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Abstract

A range of phenotypes including Greig cephalopolysyndactyly and Pallister-Hall syndromes
(GCPS, PHS) are caused by pathogenic mutation of the GLI3 gene. To characterize the clinical
variability of GLI3 mutations, we present a subset of a cohort of 174 probands referred for GLI3
analysis. Eighty-one probands with typical GCPS or PHS were previously reported, and we report
the remaining ninety-three probands here. This includes nineteen probands (twelve mutations)
who fulfilled clinical criteria for GCPS or PHS, forty-eight probands (sixteen mutations) with
features of GCPS or PHS but who did not meet the clinical criteria (sub-GCPS and sub-PHS),
twenty-one probands (six mutations) with features of PHS or GCPS and oral-facial-digital
syndrome and five probands (one mutation) with non-syndromic polydactyly. These data support
previously identified genotype-phenotype correlations and demonstrate a more variable degree of
severity than previously recognized. The finding of GLI3 mutations in patients with features of
oral-facial-digital syndrome supports the observation that GLI3 interacts with cilia. We conclude
that the phenotypic spectrum of GLI3 mutations is broader than that encompassed by the clinical
diagnostic criteria, but the phenotype-genotype correlation persists. Individuals with features of
either GCPS or PHS should be screened for mutations in GLI3 even if they do not fulfill clinical
criteria.

Keywords
GLI3; Greig syndrome; Pallister-Hall syndrome; Oral-facial-digital syndrome
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Introduction

Methods

Patients

Mutations in the zinc finger transcription factor encoding gene GLI3 (MIM# 165240) on
chromosome 7p14.1 cause Greig cephalopolysyndactyly syndrome (GCPS; MIM# 175700,
(Vortkamp, et al., 1991)), Pallister-Hall syndrome (PHS, MIM# 146510 (Kang, et al., 1997))
and, less frequently, other phenotypes such as acrocallosal syndrome (MIM# 200990 (Elson,
et al., 2002)) and non-syndromic polydactyly (MIM# 174700 (Radhakrishna, et al., 1999),
174200 (Radhakrishna, et al., 1997)). The GCPS and PHS phenotypes are clinically distinct
and there is a robust genotype-phenotype correlation for truncating mutations in GLI3 for
these two phenotypes (Johnston, et al., 2005). Truncating mutations in the middle third of
the gene generally cause PHS whereas large deletions or truncating mutations elsewhere in
the gene (amino terminal-encoding or carboxy terminal-encoding thirds of the gene) cause
GCPS. There are important biologic correlates for this genotype-phenotype correlation. The
mutations that predict truncations in the amino-terminal third of the gene are predicted to be
null mutations, caused by loss of the zinc finger DNA binding domain. In contrast, the
truncations in the middle third of the protein are predicted to generate a constitutive
repressor protein that skews the balance of activator and repressor forms of GLI3, which is a
key downstream modulator of SHH signaling. The mutations that predict truncations in the
carboxy-terminal third of the gene are predicted to cause the loss of a transactivation domain
of GLI3 (Shin, et al., 1999). To date, genotype-phenotype studies have been predominantly
based on mutations found in patients with typical forms of GCPS and PHS and it therefore
remains unclear whether there are variant phenotypes that are caused by mutations in GLI3
and if so, whether the same correlations hold for these other phenotypes. To address these
questions, we have continued to analyze a large cohort of 174 probands with a wide
spectrum of phenotypic manifestations that include features of GCPS or PHS. Of these 174
probands, we present data on ninety-three patients not previously reported representing a
wide range of phenotypes. We have analyzed GLI3 in these patients to determine the
frequency and type of mutations and assessed whether the mutation positions correlated with
the phenotypes.

This study was reviewed and approved by the Institutional Review Board of the National
Human Genome Research Institute. The overall GLI3 project included 174 probands with
features of PHS or GCPS. Ninety-three probands were the focus of this report and they were
subdivided into the following groups according to inclusion criteria in Table 1. Eighty-one
probands (174-93) have been reported previously (Galasso, et al., 2001;Johnston, et al.,
2005;Killoran, et al., 2000;Kos, et al., 2008;Ng, et al., 2004;Turner, et al., 2003) and details
on these probands are not included in this report.

Probands with features of GCPS or PHS insufficient to meet clinical criteria—
These probands had one or more features of GCPS or PHS but did not meet clinical criteria
for either disorder. Detailed clinical data are reported for these latter fifty-three probands
(plus nine relatives) who did not fulfill clinical criteria for either GCPS or PHS. Anomalies
were defined according to the recently published standard terminology (Biesecker, et al.,
2009; Hall, et al., 2009). This pool of fifty-three probands was subdivided into three groups
based on phenotypic manifestations. The first group (twenty-eight probands and six affected
family members, Tables 2—-3) was designated as sub-GCPS and comprised patients with one
or more features of GCPS, including preaxial polydactyly, cutaneous syndactyly, widely
spaced eyes, or macrocephaly, but who did not meet the suggested clinical criteria for
GCPS. The second group comprised patients who had one or more features of PHS,
polydactyly, bifid epiglottis and/or hypothalamic hamartoma, but who did not meet the

Hum Mutat. Author manuscript; available in PMC 2011 October 1.
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published criteria. We refer to this group as sub-PHS patients (twenty probands and three
affected family members, Tables 4-5). We placed individuals with isolated postaxial
polydactyly (PAP-A) into a separate group which could overlap with PHS or GCPS as PAP-
A is a manifestation of both GCPS and PHS (five probands).

Probands with features that overlapped with the oral-facial-digital syndromes
—Key features of the oral-facial-digital syndromes (OFDS) include tongue and other oral
hamartomas, multiple buccal-oral frenula, cleft lip and/or cleft palate, polydactyly, tibial
hypoplasia, or cerebellar vermis hypoplasia (Gurrieri, et al., 2007). There are thirteen
clinical types of OFDS but only OFDS type 1 has a known molecular etiology (Ferrante, et
al., 2001). We delineated this group because there have been reports of patients with
manifestations that overlapped PHS, oral-facial-digital syndrome, and other disorders
(Muenke, et al., 1991). We identified twenty-one probands that had polydactyly and one or
more features of an OFDS (Tables 6-7).

