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The GLI gene is amplified in a subset of human tumors and encodes a protein product with five zinc finger
DNA-binding motifs. In this study, we show that the GLI gene product has a predominantly nuclear localization
and binds DNA in a sequence-specific fashion. Three GLI binding sites were identified by using a novel
procedure in which total human DNA was bound to a GLI recombinant fusion protein, and the polymerase
chain reaction was used to amplify and recover the bound sequences. The GLI protein protected a 23- to
24-base region within all three binding sites, and the protected region in each case included the 9-base-pair
sequence 5'-GACCACCCA-3'. One of the binding sites was contained within a 63-base-pair repeat of the
variable number of tandem repeat type, whereas the other two sites were represented once in the genome. The
approach used here to identify GLI binding sites should be applicable to the characterization of other zinc
finger proteins.

One of the major challenges in cell and tumor biology is to
define the interactions between a given protein and other
cellular components. In this report, we describe the first
steps at elucidating these interactions for a human zinc finger
protein, GLI. The GLI gene was originally identified and
cloned by virtue of its amplification and high levels of
expression in a human glioblastoma (8). Subsequently, the
GLI gene has been found to be amplified in other human
glioblastomas and in some liposarcomas, osteosarcomas,
and teratocarcinomas (20, 30; unpublished observations).
The GLI gene locus has been localized to 12q13.3 to 14.1, a
region frequently translocated in human lipomas, myxoid
liposarcomas, uterine leiomyomas, and pleomorphic adeno-
mas of the salivary gland (1, 8).

Analysis of the GLI gene sequence indicates that it en-
codes a 118-kilodalton (kDa) protein that contains five re-
peats of a zinc finger DNA-binding motif (9). The zinc finger
motif was first recognized in Xenopus transcription factor
HIlA (TFIIIA), which subsequently became the prototype for
a large family of zinc finger DNA-binding proteins (3, 15).
The GLI zinc fingers also have the H-C link first described in
the Drosophila Kruppel gene (4, 22). In this subfamily of
zinc finger genes, the C-terminal histidine from one finger is
linked to the next finger through the sequence HTGEKP.
The Drosophila Kruppel gene is a segmentation gene of the
gap class which regulates embryonic development (19). This
similarity to the Kruppel gene is particularly interesting
because of the expression pattern of GLI. GLI is not
expressed in most adult tissues but is expressed in embryo-
nal carcinoma cell lines and testes. The GLI gene is itself a
prototype for a family of human zinc finger genes; a probe
for the GLI zinc finger region was used to identify six other
zinc finger genes in the human genome (21). This family of
human zinc finger genes could be divided into two groups by
greater similarity to either the GLI (GLI, GLI2, or GLI3) or
Kruppel (HKRI, HKR2, HKR3, or HKR4) gene. By analogy
to other zinc finger proteins, we suspected that the GLI gene
also encoded a protein that could bind to DNA in a se-
quence-specific manner. This hypothesis was tested in the
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experiments described below. Specifically, a combination of
immunohistochemical experiments and a novel procedure
for isolating DNA sequences bound by proteins has shown
that the GLI gene product is a nuclear protein which can
bind to specific sequences within the human genome.

MATERIALS AND METHODS

Construction of a bacterial fusion protein. A full-length GLI
cDNA clone (pGLIK12) containing GLI nucleotides -79 to
3522 was constructed in pBluescript from partial cDNA
clones previously described (9). The CXY fusion protein
containing just the carboxy terminus of GLI was constructed
by cloning a StuI-XbaI restriction fragment of pGLIK12 into
the SmaI and XbaI sites of the expression vector pEX-1 (26).
StuI cleaves GLI at nucleotide 2308, and XbaI cleaves the
vector sequences flanking the 3' end of GLI. This construct
resulted in the fusion of the 117-kDa amino terminus of the
Cro-3-galactosidase hybrid protein to the carboxy terminus
of GLI (amino acids 771 to 1106). Similarly, the ZF fusion
protein containing the zinc fingers was constructed by clon-
ing a HincII-XbaI restriction fragment of pGLIK12 into the
SmaI and XbaI sites of pEX-2. This construction resulted in
the fusion of the 117-kDa amino terminus of the Cro-
3-galactosidase hybrid protein to amino acids 78 to 1106 of

