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Previous characterization of GLI, a gene found to be amplified and expressed in a subset of human brain
tumors, revealed the presence of five tandem zinc fingers related to those of Kruppel (Kr), a Drosophila
segmentation gene of the gap class. We have used the GLI cDNA as a molecular probe to isolate related
sequences from the human genome. Partial characterization of six related loci, including sequence determi-
nation, expression studies, and chromosome localization, revealed that each locus could encode a separate
finger protein. The predicted proteins all had similar H-C links, i.e., a conserved stretch of 9 amino acids
connecting the C-terminal histidine of one finger to the N-terminal cysteine of the next. On the basis of amino
acid sequence and intron-exon organization, the genes could be placed into one of two subgroups: the GLI
subgroup (with the consensus finger amino acid sequence [Y/FJXCX3GCX3[F/Y]X5LX2HX4H[T/S]GEKP) or
the Kr subgroup (with the consensus finger amino acid sequence [Y/FJXCX2CX3FX5LX2HXRXHTGEKP).
Unlike GLI or Kr, most of the newly isolated genes were expressed in many adult tissues. The predicted proteins
probably control the expression of other genes and, by analogy with Kr and GLI, may be important in human
development, tissue-specific differentiation, or neoplasia.

One of the principal objectives of molecular biology is to
gain an understanding of mechanisms resulting in specific
temporal and spacial patterns of gene expression. Among the
proteins important in this regard are those containing distinct
DNA-binding regions. In Drosophila melanogaster, two
classes of such proteins have been identified, containing
either homeo box regions or zinc fingers in their putative
DNA-binding domains. Homeo box regions were first de-
tected in the antennapedia and fushi tarazu genes and have
subsequently been identified in other Drosophila develop-
mental genes (19). The homeo box elements are conserved in
genes of a diverse array of species, and recent experiments
have indicated a role for such proteins in mammalian em-
bryonic development (for a review, see reference 20).

Zinc fingers were first identified in the Xenopus transcrip-
tion factor TFIIIA (6, 37). Such fingers have been proposed
to bind specific nucleic acid sequences while tetrahedrally
coordinating a metal ion (zinc) via conserved cysteine and
histidine residues (23, 37). Zinc fingers have been found in
many regulatory genes (2, 16, 32, 58, 62). A family of zinc
finger genes related to Kruppel (Kr) is particularly relevant
to the present work. The Drosophila gene Kr is a member of
the gap class of segmentation genes, and thoracic and
anterior abdominal segments fail to form in Kr mutant
embryos (44). Kr encodes a chromatin-associated phospho-
protein (41) which contains five zinc fingers with the consen-
sus sequence (Y/F)XCX2CX3FX5LX2HX3HTGEKP, in
which X can be any amino acid (46). These consensus
features, including the H-C link (the amino acid sequence
HTGEKP(Y/F)XC connecting the histidine of one finger to
the cysteine of the next), define the Kruppel family of zinc
finger genes (49). Conservation of the contiguous stretch of
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nucleotides encoding the H-C link has allowed cloning of
Kruppel-related genes from D. melanogaster, mouse, and
frog by hybridization with Kruppel cDNA at low stringency
(10, 47, 49). Each of these Kruppel family members has been
shown to be expressed in embryonic cells, suggesting a role
for them in normal development.
Our interest in this family of genes was sparked by the

identification of the GLI gene as a member of the Kruppel
family (31). The GLI gene was discovered by virtue of its
amplification in a subset of human brain tumors (30). Se-
quencing of GLI cDNA clones revealed the presence of five
tandem fingers connected by H-C links similar to those of
Kruppel. The fact that a structural motif proposed to medi-
ate sequence-specific nucleic acid binding is found both in
Drosophila developmental genes and in a gene implicated in
human neoplasia suggested that other genes of this class
might prove important in normal or disease states. Indeed,
other genes important in neoplasia, such as N-NYC (33, 50),
L-MYC (38), HER-2 (12, 29), and N-RAS (54), were identi-
fied partly through their homology to previously identified
oncogenes. Similarly, genes of potential importance in de-
velopment have been identified through sequence similarity
to known developmental genes (e.g., the HOX family of
genes in mammals; 11, 34, 35). We have therefore used a
GLI cDNA fragment which encodes the finger region to
isolate related human sequences. Six distinct loci were
identified in this manner and shown to be present on five
different chromosomes. Partial sequencing revealed that
each had open reading frames capable of encoding fingers
with H-C links. Unlike Kruppel family genes previously
identified in other species, most of these sequences were
expressed in several adult tissues. Further study of these
genes may provide insights into transcriptional mechanisms,
normal human development, and/or neoplasia.
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MATERIALS AND METHODS

Library construction. Genomic DNA was purified from
mouse xenografts of the glioblastoma multiforme cell line
D320MG (25a) as described previously (61). After partial
MboI digestion, DNA was size fractionated by sucrose
density gradient ultracentrifugation. The fractions contain-
ing 17- to 24-kilobase fragments were cloned into the BamHI
site of Lambda Fix (Stratagene) after partial fill in of MboI
ends according to the instructions of the manufacturer. The
ligation product was packaged with lambda phage extracts
(Stratagene) and used to infect Escherichia coli C600 cells.
DNA from the resulting plaques was lifted with Colony
Plaque Screen nylon membrane (Dupont, NEN Research
Products) and bound by treatment with 0.4 M NaOH for 15
min (45). The filters were hybridized to a GLI finger probe
(pGLIMBD) containing a 395-base-pair fragment of GLI
cDNA spanning fingers 2 to 5 and containing nucleotides 873
to 1267 (31). Three rounds of plaque selection via hybridiza-
tion and subsequent replating were used before purified
DNA from individual plaques was analyzed.
DNA hybridization. After digestion with EcoRI or HindIII,