Probands with typical GCPS or PHS—Nineteen probands who fulfilled diagnostic
criteria for GCPS (Johnston, et al., 2005) (seventeen probands) or PHS (Biesecker, et al.,
1996) (two probands) were included in this report as they have not been reported previously.
Detailed clinical data are reported for these nineteen probands (plus five relatives, Tables 8-
11). The clinical diagnostic criteria for PHS require the presence of mesoaxial polydactyly
and a hypothalamic hamartoma in the proband (Biesecker, et al., 1996). Suggested clinical
criteria for GCPS include 1) preaxial polydactyly in at least one limb or broad great toes or
thumbs, and 2) cutaneous syndactyly, macrocephaly, and wide spaced eyes (Biesecker,
2001). For this study we set GCPS eligibility criteria of pre-axial polydactyly and the
presence of at least one additional feature (cutaneous syndactyly, macrocephaly, wide
spaced eyes, postaxial polydactyly).

DNA Isolation, PCR and Sequencing

DNA was isolated from whole blood using the salting out method (Qiagen, Valencia, CA)
following the manufacturer’s instructions. PCR of GLI3 exons and flanking intron
sequences was performed using standard methods and primers as described (Johnston, et al.,
2005). Sequencing of the GLI3 coding exons was performed with v3.1 BigDye terminator
cycle sequencing kit (Applied Biosystems, Foster City, CA) and either the ABI 377
(Applied Biosystems) or ABI 3100 (Applied Biosystems) per the manufacturer’s protocol.
Sequence data were compared with the published GLI3 sequence (GenBank reference
number NM_000168.5) using Sequencher 4.9 (Gene Codes Corp., Ann Arbor, MI).
Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the
ATG translation initiation codon in the reference sequence, according to journal guidelines
(www.hgvs.org/mutnomen). The initiation codon is codon 1. The entire coding region was
sequenced for all probands except OFD2 due to insufficient DNA.

DHPLC Analysis

For some probands, screening of exons 3 through 12 and the last third of exon 15 was
performed using dHPLC as described in (Johnston, et al., 2005).

Classification of Sequence Variants

We classified sequence variants as causative mutations if they were:

a. anonsense or frameshift variant or,

Hum Mutat. Author manuscript; available in PMC 2011 October 1.
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b. amissense variant that predicted a non-conservative amino acid change and
segregated with the phenotype in multiple family members or was de novo in a
patient with a GLI3-related phenotype and unaffected parents

gPCR Analysis

gPCR was performed in a subset of individuals to identify deletions and duplications of
GLI3 exons. gPCR analysis of the GLI3 coding exons was performed with the Platinum
SYBR Green gPCR SuperMix UDG kit (Invitrogen) and the ABI PRISM 7000 (PE Applied
Biosystems) as described in Johnston et al. 2005 (Table 3).

Array Hybridization

Zoom-in comparative genomic hybridization (CGH) for chromosome 7p14 was performed
as described previously (Johnston, et al., 2007) in a subset of individuals to identify large
deletions and duplications on chromosome 7 including GLI3 (Tables 2, 3,5, 6, 7, 8, 9 and
11).

FISH Analysis

Results

FISH analysis was performed in a subset of individuals to identify large deletions on
chromosome 7 in the vicinity of GLI3. FISH analysis was performed as described in
Johnston et al. 2003 (Tables 3 and 7).

The cohort delineated in this study included ninety-three probands and was drawn from a
pool of 174 probands who were referred to our research protocol because they had one or
more manifestations consistent with either (or both) GCPS or PHS. In addition, some of
these probands were from multiplex families and clinical data on some of those affected
family members are included in this cohort. These ninety-three probands were divided into
several groups (see inclusion criteria, table 1) and each group is described in turn.

GLI3 mutations in probands with features of GCPS or PHS insufficient to meet clinical

criteria

The first group included fifty-three probands with features that overlapped with GCPS or
PHS, but these probands did not have sufficient features to warrant a clinical diagnosis of
either disorder. Of these fifty-three probands, twenty-eight were categorized in the sub-
GCPS group and eight of them had mutations. Of these eight mutations, five were frameshift
or nonsense mutations, one was a splice mutation, one was a missense mutation, and one
was a large genomic deletion. Four of the truncation or termination mutations were in the
predicted domains (either 5’ of position 1998 or 3’ of 3481); ¢.4240C>T, which predicts
p.Q1414X; ¢.4430_4431delCT, which predicts p.S1477X; c.4432G>T, which predicts
p.E1478X; and c.4594_4596del TCCinsA, which predicts p.S1532TfsX2. The fifth was at
the 3’ border of the PHS region; ¢.3474delG, which predicts p.11160FfsX46. The splice site
alteration, ¢.1497+1G>C, 1VS10, has been identified previously (Kalff-Suske, et al., 1999).
The missense alteration, ¢.2708C>T, which predicts p.S903L, was also identified in this
study in a proband who fulfilled the clinical criteria for GCPS.

We noted that all five of the frameshift or nonsense mutations in the sub-GCPS group were
located in the 3’ region of the gene. Overall, the mutation yield for patients with typical
GCPS was thirty-nine of fifty-seven (68%), as compared to eight of twenty-eight (29%) for
the sub-GCPS group (p = 0.0006, Fisher’s exact test). The distribution of mutations for
typical GCPS with frameshift or nonsense mutations is as follows; thirty-one were in the 5’
region, nine were in the PHS region, and fourteen were in the 3’ region (Fujioka, et al.,

Hum Mutat. Author manuscript; available in PMC 2011 October 1.
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2005; Furniss, et al., 2009; Johnston, et al., 2005). Interestingly, all five of the patients with
sub-GCPS who have frameshift or nonsense mutations have those mutations in the 3' region
(p = 0.0023 Fisher’s exact test). Of the twenty probands in the sub-PHS group, eight had
mutations (40%). Of these eight mutations, all were nonsense or frameshift mutations and all
but one of these mutations were in the previously defined PHS region (between cDNA
positions 1998 and 3481). One proband had a ¢.3887_3894del mutation that predicts
p.L1297SfsX4. As this mutation would be predicted to cause GCPS, some clinical details
are provided here. The proband had bilateral mesoaxial polydactyly of the hand, isolated
growth hormone deficiency without a hypothalamic hamartoma, and a bifid epiglottis. Her
three affected family members have two to four limb postaxial polydactyly with a bifid
epiglottis without a hypothalamic hamartoma. One family member had a broad forehead.
The biologic mechanism of how this variant causes a sub-PHS phenotype requires further
study.

