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Greig cephalopolysyndactyly syndrome, characterized
by craniofacial and limb anomalies (GCPS; MIM
175700), previously has been demonstrated to be asso-
ciated with translocations as well as point mutations
affecting one allele of the zinc finger gene GLI3. In addi-
tion to GCPS, Pallister—Hall syndrome (PHS; MIM
146510) and post-axial polydactyly type A (PAP-A; MIM
174200), two other disorders of human development,
are caused by GLI3 mutations. In order to gain more
insight into the mutational spectrum associated with a
single phenotype, we report here the extension of the
GLI3 mutation analysis to 24 new GCPS cases. We
report the identification of 15 novel mutations present
in one of the patient’s GLI3 alleles. The mutations map
throughout the coding gene regions. The majority are
truncating mutations (nine of 15) that engender prema-
turely terminated protein products mostly but not
exclusively N-terminally to or within the central region
encoding the DNA-binding domain. Two missense and
two splicing mutations mapping within the zinc finger
motifs presumably also interfere with DNA binding. The
five mutations identified within the protein regions C-
terminal to the zinc fingers putatively affect additional
functional properties of GLI3. In cell transfection exper-
iments using fusions of the DNA-binding domain of

yeast GAL4 to different segments of GLI3, transactivat-
ing capacity was assigned to two adjacent independent
domains (TA, and TA,) in the C-terminal third of GLI3.
Since these are the only functional domains affected by
three C-terminally truncating mutations, we postulate
that GCPS may be due either to haploinsufficiency
resulting from the complete loss of one gene copy or to
functional haploinsufficiency related to compromised
properties of this transcription factor such as DNA
binding and transactivation.

INTRODUCTION

Polydactylies are caused by disturbances of anterior/posterior pat-
terning during limb development. The Greig cephalopolysyndac-
tyly syndrome (GCPS; MIM 175700) is a rare autosomal
dominant disorder affecting limb and craniofacial development in
humans. GCPS-affected individuals are characterized by post-
axial and pre-axial polydactyly as well as syndactyly of hands and
feet, macrocephaly, a broad nasal root with mild hypertelorism
and a prominent forehead (1). Inter- and intrafamilial variability of
the phenotype commonly is observed (2). Haploinsufficiency of
the human zinc finger protein gene GL/3, located on chromosome
7p13, has been considered as a cause for the GCPS phenotype,
because deletions eliminating this region as well as translocations
interrupting the gene were detected in GCPS patients (3,4). GLI3
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forms, together with GL/] and GLI2, a gene family characterized
by multiple regions of sequence similarity, with the central DNA-
binding domain composed of five zinc finger motifs showing the
highest degree of identity (5). The relative order and relative loca-
tion of the homologies within each of the proteins is maintained.

By assigning GLI3 a role as a potential developmental regu-
lator (4), the way was paved for intensive studies of its gene
family in humans and a broad range of model organisms (6).
Most of our current understanding of the role of GLI family
proteins derives from the analysis of Cubitus interruptus (Ci),
the single Gli homolog in Drosophila melanogaster (7). The Ci
protein fulfills within the Hedgehog (Hh) developmental path-
way multiple tasks as a transcriptional activator or repressor
translating Hh signals into anterior/posterior positional infor-
mation. In the absence of the Hh signal, Ci is part of a cytoplas-
mic complex with the protein kinase Fused (Fu) and with
Suppressor of fused [Su(fu)], anchored at the microtubules
through the kinesin-related protein Costal-2 (Cos-2). This
association leads to targeting of Ci to the proteasome where it
is cleaved to release an N-terminally truncated form which
appears to enter the nucleus and act as transcriptional repressor
(7,8). In contrast, the reception of the Hh signal leads to activa-
tion of Fu, which triggers the dissociation of Su(fu) and Ci,
possibly through Su(fu) degradation. It also opposes the inhib-
itory activity of Cos-2 by releasing it from the microtubules
(9). Consequently, Ci processing is reduced, full-length Ci
accumulates and the transcription of Hh target genes is acti-
vated, presumably by full-size Ci protein (10,11). Homologous
genes acting in a similar mode in various animals suggest that
this pathway is one of the basic, highly conserved tools used to
generate pattern during development (6). However, the situa-
tion in vertebrates is complicated by the existence of the three
paralogous GLI family members (Glil, Gli2 and Gli3) which
might share all or part of the functions assigned to Ci. Studies
of expression patterns during limb development of several ver-
tébrate model organisms indicated that Glil might act prefer-

tially as transcriptional activator, close to Sonic hedgehog
signal release, whereas Gli3, expressed at more anterior sites,
possibly functions as a repressor of target genes (12—14).
These observations suggested that the limb phenotype in
GCPS might result from an impairment of the repressor capac-
ity of GLI3, possibly located in its N-terminal segment.