genomic or phage DNA fragments were separated by elec-
trophoresis through 1% agarose gels and transferred to nylon
as described (45). DNA was labeled with 32P by oligo
labeling (17) and hybridized as described (61), except that
nonfat dried milk was used (0.5%) (26), and 10% polyethyl-
ene glycol was included. For reduced-stringency experi-
ments, Southern blots or plaque lifts were hybridized at 55°C
and washed at 55 to 600C in 0.3x SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) and 0.3% sodium dodecyl
sulfate (SDS) for 1 h. For normal stringency, the same wash
solution was used but at 65°C for 1 h.
Plasmid subcloning. For isolation of subclones from

recombinant bacteriophage, EcoRI, HindIII, or EcoRI-SalI
fragments which hybridized to pGLIMBD were separated
from other fragments by electrophoresis and eluted from the
gel (60). (SailI sites are adjacent to the BamHI cloning sites in
Lambda Fix). Fragments were subcloned in alkaline phos-
phatase-treated Bluescript M13 + KS vector (Stratagene).
For isolation of finger-containing sequences in smaller frag-
ments for sequencing, these plasmid subclones were di-
gested with several restriction endonucleases which had
4-bp recognition sites. The fragments were separated by
electrophoresis in 1.5% agarose gels and studied by South-
ern blot analysis by using the pGLIMBD probe. Hybridizing
fragments were eluted from agarose gels, and the ends were
filled in with the Klenow fragment of Poll. These blunt-
ended fragments were ligated into the EcoRV site of Blue-
script KS. Resulting clones were digested with EcoRI and
HindIll, and the inserts were recloned into the same sites of
Bluescript SK for sequencing in the opposite direction.
Thus, for each of the six loci indicated in Fig. 1, three sets

of clones were generated: the original phage clone, a plasmid
subclone with a large insert containing the finger region (Fig.
1), and small subclones of these plasmids which contained
the pGLIMBD hybridizing regions and which were used for
sequencing (Table 1). Two phages contained sequences that
hybridized to non-zinc finger regions of the GLI cDNA
probe (see text). Subcloning and sequencing of these regions
were done in the same way as described above for the finger
regions. The large subclone of GLI2 which hybridized to the
upstream probe of GLI contained the 1.0-kilobase EcoRI
fragment located 7.6 kilobases to the left of pGLI2RR (Fig.
1).

Sequencing. Sequencing was performed by the chain ter-

mination method with modified T7 polymerase (53). Single-
strand templates were obtained from subclones in Bluescript
by using fl helper phage R408 (48). Most sequences were
obtained by using data from both strands. The labeling and
electrophoresis conditions we employed precluded sequenc-
ing of the terminal 10 to 15 bases at the end of each plasmid
insert.

Ribonuclease protection. Total RNA was isolated by the
acid-guanidium extraction method described by Chom-
czynski and Sacchi (9). 32P-labeled RNA transcripts were
generated in vitro from the sequencing subclones described
above by using T3 or T7 RNA polymerase. Ribonuclease
protection was performed as described (63) with the follow-
ing modifications: hybridizations were performed in a final
volume of 10 ,ul; only RNase A at 12.5 ,ug per ml was used;
and the RNase A and proteinase K digestions were per-
formed at room temperature for 30 min. Tera-1 cells (18)
were obtained-from the American Type Culture Collection.
NTera-2 was generously provided by P. Andrews (1).
Chromosome localization. Southern blot analysis of hu-

man-rodent somatic cell hybrid DNA (8, 28, 39, 40) was
performed by using inserts from the sequencing subclones
described above.

RESULTS

Isolation of GiL-related sequences. To identify GLI-related
sequences, a fragment of GLI cDNA encoding fingers two to
five was subcloned (pGLIMBD) as described in Materials
and Methods. Reduced stringency hybridization with this
probe to Southern blots of human DNA revealed several
bands not seen at normal stringency (not shown). To clone
these sequences, 800,000 recombinant bacteriophage (4.5
genome equivalents) from a human genomic library were
screened by using the same reduced stringency conditions.
Fourteen phages were identified through this screen. Anal-
ysis Qf phage DNA revealed seven unique restriction maps.
One set of clones represented the GLI locus, and the others
represented six new loci. Comparison of the sizes of hybrid-
izing fragments in the phage clones with those seen in
genomic Southern blots revealed that most of the sequences
detected in the Southern blots had been cloned.

GLI-related sequences encoded fingers similar to GLI or Kr.
Representative phages from each of the six loci defined by
restriction mapping were chosen for further study (Fig. 1).
For each of the loci, regions of the phage which hybridized
to pGLIMBD were subcloned in plasmid vectors. Sequenc-
ing of these subclones revealed open reading frames encod-
ing fingers with H-C links for each of the six loci (Fig. 2). No
in-frame stop codons were found within the fingers. Intron-
exon junctions were predicted adjacent to the finger regions
on the basis of consensus splice sequences (51).

Analysis of the predicted amino acid sequences showed
that the clones could be placed into one of two subgroups.
Two of the six loci (GLI2 and GLI3) encoded fingers that
were very similar to those of GLI and MGLI (the mouse
homolog of GLI). GLI2 and GLI3 had 89% and 84% of their
residues in common with GLI in the finger regions, respec-
tively (Fig. 3A). Over the 50-amino-acid region for which
GLI, GLI2, and GLI3 sequences were all available (i.e.,
from the middle of finger 1 to the amino terminus of finger 3),
GLI2 and GLI3 were more similar to each other (92% amino
acid identity) than either was to GLI (84% amino acid
identity for each).
Alignment of GLI2, GLI3, and MGLI genomic sequences

with the GLI cDNA sequence and identification of consen-
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FIG. 1. GLI-related loci. Reduced-stringency hybridization of pGLIMBD to a phage library allowed isolation of clones containing
related sequences. Representative phage for each of the six new loci identified are shown. EcoRI (R) and HindIll (H) recognition sites within
the phages are illustrated. M indicates the MboI site at the junction between human and phage sequences. Brackets below the maps indicate
restriction fragments not ordered with respect to one another. Subcloned regions which hybridize to pGLIMBD are shown as open boxes (for
plasmid names see Table 1). Hybridization of plasmid subclones to DNA from human-rodent hybrid panels was used to determine
chromosome localizations of the six different loci (shown on the right).