Seven of the eight mutations in the sub-PHS group were novel. One mutation (¢.2149C>T,
p.Q717X) has been described previously in a patient with typical PHS (Johnston, et al.,
2005). The overall mutation yield for the sub-PHS probands was eight of twenty (40%),
which is significantly lower than for patients with typical PHS (twenty of twenty-two, 91%;
p = 0.0008, Fisher’s exact test).

One of five patients (20%) in the isolated PAP-A group was found to have a mutation in
GLI3, ¢.874C>T, p.R292C. This mutation is upstream of the zinc finger in a conserved
region of the protein.

GLI3 mutations in probands with features of oral-facial-digital syndromes

We identified twenty-one probands from our cohort who had one or more features of PHS or
GCPS and in addition, one or more features of OFDS. Among these twenty-one probands
we identified five frameshift or nonsense mutations that we concluded were pathologic and
one large genomic deletion of 14.0 Mb. All five of the frameshift or nonsense mutations
were similar in position within GLI3 to other mutations that have been reported to cause
PHS (Figure 1). Indeed, several of the probands in this group met the clinical criteria for
PHS (OFD1, ¢.2077A>T, p.K693X; OFD2, ¢.2977C>T, p.Q993X, OFD3, ¢.3002delG,
p.G1001AfsX2). Patient OFD4 with the ¢.3040G>T, p.E1014X mutation did not meet
clinical criteria for PHS but he had oligodactyly, which we have observed in affected
relatives of probands with typical PHS (unpublished observations). Similarly, patient OFD5
with the ¢.3371dupC, p.H1124PfsX5 mutation had postaxial polydactyly and a
hypothalamic hamartoma. Although not sufficient for a clinical diagnosis of PHS, this
combination of features has been observed in affected relatives of probands with PHS. Six
of twenty-one patients with features that overlap an OFDS had a GLI3 mutation for an
overall yield of 29%. This yield of mutations is significantly below that for typical PHS
(twenty of twenty-two, 91%, p < 0.0001, Fisher’s exact test).

GLI3 mutations in probands with typical GCPS or PHS

The final group included patients with typical manifestations of GCPS or PHS. These
patients were similar in their clinical manifestations to patients described previously
(Johnston, et al., 2005). Among the seventeen probands with GCPS we identified eleven
mutations. Of these eleven mutations, six were frameshift or nonsense mutations, two were
missense mutations and three were large genomic deletions. Of the six frameshift or
nonsense mutations, three were in the 5’ segment of GLI3 (between the start codon and
cDNA position 1998); ¢.1096C>T, which predicts p.R366X; ¢.1561 1576del, which
predicts p.S521PfsX9, and ¢.1728C>A, which predicts p.Y576X. One nonsense mutation (c.
4072C>T, p.Q1358X) was in the 3’ segment of GLI3 (between cDNA position 3481 and the
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normal stop codon). Two nonsense or frameshift mutations were in the middle region of
GLI3 (between cDNA positions 1998 and 3481), which in most cases is associated with a
phenotype of Pallister-Hall syndrome. Mutation (c.2374C>T; p.R792X) represents the
eighth report of this variant associated with GCPS and this variant has been associated with
nonsense-mediated mRNA decay (Furniss, et al., 2007). The second frameshift or nonsense
mutation in the middle region of GLI3 is ¢.2741delG, which predicts p.G914AfsX38. Two
missense mutations were identified, c.1748G>T, p.C583F, and ¢.2708C>T, p.S903L. Of
these eight mutations, six are novel. There were three probands in this group with deletions
that included GLI3 and ranged from 4.1 Mb to 12.2 Mb. All three of these deletions have
novel breakpoints. These individuals were given a diagnosis of GCPS contiguous gene
syndrome based on their molecular findings. This phenotype can include microcephaly or
normocephaly, cognitive impairment, seizures, and other manifestations.

Of the two probands with PHS, one had a mutation in GLI3, ¢.2685C>G, p.Y895X. This
mutation conforms to the previously described correlation that PHS mutations lie between
cDNA positions 1998 and 3481 and is novel.

The overall yield of mutations was 65% for GCPS (eleven of seventeen) and 50% for PHS
(one of two). We previously showed that among patients with typical GCPS, twenty-eight of
forty patients had a GLI3 mutation (70%) and nineteen of twenty probands with PHS had
GLI3 mutations (95%)(Johnston, et al., 2005). The results in the current study are similar for
GCPS. Merging these data, the current estimates for GCPS would be thirty-nine of fifty-
seven (68%) and for PHS would be twenty of twenty-two probands (91%).

Discussion

GLI3 mutations have been associated with several phenotypes including GCPS (Vortkamp,
etal., 1991), PHS (Kang, et al., 1997) isolated polydactyly types A, A/B, and preaxial
polydactyly type 4 (Radhakrishna, et al., 1999; Radhakrishna, et al., 1997), and a single case
of acrocallosal syndrome (Elson, et al., 2002). By combining the data in this report with
those of our prior work (Johnston, et al., 2005) we predict that when an individual manifests
features sufficient for the clinical diagnostic criteria for PHS or GCPS, their chance of
having a mutation in GLI3 is high; 91% and 68%, respectively. The data presented here
extend these observations into several distinct groups of patients.

In the early phases of gene discovery efforts, it is important to maximize the likelihood of
locus homogeneity by setting strict clinical eligibility criteria. This was done successfully
for PHS, and was likely done for GCPS as well. As noted above, nearly all patients who met
the clinical criteria for PHS had a truncating mutation in the middle third of GLI3. In this
study we hypothesized that a relaxation of the clinical criteria would identify additional
patients with GLI3 mutations. By relaxing the criteria to allow subjects with either
mesoaxial polydactyly or hypothalamic hamartoma (but not requiring both), we show that a
substantial proportion (50% or eight of sixteen) of patients have mutations in GLI3, a
substantial and clinically useful yield that is slightly more than half the rate for patients who
meet clinical criteria. When the criteria are relaxed even further to allow patients with
syndromic postaxial polydactyly without mesoaxial polydactyly or hypothalamic
hamartoma, no mutations were identified in four additional probands. Similar to the
situation for PHS, the relaxation of the clinical criteria for GCPS allowed us to identify
mutations in 29% of patients in the sub-GCPS category, again about half the yield for
patients who meet the former criteria. We had a limited set of probands enrolled in the study
who had non-syndromic polydactyly, which was mostly postaxial polydactyly. The yield in
these patients was one of five or 20% but because this cohort is small, we believe that the
implications of this finding are limited.