GLI. The GLI zinc fingers are between amino acids 235 and
393. Fusion proteins were produced in Escherichia coli
pop2136, in which expression of the pEX Cro-,B-galactosi-
dase hybrid gene is regulated by the temperature-sensitive X
repressor c1ts857 (26). For production of proteins, cultures
of pEX vector-transformed cells were grown at 30°C to an
optical density of 0.5 at 550 nM. Fusion protein production
was induced by shifting the bacteria to 37°C for 1.5 h. The
bacteria were then harvested by centrifugation and sus-
pended in 1/100 volume of TEN (50 mM Tris hydrochloride
[pH 8.0], 1 mM EDTA, 50 mM NaCl), and kept on ice. Cells
were disrupted by sonication, and insoluble protein was
pelleted by centrifugation (10,000 x g for 10 min at 4°C). The
insoluble fusion pellets were washed with TEN, and the
pellets were stored at -70°C. The protein pellets retained
DNA-binding activity when thawed.
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Antibody production. The CXY fusion protein was purified
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (SDS-PAGE). Insoluble fusion pellets were solubi-
lized by boiling in SDS-PAGE loading buffer (63 mM Tris
hydrochloride [pH 6.8], 10%o glycerol, 5% 2-mercaptoeth-
anol, 2% SDS, 0.025% bromophenol blue). The proteins
were separated by electrophoresis on a 8% polyacrylamide
gel, and the fusion protein was excised and homogenized in
adjuvant. A female New Zealand rabbit was immunized with
a gel slice containing approximately 200 pug of fusion protein
in Freund complete adjuvant. The rabbit was given booster
injections 14, 51, and 85 days postimmunization with gel
slices containing approximately 200 jxg of fusion protein in
Freund incomplete adjuvant. Antisera for this study were
taken 13 days after the third booster injection. Antibodies for
Western blot (immunoblot) analysis and immunohistochem-
istry were affinity purified by binding to fusion proteins (7).
Antibodies reactive against the Cro-3-galactosidase portion
of the fusion protein were substracted by incubating 1 ml of
antisera with approximately 300 ,ug of insoluble Cro-p-
galactosidase (isolated from 30-ml culture). After 1 h on ice,
the insoluble protein and Cro-p3-galactosidase-reactive anti-
bodies were removed by centrifugation (10,000 x g for 5 min
at 40C). The substracted antisera was then incubated with
approximately 300 pug of insoluble CXY fusion protein for
1 h on ice. The GLI-reactive antibodies were then recovered
by centrifugation (10,000 x g for 5 min at 40C). The GLI-
reactive antibodies were released from the insoluble protein
by incubation in 500 ,ul of 0.2 M glycine (pH 2.3) for 5 min
on ice. After centrifugation, the supernatant was neutral-
ized with 70 ILI of 1 M Tris hydrochloride (pH 9.5) and a
second round of binding to GLI fusion protein was per-
formed. After elution from the insoluble pellet, the superna-
tant was neutralized as above and bovine serum albumin was
added to a final concentration of 5 mg/ml to stabilize the
protein.
Western blot (immunoblot) analysis. Total protein was

prepared by homogenizing and boiling D-259 MG cells (2),
Tera-1 cells (6), or adult human testis tissue, in SDS-PAGE
loading buffer. After electrophoresis through an 8% SDS
polyacrylamide gel, proteins were electrophoretically trans-
ferred to a polyvinyldifluoride membrane (Immobilon; Mil-
lipore). The membrane was blocked for 1 h in Blotto-TBS
(5% nonfat dried milk, 0.1% sodium azide in 100 mM Tris
hydrochloride [pH 7.5], 0.9%o NaCl [TBS]) and incubated for
2 h with affinity-purified GLI antibody (20 jig/ml) in Blotto-
TTBS (Blotto-TBS plus 0.1% Tween 20). Nonbound anti-
body was removed by washing in TTBS (TBS plus 0.1%
Tween 20) for 40 min with four buffer changes. The mem-
brane was then incubated with 125I-labeled goat anti-rabbit
antibody (3.6 ,Ci/,ug; 0.25 ,uCi/ml; Dupont) in Blotto-TTBS
for 1 h at room temperature. Nonbound antibody was
removed by washing as described above. Autoradiography
was performed with Kodak XAR-5 film and Dupont Light-
ning Plus intensifier screens at -70°C.

In vitro translation. GLI transcript was prepared by in
vitro transcription of XbaI-cleaved pGLIK12 with T3 DNA-
dependent RNA polymerase. Transcription was carried out
as previously described, except that 1 mM of the cap analog
G(5')ppp(5')G was included and GTP was reduced to 200,uM
(17). Transcripts were translated by using nuclease-treated
rabbit reticulocyte lysates (Promega) and [35S]methionine
following the conditions recommended by the manufacturer.
Translation products were analyzed on a 8% SDS polyacryl-
amide gel. After electrophoresis, gels were fixed, impreg-

nated with En3Hance (Dupont), dried, and exposed to
Kodak XAR film at -700C.
Immunohistochemistry. For the D-259 MG xenograft, 6-