sus splice donor and acceptor sequences allowed prediction
of intron-exon junctions. Each of the nine predicted intron-
exon junction sequences examined showed that the positions
of predicted splice junctions within the finger region were
exactly conserved (Fig. 3A). For both GLI2 and GLI3, the
sequences predicted an exon extending from the middle of
finger 1 to near the beginning of finger 3. For GLI2, the
sequence predicted another exon extending from upstream
of the middle of finger 3 (where the sequence was truncated

during cloning) to the C-terminus of finger 4. The conserva-
tion of intron-exon junctions and the conservation of amino
acid sequences within individual fingers supported the hy-
pothesis of a common evolutionary origin for this subgroup
of genes (the GLI subgroup).
The four other finger-related clones demonstrated amino

acid and nucleotide similarity to GLI only in the H-C link
and in the other consensus residues (i.e., C-C-F-L-H-H)
found commonly in many finger proteins. The H-C link

TABLE 1. Loci, phages, and clones used in this study

Large
Locus Phage plasmid Sequencing plasmid subclone

subclone"

GLI2 XMBD2 pGLI2RR pGLI2RR-BstNI-600
GL12 XMBD7 pGLI2RS pGLI2RS-TaqI-480b
GLI3 XMBD3 pGLI3HH pGLI3HH-HaeIIIj640b
HKRI XMBD1 pHKRlRS pHKR1RS-RsaI-680b
HKR2 XMBD4 pHKR2HH pHKR2HH-Hinfl-325b
HKR3 XMBD6 pHKR3HH pHKR3HH-MspI-490b
HKR4 XMBD9 pHKR4RS pHKR4RS-BstNI-400
HKR4 XMBD9 pHKR4RS pHKR4RS-BstNI-450b
GLI2 XMBD2 pGLI2RR-2 pGLI2RR-2-HaeIII-440'
HKR3 XMBD6 pHKR3HH pHKR3HH-HPX-550'

a The plasmid subclone names include the genomic restriction fragment used as insert (H, HindlIl; R, EcoRI; S, Sall; P, Pstl; X, XbaI) and, in the case of the
small subclones used for sequencing, the size of the insert. Thus, the plasmid pGLI2RR-BsINI-600 refers to a plasmid subclone of pGLI2 RR (boxed in Fig. 1)
containing a 600-bp BstNI insert.b Subclone used for RNase protection, chromosome localization, and cross-species hybridization studies.

Subclone isolated by hybridization with non-zinc finger regions of GLI cDNA (see Materials and Methods).
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6LI2 TGCCAATATA1ACG0TCACTTTGAGGACTGATTGGAAATGCAGGGCAGATAACGGCACGCAGTAGGCCTcATTTAAGGCAGCTAGTGATGATTCATGAGGA6CGT66CCCTC 120

GTAGGGGTGGTCTTGTTGGGTCAGTGGTCTGCGTATAGTAGGTGGGATGGGCAATGAGGAGCACGGTCTGAACATAATAGGTGTGGTCAGCAGGGTGGATGGTCTGCACACAGGTCGGGG 240

AGGGCTGGGGGGGTGCCGGTGCAGGTGGTCAGCTGACAGCAGGGGGTGGTCTGTGGGCCTCTGGCTGCTTACCCTCTTCTGGGCATGTCCCTCCG6CACATCAACAAC6,A6CACATC 360
H I N N E H I

CACGGGAGAGAAGGM6AGTTTGTGTGCCGCTGGCAGGCCTGCACGCGGGAGCAGAAGCCCTTCAAGGCGCAGTACAT6CTGGTGGTGCACATGCGGCGACACAC666CGAGAAGCCCCAC 480
H .G E K K E F V C R W Q A C T R E Q K P F K A Q Y M L V V H M R R H T G E K P H

AAGTG,CACIETGAGTGGCCTTCTCCCCACCCCCGCCGCAGCATCAAGACT6.GCCT6.TC 538
K C T

AAGGCCTACTCCCGCCTGGAGAACCTGAAGACACACCTGCGGTCCCACACCGGGGAGAAGCCATATGTGTGTGAGCACGAGGGCTGCAACAAAGCCTTCTCCAACGCCTCGGACCGCGCC 120
K A Y S R L E N L K T H L R S H T G E K P Y V C E H E G C N K A F S N A S D R A

AAGCACCAGAATCGCACCCACTCCAACGA2[TACCTCTGCGGGGCATGCACTG.GCATG.CACACTGGGGCCCCACT6.ATGCCCCATGGCTTCCAGGCATCT6.TAGTCCAGTA6aATAGCCA 240
K H a N R T H S N E

GG6TGCCCCATGTCCCGGCCCCCGCCACTGACCAGCTATACATCCTCAGATACAGACCAGGACTCTTTGAGACCTAGACAGACCGGTCTCTTTCTCTATGCCACATCCTTTCCTCTAAAAG 360

ATGCCCCGTGAGGTCCCATGGCATACTGACCCTCTCTGTGCCTCAATTTCCTTATCTCCATAATAAATATAATAGTGCCCTCCCCAAAGGCCATCATGAGGTCC 464

6LI3 GTGTACTGTAGTATATTTCCTGGAATGCCAGGCTCCATCCCGGTCTTGCCACTCCCACTGGTTAGGAAGCATGCATACACAGTTAGCAAAAGCAATTTACTTGAGAAGTGTACTAACTG 120

GAATTTTTATAATCTGTAATATGGTAAAGTTATTCTTGTGGTCTTTAGAATTTTTAAGATTGGGGTATTTTCT6CATTTTCTTCTGTCGCCTTCAGAAATGATGAATACGTTTCCATTTG 240