To contribute to the understanding of the role of human
GLI3 during limb development, we analyzed mutations of this
gene in polydactyly syndromes. Previously, we associated two
point mutations with GCPS. The nonsense mutation Q496X
generates a stop codon truncating the protein in the C—H link of
the first zinc finger, and a missense mutation P707S maps to a
highly conserved putative phosphorylation site C-terminally of
the zinc finger domain (ZFD) (15). Two other human develop-
mental disorders, Pallister—Hall syndrome (PHS; MIM
146510) and post-axial polydactyly type A (PAP-A; MIM
174200), whose single overlapping feature with GCPS is poly-
dactyly at the posterior side of the limbs were also attributed to
GLI3 point mutations. In two families with autosomal domi-
nant PHS (16) and a large PAP-A family (17), frameshift
mutations were found that result in GLI3 proteins truncated C-
terminally of the ZFD. The small number of identified trunca-
tion mutations appeared to fall into categories with respect to
known and presumed functions of the GLI3 protein. The
hypothesis was derived that in GCPS, N-terminal GLI3 protein

moieties without a DNA-binding domain would be unable to
function as a transcriptional repressor. Frameshift mutations in
PHS and PAP-A truncating the protein after the ZFD would
leave the DNA-binding and N-terminal functions intact (18).
This, however, did not take into account the second, more C-
terminal, point mutation we described in GCPS (P707S).

To gain more insight into the mutational spectrum in GCPS
and the corresponding molecular lesions of GLI3, we have
extended our mutation analysis to 24 new cases. Here, we
report the identification of 15 novel mutations distributed
throughout the coding GL/3 gene regions implying that impair-
ment of functions other than DNA-binding may cause GCPS.
In order to determine which functional properties may be
affected by the C-terminal mutations we observe in GCPS, we
have analyzed the potential of different segments of this DNA-
binding factor to act as transcriptional activator, a function pre-
dicted by the dual role of Ci (6,7). Two independent domains
of GLI3 appear to have retained the potential to activate target
genes. In contrast to the conclusions drawn from expression
patterns in vertebrate embryonal tissues, both our functional
studies and the observed C-terminal mutations suggest that an
impairment of the activating capacity of GLI3 might be
involved in the etiology of GCPS.

RESULTS

Novel GLI3 mutations detected in GCPS

We have screened PCR-derived fragments spanning the complete
coding region and the exon—intron boundaries of the 15 exon
GLI3 gene in DNA from 24 unrelated GCPS patients for muta-
tions. PCR products that exhibited altered banding pattern in the
single strand conformation analysis (SSCA) were compared with
probes of unaffected family members and 100 control individuals.
Two SSCA variants detected in the intervening sequences
appeared in control individuals, as well, and were considered to
represent polymorphisms [¢.368-19G—A or [VS3-19G—A and
¢.1242+12C—G or IVS8+12C—G (data not shown)]. Several
previously described (15,19) as well as new polymorphisms were
detected in exons II, V, IX and XV. The following nucleotide
exchanges represent novel polymorphic markers: ¢.39G—A,
¢.1320T—G and ¢.4609C—T. While the first polymorphism is a
wobble polymorphism (K13K), the two others lead to the amino
acid exchanges D440E and R1537C. These coding region poly-
morphisms are present at frequencies of 1, 5 and 12%, respec-
tively in the control population. In nine cases, no mutation was
identified in the coding GL/3 sequences from karyotypically nor-
mal GCPS patients. Absence of major deletions within the seg-
ment of chromosome 7ql3 carrying the GL/3 gene was
ascertained by fluorescence in situ hybridization (FISH) with
yeast artificial chromosome (YAC) clone 32ID10 or detection of
heterozygosity at coding region polymorphic sites (data not
shown).

In 15 cases, a causative mutation within the GL/3 gene could
be identified. The specific alterations observed in the patients
studied are listed in Table 1. These mutations are all present in
a heterozygous state. The majority are truncating mutations,
including three nonsense and six frameshift mutations. Addi-
tional changes include missense and splicing mutations. Sev-
eral functional domains encoded by the GL/3 gene are possibly
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Table 1. GL/3 mutations in GCPS patients identified in this study

Cases® Nucleotide position Amino acid Type of mutation

of mutation position
A (3) c473+1G->A; IVS4+1G—-A Donor splice site
B ¢c.706G->T E236X Nonsense
c ¢.924delC M309X Frameshift at codon 308
D c.931delA L346X Frameshift at codon 311
E ¢.1095-1096insA E411X Frameshift at codon 366
F(2) c.1497+1G—C; IVS10+1G—->C Donor splice site
G (1) ¢.1497+2T—-G; IVS10+2T—-G Donor splice site
H(1) ¢.1543T-G C515G Missense
1(2) c.1559G—-»A C520Y Missense
J(3) c.1627G->T E543X Nonsense
K (2) ¢.2374C->T R792X Nonsense
L ¢.2424A-G 1808M Missense
M (2) ¢.3503delG L1205X Frameshift at codon 1168
N (4) €.4291-4292insG N1435X Frameshift at codon 1431
0@3) c.4359delA V1487X Frameshift at codon 1453

Numbering of nucleotide and amino acid positions is according to ref. 42.
For the position of the mutations relative to the GL/3 gene structure, see Figure 3
aFor familial cases, the number of analyzed individuals affected with the mutation is indi-

cated in parentheses.