Hum Mutat. Author manuscript; available in PMC 2011 October 1.
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We also identified a cohort of patients who had one or more features of an oral-facial-digital
syndrome. Other than OFDS type 1, there is no known molecular etiology for the many
types that have been described (up to thirteen types have been proposed). We reasoned that
some cases of OFDS could be caused by mutations in GLI3 because: (1) there were a
number of clinical reports of patients whose findings overlapped OFDS and PHS; (2) OFDS
type 1 is a ciliopathy (Ferrante, et al., 2006); and (3) GLI3 requires ciliary function for
proper processing (Haycraft, et al., 2005). We selected twenty-one cases from our cohort
with one or more features of an OFDS. Some of the patients had sufficient features to
warrant a diagnosis of PHS or GCPS as well, but some of the patients have been accepted as
examples of an OFDS as evidenced by their publication in the literature (Fujiwara, et al.,
1999; Stephan, et al., 1994). Among these twenty-one probands, we identified six cases with
causative mutations in GLI3, establishing molecular evidence that mutations of this gene can
cause phenotypes within the OFDS spectrum. Taken together, these data suggest that
clinicians and molecular diagnostic laboratories should encourage a relaxation of clinical
criteria for GLI3 testing for patients with one or more features of GCPS or PHS. This would
include patients with a feature of PHS or GCPS and one or more features of an OFDS. In
this way additional patients will be diagnosed molecularly, which can be valuable for
directing further clinical evaluations (endocrine and imaging studies), prognostic advice,
molecular diagnostics in other family members, and family planning.

Beyond the clinical diagnostic utility, these data further the understanding of the biology of
this gene and its pathway. The mutational spectra of typical GCPS and PHS are distinct;
GCPS is caused by a wide range of mutations, but PHS is caused essentially only by
truncating mutations. The data presented here, combined with published cases (Borg, et al.,
2007; Fujioka, et al., 2005; Furniss, et al., 2009; Johnston, et al., 2005; Mendoza-Londono,
et al., 2005; Roscioli, et al., 2005; Yilmaz, et al., 2008), describe 147 mutations in patients
with typical GCPS or PHS. The mutation distribution in these two phenotypes is distinct.
The GCPS mutations include large deletions/duplications (n=31) and translocations (n=5),
and a variety of point mutations including missense (n=9), in frame deletions (n=1), splice
(n=11), and frameshift or nonsense mutations (n=54). The distribution among patients with
PHS is limited to one splice mutation and thirty-five frameshift or nonsense mutations. The
difference in these mutation spectra is highly statistically significant (frameshift/nonsense
vs. all other types; Fisher’s exact test < 0.0001). We have previously shown that among the
patients with truncating or frameshift mutations, the position of the mutations in GLI3
robustly correlates with the phenotype; patients with PHS have mutations only in the middle
portion of the gene (cDNA position 1998 to 3481), whereas patients with GCPS typically
have mutations 5’ of position 1998 or 3’ of 3481. Again, the association between mutation
position and phenotype is highly significant (3" mutation vs. 5’ or middle segment, Fisher’s
exact test <0.0001).

The data presented here not only strengthen the known association among those with typical
GCPS and PHS but also show the same mutation trend in atypical forms of the disorders.
Among eight probands with sub-PHS, all eight mutations are frameshift or nonsense,
whereas this is the case for slightly more than half, five of eight, of the sub-GCPS probands.
Seven of eight of the PHS truncation or nonsense mutations lie in the middle third of the
gene, whereas this is the case for none of five frameshift or nonsense mutations among
patients with sub-GCPS. These data support the notion that the anomalies of GCPS and PHS
are specific to their mutational mechanism, whether those anomalies are typical (PHS and
GCPS) or atypical (sub-PHS and sub-GCPS).

There was no apparent correlation for the type or position of frameshift or nonsense
mutations within the sub-PHS group that explained or predicted that these mutations caused
an atypical phenotype as distinct from typical PHS, as all or nearly all were in the middle
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third of the gene. However, we did find a correlation of mutations in sub-GCPS patients that
distinguished them from GCPS. In probands with GCPS, the frameshift or nonsense
mutations were distributed among the three segments of the gene; 5’ segment (n=31), middle
segment (n=9), and 3’ segment (n=14). In contrast, five of five frameshift or nonsense
mutations in probands with sub-GCPS were in the 3' segment of the gene (3’ mutation vs. 5’
or middle segment, Fisher’s exact test = 0.0023). These data suggest that the frameshift and
nonsense mutations in the 3" segment of the gene cause distinct biologic and phenotypic
consequences from those in the other two segments of the gene.

The transition at nucleotide 1998 relates to the position of these mutations with respect to
the zinc finger domain-encoding region and the normal proteolytic processing site of the
GLI3 protein (Kalff-Suske, et al., 1999). The transition at nucleotide 3481 may relate to the
presence of the transactivation domain (Ruppert, et al., 1990; Shin, et al., 1999). There are
known exceptions to these correlations. There is a recurrent ¢.2374C>T, p.R792X mutation,
which lies within the PHS region of the gene, but in eight of eight families (including one
proband in this report) is associated with a typical GCPS phenotype (Debeer, et al., 2003;
Furniss, et al., 2009; Johnston, et al., 2005; Kalff-Suske, et al., 1999). A similar mutation, c.
2741delG, p.G914AfsX38, has been identified in a single family with a typical GCPS
phenotype in this report. The proband in this case manifested postaxial polydactyly with
macrocephaly and hypertelorism and had a family history of preaxial polydactyly. A third
exception is a single family with PHS that has a splice mutation instead of a frameshift or
nonsense mutation, although that mutation likely produces a truncated gene product
(Johnston, et al., 2005). These data show that the clinical spectrum of phenotypes caused by
mutations in GLI3 is wider than previously appreciated. Further, they demonstrate that some
mutant alleles of GLI3 can cause malformations that are milder than the typical, clinically
defined pleiotropic picture of these disorders, in that they do not demonstrate all of the
features required for a clinical diagnosis. The previously reported association of mutation
type and phenotype (PHS vs. GCPS) is strengthened by this report and it is extended into
milder phenotypes as well. In addition, the distribution of frameshift and nonsense mutations
in patients with sub-GCPS is distinct from that in those with typical GCPS, which suggests
that these mutations are pathogenetically distinct. The data presented here should encourage
molecular diagnostic laboratories to test a wider array of patients and the data should be
useful to further understand the pathogenesis of these distinct pleiotropic developmental
anomalies.
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Figure 1.

