequence comparison software (ref. 42; Fig. 4D). Notably,
although bs1 was not required for preferential activation of the BCL2
promoter by GLI2 and GLI121, it was required to achieve maximum
activation of luciferase activity, which may point to cooperative
binding of GLI2 to the BCL2 promoter.
GLI2 and BCL2 Are Coexpressed in Outer Root Sheath Cells
of Hair Follicles and BCC. To address the in vivo relevance of our
findings, we performed coexpression analysis of BCL2 and GLI2 in
normal skin and BCC. In line with previous reports on BCL2 and
GLI2 expression (20, 34, 43), both proteins were coexpressed in outer
root sheath cells of hair follicles (Fig. 5A and B) and BCC (Fig. 5C
and D). Notably, virtually all of the cells expressing GLI2 also stained
positive for BCL2, suggesting that GLI2 is likely to regulate BCL2
expression in vivo.
Coexpression of GLI2 and BCL2 in Infiltrating Plasma Cells
and Plasmacytoma. When we analyzed the expression pattern of
GLI2 and BCL2 in human BCC sections, we also detected strong
staining for either protein in immune cells that infiltrated the tumor
islands. The characteristic morphology of these BCL2/GLI2-positive
cells (excentric nucleus and a large cytoplasm) clearly identified them
as plasma cells (Fig. 5E and F), which prompted us to analyze the
expression of GLI2 in plasma cell– derived tumors, such as plasmacytoma of bone marrow, a malignancy characterized by the presence
of aberrant neoplastic plasma cells. For the analysis of GLI2 expression, we used bone marrow biopsies that had been diagnosed for
plasmacytoma by a histopathologist according to the World Health
Organization guidelines. Bone marrow biopsies derived from plasmacytoma patients revealed strong GLI2 expression specifically in malignant plasma cells (11 of 11 biopsies stained strongly positive for
GLI2; Fig. 6A). The specificity of the immunoreactivity was verified
by peptide-blocking experiments (Fig. 2; see Supplementary Data).
We next asked whether BCL2, which has been shown to play a critical
role in the development of B-cell neoplasia and plasmacytoma (44,
45), also is expressed in neoplastic plasma cells. As for GLI2, we
found strong expression of BCL2 in malignant cells of plasmacytoma
bone marrow biopsies (Fig. 6B, arrowheads). Weaker expression of
BCL2 also was detected in morphologically normal B cells (Fig. 6B,
small arrows). Coexpression of GLI2 and high levels of BCL2 were
confirmed by confocal microscopy analysis of double immunofluorescence staining of GLI2 (green) and BCL2 (red; Fig. 6C and D).
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Intriguingly, GLI2-positive cells expressed high levels of BCL2,
whereas GLI2-negative cells expressed significantly lower levels or
were even negative for BCL2. In contrast, expression of GLI3, which
might function as negative regulator of BCL2 transcription (28), was
strikingly different from that of GLI2. GLI3 was mainly expressed in
cells that stained only weakly for BCL2, whereas it was absent in cells
with high levels of BCL2, implying that neoplastic plasma cells do not
express significant levels of GLI3 (Fig. 6E and F). We also found
GLI1 expression in the bone marrow of plasmacytoma patients, but
unlike GLI2, which was exclusively detected in plasmacytoma cells,
GLI1 protein was expressed in a variety of cells with different
leukocytic differentiation (data not shown). These data suggest that
like in epidermal cells, GLI2 is likely to be involved in the regulation
of BCL2 expression in neoplastic cells of plasmacytoma patients,
thereby implicating HH/GLI signaling in the development and/or
maintenance of this highly aggressive B cell– derived malignancy.

DISCUSSION
GLI1 and GLI2 have been shown to act as positive mediators of
HH signaling in early vertebrate development and in tumorigenesis
(2, 46). Both factors, which have overlapping yet distinct biological activities, are highly expressed in BCC, but their relative
contribution to skin carcinogenesis in response to aberrant HH
signaling is unclear.