pum-thick frozen sections were cut from tumor embedded in
O.C.T. (Miles Laboratories, Inc.) and mounted on slides
coated with Cell-Tak (Bio Polymers, Inc.). Tissue was
immediately fixed for 10 min at room temperature in 1%
(vol/vol) formaldehyde in Hanks balanced saline solution
(HBSS) and washed with HBSS. D-259 MG cells in culture
were grown on slides coated with Cell-Tak and fixed in 1%
(vol/vol) formaldehyde in HBSS. Cells were permeabilized
with 0.5% Triton X-100 in HBSS for 10 min and washed with
HBSS. Slides were then incubated for 20 min in TBS and
blocked for 1 h in Blotto-TBS. Sections were incubated with
primary antibody (10 to 20 pug/ml) in Blotto-TTBS for 1 h and
washed with TTBS for 15 min with three changes. Slides
were then incubated with biotinylated goat anti-rabbit (1.5
jig/ml; Vector Laboratories) in TBS for 0.5 h and washed
with TBS for 15 min with three changes. Immunoperoxidase
staining was performed with the Vectastain Elite ABC
System (Vector Laboratories). Complex formation and color
development was performed following the protocol of the
manufacturer, except that 0.04% nickel chloride was in-
cluded in the substrate solution.

Isolation of DNA sequences which bind to GLI. Sonicated
human DNA (200 to 300 base pairs [bp]) was converted to a
form suitable for whole-genome polymerase chain reaction
(PCR) by ligation to catch-linkers as previously described
(10). First-round binding was performed in 30 pR1 of DNA-
binding buffer (50 mM HEPES (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid), (pH 7.5); 50 mM KCl, 5 mM
MgCl2, 10 p.M ZnSO4, 1 mM dithiothreitol, 20o glycerol)
with 3 pig of poly(dI-dC) as competitor and 300 ng of
catch-linked DNA. A ZF fusion protein pellet (60 ,ug of total
protein) was suspended in this mix and incubated for 20 min
on ice. Bound DNA and fusion protein were recovered by
centrifugation (10,000 x g for 3 min at 4°C). The fusion
protein pellet was then washed twice by suspending it
in 1.5 ml of wash buffer (50 mM HEPES [pH 7.5], 150 mM
KCl, 5 mM MgCl2, 10 p.M ZnSO4, 1% Triton X-100, 0.05%
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FIG. 1. The GLI gene codes for a 15-kDa protein. (A) Detection
of GLI protein by Western blot analysis. Lanes were loaded with
100 pug of total protein from D-259 MG cells (lane 1), Tera-1 cells
(lane 2), or human testes (lane 3). An affinity-purified rabbit antibody
against GLI was used in conjunction with radiolabeled goat anti-
rabbit antibodies for this detection. The major polypeptide identified
was 150 kDa (lanes 1 and 2). Marker sizes (in kilodaltons) are
indicated to the right of the gel. (B) In vitro-translated GLI migrates
at the same position as in vivo-translated GLI. Nuclease-treated
rabbit reticulocyte lysates were programmed with either GLI tran-
script (lane 2) or no exogenous transcript (lane 1). Translation
products were analyzed by SDS-PAGE and fluorography. Marker
sizes (in kilodaltons) are indicated to the left of the gel.
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FIG. 2. Nuclear localization of GLI protein. (A) Low-power view of D-259 MG xenograft (right) and surrounding normal mouse cells (left)
stained with affinity-purified anti-GLI antibodies (10 ,ug/ml). Note the staining of the nuclei in the D-259 MG xenograft but not in normal mouse
tissue. (B) Low-power view of the same section as in panel A stained with the fluorescent dye 4,6-diamidino-2-phenylindole, which stains
DNA. The fluorescence in the xenograft nuclei (right) was quenched by the immunoperoxidase product. (C) Medium-power view of a D-259
MG xenograft section stained with purified normal rabbit IgG (20 ,ug/ml). Little staining is evident on comparison to the adjacent section
shown in panel D. (D) Medium-power view of D-259 MG xenograft stained with affinity-purified anti-GLI antibodies (10 ,ug/ml). (E)
High-power view of same slide as in panel D. (F) High-power view of a D-259 MG cell in culture stained with affinity-purified anti-GLI
antibodies (10 tug/ml). Arrowheads indicate the edge of the cell.

SDS), followed by centrifugation (10,000 x g for 5 min at
40C). Bound DNA was freed from ZF fusion protein by
digestion with proteinase K for 2 h at 50'C (500 ,ug of
Proteinase K per ml, 500mM Tris hydrochloride [pH 9.0], 20
mM EDTA, 10 mM NaCl, 1% SDS). DNA was further
purified by extraction with buffered phenol-chloroform
(PC9, 3 parts phenol: 2 parts chloroform: 2 parts 500 mM

Tris hydrochloride [pH 9.0], 20 mM EDTA, 10 mM NaCl),
followed by ethanol precipitation. Recovered DNA was then
amplified by using 25 cycles of PCR with catch-linkers as
primers. The bound and amplified DNA was then used as the
substrate for additional rounds of binding to the GLI fusion
protein. After three or four rounds of selection, libraries
were constructed and screened as previously described (10).
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FIG. 3. Identification of potential GLI binding sites. (T) Results of screening a library constructed from DNA that had been selected and
amplified four times. Approximately 300 recombinant plaques were represented on the membrane. The hybridization probe was the
fourfold-amplified and selected DNA. (A) Results of hybridization of the same membrane with clone Al. (B) Results of hybridization obtained
with clone Bi. In panel T, the plaques hybridizing to either clones Al or Bi are indicated by arrowheads.