B?ected, given the size of the deduced prematurely terminated
proteins or the location of the detected amino acid exchanges.

Mutations in the N-terminal part of GLI3 including the
ZFD

The nonsense mutation E236X (case B) and the three
frameshift mutations at codon 308 (M309X; case C), codon
311 (L346X; case D) and codon 366 (E411X; case E) should
remove most regions of the 1580 amino acid wild-type protein.
The mutation involving the G of the invariant GT sequence of
the donor splice site at position +1 of intron 4 (case A;
IVS4+1G—A) may also fall within this category.

Within the DNA-binding domain composed of five zinc fingers
extending from amino acid 462 to 645 encoded by exons X—XIII
of the GLI3 gene, two missense mutations were mapped. They
involve the first and the second cysteine residue of the second zinc
finger, respectively (case H, C515G; and case I, C520Y). A single
truncating mutation, the nonsense mutation E543X (case J), leads
to a protein with only the first two zinc fingers. Two splicing
mutations involving the invariant GT of the 5' splice site of intron
10 were identified in independent familial cases that exhibit inter-
as well as intrafamilial variations in the expression of the GCPS
traits (case F, IVS10+1G—C; and case G, IVS10+2T—G).

Mutations in the C-terminal moiety of GLI3

Mutations located C-terminally to the ZFD were detected in a spo-
radic case and in four families in which the affected individuals
exhibit the typical variable expressivity of GCPS. The missense
mutation I808M (case L) leaves the protein intact, exchanging
only a single amino acid. A nonsense mutation R792X (case K)
truncates GLI3 after the DNA-binding domain. Three frameshift
mutations remove sequentially larger parts of the C-terminus. A
frameshift due to a single nucleotide deletion at codon 1168 gives

rise to 37 altered amino acids before premature termination (case
M; L1205X). A single nucleotide insertion of G between the GL/3
cDNA positions 4291 and 4292 was detected in all analyzed
affected members of family N. This mutation results in a
frameshift creating four mutant amino acid residues following res-
idue 1430 (N1435X). Similarly, a single nucleotide deletion in
codon 1453 produces a mutant protein (V 1487X) with 34 changed
amino acids in consequence of the frameshift in the three affected
individuals of case O.

Identification of two autonomous transactivation domains
in the C-terminal part of GLI3

In order to obtain experimental evidence for a possible role of
GLI3 as transcriptional activator which might be compromised
by GLI3 mutations, we examined the capacity of different seg-
ments of GLI3 to direct GAL4-binding site-dependent tran-
scriptional activation. Fusion constructs were transfected
together with a constant amount of GAL4-dependent luciferase
reporter into non-small cell lung cancer NCI-H661 cells that
express GLI3 endogeneously. Linear concentration depend-
ence was seen within a range of 10—1000 ng of co-transfected
expression plasmid (data not shown). The LUC activities
obtained upon co-transfection of 100 ng of expression plas-
mids are given in Figure 1. The GAL4 domain alone caused a
minimal increase in luciferase activity, which was assigned a
value of 1. Fusion of the entire moiety of GLI3 C-terminal to
the ZFD (GAL4—GLI3%26-1580) resulted in a 5.6-fold induction
of LUC activity. In contrast, a fusion of the N-terminus of
GLI3 without the ZFD (GAL4-GLI3'8428) decreases tran-
scriptional activation through the GAL4-binding sites below
the level obtained with GAL4 alone. LUC induction was also
completely lost upon removal of 559 C-terminal amino acids
leaving central portions of the GLI3 protein (regions 3, 4 and
5) fused to the heterologous DNA-binding domain in GAL4—
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Figure 1. Deletion analysis of GLI3 linked to the GAL4 DNA-binding domain reveals two independent C-terminal transactivation domains. The top panel gives a
schematic representation of the GLI3 protein (1580 amino acids). The regions of similarity between members of the human GLI family as defined in ref. 5 are
shown as filled boxes with arabic numerals identifying them above. Region 2 includes the ZFD. In the bottom panel, the DNA-binding domain of GAL4 (amino
acids 1-147) given as stippled bars was fused with various segments of GLI3 as indicated. The names of the resulting constructs and the GLI3 residues they contain
are on the left. Expression plasmids (0.1 pg each) were co-transfected with the GAL4-dependent LUC reporter gene GSE1bLUC (1 pg) into NCI-H661 cells and
were tested for stimulation of LUC activity. Firefly LUC activities were corrected for transfection efficiency as measured by Renilla LUC. Values obtained for each
expression construct are given relative to the value obtained for GAL4 alone, set arbitrarily at 1. Values were averaged from at least two independent sets of trans-

fection experiments, with deviations <20%.