Diagram of the position within the gene of newly described nonsense and frameshift
mutations in probands with sub-GCPS, sub-PHS and OFD-overlap. Some of the closely
spaced mutations have been adjusted for increased visual clarity. Red bars denote the 5’ and
3’ limits of the PHS region at nucleotides 1998 and 3481 respectively. The colored bars on
the protein show the conserved domains of GLI3 as defined elsewhere (Ruppert, et al.,
1990).
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Column A All required

Column B Minimum of one required

Column C Confirming features!

OFD-overlap | Polydactyly Oral frenulae
Oral hamartoma
Clef lip/palate
Cerebellar vermis hypoplasia
Tibial hypoplasia
PHS Mesoaxial polydactyly
Hypothalamic hamartoma
GCPS Preaxial polydactyly Syndactyly
Macrocephaly
Hypertelorism
Postaxial polydactyly
Sub-PHS Mesoaxial polydactyly Bifid epiglottis
Hypothalamic hamartoma Imperforate anus
Oligodactyly Small nails
OR Hypopituitarism
Postaxial polydactyly plus one feature from column C | Growth hormone deficiency
Genital hypoplasia
Sub-GCPS Preaxial polydactyly Hypoplasia of the corpus callosum

Broad thumbs or great toes
Syndactyly

Macrocephaly
Hypertelorism

OR

Postaxial polydactyly plus one feature from column C

Confirming features were used to place individuals with into sub-PHS or sub-GCPS groups when their only feature from column B was postaxial

polydactyly.

Probands were evaluated sequentially for inclusion in the OFD-overlap group, then the PHS or GCPS groups and lastly the sub-PHS or sub-GCPS
groups. Probands were placed into the first group where they fulfilled the inclusion criteria. Individuals who fulfilled the criteria for both sub-PHS
and sub-GCPS were placed based upon the number of features they demonstrated for each group.

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 14

*T UOPO3 SI UOPOI uonenIul ay L “(uswounwy/B1o sABY mmm) sauljapinb feuinol 03 Buipiodde ‘aausnbas aduslayal ayl Ul UOPOI UOIIRIIIUI UoIe|SUR) 91V 8yl 40 W 8y} 0] Buipuodsa.liod T+ Yim Bulsquinu NGO S109]4a4
Buraquinu apnosjonN “Buipuly Jo soussaid ‘+ ‘Aejap [eiuswdojansp ‘aq ($einzids ‘7S ‘UOIBWIOLBW SNOUISARD [el(aiad ‘INDD ‘Wnsojj0d sndlod ‘D)) s30) 1ealb JapIM ‘€94 ‘149] 100} ‘14 [e4a1e[ig 1004 ‘g4 ‘squiny) apIM ‘€gH ‘W] puey ‘TH aubil puey ‘YH ‘Jelsie|iq spuey ‘gH

aaq/zs ‘eluiay [ealjiqun ‘ewyse/siuownsud ASY ‘snwisiqens AleJe] + + a4 H €94 ‘egH aH AN 6'¥¥-L'TVI8p:LIUD 89
aa ‘eiuojodAy ‘arered mouteu ‘ybry ‘erdonss ‘yimoibiano [ealbuin s3]91IuaA pablejug a4 ‘aH g4 ‘saH aH ZXS312ZESTS d “WSuIDD 118p96SY 7650 19
Aejap sojow aut 00 8y Jo eisejdodAH + a4 ‘"4H edd aH 14 X8Ly13'd ‘1<OzEVYd 99
|BWION a4 X.Ly1Sd 'LOIBPTEYY 0EVYd €-99
s.Jabiadsy ‘erwsoue ‘wstiennydodAy ‘smojbida pisig ‘sainins o1dolaw JO SISOISOUASOIURID e|18s Aidwsa [erued + g4 ‘aH X2.91Sd ‘1DI18PTEYY 0Py 0 -9
|BWION + + g4 ‘aH X.Ly1Sd 'LOIBPTEYY 0EVYd 1-99
aq ‘seipedsodAy ‘diy pue 1004 [eseu peoiq ‘sainns o1dolsw JusuiIwold ‘Buljrey Jordue ybiH 801 £ a4 ‘YH XyTyTO'd ‘1<Q0ryd 79
ad ‘Asupny jo
30uasqe ‘[Joym Jrey ajgnop ‘abpliq [eseu passaidap ‘Buissoq [euody - ‘adeys (s otfeydsoouobii | [ewJoN + 301 €'2 g4 ‘4H XyTrTOd ' 1<D0vgy o T-v9
aH 9YXSIH09TTId ‘OI9prLYED ¢€9
Jowin) SWIM aH aH 9rXSI409TTI'd ‘DI8pyLYed 1-€9
plouap Jeseu ‘selpedsodAH a4 ‘egH - e065°d ‘1<08022°9 r43)
Aejap yosads + a0} €7 €84 ‘eaH aH OTSAI "O<DT+L6YT™D €19
wsiny + a4 €94 ‘egH aH OTSAI ‘O<OT+L6VT ¢19
+ + €g4 ‘edH aH OTSAI "0<OT+.6YT 7-19
sbuipulH jeuonippy sbuipuid 19N saka Afeydaooaoely  AlQ1oepuls  AjlK1oepAlod  AlAoepAlod  AjA&1oepAjod uonenin lenpiaipu|
padeds snoaueIND [eixeald [e1xelsod [e1xeosa
3PIM

swoldwAs pue sbuipuiq

Johnston et al.

suoneInw yum swsied s409-gns
Z alqeL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 15

Johnston et al.