Briefly, the amplified and selected sequences were cleaved
with EcoRI, taking advantage of EcoRI sites engineered into
the catch-linkers and cloned into XGT10. Sequences that
were enriched in the library were identified through plaque
screening with a radiolabeled probe prepared from the
amplified and selected sequences. Repeated sequences were
removed from the hybridization probe by preannealing with
human DNA as previously described (23). EcoRI inserts
from plaque purified phages were subcloned into pBlue-
script.

Individual EcoRI-cleaved plasmids were labeled for the
binding assay by filling in the cohesive ends with [a-
32P]dATP and the Klenow fragment of DNA polymerase I.
DNA binding was performed as described above, except that
10 ,ug of fusion protein and approximately 5 ng of labeled
plasmid DNA were used. The final recovered DNA was
analyzed by gel electrophoresis, followed by autoradiogra-
phy.

Nucleotide sequencing. Nucleotide sequencing was per-
formed on double-stranded plasmid templates as previously
described (11).

Southern blot analysis. Total DNA prepared from normal
human lymphocytes was cleaved with HaeIII or EcoRI,
separated by electrophoresis through an agarose gel, trans-
ferred to nylon membranes, and hybridized as previously
described (21). EcoRI inserts isolated from agarose gels (28)
were radiolabeled by the random primer method (5) and used
as hybridization probes.

Preparation of labeled inserts for gel retardation and DNase
footprinting. Inserts labeled on only one strand were pre-
pared by utilizing unique XbaI and HindIII vector sites that
flanked the insert on either side. Plasmid DNA was cleaved
with XbaI and labeled by filling in with the Klenow fragment
of DNA polymerase I and [a-32P]dCTP. Labeling was ter-
minated by extraction with PC9 and followed by ethanol
precipitation. The insert was then freed from vector by
digestion with HindIII. Labeling the opposite strand was
similar, except that the HindIII end was labeled and the
insert was freed with XbaI. For gel retardation and the
negative control for DNase footprinting, the inserts were
purified from a 5% polyacrylamide gel as previously de-

scribed (13). Inserts prepared from clone C1 in this manner
contained a dimer of the original binding site, because the
plasmid subclone had a double insert oriented as a direct
repeat.
DNase footprinting. DNA binding with approximately 100

ng of end-labeled plasmid per insert and 30 jig of GLI fusion
protein was performed as described above. After being
washed, the pellets containing bound DNA and GLI zinc
finger fusion protein were incubated for 1.5 min at room
temperature in 30 [lI of DNA-binding buffer containing 5, 25,
or 75 ng of DNase I per ml. DNase digestion was stopped by
the addition of 400 ,ul of a solution containing 500 ,ug of
proteinase K per ml, 500 mM Tris hydrochloride (pH 9.0), 20
mM EDTA, 10 mM NaCl, and 1% SDS. DNA was purified
by extraction with PC9 and precipitated with ethanol as
described above. Samples were dissolved in sample buffer
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FIG. 4. The cloned sequences bind GLI zinc finger fusion pro-
tein specifically. Clones derived from the screening protocol shown
in Fig. 3 were tested for binding to ZF fusion protein. Labeled DNA
from these clones was incubated with insoluble fusion protein and
centrifuged. DNA recovered from the supernatants (free) or the
fusion protein pellet (bound) were separated on an agarose gel and
visualized by autoradiography. Assays were performed with either
the ZF fusion protein (lanes 1) or the CXY fusion protein which was
devoid of the zinc finger region (lanes 2). The assay was performed
on EcoRI-cleaved plasmids containing either a human sequence
bound by Xenopus laevis TFIIIA (lanes marked N; 10) or with clone
Al (A lanes), clone B1 (B lanes), or clone Cl (C lanes). Vector
bands are denoted by v (2.9 kilobases) and insert bands are denoted
by i (100 to 300 bp).