In this report, we provide evidence that GLI2 rather than GLI1 is
able to induce high-level expression of BCL2, although either factor
induces comparable levels of the known direct GLI target gene PTCH.
Together with the observation that GLI3 is unable to activate the
BCL2 promoter, this suggests that GLI2 represents the major GLI
factor involved in activation of BCL2 expression in response to
HH/GLI signaling. Given the pivotal role of BCL2 in promoting cell
survival and tumorigenesis, our results uncover a potential mechanism
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Fig. 4. The bs3 and the zinc finger domain of GLI2 are required for preferential
activation of the BCL2 promoter by GLI2. A, schematic illustration of the BCL2 reporter
constructs used to map critical binding sites. B, schematic illustration of the expression
constructs GLI1 (with NH2-terminal NLS), GLI2, and GLI121. The GLI2 zinc finger
domain is highlighted by a black box, and the GLI1 zinc finger domain is indicated by
a white box. C, luciferase reporter assays showing that preferential induction of the BCL2
reporter depends on the presence of bs3 and the GLI2 zinc finger domain. Cells were
cotransfected with different reporter constructs (bs12, bs23, bs3, or bs123) and either
empty control plasmid (pcDNA), NLS-tagged GLI1 (GLI1), wild-type GLI2, or GLI121
expression plasmids. Data show mean values of six independent transfection experiments. D, multiple sequence alignment of the human, mouse, and rat BCL2 promoter
region containing the three GLI binding sites (⫺1047 to ⫺1291). Dots represent conserved nucleotides, and dashes indicate nucleotides absent either in the human mouse
and/or rat sequence. Respective human/mouse/rat promoter sequences were downloaded
from the UCSC Bioinformatics Site (http://genome.ucsc.edu/) and aligned using PipMaker (http://bio.cse.psu.edu/pipmaker). Note that aligned sequences are shown in reverse orientation, according to the orientation of BLC2 on human chromosome 18q21.33.
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Fig. 5. Coexpression of GLI2 and BCL2 in the outer root sheath (ORS), BCC, and
infiltrating plasma cells. A and B, coexpression of GLI2 (green) and BCL2 (red) in the
ORS of hair follicles. Arrows depict regions with high levels of GLI2 and BCL2 protein.
Asterisk highlights unspecific staining of GLI2 and BCL2 in the hair canal. C and D,
coexpression of GLI2 and BCL2 in BCC tumor islands and (E and F) in plasma cells
infiltrating the tumor islands. Arrowheads denote plasma cells with typical characteristics
such as excentric nucleus and large cytoplasm.

by which overexpression of the GLI2 oncogene contributes to BCC
development.
By replacing the DNA binding domain of GLI1 with that of GLI2,
we showed that the zinc finger domain of GLI2 is responsible for
GLI2-specific activation of the minimal BCL2 reporter construct
comprising all three GLI binding sites. Notably, all of the amino acids
of the GLI1 zinc finger domain that establish base contacts with the
Gli consensus binding site GACCACCCA are conserved in the GLI2
zinc finger domain (ref. 47; data not shown). Together with the overall
high degree of sequence similarity between the GLI1 and GLI2 DNA
binding domain, it appears that only minor differences in the amino
acid sequence of the zinc finger domains of GLI transcription factors
can have a dramatic effect on the selective activation of GLI target
genes.
Detailed analysis of the cis-regulatory elements involved in the
activation of the BCL2 promoter in response to GLI1 and GLI2,
respectively, identified bs3 as the critical element involved in selective activation of the BCL2 promoter by GLI2. Unlike bs1 and bs2,
bs3 is fully conserved between mouse, rat, and human, suggesting that
preferential activation of BCL2 expression by GLI2 may represent a
common regulatory mechanism in mammals.