+ + 40d0 129
15A9 aulpiw ‘eisejdodAy
aa ‘sisosydauoipAy ‘enuaiy [0 wiajsulelq pue Je|1agaiad ‘0D Jo sisauaby TH Reury 929
aaq ‘Aouedasasip yibusj Baj ‘swutol ajqisusixaiadAy ‘asou 10ys ‘Sateu papiansluy |ew.IoN + + 80) £'Z a19|dwo) Aely (o743}
S101]09s ‘WSIPIY2J03dAID ‘sfesterelaw pue sfededeisw 1oys ‘ajddiu

Aresswnuiadns ‘elulay oiewreayderp ‘Bel uiys sejnauneald ‘eisejdodAy feanoy ‘eisejdsAp
Jeunal ‘siuad jjews ‘eisejdsAp diy ‘abed qu padeys |jaq ‘Awoleue deipled xajdwo) |ew.oN eg4 714 901 pu0das piiig Aely 743)
|eluoly ‘abpliq [eseu passaidap ‘Ajeydasoibeld pjiw ‘Ajjessieiq squ 0T ‘aegarIaAIWBaH punoseJyn uo ageds 4SO pasealou| HH Aely €29
1awiny oys ‘sjreu abuly Juasae ‘sabuereyd [eisip 1oys 14 ‘gH Reuy 443}
a4 40d0 129

Ajeydaouaziyos ‘eisejdodAy weis
sAep g 1e paseadap ‘Buimoq [eiqn 13| ‘AjA1oepoul)d Jabuly yig ‘srefed ybiH ureiq pue Jej|agalad ‘9 J0 sisauaby a4 Aely 029
elulay [euinbl ‘aSV/ASA 188} anjo |essie|ig 00 8y} Jo eisejdodAH 301 £'2 H 40d0 679
3u0} MO] ‘sajdwip Mog|a ‘WNJ0JIS
JMBUS ‘SNYIUOIG MOLIBU BUO YIIM BIJR[RWIOaYdR) ‘ASfed aAJau [elueld Y19 pliw ‘siea Saseald [ensnun
aAIoUNSIP ‘salnssiy Jeigadied pajuels umop ‘abpliq [eseu passaldap ‘pesyaloy Jusulwold 02 a3y Jo eisejdodAH + + YlIM spuey peold eaH aH Aely 879
SaInioe.uod ‘uoirednsuod ‘sso| Buleay ‘aq ‘qu eiixa ‘swiseds ajnueul ‘Buissoq [euoi 0D J0 sisauaby + Areydadoioiw aH aH Reury 119
aaq ‘seiusay jeunBui ‘sisoaydauoipAy ‘peayaioy peoig $9]9LIIUBA JUBUIWOId + a4 ‘aH HSI4 979
ad pliw ‘Zs ‘sped [eja}
juauiwold ‘winyeAedxs snyoad Xoau Buoj ‘Buipmold [ejusp ‘erejed ybiy ‘AnswwAse [IN)S Areydsaod|oa piA + + 14 a4 “TH d2d0 ST9
saBuereyd [eisip Hous [ewioN + g4 ‘aH 4odO 719
aa + €aH aH 40d0 €19
aa
‘Jus1oyap HO ‘ennuopodAy ‘uoneinbue Jouaisod pasealoul YIm ‘19s MO SIes ‘adey asieo) S3|9LIUBA pabrejug + + 201 €2 'aH g4 “H dH A1K19epobiio 40d0 219
s1sA0 [ejusQ + + aH S| 119
eidojolalay
Janew Aaib Jejagaled ‘eliAbosolwAjod
aq ‘aueiquiaw [eulbeA asiaAsuel) ‘eIUIBY [eIN[IqWN lejuoly ‘0D auyp Jo eisejdodAH + a4 ‘gH 019
aaq ‘zs ‘seipedsodAy ‘eluiay ‘siso1souAsoiues) JeWION + Aeydaosotoiw aH 14 aH Aely 69
sBuipui4 jeuonippy sbuipuiq 14N saka Areydaooaoey A1AyoepuAs AfoepAlod  A1f10epAjod A1A1oepAjod siSA[euy  [enpiaipu|
paoeds snoaueIND leixeald [eIxe1sod |eIXe0SalN uonalad
3PIM
swoldwAs pue sbuipuiH
suoneINw INoynm susired S409-ans
€9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 16

Johnston et al.

‘Buipuyy Jo aouasald ‘+ ‘19aap [erdes [eLie
/IRINOLIUBA 'ASY/ASA ‘Aejap |eluswdojansp ‘dq ‘seanziss ‘7S ‘auowioy YyimolB ‘Ho ‘pinjy eulds |eigeis0 ‘45D {winso)j0d sndiod ‘D7 sa0l 1ealf apim ‘€9 ‘18] 1004 T4 Y61 1004 ‘Y4 ‘[eere]iq 1004 ‘G ‘squinyy apIMm ‘€GH ‘48] puey “TH yBil puey ‘“YH ‘[eise|iq spuey ‘gH

sbul|qis pajoafe g ‘syiuow g ook '}
1e paseadap ‘Aaupiy aoysasioy ‘swnb pajsn ‘anssi anbuol Juepunpas ‘wsiydiowsAp eroe4  jo eisejdodAy ‘eisejdodAy Jejjagaiadoiuod g4 ‘aH 829
sbuipul4 jeuonippy sbuipuid 14N saka Areydasoaoen A1A30epuis AfQoepAlod  A1f1oepAjod A1A1oepAjod SISA[euy  [enpialpu|
paoeds snosueIND |eixeald [eIxe1sod |eIXROS3IN uons|ag
3PIM

swoldwAs pue sbuipuiH

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 17

*T UOPO SI UOPOJ UoeIIuI 3y “(ustounw/B1o sABY mmm) sauljapin feuinol o1 Buipiodde ‘aousnbas aouala)es 8yl Ul UOPOD UOHEIIUI UOIR|SURL © 1Y U} 40 ' 3y} 0 BuIpuodsaiod T+ yum Buuisquinu NGO 1991381 Burlaguinu apnoajonN “Buipuly jo souasald
“+ ‘Aejap eauswdojanap ‘aq ‘auowioy Ymoih ‘Ho ‘108)ep [eidss [elne ‘gsy ‘snsotianie smonp jusied ‘vYad ‘UonepJelal [elusl ‘HIAl ‘saInziss ‘7S ‘ewolewey olweeyiodAy ‘HH ‘48] 1004 14 yBil 1004 ‘Y4 ‘[elere)iq 1004 ‘G4 ‘u8| puey “TH “ybu puey ‘HH ‘[eJsie)iq spuey ‘gH

uoneoosUR T:€T ‘Swalqold snuis 21uoayd 004 ybuI Ul 8UOq BIIXT snus prouayds + pesysJoy peoig a4 ‘aH ¥Xs1S262T1d ‘[9pYESE £88€0  ¥-8Hd
aaq ‘snwibe)sAu ‘s1So1j09s 219810y L + aH ¥X81S262171'd '|19py68E £88€0 €-8Hd

|ewioN + g4 'aH ¥X845.6211°d ‘18py68e 2880 ¢-8Hd

UOEIO|SURI) /T:ET JUBIOLBP SUOWIOY YIMOID) S[1SU0} Je|[8qa180 pabiejug + a4 aH ¥Xs1S262T1°d ‘[9pyesE 28860 T-8Hd