VOL. 10, 1990

-V



638 KINZLER AND VOGELSTEIN

A
Al AAGAACACAGGAACCAACTGCAAGAGCTCCCGAAGACCACCCACAATGATGGTTGT

ATGTCAGAAGGACACAGGAACCAACTGCAAGAGCTCCCAAAGACCACCCACAATGATGGTTGT
ATGTCAGAAGGACACAGGAACCAACTGCAAGAGCTCCCAAAAACCACCCACAATGAT

A2 ACACAGGAACCAACTGCAAGAGCTCCCGAAGACCACCCACAATGATGGTGGT
ATGTTGAAAGGACACAGGAACCAACTGCAAGAGCTCCCAAAGACCACCCACAATGATGGTTGT
GTGTCAAAAGGACACAGGAACCAACTGTAAGAGCTCCTGAAGACCACCCAC

A3 CAAAGACCACCCACAATGATGGTTGT
ATGTCAGAAGGACACAGGAACCAACTGCAAGAGCTCCCAAAAACCACCCACAATGATGGTGGT
ATGTCAGATGGACACAGGAACCAACTGCAAGAGCTCCCGAAGACCACCCACAATGATGGTGGT
ATGTTGAAAGGACACAGGAACCAACTGCAAGAGCTCCCAAAGACCACCCACGATGATGGTTGT
GTGTCAAAAGGACACAGGAACCAACTGTAAGAGCTCCTGAAGACCACCCACAATGATGGTTTT
ATGTCAGAAGGATACAGGAACCAGCTGCAAGGGCT

A4 AAAAGACACAGGAACCAACTGCAAGAGCTCCCAAAGACCACCCACAATGATGGTTGT
GTGTCAAAAGGACACAGGAACCAACTGTAAGAGCTCCTGAAGACCACCCACAATGATGGTTTT
ATGTCAGAAGGATACAGGAACCAGCTGCAAGAGCTCCTGAAGACCACCCACAATGATGGTTGT
A

CON. 5' ATGTCARAAGGACACAGGAACCAACTGCAAGAGCTCCCRAAGACCACCCACAATGATGGTTGT 3'
3' TACAGTYTTCCTGTGTCCTTGGTTGACGTTCTCGAGGGYTTCTGGTGGGTGTTACTACCAACA 5'

B1 5' AAACCAGACGCGTGGACCACCCAAGACGAAATTCACACTCGACCCTAGCCCCGCCAGCCCTT 3'
3' TTTGGTCTGCGCACCTGGTGGGTTCTGCTTTAAGTGTGAGCTGGGATCGGGGCGGTCGGGAA 5'

C
C1 5' AGACCCAGGCACACAGATAGACCACCCAGCTTCAGGTGGGGGACCACCCTTGCATCCCCTCTCTGCT 3'

3' TCTGGGTCCGTGTGTCTATCTGGTGGGTCGAAGTCCACCCCCTGGTGGGAACGTAGGGGAGAGACGA 5'

D
Al 5' aagagctccCRAAGACCACCCACAATGATGGTtgtatgt 3'

3' ttctcgagGGYTTCTGGTGGGTGTTACTACCaacataca 5'

B1 5' aaccagacgCGTGGACCACCCAAGACGAAATTcacactc 3'
3' ttggtctgcGCACCTGGTGGGTTCTGCTTTAagtgtgag 5'

Cl 5' aggcacacaGATAGACCACCCAGcttcaggtgggggacc 3'
3' tccgtgtgTCTATCTGGTGGGTCGAAGTCCAccccctgg 5'

Al 5' aagagctccCRAAGACCACCCACAATGATGGTtgtatgt 3'
3' ttctcgagGGYTTCTGGTGGGTGTTACTACCaacataca 5'

FIG. 5. Nucleotide sequence of GLI binding sites. Nucleotide sequences of inserts from clones Al, A2, A3, and A4 (176, 166, 313, and
184 bp, respectively) are shown in panel A. A consensus for the 63-bp repeat (CON.) was derived from the four clones. Each nucleotide
specified was present in greater than 75% of the repeats. At two positions, a specific nucleotide could not be specified because the position
was equally split between A and G (R = purine; Y = pyrmidine). Also shown are the nucleotide sequences of clones Bi (B) and Cl (C), which
were 62 and 67 bp, respectively. In panels A, B, and C, the underlined and overlined sequences represent the regions on each strand which
were protected in DNase footprinting experiments. The three binding sites are aligned with one another in panel D. The dots between
sequences indicate identical nucleotides. The uppercase letters indicate the regions on each strand which were protected in DNase
footprinting experiments.