ATTTCTCTCTCTTTTTCCAACCCCA;iiATATAAATAACGACCATATTCATGGAGAGAGAAGG6AGTTC6.TGT6CA66TG-GCT6.GACT6.CTCAAAGA6.rCAGAAACCCTTCAAA6.CCCAG 360
H I N N D H I H G E K K E F V C R W L D C S R E a K P f K A C

TATATGTTGGTAGTGCATATGAGAAGACACACGGGCGAGAAGCCTCACAAATGCACItT6AGTACA6AAGTGGGTGGCAGGCACACTTGGGTCCTTCCCCATACTCATAAGAG,CTGTGCA 480
Y M L V V H M R R H T G E K P H K C T

AACTGATGACACCAGCTCAGGGGAAGCGTGGTTGGGTGGCAAGAGAAGAGGACTAGAGTATTGTCTGGTGATAAATGCCTCGGTGTTTGAGTGACTGAGTTGGACAGCGCAGCTCTGCAC 600

AGTGGCAAGGGGGCAGTGGTGGCTGGCACTGG 63 2

HKR1 ACTGAGTG6GGGAGACAGCTTTGGCAGTATGTCAGTCCTCATCAAAAACCCAAGGACACACTCTGGGGGAAAGCCTTATGTGTGCAGGGAATGTGGGCGAGGCTTTACGTGGAAGTCAAAC 120
T E W G D S F G S N S V L I K N P R T H S G G K P Y V C R E C G R G F T W K S N

CTGATCACACATCAGAG6aACACACTCAGG6AGAAACCTTATGTGTGCAAGGATTGTGGACGAGGCTTTACTTG6AAGTCGAACCTCTTTACACATCAGCGGACACACTCAGGGCTCAAG 240
L I T H a R T H S G E K P Y V C K D C G R G F T W K S N L F T H a R T H S G L K

CCTTATGTGTGCAAGGAATGTGGGCAGAGCTTTAGCCTGAAGTCAAACCTCATTACCCACCAGAGGGCGCACACTGG6GAGAAGCCTTATGTTTGCAGGGAATGTGGGCGTGGCTTTCGC 360
P Y V C K E C G a S F S L K S N L I T H Q R A H T G E K P Y V C R E C G R G F R

CAGCATTCACACCTGGTCAGACACAAGAGGACACATTCAGGAGAGAAGCCTTACATTTGCAGGGAGTGTGAGCAAGGCTTTAGCCAGAAGTCACACCTCATCAGACACTTAAGGACACAC 480
a H S H L V R H K R T H S G E K P Y I C A E C E a G F S a K S H L I R H L R T H

ACAGGAGAGAAGCCTTATGTATGCACAGAATGTGGGCGTCACTTTAGCTGGAAATCAAACCTCAAAACACACCA6AG6ACACACTCAG 66TTAAACCTTATGTCTGCCTGGAGTGCGGG 600
T G E K P Y V C T E C G R H F S W K S N L K T H a R T H S G V K P Y V C L E C G

CAGTGCTTTAGCCTGAAGTCAAACCTTAACAAACACCAGAGGTCACACACGGGGGAGAAGCCATTTGTATGT 672
a C F S L K S N L N K H Q R S H T G E K P F V C

HKR2 CCCAACAUA6AAGAACCCTGTACGTGCGAAGAGTGTGGCAAGGCCTTTGGACAGAGAAGTCACCTTGTTCAGCACACCAGTGAGAAGCTGTATGCATGCCAGGAATGTGGGTGTACCTTC 120
P N K R R P C T C E E C G K A F G Q R S H L V a H T S E K L Y A C a E C G C T F

AGCAACAATTCATCTCTAGTCAAGCACTGGCACGTCCACACAGGCGAGAAGCCCTACATGTGTGGCCACTGTG6CAAGTGCTTCCGAGAGAGCTCATCCCTTGCCAAGCACCAGCGTGTG 240
S N N S S L V K H W H V H T G E K P Y M C G H C G K C F R E S S S L A K H a R V

CACACAGGTGAGMGCCATACGTGTGTGGTGAGTGTGGACGCACCTTCAGCGAGAGCACACACCTTGTACAGCACTGGTG 320
H T G E K P Y V C G E C G R T F S E S T H L V Q H W

HKR3 TTCCTGTGACTCCTGCTCATAGATTGTCCTTCTGCTCTCGGGGTGGAGGTGGTGCCCCTTTCCTAGCACTGCCCAAGCCCTCTTTCCACCAGGCATGCTCCTAGCTGTAGCAGAGCAAGG 120

GGGTCACTTCCCTTGGTGATGGCCTCTGCCCCATGTCCCCACCTTAACA&ATGAGAGGCCACACGTATGTGAGTTCTGCAGCCACGCCTTCACCCAAAGGCCAATCTCAACATGCAC 240
N E R P H V C E F C S H A F T Q K A N L N M H

CTGCGCACACACACGGGTGAGAAGCCCTTCCAGTGCCACCTCTr.TCGCAAGACCTTCCGAACCCAAiNTGAGGTACGCCCTGCCCCTCCCCTCGCCTCCCCACCTGAGGCCAAGGCCACA 360
L R T H T G E K P F Q C H L C G K T F R T Q

GGCTGAGCTCTTGCCTTGTGCCTGCARCAGCCTGGACAAGCACAACCGCACCCACACCrG 420
A S L D K H N R T H T

HKR4 GCGCGTGACCTCGTGCAGCAAGCAGCGGCCGGGCCCGAGGGTGCGCCCGAGCGGGCTGCCGAGCTGGGAGTCAAC TTCGGTCGGAGCCGGCAGGGCAGCGCGCGGGGGACCAAGCCGCAC 12 0
A R D L V Q Q A A A G P E G A P E R A A E L G V N f G R S R Q G S A R G T K P H

AGGTGCGAGGCCTGCGGCAAGAGTTTCAAGTATAACTCGCTGCTCCTGAAGCACCAGCGCATCCACACGGGCGAGAAGCCCTACGCCTGCCACGAGTGCGGCAAGCGCTTCCGCGGCTGG 240
R C E A C G K S F K Y N S L L L K H Q R I H T G E K P Y A C H E C G K R F R G W