GLI3626-1021 and GAL47%-1021 However, direct fusion of a seg-
ment encompassing the C-terminal part in GAL4—GL[31044-1580
created a potent transactivator yielding a >60-fold LUC induc-
tion. Co-transfection of a GAL4 fusion construct of a strong
transactivation domain of another zinc finger transcription fac-
tor, the glutamine-rich A domain of Spl, for comparison,
resulted in 8-fold activation of the GAL4-dependent LUC
reporter activity in NCI-H661 cells.

To map the transactivation domain more closely, fusion con-
structs containing adjacent segments of this GLI3 region were
examined. The construct containing solely the region of resi-
dues 1376-1580 of GLI3 activated GAL4-binding site-driven
LUC activity 18-fold. This transcription activation domain
encoded within the C-terminal 204 amino acid residues of
~-GLI3 is called TA,. Direct fusion of the preceding residues
1044-1322 of GLI3 to the GAL4 DNA-binding domain
showed a 35-fold LUC induction. This stretch of 278 amino
acids within GLI3, called TA,, harbors a second autonomous
region with transactivation potential.

DISCUSSION

Structural comparison of the human GLI proteins reveals six
regions of similarity besides the highly conserved ZFD (5)
(Fig. 2). Consistent with the generally modular structure of
transcription factors, these regions may reflect functions com-
mon to the gene family. Whereas the role of the ZFD in bind-
ing to specific DNA sequences has been analyzed extensively
for vertebrate GLI proteins (20—22), the identification and

characterization of the other functional domains is only begin-
ning and is guided mainly by comparison with the Drosophila
homolog Ci as illustrated in Figure 2. A repression activity has
been ascribed to the N-terminal parts of Ci and GLI3. It is not
clear, however, whether the GLI3 region numbered 1 that has
conserved sequence similarity to Ci is involved in repression.
The Ci domains responsible for its post-translational modifi-
cations including steps governing subcellular compartmentali-
zation of the full-length and the proteolytically processed form
of the Drosophila protein have been localized C-terminally to
the ZFD (8) (Fig. 2). While the processed Ci form acts as a
transcriptional repressor, the full-length protein appears to
activate target genes. Protein kinase A phosphorylation has
been involved in the regulation of the activity and proteolysis
of Ci (23). Initially, full-length GLI3 expression constructs
were reported to exert only negative but not positive transcrip-
tional regulation on artificial GLI-binding sites (24). Our anal-
ysis of specific fragments of the GLI3 protein to study
potential activation capacities yields evidence for two adjacent
but independently acting domains of GLI3 located around
regions 6 and 7 which appear to share the function of activating
target genes with Ci (Fig. 2). The identification of transactiva-
tion potential within the most C-terminal domain TA, (amino
acids 1376—1580) supports a notion of Ruppert et al. (5). On
the basis of primary sequence, these authors predicted an -
helical region in GLI3 between amino acids 1494 and 1512
corresponding to the seventh region of sequence similarity
between human GLI1 and GLI3. This structure has similarity
to well-established acidic activation domains such as that of



Human Molecular Genetics, 1999, Vol. 8, No. 9 1773

Ci
YO
evene
| | |28
- - [
8 R
GLI3 [ |29
NS
S
T2 a)
- (3]
.
© ®

e =

CBP/TA

Figure 2. Sequence and functional homologies of Drosophila Ci and human GLI3 proteins. The Ci protein and GLI3 proteins are depicted as bars. The boxes
within GLI3 represent the seven regions of similarity between human GLI proteins originally defined by Ruppert e al. (5). These regions are identified by arabic
numerals with region 2 including the ZFD. The amino acid positions delimiting these regions are indicated. Two regions of Ci (accession no. X54360.1) besides
the central ZFD show sequence conservation with the human GLI3 protein as indicated. An N-terminal region shows similarity to the region numbered 1 in GLI3,
whereas a C-terminal region corresponds to the GLI3 residues between the C-terminus of region 4 and the N-terminus of region 5 (amino acids 872-913). The
currently identified structural and functional features are indicated above each protein. For Ci, the repression and activation regions (R and TA) (10), an acidic a-
helical region (a) (26,29), the dCBP-binding region (dCBP) (43), the protein kinase A phosphorylation sites (RRXS/T) (23), and the regions for proteolytic cleav-
age and for cytoplasmic tethering (PC and CT) (8) are given. For GLI3, the two independent transactivation domains TA, (amino acids 1376—1580) and TA,
domains (amino acids 1044—1322) identified in this study, the transactivation and CBP-binding regions (TA/CBP) reported by Dai et al., (27) the consensus protein
kinase A phosphorylation sites clustered between amino acids 846 and 1006, and the location of the site presumed to be responsible for protein cleavage (PC) (27)

are indicated. An acidic o-helical region overlaps with region 7.

herpes simplex VP16 (25). Experimental evidence that the cor-
responding a-helical domain acts as an activation domain was
obtained recently for the paralogous gene GL/!/ (26). The pres-
ence of a transactivation activity mediated by an acidic type
domain in both GLI1 and GLI3 thus appears to provide them
with a common mechanism to increase transcription of genes
targeted by their ZFDs.