(40% formamide, 8 mM EDTA, 0.02% bromophenol blue, of the Maxam and Gilbert reaction for A and G performed on
0.02% xylene cyanol) and analyzed in a 6% acrylamide-8 M the same labeled inserts (14).
urea sequencing gel. As a negative control, 2 ng of end- Gel retardation assay. End-labeled inserts (0.1 to 0.5 ng)
labeled insert was treated with DNase I as described above, were incubated for 20 min at room temperature in 20 RI of
except that no fusion protein was present. Markers consisted DNA-binding buffer containing 2 Rg of poly(dI-dC) and 4 Rl
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FIG. 6. Clone A contains VNTR sequences, whereas clones B
and C are represented at low-copy numbers within the human
genome. Southern blot analysis were performed by using clone Al
(A), clone B1 (B), or clone C1 (C) as a hybridization probe. In panel
A, each lane contained 5 ,ug of DNA from normal human lympho-
cytes cleaved with HaeIII (lanes 1 through 4, male; lanes 5 through
9, female). The markers were HindIII-cleaved X phage DNA and
HaeIII-cleaved 4X phage DNA. For panels B and C, each lane
contained 5 ,ug of DNA from normal human lymphocytes cleaved
with EcoRI (lane 1, male; lane 2, female). The marker was BamHI-
EcoRI-cleaved adenovirus II DNA (IBI). Marker sizes (in base pairs
for panel A and in kilobases for panels B and C) are indicated to the
right of the gels.

of rabbit reticulocyte lysate translation reaction. Translation
reactions with and without GLI transcript were performed as
described above, except that [35S]methionine was not used.
For competition experiments, approximately 0.5 pug of
EcoRI-cleaved plasmid was added before adding the trans-
lation reaction mixture. Complexes were analyzed by elec-
trophoresis on a 6% glycerol-4.5% acrylamide gel as previ-
ously described (25). After electrophoresis (80V for 3 h), gels
were fixed in 5% methanol-5% acetic acid, dried, and
exposed to film.

RESULTS

Detection of GLI protein. As a first step in the analysis of
the GLI protein, a polyclonal antisera to GLI was generated.
A fusion protein (CXY fusion protein) containing 117-kDa
Cro-p3-galactosidase hybrid protein fused to the carboxy
terminus of GLI (amino acids 771 to 1106) was produced in
E. coli and used to immunize a rabbit. The resultant anti-
bodies were affinity purified and used for Western blot
analysis of proteins isolated from D259 MG cells, Tera-1
cells, and testes (Fig. 1A). The D259 MG cell line is derived
from a glioblastoma multiforme, contains a 75-fold amplifi-
cation of the GLI gene, and expresses high levels of GLI
transcript (8). Tera-1 is an embryonal carcinoma cell line
which expresses intermediate amounts of GLI transcript
(approximately 5 to 10 copies per cell), and testes express
only 1 to 2 GLI transcripts per cell, as judged by RNase
protection analysis (data not shown). In D259 MG cells, the
affinity-purified antisera to GLI detected one major protein
with a relative migration of 150 kDa and several smaller
polypeptide bands, which were probably degradation prod-
ucts (Fig. 1A, lane 1). GLI protein was also detectable in
Tera-1 (lane 2) and testes (lane 3). The levels of GLI protein
detected in Western blot analysis correlated well with the
levels of RNA transcripts in these cell types.
Because the observed migration of GLI protein was sig-

nificantly different from that expected based on its calculated
molecular mass of 118 kDa, we determined the relative
migration of an in vitro-translated GLI protein. GLI tran-

script was prepared from a full-length GLI cDNA and then
translated in vitro with rabbit reticulocyte lysates. The major
GLI protein synthesized in vitro also migrated with an
apparent molecular mass of 150 kDa (Fig. 1B, lane 2). Thus,
the discrepancy between the observed migration of GLI and
the calculated molecular mass was probably not due to
posttranslational modification but was intrinsic to its amino
acid sequence.

Intracellular localization of GLI. The GLI antibodies were
used to determine the subcellular localization of GLI pro-
teins in D259 MG cells by immunohistochemistry. Antibod-
ies to GLI specifically stained D259 MG cells grown as a
nude mouse xenograft but did not stain surrounding normal
mouse cells (Fig. 2A). No staining above background was
detected when normal rabbit immunoglobulin G (Fig. 2C)
was used in place of the anti-GLI antibody (Fig. 2D). In
individual D-259 MG cells grown in vivo (Fig. 2E) or in vitro
(Fig. 2F), the vast majority of GLI protein was found in the
nucleus. This localization was consistent with GLI being a
DNA-binding protein.