TCGGGCTTCATCCAGCACCACCGCATCCACACGGGCGAGAAGCCCTACGAGTGCGGCCAGTGCGGCCGCGCCTTCAGCCACAGC TCGCACTTCACGCAGCACC TGCGCATCCACAACGGC 3 60
S G F I Q H H R I H T G E K P Y E C G Q C G R A F S H S S H F T Q H L R I H N G

GAGAAGCCCTACAAGTGCGGCGAGTGC 387
E K P Y K C G E C

GTGCGCCACCAGCGGCTGCACACGGGTGAGAAGCCCTACGCCTGCAGCCAGTGCGGCAAGGCCTTCATCTGGAGC TCCGTGCTCATCGAGCACCAGCGCATCCACACTGGCGAGAAGCCC 120
V R H Q R L H T G E K P Y A C S Q C G K A F I W S S V L I E H 0 R I H T G E K P

TACGAGTGCTCCGACTGCGGCAAAGCCTTCCGCGGCCGCTCGCACTTCTTCCGGCACCTGCGGACCCACACGGGCGAGAAGCCCTTCGCGTGTGGCGCCTGCGGCAAGGCCTTCGGCCAG 240
Y E C S D C G K A F R G R S H F F R H L R T H T G E K P F A C G A C G K A F G Q

AGCTCCCAGCTCATCCAGCACCAGCGGGTGCACTACCGCGAGTAGCCGGGCGGGGGCTCGGGGCTCGGCCTCCTACCTGCCCCCAACCCACCCTCCACCCCGTCCCCCACGGTGGGCACT 360
S S Q L I Q H Q R V H Y R E *

GCCCAGCACCGCATGCCACGTGTCCGGAATAAATTCTTTTTGATTGTTGGAGTGGGAGCC 421

FIG. 2. Sequence analysis of GLI-related loci. Sequences of GLl2. GLI3. HKRI. HKR2, HKR3, and HKR4 are shown. Sequencing was
performed as described in Materials and Methods. Splice consensus sequences (51) were present adjacent to regions of GLI cDNA similarity.
Closed arrows represent predicted splice donor sites, and open arrows show predicted splice acceptor sites. The sequences obtained for
HKRI and HKR2 each had one continuous open reading frame encoding fingers. The GLI2 and HKR3 sequences each predicted two different
exons. Two BstNI fragments from HKR4 contained finger-hybridizing sequences: it is not known whether these two BstNI fragments were
contiguous in the genome. The presence of an in-frame stop codon (asterisk) in the larger fragment of HKR4. the results of ribonuclease
protection (Fig. 4). and the presence of a possible polyadenylation signal (underlined) downstream of the stop codon suggested that these
sequences lie at the C-terminus of the HKR4 protein.
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** *

XINND HIHGEKKE
tNNE HXHGEKKE

TD CRWDG CSQE FDSCEQ LVN HINSE HNHGERKE
IkxNSE HNHGERKE

* ** * **
0Lz3 FV CRWLD CSREQKP FKATYM LW NMRR HTOEKP
0Lx2 FV CRWQA CTRECKP FKACYN LW HMRR HT6EKP

2 GLI FV CHNGW CSRELRP FKATQYM LW HMRR NT6EKP
MGLI F

0L13 NK C? *
0L12 HK C? KA YSRLEN LKT HLRS HT6EKP

3 GLI HK CTFEG CRKS YSRLEN LKT HLRS HTGEKP
MOLZ IFEG CRKS YSRLEN LKT HLRS HTCEKP

* * *

GLX2 YV CEHEG CNKA FSNASD RAK HNORT HSNL1
4 GLX YM CEHEG CSKA FSNASD RAK HQNRT HSNEKP

MGLX YT CEQEG CSKA FSNASD RAK HQNRT HSNLKP

5 OLX YV CKLPG CTKR YTDPSS LRK HVKTV NGPDAHVTKRH
MGLX YV CKLPG CTKR YTDPSS LRK HVKTV HGPDAHVTKRH

CONSENSUS
Y S F R T
-X CXXXG C-KX -XXXXX LXX HX-XX H-GEKP
F T Y N S

B)
HKR1 TE WODS

YV CRE C6RG
YV CKD CORG
YV CKE C6QS
YV CRE CGR6
YTI CRE CECO
YV CTE CGRH
YV CLE C6QC
FV C

HKR2 CT CEE CGKA
YA CQE CGCT
YM COH CGKC
YV CGE C6RT

HKR3

HKR4

FGSNSV LIK NPRT HSGGKP
FTWKSN LIT HORT HSOEIP
FTWKSN LFT HQRT HSOLKP
FSLKSN LIT NCRA MTGE"
FRQHSN LVR NKRT HSEP
FSGkSH LXR NLRT MTGE"
FSIKSN LKT NHRT NSGVKP
FSLKSN LNK HCRS NTEKP

FGO.RSH LVC N TSEKL
FSNNSS LVK INHV NTGEKP
FRESSS LAKC HCRV NTCEKP
FSESTH LVC NW

NERP
NV CEF CSHA FTWKAN LNM NLRT NTEKP
FQ CHL CGKT FRTQAS LDK NNRT NT

NR CE COKS
YA CHE COKR
YE COQ CGRA
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y
KR -X CXX CDXX
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RGTKP
FKYNSL LLK NORI HT6EKP
FRONSO FIG HNRl NTOEKP
FSHSSH FTC NLRI HN4OWP

NT6EKP
HTOEKP
NTOEKP
HYRE*

FXXXHX LXX HXRX HTGEKP

C)
GLI AA74-107

0LZ2(DNA)
L12(AA)
OLE
MOLZ

oLu2
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OLI
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A S L D L Q T V I R T S P S S L V