ZS anse|ab ‘sso| Burieay
AKiosuasoinau ‘eisejdodAy enuab usiolep HO ‘ya)d [eabullie]

‘e[nuaJy suljpiw ‘ysa} pajutod ‘seo} ansejdodAy ‘sjreu |jews HH + aH 8ZXSIMTOTIN'd ‘wdnpz0ee o LHd
s|jads Buiybine| Jusiolyap suowioy Yymolb
‘alnyels 1Ioys ‘sfesserelawl pue sjediedelsw Jo AjA10epuAs snoassQ HH VN YH A1X1oepobijo X200TA'd '919pr00€E™2 9Hd
SY9aM T 18

wnyredsiue paseadap ‘eisejdodAy eusal eiare|iq ‘sodj0d0IpAY ‘elnisiy
JeuiBen09isan ‘eisaile [eulben ‘eisejdodAy prolAuy) ‘eisejdodAy

[euaipe ‘puef Arennnd jussqe ‘ersejdodAy Areuow|nd ‘sjreu jrews HH VN [esore|ig GTXSIdr/84°d '18pY29Z 12922 SHd
aa 'zs ‘Ausaqo ‘Aousioysp

H9 ‘Asupi 1Bl 01do3os ‘swisjqoud Butreay ‘swiajqo.d [ensiA HH + yeal |[ews ‘Ajeydesosoe|y UH ZTXs418v8a’d ‘O19pzySz 0 vHd

sedreoelaw

g4 '€z 14 Jo uoisny
SUIUOW € Te Paseadap ‘s|reu [[ews HH VN 801 €' "dH 14 1H A1f1oepobijo Xv7Z8IN'd ‘O19p99re d €Hd
Aep T 1e paseadsp ‘eisejdodAy [enuah ‘snue ajelopiadwi
‘uoiejngoj Bunj jew.ouge ‘uoisusiiadAy Areuow nd ‘spuelb jeuaipe
pue Areynyd jussqe ‘uonenBinbas pidsnall ‘ASY ‘wdd ‘s|reu |[ews HH VN a4 ‘aH XET80d '1<D/€4TD ZHd
HIN 319A8s ‘7S ‘eluadolfooquiolyl ‘uonouny SJed |[ews ‘ewslselp
Jeual pasealdap ‘sisauabe [eual jesarejiun ‘(saliebins Auew) eaeold UoISUaIXa aNSAdRINW YIM HH + ‘as0U |[ews ‘saka 1as deaQ g4901¢'z aH X.T.0°d ' 1<061T129 THd
sBuipuid [euoppy sBuipuid simo|bid3 seanyead Aifyoepuhs  Aihoephlod  AjkroepAjod A1kyoepAjod uoneiniy [enpiAIpu|
19N puig |e1oejoIURAD snosueInd |eixealdd |eixe1sod |e1xeoss|N

swoyrdwAs pue sbuipuiH

Johnston et al.

suoneInw yum sjusired SHJ-qns
v 8|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 18

Johnston et al.

(penwigns .ccmEmccomvH

“Buipuly 3o aouasald '+ 108)3p [e1das [erre ‘ASY ‘saunziss ‘7S ‘Aejap [eiuswidolansp ‘@ ‘ewonewey olweeylodAy ‘HH passasse 10U ‘N S30) 1ealB apIm ‘€4 ‘|esaxe[iq 1004 ‘G ‘SquInyl apIm ‘€gH ‘[elale|iq spuey ‘gH

Kouaranyap autioopua B yyy 4o xuereyd ajppiw ansejdodAH HH N ae|nualy [eI0 70¢Hd
JaBuly yy1y onsejdodAn HH VN ae|nualy [eI0 16THd
ad ‘snireydodiN HH VN dij yajo *Areydsoosdlin 8THd
aa‘zs HH VN LTHd
wieyydoue b1
aaq alanss ‘elusay onewbelyderp ‘eisalre jeueoyd ‘wstennidodAyued HH VN ‘elweyiydoloiw 1o ‘wsiiojalodAH g4 ‘cdH 9THd
wseynudodAy
‘Xn[4al [eaylain ‘Yajd aAJeA [eliw ‘gSV ‘Ua)d [eabuhie] ‘gam eabulkie] Aseyinud Jouajue Juasae ‘HH 9]1q1ss0d smo|bids uoys Areydaooibeld aH GTHd
JeJy3ain ‘uondsul Jappelq ajdinw
‘sa|ddiu A1ossadoe [eJare|iq ‘e1doaisa 1ybu pjiw ‘snwisigesnsopnasd ‘ainjre} yby ‘Areydsaoyoijop
ymnoib [erewssod ‘eluojodAy ‘fediedersw G 18| onsejdodAy Apybis BIOR[RWONN3| Je[noLiuaALlad ‘AfeBawiolnatua A ppiw ‘Buissoq [euody ‘Afeydadooin a4 ‘aH Aeldy ¥THd
SUYIUOW G Je paseadap ‘108)ap [eued Je[NJLIUSAOLIY HH + pue yinow |jews daH aH €THd
$31S8] PapuUadsapun [eJare|iun ‘snjpeydodiy VN + Joudyue abre a4 ‘aH a4 ‘gH ZTHd
‘sisodydauo.pAy ‘Bey feuiben ‘wsuennydodAyued ‘sjreu jlews |ewIoN + Jeseu passaidaQg aH TTHd
aa ‘zs ‘snjjeydosoiw ‘wajqoid Arennyd ‘sjreu [rews |ewloN pajuiod ‘Ajeydasoloi aH 0THd
aa ‘wsuennydodAyued ‘eluoiodAy ‘spjos jeyonN pue snwejeyodAy usamiag uondnisig + Irey dfeas aul4 aH 6Hd
sBuipuld [euomppy sBuipuld 14N simo|bid3 seanyesd Aifyoepuhs  Alhoephlod  AlfroepAlod  Alf1oepAlod  sishleuy  [enpiaipul
puig [e1oejoluel) snoaueIn) leixeald [e1xe1sod [eIxeoss|N  uons|eg