Identification of GLI binding sites. To identify potential
GLI binding sites, we modified a recently described tech-
nique in which whole-genome PCR is used to amplify
sequences selected by binding to a specific protein (10).
Briefly, total genomic DNA is sonicated to an average size of
a few hundred base pairs and the DNA fragments ligated to
catch-linkers consisting of a 20-bp DNA fragment synthe-
sized in vitro. Each catch-linker was engineered with half of
an XhoI site at its termini and an internal EcoRI site. The
ligation product was then cleaved with XhoI to separate
linkers ligated to themselves. The linked DNA was then in a
form that could be amplified by the PCR, using the catch-
linkers as primers. The DNA was then selected by binding to
an insoluble GLI fusion protein and the bound fragments
were purified. The small amount of DNA specifically bound
was amplified by using PCR, and these two steps (GLI
binding followed by amplification) were repeated to achieve
the desired purity. A fusion protein was chosen for a source
of GLI protein because a large quantity could be easily
isolated from bacteria and the insoluble nature of the protein
made it possible to easily separate bound DNA from free
DNA by centrifugation. Furthermore, we suspected that a
fusion protein would maintain legitimate DNA-binding ac-
tivity based on previous experiments with other P-galactosi-
dase fusion proteins which retain such activity (for a recent
review, see reference 24). The GLI zinc finger fusion protein
(ZF fusion protein) was produced in bacteria by using a pEX
vector construct containing a Cro-p-galactosidase hybrid
protein fused to amino acid 78 of GLI and extending to the C
terminus.

After a total of three cycles of binding to ZF fusion protein
and PCR, the amplified DNA was cleaved with EcoRI and
used to construct a library in XGT10. Approximately 10,000
recombinant plaques were screened with radiolabeled three-
fold-selected sequences to identify sequences enriched in the
library. Approximately 100 plaques were weakly positive,
and four of these were chosen for further characterization.
Subsequently all four clones (Al, A2, A3, and A4) were
shown to represent the same GLI binding site (class A
clones; see below). To identify additional binding sites, a
fourth round of binding and PCR was performed. A new
library was constructed from this DNA and screened with
fourfold-selected sequences. Approximately 5% of the
clones hybridized to the amplified DNA (Fig. 3T) and five
additional hybridizing clones which did not hybridize to the
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FIG. 7. DNase footprinting of GLI binding sites. DNase footprinting was performed with clone Al (A and A'), clone B1 (B and B'), and
clone C1 (C and C'). The regions protected in panels A, B, and C are from the lower strand of sequence presented in Fig. 5, whereas panels
A', B', and C' illustrate protections of the upper strand. Inserts bound in the presence (+) or absence (-) of GLI fusion protein were treated
with DNase I (lane 1, 5 ng/pul; lane 2, 25 ng/,ul; lane 3, 75 ng/4Ll). Markers (lanes M) were the same inserts labeled at one end and subjected
to the Maxam and Gilbert reactions for A and G. The brackets indicate the protected regions in each panel.

previously isolated binding site (Fig. 3A) were chosen for
detailed analysis.
To determine whether the hybridizing clones actually

bound to GLI protein, the inserts from the bacteriophage
clones were subcloned, radioactively labeled, and incubated
with the insoluble ZF fusion protein. Bound and free DNA
were separated by centrifugation, purified, and analyzed by
electrophoresis. Bindings were performed with the ZF fu-
sion protein containing the zinc finger domain (Fig. 4, lanes
marked 1) or with the CXY fusion protein containing only
the carboxy terminus of GLI (no zinc fingers) as a negative
control (lanes marked 2). Examples of the results of such an

experiment are shown in Fig. 4. The majority of insert
fragment from clone Al was bound by ZF fusion protein,
whereas no insert fragment was bound by CXY fusion
protein (Fig. 4, A lanes). In contrast, very little of the vector

fragment was bound by the ZF fusion protein. A clone with
a human TFIIIA binding site was tested and did not bind to
either the ZF or CXY fusion protein (Fig. 4, N lanes). Also
shown is the strong binding of clone Bi (Fig. 4, B lanes) and
the weaker binding of clone C1 (Fig. 4, C lanes). Of the nine
clones tested in this assay, seven bound specifically to the
GLI fusion protein containing the zinc fingers.
We next determined the nucleotide sequence of these

seven clones and found that the seven clones represented
three sequence classes. Clones Al, A2, A3, and A4 repre-
sented independent clones of a 63-bp tandem repeat (Fig.
5A). Clones Bi and B2 were identical and contained a 62-bp
insert, which was distinct from those of the class A clones.
Clone Cl contained a 67-bp insert, which was different from
those of both class A and B clones. A search of a nucleotide
sequence data base (Genbank R59, April 1989) indicated that
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FIG. 8. Intact GLI protein binds to the three clones. Gel retardation was performed with clone Al (A), clone Bi (B), or clone Cl (C). The
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these sequences have not been previously reported. South-
ern blot analysis was performed by using a representative
from each clone class. The analysis with clone Al indicated
that the number of repeats of the 63-bp sequence was highly
variable among the human DNA samples tested (Fig. 6A). In
the DNA from most individuals, two HaeIII fragments were
detected with this probe, although no HaeIII sites were
contained within the probe. Similarly, two variably sized
fragments were observed with other enzymes including
Hinfl and EcoRI. Thus, the 63-bp tandem repeat is a member
of the variable number oftandem repeat (VNTR) family, and
the alleles containing it are polymorphic. Southern blot
analysis with clones B1 and C1 indicated they were repre-
sented only once (or a small number of times) in the genome;
only one fragment was detected in Southern blots when
human DNA was digested with EcoRI or other enzymes and
the intensity of hybridization was that expected for a single-
copy gene (Fig. 6B and C).
To determine the sequence elements responsible for GLI