Bigelow et al. (28) recently identified bs1 (corresponding to bind-

Fig. 6. Expression of GLI2, BCL2, and GLI3 in bone marrow biopsies of plasmacytoma patients. A. Strong GLI2 expression was detected in neoplastic plasma cells (black
arrowheads) in the bone marrow. Inset shows aberrant malignant plasma cells (arrowheads) stained for GLI2 at higher magnification. B, strong BCL2 expression in neoplastic
plasma cells (arrowheads). Normal plasma cells express only moderate levels of BCL2
(thin arrows). C and D, confocal microscopy analysis of GLI2-BCL2 double immunostainings of bone marrow biopsies of plasmacytoma patients. Cells expressing high levels
of GLI2 (green, white arrowheads) also express increased levels of BCL2 (red). E and F,
double immunostaining of plasmacytoma biopsies for GLI3 (E) and BCL2 (F). Cells
expressing high levels of GLI3 protein (arrowheads) only express moderate levels of
BCL2 (arrowheads). Cells strongly stained for BCL2 (white arrows) are negative for
GLI3.
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ing site 4 in Bigelow et al. (28)) as the major site required for
activation of the BCL2 promoter in response to GLI1, whereas bs3
was not studied. In our experiments, bs1 had little effect on selective
reporter activation by GLI2 when analyzed in the absence of bs3 but
was able to increase reporter activity in combination with bs3. shRNA
knockdown of GLI1 also showed that activation of endogenous GLI1
by GLI2 is not required for high-level activation of the BCL2 promoter. Thus, a possible scenario for the activation of the BCL2
promoter could be that GLI2 preferentially binds to bs3, which then
would facilitate binding of another GLI2 molecule to bs1, a hypothesis that is consistent with our observation that full reporter activation
is more than additive and depends on the presence of bs1 and bs3.
Our results on coexpression of GLI2 and BCL2 in tumors of BCC
patients suggest that constitutive HH signaling induces BCL2 expression in BCC by enhancing the activity of GLI2. Aberrant HH signaling may thereby increase the viability of tumor cells. In a previous
report, we have shown that GLI2 can stimulate epidermal proliferation
by increasing the expression of genes required for G1-S phase progression and that GLI2 is able to antagonize epidermal differentiation
(30). Together with the findings presented in this study, the oncogenic
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activity of GLI2 in BCC therefore may rely on at least three distinct
functions: (a) stimulation of cell proliferation; (b) repression of epidermal differentiation; and (c) induction of prosurvival signals such as
BCL2.
When we observed GLI2/BCL2 coexpression in plasma cells infiltrating BCC tumor islands, we hypothesized a possible role of HH/
GLI signaling also in plasma cell– derived malignancies. This was
supported by a corresponding analysis of plasmacytoma samples.
These results are consistent with experiments in which enforced
expression of Bcl-2 significantly increased the incidence of plasmacytoma development in an appropriate mouse model, implicating
BCL2 in neoplastic plasma cell development most likely by increasing the cells’ resistance to apoptotic signals (45). Expression of GLI2
in malignant cells correlated well with high-level expression of BCL2.
Conversely, atypical plasma cells expressing high levels of BCL2
were negative for GLI3, which mainly acts as a repressor of Hh/Gli
target genes. In future experiments, it will be important to address the
question of whether an increase in GLI2 activator function in plasma
cells will result in increased proliferation and/or cell viability at the
expense of terminal B-cell differentiation.
In summary, the observation that preferential activation of BCL2
expression by GLI2 depends on the GLI2 zinc finger domain and a
single conserved GLI binding site in the BCL2 promoter uncovers a
mechanism of differential target gene regulation by GLI proteins,
which relies on selective binding site recognition rather than the
requirement for additional coactivators. The predominant role of GLI2
in the activation of the key antiapoptotic factor BCL2 reveals an
additional molecular pathway by which aberrant HH signaling may
induce or maintain tumor development. Its ability to stimulate cell
proliferation, to repress epidermal cell differentiation, and to activate
prosurvival signals make GLI2 an attractive molecule to be targeted
for therapeutic purposes in future experiments.