In this study, we demonstrate the existence of a second inde-
pendent domain capable of transcriptional activation within the
region encompassing amino acids 1044-1322 (TA,) (Fig. 2).
Consistent with our data, Dai et al. (27) very recently reported
the identification of a specific domain of GLI3 with transcrip-
tional activation potential (amino acids 827—1132). This region
overlapped with a CBP-binding module (amino acids 827-
1180), considered to foster transcriptional activation of target
genes. Combining the results of these authors (transactivation
and CBP binding: amino acids 827-1132) with our findings
(transactivation: amino acids 1044—1322) allows prediction of
the location of the minimal sequence requirements for CBP-
mediated transactivation to residues 1044—1132. This region
contains the motif PSI[S/T]EN conserved among GLI1, GLI2
and GLI3 [sequence similarity region 6 (5)] embedded within
different sequence environments. Interestingly, CBP is
reported to bind to GLI3 but not to GLI1 (27).

In recent reports, activation of GLI3 target genes was also
shown in transfection experiments with full-length GLI3
expression constructs [mGlil (27) and PTCH1 (28)]. The ques-
tion of whether both TA domains are active on all target genes
or only on a subset or under defined conditions remains to be

addressed. It is not known whether the TA domain identified in
Ci can also be split in two autonomous subdomains. In contrast
to GLI3, where the acidic region compatible with the forma-
tion of an o-helix is located at the very C-terminus (marked o
in Fig. 2), a similar structure is found in the Drosophila Ci pro-
tein N-terminal to the CBP-binding region (26,29). Thus,
besides obvious parallels in the activation function of GLI3
and Ci, these observations point to possible differences in the
mechanism. The presence of a domain mediating transcrip-
tional repression postulated in the N-terminal part of the GLI
proteins (Fig. 2) (26,27) is neither ruled out nor confirmed by
our results because the observed expression levels of the N-ter-
minal fusion constructs were too low for accurate quantitation.

Proof for GLI3 being responsible for GCPS is provided by
the identification of heterozygous splice, missense, nonsense
and frameshift mutations of this gene in patients with the char-
acteristic phenotype (Fig. 3). Observing sites of mutations dis-
persed throughout the whole GL/3 coding sequence, we show
that GCPS cannot, exclusively, be associated with loss of the
DNA-binding domain, as predicted previously (18). Truncat-
ing lesions scattered over GL/3 are induced by at least 10 out
of 16 mutations. In four cases, so far, GCPS appears to be
caused by missense mutations affecting different regions of the
gene. The nature of most alterations indicates loss of all or
some functions of the protein. However, with the exception of
mutations affecting the DNA-binding ZFD, it is not apparent
which function of GLI3 might be impaired.

The group of C-terminal mutations observed so far is quite
heterogeneous, most probably affecting several of the putative
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Figure 3. Summary of the presently known GL/3 mutations in GCPS, PHS and PAP-A. The GLI3 protein is drawn schematically as in Figure 2. The nature of the
mutations is indicated on the left. Their position within the protein is indicated by numbers specifying the codons or amine acid residues, given as the single letter
code. The number of bases inserted or deleted in frameshift mutations is given in parentheses. For splicing mutations, the altered position within the intervening
sequence (I'VS) is given. Data are from this report (Table 1), ref. 15 (GCPS: Q496X, P707S); ref. 16 [PHS: 671(—1) and 675(—1)] and ref. 17 [PAP-A: 764(-1)].

functional properties of GLI3 described above. The nonsense
mutation R792X leaves the DNA-binding domain intact. Pre-
mature termination occurs between regions 3 and 4. According
to the interpretation proposed by Biesecker (18), this should
result in PAP-A. However, the phenotype resulting from this
mutation clearly includes GCPS symptoms not listed for PAP-
A. Assuming that human GLI3 is subject to intracellular com-
partmentalization and/or post-translational processing as sug-
gested recently (27,28), mutations affecting a putative site that
tethers full-length GLI3 in the cytoplasm might cause the con-
stitutive release of a transcriptional repressor form that is able
to translocate to the nucleus. The GCPS mutants 1808M from
this work and P707S described by Wild er al. (15) and the
known PAP-A mutation (17) may be due to an functional
impediment of one or both these processes. However, experi-
mental evidence for the retention of these functions, as ana-
lyzed in Ci, is still lacking for GLI3.