binding in these clones, we performed DNase footprinting.
DNase footprinting was performed in the presence of the ZF
fusion protein, as described in Materials and Methods. As a
control, end-labeled insert from each clone was isolated
from a gel and treated with DNase in a similar manner but
without binding to a fusion protein. Figure 7 shows the
results of DNase footprinting for both strands performed
with a representative clone of each class. Clone Al exhibited
two protected regions of 24 bp in both strands (Fig. 7A and
A'). The two protected regions corresponded to the same
regions of the two tandem repeats contained within this
clone. Clone B1 had a single protected region of 24 bp in
both strands (Fig. 7B and B'). Clone C1 had a protected
region of 23 bp on one strand but only 14 bp on the other
strand (Fig. 7C and C'). The region which was protected by
GLI are indicated for each clone in Fig. 5. The protected
regions from clones A and B were 63% identical (Fig. SD),
whereas the protected region in clone C was 50 and 54%
identical to the binding sites ofA and B, respectively. All the
binding sites had an invariant stretch of 9 nucleotides (5'-
GACCACCCA-3'), which coincided with the regions of
greatest similarity among the three clones.
To determine whether the binding of GLI zinc finger

fusion protein was representative of the intact protein, we
performed gel retardation with in vitro-translated GLI pro-
tein. The insert from clone Al was almost completely
retarded by the in vitro-translated GLI protein, but not by

rabbit reticulocyte lysates without GLI protein (Fig. 8A).
Furthermore, because of the repeated nature of this binding
site, a second retarded band could be observed, presumably
due to binding of a second GLI molecule. Competition
experiments demonstrated that a 100-fold excess of a non-
binding clone had no effect on retardation of 2B (Fig. 8A,
competitor N), whereas clone Bl (Fig. 8A, competitor B)
totally blocked binding and clone Cl partially blocked bind-
ing (Fig. 8A, competitor C). Similarly, the insert from clone
Bl was efficiently retarded by GLI protein. The results of
competition experiments were similar to those observed
with clone Al; a 100-fold excess of a nonbinding clone had
no effect on retardation, whereas clone Al totally blocked
binding and clone Cl only partially blocked binding (Fig.
8B). As expected, only a small fraction of clone Cl was
retarded (Fig. 8C). Thus, binding observed with the ZF
fusion protein was representative of the binding observed
with the intact GLI protein.

DISCUSSION
The amplification of GLI in some human cancers and its

specific expression patterns suggest that GLI plays a role in
human neoplasia and normal development. The presence of
five zinc fingers in GLI suggests that GLI might act by
binding to DNA. The nuclear localization of GLI and the
identification of sequences to which GLI can bind add
definitive support to this conjecture.
The three GLI binding sites identified had several notable

characteristics. First, all three clones had protected regions
that extended over 23 bp on at least one of the two strands.
Second, the three different binding sites had significant
similarity within the binding site, with an absolute conser-
vation of the 9-bp sequence 5'-GACCACCCA-3'. This 9-bp
region was not the sole determinant of binding, because the
strength of binding varied considerably between clone Cl
and the other clones. Third, the clone A type binding site
was within a VNTR, resulting in a large but variable number
of potential binding sites at this locus. The physiological
significance of this observation is unclear, but VNTR se-
quences are thought to be hot spots for recombinational
processes and are often in close proximity to expressed gene
sequences (12). No proteins which can bind to VNTR
sequences have been reported previously, but sites for other
regulatory proteins are sometimes repeated within promotor
regions (29).
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There exists a large number of zinc finger-containing
proteins whose binding sites have yet to be identified. These
proteins include testes determining factor (18), mouse onco-
gene evi-J (16), and early growth response gene EGR-1 (27).
The technique used here for identifying GLI binding sites
should allow identification of the binding sites for these other
zinc finger proteins. Furthermore, this approach might also
be extended to non-zinc finger DNA-binding proteins, since
other classes of DNA binding proteins maintain activity as
13-galactosidase fusion proteins (for a recent review, see
reference 24). Identification of single-stranded binding sites
should also be possible with this technique, because PCR
can be used to recover single-stranded sequences as easily as
double-stranded sequences. This approach is particularly
useful for genes identified solely through genetic means,
since isolation of the binding site does not require purified
proteins or specific antibodies. Moreover, these results
demonstrate that it is possible to detect bound sequences
which are present at low copy number within a complex
genome such as that of the human. Although the delineation
of specific sequences which bind to given regulatory proteins
represents only the first step in the complex analysis of
biological function, this step is an important one.
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