* * *

MKR YE CXE CGKX FXXXSX LXX HQRI NTGEKP

K T
HKR YX CXE C6-X FXXXSX LXX HXRX N-GEKP

R S

6LI AAM1-456
NKR3(DA) TCTCTTOGOOCCCAGTCCTGCTGCCAOCCCAGGCTTOCACCOGCAGOG
NKR3(AA) S L G A S C C Q P R L A P A

GLI S P G A S S C S S D H S P A G
* * * * * * *

FIG. 3. (A) GLI family finger structure. Predicted amino acid sequences obtained from GLI2, GLI3, and MGLI genomic DNA sequences
were aligned with GLI amino acids 235 to 397. The asterisks mark positions where amino acids varied. Arrowheads show positions of
predicted intron-exon junctions (see text and Fig. 2). A consensus sequence common to the majority of GLI fingers is shown at the bottom.
X indicates any amino acid. (B) Kruppel family structure. Predicted amino acid sequences obtained from HKRI to 4 genomic DNA sequences
are illustrated, with alignment of fingers to demonstrate the consensus features typical of Kruppel-related genes. The consensus sequences
of the fingers for the HKR, mouse Kruppel (MKR, [10]) and Kruppel (46) genes are shown at the bottom; the asterisk indicates a translation
stop codon. (C) Similarity to GLI in nonfinger regions. Phage from each of the six loci depicted in Fig. 1 were hybridized with GLI cDNA
probes corresponding to regions upstream or downstream of the fingers (see text). Subclones containing the hybridizing regions from GLI2
and HKR3 were sequenced. These sequences were aligned with the GLI cDNA and the predicted amino acids were compared. The asterisks
indicate positions of amino acid variation.

accounts for the only contiguous stretch of GLI similarity
and thus was responsible for the hybridization to these
genes. Inspection of the predicted amino acid sequences of
the four clones (Fig. 3B) showed that they were more similar
to previously described Kr family genes than to the GLI
genes described above. The four loci were therefore named
HKR1 to 4 (for human Kruppel-related genes). Some HKR
fingers had up to 75% identity with those of mouse (MKRJ,
MKR2, [10]) or Xenopus (Xfin [47]) Kruppel-related genes.
For example, one of the fingers ofHKR4 shared 78% identity
with one finger of MKR2 and 75% identity with the finger 34
ofXfin. However, this strong similarity was only observed in
isolated fingers, and none of the fourHKR genes appeared to
represent the human homolog of a previously described zinc
finger gene.

Spacing of the first two cysteines within HKR gene fingers
(CX2C) differed from the GLI gene fingers (CX4C). In
addition, inspection of the finger sequences revealed specific

conserved amino acids that distinguished the HKR subgroup
from the GLI subgroup (Fig. 3A and B). Those amino acids
that were common to HKR fingers were also common to
those of the mouse Kruppel genes (Fig. 3B). Another differ-
ence between the GLI and HKR genes was that HKR had
several fingers encoded by one exon, while in GLI exons

generally encoded only one complete finger (Fig. 2). The
mouse Kruppel family genes also encode multiple fingers in

individual exons (10).
For HKR4, an in-frame stop codon occurred at the car-

boxy terminus of a predicted finger, followed by a possible
polyadenylation signal (AATAAA) 103 base pairs down-
stream (Fig. 3B). Location of a finger region at the C-
terminus has also been observed in the Drosophila finger
protein gene snail (5).

Similarity in nonfinger regions. It was of interest to deter-
mine whether the six loci described above contained regions
of similarity to GLI other than those in the zinc finger

A)
FINGER

GLI3
GLz2

1 OLI
MGLI

VR HNRL
YA CSQ COKA FIWSSV LIE HNRI
YE CSD CUK FRORSH FFR NLRT
FA CO CGKA FGQSSQ LIQ HQRV
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domain. Towards this end, phage clones representing each
of the six loci were hybridized to GLI cDNA probes con-
taining coding sequences upstream (nucleotides 118 to 873)
or downstream (nucleotides 1255 to 2426) of the fingers.
GLI2 was found to hybridize to the upstream probe, while
HKR3 hybridized to the downstream probe. Genomic se-
quences from the hybridizing regions of GLI2 and HKR3
were subcloned and sequenced, and the predicted amino
acid sequences were compared to GLI (Fig. 3C). GLI2 and
GLI showed 76% identity over a 34-amino-acid region up-
stream of the GLI fingers (amino acids 74 to 107 of GLI).
Over the same region, MGLI and GLI were identical at all
but the first position. HKR3 and GLI shared 56% of residues
over a 16-amino-acid region downstream of the GLI zinc
fingers (amino acids 441 to 456 of GLI).

Expression of finger-encoding genes. To assess expression,
subclones containing finger regions from each of the six loci
described in Fig. 1 were used to generate synthetic antisense
RNA transcripts. RNA from normal human tissues, a glio-
blastoma tumor (D245MG [4]), and two embryonal carci-
noma cell lines (Tera-1 [18] and NTera-2 [1]) were then
tested for their abilities to protect the in vitro transcripts
from RNase A digestion. The glioblastoma and embryonal
carcinoma cell lines were chosen because previous studies
had indicated that GLI and other Kruppel-related genes were
expressed in analogous cells (10, 31).

Expression was demonstrated for all loci except HKR2
(Fig. 4). In each case, the length of the protected RNA
transcript corresponded to that expected from sequence data
(Fig. 2). The levels of expression in different cell types
varied widely among the six loci. GLI2 was found to be
expressed in all normal tissues except for placenta, w,th
highest levels expressed in testes, myometrium. and kidney.
In contrast, GLI3 was found to be expressed in all normal
tissues except for kidney and brain, with highest levels in
myometrium and lung. HKRI and HKR4 were found to be
expressed at detectable levels in all normal tissues studied.
while HKR3 was found in all except placenta. For each of
the expressed loci, levels of expression were considerably
higher in the glioblastoma multiforme or embryonal carci-
noma cell lines than in any normal tissue.