The missense mutation I808M falls slightly N-terminal to
the region containing six putative protein kinase A phosphor-
ylation sites [RRXS/T consensus (30)] clustered between
amino acids 846 and 1006 as indicated in Figure 2. The pri-
mary sequence immediately surrounding the site mutated in
1808M is conserved between GLI3 proteins of human (5;
accession no. M57609), mouse (31; accession no. X95255 and
Xenopus (13; accession no. U42461) but differs considerably
from GLI1 and GLI2, suggesting that this region may be criti-
cal for a GLI3-specific property.

Three frameshifts truncate segments of different extensions
from the C-terminus. With the identification of the TA
domains of GLI3, the four frameshift mutations (R792X,
L1205X, V1487X and N1435X) may now be functionally
explained. These frameshift mutations completely or partially
remove the two TA domains. Even mutants that retain TA, dis-
play a phenotype. This domain, although able to activate pro-
moters independently of TA, through heterologous recognition
sequences such as GAL4-binding sites, might activate natural
target genes only in concert with TA|. The C-terminally trun-

cated mutant proteins, provided that they are stable, support
the notion that the activation domains are required for proper
function of the normal GLI3 protein. In this case, activation
would constitute an essential role for GLI3. Alternatively, the
mutant protein with an intact zinc finger but lacking the TA
domains may influence wild-type protein expressed from the
non-affected allele and/or other GLI factors in a dominant-neg-
ative manner by the occupation of their binding sites through
mutant GLI3 proteins. The potential of C-terminally truncated
GLI3 for repression should not be affected.

The majority of identified mutations map within the N-
terminus and the central ZFD of GLI3 (Fig. 3). Having lost the
capacity to bind DNA, they might behave as null mutants,
compatible with the proposed role of haploinsufficiency in this
disorder. The nonsense mutation E236X and the three
frameshift mutations M309X, L346X and E411X should result
in loss of most of the functionally important regions including
the DNA-binding domain. If the splicing mutation involving
the G of the invariant GT sequence of the donor splice site at
position +1 of intron 4 (c.473+1G—A; IVS4+1G—A) should
lead to a premature translational stop, a severely truncated pro-
tein ensues. Exon skipping, which is the preferred pattern of
aberrant splicing when the 5' splice site is disrupted (32,33),
would introduce the chain-terminating amber codon at position
215. While it is tempting to attribute the molecular defect to the
out-of-frame deletion of exon IV, alternative splicing patterns
cannot be ruled out.

Within the DNA-binding domain composed of five zinc fin-
gers (Fig. 3), missense mutations involve the first and the sec-
ond cysteine residue of the second zinc finger, respectively
(C515G and C520Y). The absence of one of the cysteine resi-
dues in the finger motif is expected to compromise the tetrahe-
dral coordination of the zinc atom. In addition to the nonsense
mutation Q496X we described previously (15), we have now
detected a second mutation truncating the ZFD. The nonsense
mutation E543X occurs within the H-C link (the amino acid
sequence connecting the histidine of one finger to the cysteine



of the next) between the second and third zinc finger, leading
to a protein that lacks three of the five zinc finger motifs, prob-
ably unable to bind DNA specifically. Crystallographic analy-
ses of GLI1 have revealed that while zinc finger 1 does not
contact the DNA, fingers 2—5 bind in the major groove of the
helix, with fingers 4 and 5 making extensive base contacts in
the 9 bp consensus GLI recognition site (21).

The mutations involving the invariant GT of the 5' splice site
of intron 10 (IVS10+1G—C and IVS10+2T—G) may also
result in a mutant GLI3 with reduced or defective DNA bind-
ing depending on the adopted aberrant splicing pattern. Exon
skipping would cause an in-frame deletion of exon X that
encodes the first zinc finger. While this finger is not involved
directly in DNA contacts, it is known to form extensive pro-
tein—protein interactions with finger 2 (21) and may influence
the stability or specificity of the recognition site binding. Alter-
native splicing patterns may lead to premature termination.
Altogether, translation products without a functional DNA-
binding domain could not fulfill any of the tasks assigned to
GLI proteins in Hh signaling, not even the function of a tran-
scriptional repressor expected to be mediated by sequences in
the most N-terminal domain. In addition, the mutations within
the ZFD may interfere with other putative functions of GLI3.
Recently, Smad proteins that have a role in transforming
growth factor-P signaling have been shown to interact with a
region of the murine Gli3 protein adjacent to and partly over-
lapping the ZFD (34).