Similar sequences in other species. The data on RNA
expression showed that five of the six loci contained genes
which were expressed in normal adult tissues. Further
evidence for the potential importance of these genes was
provided by the observation that sequences related to each
of the genes were evolutionarily conserved. Human, mouse,
rat, chicken, frog, fly, and yeast DNAs were digested with
EcoRI or HindIll, and Southern blots were prepared. At
reduced stringencies (see Materials and Methods), probes
containing finger-encoding regions from each of the six loci
identified one or a few prominent restriction fragments in
various other species (Fig. 5 and data not shown). For
example, HKRI detected related fragments in mouse and rat
(Fig. SA), whereas GLI3 detected fragments in every species
tested (Fig. 5B). HKR3 identified several fragments in every
species except for yeast and frog. Comparison of the sizes of
the EcoRI and HindIII fragments identified by each of the
HKR loci revealed that each hybridized to a different set of
restriction fragments. Therefore, the H-C link, which was
present in all six loci, was not responsible for the cross-
species hybridization patterns. Rather, the patterns indi-
cated that sequences within each of the identified loci were
evolutionarily conserved separately. For two of the six
probes (HKR3 and HKR4), further reduction of stringency

t m p k c I b s K ti t2 Y

GLI2 SD *

GLI3 < *
*,<-l

1% ;I,
I

4-W

HKR1 in- - -

HKR3

it
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-150

4

-670

-135

-420

FIG. 4. Expression of GLI-Kr. Expression was assessed by
protection of labeled antisense RNA from ribonuclease digestion.
Labeled transcripts of the plasmid subclones corresponding to each
of the six loci depicted in Fig. 1 were hybridized with 20 ,ug of total
RNA from the sources listed below. After digestion with ribonucle-
ase A. RNA was separated by electrophoresis on denaturing poly-
acrylamide gels and exposed to autoradiographic film. The plasmid
subclones used for protection are described in Materials and Meth-
ods. None of the RNA samples analyzed protected HKR2. The sizes
of the protected transcripts. shown on the right in bases, correspond
to those expected from sequence data and support the intron-exon
junction predictions (Fig. 2). Doublets can be seen in some lanes
with the GL12 and HKR4 probes. It is not known whether these
resulted from incomplete RNase protection in vitro or alternative
RNA processing in vivo. Arrowheads indicate nonspecific signals
present in all lanes, including yeast tRNA lanes. Lanes: t. testes: m.
myometrium: p. placenta: k, kidney: c. colon: 1. lung: b. brain: s.
spleen: g. glioblastoma multiforme D245MG: tl. embryonal carci-
noma cell line Tera-1: t2. embryonal carcinoma cell line NTera-2: y.
yeast tRNA.

allowed visualization of many additional fragments in all
species tested except for yeast (cf. Fig. 5C and SD).
Chromosome localization of the six loci. The data on RNA

expression (Fig. 4) and species conservation (Fig. 5) indi-
cated significant differences among the six loci, and were
consistent with the hypothesis that each encoded a different
gene. Further evidence for this hypothesis was provided by
chromosome localization studies. DNA from human-rodent
hybrid panels (8, 28, 40) was used in hybridization studies
with probes representing each of the six loci. The six loci
were found to be localized to five different chromosomes
(Fig. 1). These chromosome localizations, based on karyoty-
pic and enzymatic analysis of hybrids, were confirmed by
syntenic mapping, wherein probes from each of the chromo-
somes predicted to contain one of the six genes were
rehybridized to the same Southern blots, duplicating the
initial patterns. Thus, the segregation of GLI2 was concor-
dant with N-MYC on chromosome 2, GLI3 with the epider-
mal growth factor receptor gene on chromosome 7. HKRI
and 2 with APO-E on chromosome 19, HKR3 with N-RAS
on chromosome 1, and HKR4 with C-MYC on chromosome
8.

DISCUSSION

We used a GLI finger probe to isolate sequences from six
loci. each of which encoded zinc fingers with conserved H-C
links. By analogy with previously characterized zinc finger
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FIG. 5. Evolutionary conservation of finger-encoding sequences. Southern blots containing DNA from several eucaryotes (listed below)
were hybridized at reduced stringency to radiolabeled DNA probes prepared from the subclones described in Materials and Methods. Panels
A, B, and C show HKRI, GLJ3, and HKR3 probes hybridized at moderate stringency. Panel D shows hybridization to the HKR3 probe at
lower stringency. Arrows indicate the unique human HindIlI fragments which hybridized at normal stringency (data not shown). Numbers
on the left are kilobases. Lanes: h, human (5 ,ug); m, mouse (5 plg); r, rat (5 jig); c, chicken (5 ,ug); f, frog (5 ,ug); y, yeast (1 ,ug); d, D.
melanogaster (1 ,ug).

genes (6, 27, 37), these probably encode DNA (or RNA)
binding proteins which may regulate transcription. At least
two of the loci (HKR3 and GLI2) contained sequences
related to other parts of the GLI cDNA as well, suggesting
that the putative proteins encoded by these loci have GLI
similarity aside from that in the finger region. Five of the six
loci were found to be variably expressed in several normal
adult tissues as well as in embryonal carcinoma cell lines.
The genes were mapped to five different chromosomes, and
each was evolutionarily conserved. These studies, therefore,
document the basic features of a family of human genes
which have in common an H-C link connecting zinc fingers.
There are probably additional members of this family be-
sides the seven genes discussed here (GLI, GL12, GLI3, and
HKRI -2, -3, and 4), since low-stringency hybridization
with probes from some of these loci revealed the presence of
many restriction fragments (Fig. SD).