Our GLI3 mutation screen extended to a larger number of
GCPS cases demonstrates that this phenotype is not only
caused by mutations that impair solely the DNA-binding activ-
ity, as hypothesized by Bieseker (18). Instead, it seems that
GCPS involves a larger spectrum of functions, specifically
those relating to transcriptional activation by this factor. We
identified in 15 of 24 cases mutations within the structural
regions of the gene. Any attempt at a phenotype—genotype cor-
relation for GCPS symptoms and GLI3 mutations is bound to
be complicated by intrafamilial and even intraindividual phe-
notypic variability. Mouse mutants on a uniform genetic back-
ground presumably might be helpful to resolve this issue
through the detection of modifying genes. The mouse extra
toes mutation (Xt), a deletion of part of Gli3, originally
described by Johnson (35), exhibits considerable phenotypic
variability of the affected feet in Xt/+ outcrossed to CB mice
(the F, of CBA/Gr and C57BL/Gr). In addition to stochastic
events, phenotypic heterogeneity might be attributed to modi-
fying interaction partners, in particular within the Hh signaling
cascade, and to paralogy.

The unresolved cases may be attributed in part to the detec-
tion rate of the applied screening method; however, other
explanations need to be taken into consideration. Mutations
affecting the proper GLI3 mRNA level required for normal
temporal and spatial development might cause the phenotype
but would remain unnoticed by the present mutation search. In
addition, it cannot be excluded that phenotypic manifestations
of GLI1 and GLI2 structural or regulatory mutants are coinci-
dent or overlapping in nature to GCPS. Both specific and over-
lapping functions and expression of murine Gli2 and Gli3
during development recently have been shown by analyzing
knockout mice (36). Mutations in other GL/ genes (notably
GLIi2 on the basis of higher degree of similarity to GL/3) might
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give rise to phenotypes that share some or all characteristics
with GCPS.

Besides the six GLI3 mutations located C-terminally to the
ZFD found in GCPS cases [five from this study and P707S
(15)], two were found in familial PHS cases (16) and a single
one in a large family with PAP-A (17), as depicted in Figure 3.
Additional GLI3 mutations were detected recently in pre-axial
polydactyly type IV and post-axial polydactyly type B (U.
Radhakrishna, in preparation). On comparing the GLI3 muta-
tions observed in these different syndromes, no simple obvious
genotype—phenotype correlation emerges. One might specu-
late that these syndromes are phenotypic subtypes of GCPS
associated with mutations affecting specific functions within
the various tasks of GLI3 and/or its expression pattern. The
mutations known so far obviously do not saturate the GL/3
gene for the detection of all functionally important sites.
Therefore, a further extension of the mutation analysis in
GCPS as well as in other polydactyly syndromes is promising.

MATERIALS AND METHODS

Subjects

The patients with GCPS analyzed here were clinically exam-
ined at the referring institutions and included in the study after
informed consent was obtained. The probands show all or
some of the typical manifestions associated with the syndrome,
including post-axial polysyndactyly of the hands, pre-axial
polydactyly of the hands and feet as well as syndactylies and
mild craniofacial abnormalities allowing unambiguous distinc-
tion of GCPS from other GLI3-associated syndromes such as
PAP-A and PHS. Cases A, F, G, H, I, J, K, M, N and O (Table
1) are familial with classical GCPS. While the family history is
available for two generations in families A, F, G, H, K, M and
O, the pedigrees of families I, J and N.extend over four, five
and three generations, respectively. Expressivity varies consid-
erably within families. In case F, the affected son shows mental
retardation in addition to a GCPS phenotype. The analyzed
proband in case A (20-year-old male) manifests, in addition to
GCPS, gynecomasty and elevated 170-hydroxyprogesterone
levels. Cases C, D (37) and L represent sporadic cases with
phenotypically inconspicuous parents. In two cases, the family
history is either incompletely documented (B) or unknown (E).
Cytogenetic analysis including FISH analysis with the 32ID10
YAC probe from within the GL/3 gene (38) was performed to
screen for microdeletions when living cells were available.
DNA samples from GCPS patients and from 100 control indi-
viduals from the German population were purified using stand-
ard methods.

Exon amplification and SSCA

The 15 exons and the corresponding exon—intron boundaries of
the GL/3 gene were amplified by PCR using primers as
described previously (15) with the following modifications for
amplification primers: ExVIrev*, 5-GCCATTTCCCAA-
GACTC-3'; ExVllIrevl*, 5-GCTGAAGAGCTGCTACGG-3';
ExXIfor*, 5'-“TGATGAATACGTTTCCATTTG-3"; ExXlrev*,
5'-AAGGACCCAAGTGTGCCTG-3"; ExXiirev*, 5'-CCTTA-
TGCAAGCTCCATGCC-3'; ExXllIrevl*, 5-GACCTGGACT-
GTGAATGGCTG-3"; ExXVrev12*, 5-CTTGGTAGATGTT-
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GATGTGTG-3'; ExXVforl5*, 5-CTATGACCAAACCGT-
GGGC-3'; and ExXVrevl6*, 5-GATTTCCGTTGGTT-
GCAGTC-3'". SSCA was performed according to two protocols.
Seven cases were screened by resolving [a-*2P]dCTP-labeled
exon amplification products as described previously (15). For all
subsequent cases, conditions were adapted for exon amplifica-
tion using ‘Ready-To-Go’ PCR beads (Amersham Pharmacia
Biotech). PCR products (3.5 pl) were diluted in glycerol-con-
taining buffer prior to denaturation, and subsequently resolved
on 12% acrylamide gels (49:1) at 10°C (250 V) and 20°C
(150 V) for 16 h. Gels were silver stained. Sequencing of allele-
specific and heterozygote DNA templates was essentially as
described previously (15).

Correction of the size calculated for GLI3

In the course of sequencing exon XV—16 PCR products, the thy-
mine residue at cDNA position 4646 (numbering according to
ref. 5; accession no. M57609) was found to be absent not only
from patient DNAs but also from wild-type genomic DNAs as
well as from the original GL/3 cDNA clone (5). This single nucle-
otide shift in codon 1549 of GLI3 engenders the translation of a
1580 amino acid protein with 32 altered C-terminal residues com-
pared with the originally deduced protein of 1596 amino acids.
This change to the original GLI3 sequences has been communi-
cated to the GenBank/EMBL databases.

Plasmid constructions

In the GAL4—GLI3 expression constructs, the 147 N-terminal
codons of the yeast transcription factor GAL4 were fused to
various segments of GL13. Expression of the fusion proteins is
driven by the SV40 promoter. The constructs containing C-
terminal GLI3 segments were generated as follows. The GLI3
fragments in question were isolated from pGLI3-bs2 (5) using the
specified restriction enzymes, fused to the appropriate £coRI link-
ers depending on the reading frame and ligated to the dephospho-
rylated 3.4 kb EcoRl-cut pGAL4-SplA (39). For pGAL4-
GLI3%26-1580 the 3123 bp Af/lll-EcoRIl GLI3 fragment was fused
to 12mer EcoRI linkers; for pGAL4-GLI3%26-1021 the 1178 bp
AfIII-BssHI fragment was also linked to 12mers; for pGAL4-
GLI3745-1021 " the 825 bp Clal-BssHI fragment was ligated to
10mer linkers; for pGAL4-GLI3 %4158 the 1860 bp BssHI-Clal
fragment was used in connection with 8mers; and for
pGAL4-GLI3"3791580_ the 876 Hindlll-EcoRI fragment was fused
to 12mers prior to vector ligation. The pGAL4-GLI3!044-1322
expression plasmid was obtained by Kpnl-Xbal restriction of
pGAL4-GLI3'044-1580 followed by Klenow fill-in and religation
reactions. The GAL4 fusion construct containing the GLI3
segment N-terminal to the zinc fingers (amino acids 18-428)
consists of an in-frame fusion of GAL4 sequences to the 1228
bp EcoRI-BstEIl fragment of pGLI3-bs2 in pGAL4-Sp3 (40).
Maintenance of the correct GL/3 reading frame in the fusion
constructs was confirmed by sequencing.

~TFhe--reporter plasmid GS5SEIbLUC is a derivative of
GSE1bCAT (41) and was constructed as follows. A 130 bp
HindIIl (with Klenow-filled overhang)-BamHI fragment con-
taining five GAL4-binding sites fused to the Ela TATA box
were isolated from G5SE1b CAT and inserted into the Smal—
Bglll-cut pGL3 basic vector (Promega). The pRL-SV40 plas-
mid (Promega) was used to assess transfection efficiencies.

Cell culture, transfections and luciferase assays

The human non-small cell lung cancer cell line, NCI-H661,
was purchased from the American Type Culture Collection.
The cells were propagated as monolayers in RPMI medium
supplemented with 10% fetal calf serum. Cells were trans-
fected by a lipofection method using a total of 2 pg of DNA.
Expression plasmids (100 ng) with carrier DNA (pBSII; Strat-
agene) to make up 1 pug were co-transfected with 1 ug of firefly
luciferase reporter plasmid and 25 ng of pRL-SV40 Renilla
luciferase transfection efficiency control plasmid (Promega).
DNA was incubated with 5 ul of Lipofectin reagent and Opti-
MEM (Life Technologies) according to the manufacturer’s
instructions and added to 35 mm plates containing 1.5 x 10°
cells. Opti-MEM medium was removed after 5 h and the incu-
bation continued for 42 h prior to lysate preparation. The
sequential assays of firefly and Renilla luciferases were per-
formed according to the specifications of the manufacturer
(Promega).

ABBREVIATIONS

GCPS, Greig cephalopolysyndactyly syndrome; IVS, interven-
ing sequence; LUC, luciferase; PAP-A, postaxial polysyndac-
tyly type A; PHS, Pallister—Hall syndrome; SSCA, single
strand conformation analysis; TA, transcription activation;
ZFD, zinc finger domain,
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