Conservation of DNA-binding protein motifs has allowed
isolation of related genes within families in the case of
homeo box-containing genes (11, 34, 35) and for two classes
of finger proteins, the nuclear receptor family (e.g., estrogen
[22] or retinoic acid [21, 43] receptors) and the Kruppel
family. The Kruppel family genes have been isolated from
several species; some have been isolated by hybridization
with Kruppel cDNA (7, 10, 47, 49), and others have been
cloned independently (see Table 2). In general, similarity
outside of the finger region has not been demonstrated
between Kruppel family members (other than the small

regions of similarity described in Fig. 3C and in Chavrier et
al. [7]), suggesting a significant diversity of function.
Because of the large number of finger-containing genes, it

is useful to subclassify them on the basis of common
conserved elements (2, 16, 32). One major class of finger
proteins, termed C2H2 (16), contains several adjacent fingers
of the form (Y/F)XCX24CX3 FX5LX2-3HX34HX5. This
class is distinguished from other classes of finger proteins by
virtue of the fact that the putative metal-binding amino acids
are always C-C----H-H, and phenylalanine and leucine
residues are present near the finger midpoints. Three sub-
classes with these features can be defined (Table 2). The
C2H2-X5 subclass genes lack any consensus sequence con-
necting the zinc fingers. In contrast, the GLI-Kruppel gene
family members are notable for having a conserved H-C link
(HTGEKP(Y/F)XC) present between most fingers (10, 49).
Identical H-C links are only occasionally found in C2H2-X5
proteins (e.g., between one pair of the nine fingers of
TFIIIA). The GLI-Kruppel genes can be divided into
Kruppel (C2H2-Kr) or GLI (C2H2-GLI) subclasses, depend-
ing on spacing within fingers and other conserved primary
sequence features (Fig. 3A and B; Table 2). Interestingly,
the Spl gene was recently sequenced and found to have
three zinc fingers with connecting H-C links, which is typical
of the GLI-Kruppel family (27). One finger of Spi fits the Kr
subgroup consensus, one finger fits the GLI subgroup con-

sensus, and one finger fits neither. In contrast, the six genes
described in this report were clearly divisible into GLI or

A
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TABLE 2. C,H, finger proteins

Subclass H-C links Consensus finger sequence Gene Source Reference Method of

C,H,-X, Minority of fingers (Y/F)XCX.4CX3FX,LX,- HX34HX, TFIIIA Xenopius 6. 37 Independent
serendipity Drosophila 59 Independent
hunchback Drosophila 55 independent
snail Drosophila 5 Independent
pDP1007 Human 42 Independent

C.H,-KR Most fingers (Y/F)XCX,CX3FX5LX,HXRXHTGEKP Kruppel Drosophila 46 Independent
ADR1 Yeast 24 Independent
KR-H Drosophila 49 KR-related
Xfin Xenopls 47 KR-related
NGFI-A Rat 36 Independent
MKRI,2 Mouse 10 KR-related
KROX4,6,8,9,20 Mouse 7 KR-related
EGR-1 Mouse 52 Independent
Sp/ Human 27 Independent
HKRl4 Human This work GLI-related

C,H2-GLI Most fingers (Y/F)XCX3GCX3(F/Y)X5LX,HX3-4H(T/S)GEKP GLI Human 31 Independent
MGLI Mouse 31 GLI-related
GL12,3 Human This work GLI-related

Kruppel subgroups on the basis of the features described in
Fig. 3 and Table 2. Perhaps reflecting the large size of the
zinc finger gene family, characterization of genes from
various species has resulted in the isolation of homologs only
rarely. Of the genes listed in Table 2, apparent homologs
include only (i) NGFI-A (rat) and EGR-I (mouse) (36, 52)
and (ii) GLI (human) and MGLI (mouse) (31).
There were several distinct differences between the C,H,-

GLI and C2H,-Kr subclasses. First, the spacing of ami.io
acids between the invariant cysteine and histidine residues
for C2H2-GLI (CX3GC. .HX34H) differed from C,H2-Kr
(CX2C... .HXRXH). Second, exons of the GLI subgroup
contained only one complete finger, while exons of the
Kruppel subgroup contained several fingers. It has previ-
ously been noted that most of the nine fingers of TFIIIA are
contained within individual exons (57). This intron-exon
organization of the TFIIIA and GLI subgroup genes gives
support to the hypothesis that finger proteins have evolved
by gene duplication of a small subunit encoding one finger of
approximately 30 amino acids (37). Another difference was
the conservation of amino acid sequence in the finger re-
gions. Although the fingers of HKRI to 4 were almost
invariant with respect to certain amino acids common to all
Kruppel family fingers (Fig. 3B), there were variable amino
acids at other positions, so that each of the finger domains
within HKRI to 4 was unique. This suggests that the
DNA-binding specificities or affinities or both would vary
considerably among the different proteins encoded by these
loci. In contrast, sequences within the finger regions were
highly conserved among the GLI genes (Fig. 3A). If GLI is a
sequence-specific DNA-binding transcription factor, as has
been demonstrated for a growing list of finger proteins (e.g.,
TFIIIA [15], SPI [141, and human glucocorticoid receptor
[25]), then the remarkable similarity of finger sequences
among GLI, GLI2, and GLI3 suggest that each may bind to
the same or similar sequences. The study of amino acid
variation in fingers binding similar sequences may further the
understanding of sequence-specific binding. Notably, se-
quence variations between GLI, MGLI, GLI2, and GLI3 are
not found at those finger positions proposed to make se-
quence-specific contacts with DNA (i.e., those amino acids
near the conserved leucine; 3).

Consistent with their putative role in nucleic acid binding
and transcriptional regulation, various finger proteins have
been shown to be involved in important biological processes.
Hunchback (55) and snail (5) play key roles in Drosophila
development, and the retinoic acid receptor may be impor-
tant in morphogenesis of the chick limb (21, 43, 56). Some
members of the GLI-Kruppel family have been implicated in
the processes of embryonic development and neoplasia (31,
44, 47, 49 ); the transcription activator Sp] acts on a variety
of gene promoters in normal tissues (13, 27). Further study
of the members of the GLI-Kruppel gene family described
here may prove important to the understanding of transcrip-
tional mechanisms or differential gene expression or both
and may be relevant to both normal and pathological states
in humans.
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