swoldwAs pue sbuipui4

NIH-PA Author Manuscript

NIH-PA Author Manuscript

G 9lgel

NIH-PA Author Manuscript

suoneInw noynm sjusired SHJ-ans

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 19

WwN@O s108}481 Burisquinu apnosjon “Buipuiy Jo soussaid ‘+

(666T “1e 19 ,ES_._EVN

‘(¥66T “Ie 18 kcmﬁsmvﬁ

*T UOPOI SI UOPOI uolenIul 3y “(uswounwy/Bio sABY mmm) sauljapinb euinol 01 Buipiodge ‘@ousnbas aouslayal syl Ul UOPOI UOIRNIUI UoITe|SURl) 91V aY1 40 W ay) 0] Buipuodsa.liod T+ yim Buusquinu
‘Kejap feruswdojanap ‘aq ‘19a4ep [e1dss [eLre ‘gsy ‘wnsojjed sndiod ‘D2 ‘ewonewey oiweeylodAy ‘HH ‘s80) 1ealB apim ‘£g4 ‘1yB1i 100) ‘Y4 ‘[eJa1e|ig 100) ‘G4 ‘8| puey “TH aybu puey ‘YH ‘[eJs1e|iq spuey ‘gH

sIeak G'Z e paseadsp
‘sisoydAy ‘se1se) papuadsapun [esale|iq ‘uas|ds A10ssadde
‘Aaupiy aoysasioy ‘afeno uswesoy Jusred ‘eisejdodAy jeueoyd
leJareqiq ‘smojBids pisiq ‘wsiiojeuadAy ‘Ajeydsosoioeiy

[eanp ‘sa|oLIUBA pare|iq

AN ¢'Ly-¢'EEIP:LIUD 9a40

HIN ‘Auagnd snoidodaud ‘ejnisiy ansAd-oulbea
e Yum sod [090138WO0IpAY ‘ae[ngiy |[ews ‘eujn 14| Uoys

Aydoure [e1galad Ya| ‘HH

SXSIdveTTH'd ‘0odnpozegd ¢SA40

>89M T Je Paseaoap ‘snue ajesopiaduwi ‘A3upiy 3] 1UsSqY

ssew o1weeylodAH

S$Y99M ZZ 18 pareullla)
Aoueubaid ‘sjreu jjews ‘siabuly 1oys ‘snue ayesopsadwi
‘squut] Woys ‘Asupiy anseldsAp ‘eiyreubuAs ‘yinow
|[ews ‘saka padeds apim [[ews ‘eIsalie [eueoyd [esare|lg

0D 8y} Jo sisauaby ‘HH

sAep G 1e paseadsp ‘asSy ‘snue sreloyiadui
‘sfreu [jews ‘ssabuiy 1oys ‘sainssiy [egadfed 1oys

ad
‘saunzias onse|ab ‘Josioul Arejjixew Aresswnuladns ‘Auisgnd
sno1009a.d ‘eisejdodAy anau ondo ‘erdoAjqure ‘eidosos3

sBuipui4
18Y10

H A1K10epobilo X#1013'd ' L<O0r0ED ¥a40
gH ZXSIVT00TO d ‘D18p200€™d €d40
IH Xe660°d ‘1<0./62 2a4o0
aH Xe693'd ' 1<v22029 77440
A1AroepAjod uoneInn lenpiaipu|
|e1xeoss|n

swoldwAs pue sbuipuiq

Johnston et al.

NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript

suoneINw yum syusied dejisno-q40

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 20

Johnston et al.

syiuow g 1e pasesdsp ‘abpliq [eseu

ubis Y1003 Jejow Yyim 1sA2
1ay[em Apuep ‘win|jagalad

passaidap peouq ‘Buissoq [eiuoly ‘sainins apim ‘Afeydasoioeiy 10 eisejdodAy ‘HH + + T¢ado
paseasap ‘qq ‘eisalie [euibea ‘anbuol palayla L HH areled/di + a4 ‘aH a4 ‘aH 02a4o0
4100} Asesawinuiadns
‘41001 JUaSQE ‘U100 PIJIq ‘S8INzias dNse|ab ‘enosolw
9a1Bap puodas ‘1abuly yig 1oys ‘sjreu Jabuiy jjews ‘Areydsdosoeiy ewoLeWeH + + IH 6TA40
el J[ews aujpiw
paydlou ‘sYIA uasqe pue snwibeisAu Bulyaress yum sewogqojod
anJau ondo ‘sinojBida Jussqge ‘AjA10epAydr.q pue 198} pue
Spuey [[ews Yim BuiuslIoys 21j8WoSaw pue d1jawoziyl payen HH ‘ubis Y1001 JejoN + arered/di + + a4 aH 81a40
sAaupy 91149 ‘yimolBiano
eAlbulb ‘eisejdodAy eiqn esare)iq ‘eisejdodAy snipes [esarejiun 02 Jo sisauaby aH + aH + 11a40
S$Y99M (Z 1e pareulwla)
AoueuBaid ‘mel [lews ‘sauoq Buoj 110ys ‘sqil 110Ys ‘aenqiy JUasqy HH a4 + arered/di a4 ‘gH a4 “1H Aey 9Ta40
sso| Burieay a1anss ‘eunal

payoelep ‘eisejdodAy anlau ondo ‘eisejdsAp eunas ‘eiyreufoloiw

‘abp1iq Jeseu passaldap ‘Buissoq [eIuoly ‘saka padeds apIp JewIoN arejed aH aH HSI4 STa40
abe Jo syluow ¢ e paseadsp
‘snue aeloyladwi ‘peay Ya| onsejdodAy ‘saka paoeds apIpn 09D J0 sIsauaby ‘HH + + + aH ¥TA40
aq ‘wsuennidodAyued ‘Areyinud
Juasqe ‘aSV/ASA ‘Wininualy sulpiw pue ejjixewsid Jussqy alejed/din g4 ‘aH €1a40
uolewIoyew
13[ep-Apueq ‘199)0p
Aaupiy onsAoAjod [eisre|iq ‘sies |lewS uolysna |eipJesopus + + a4 ‘aH ¢tado
aaq 'zs ‘seipedsodAy piiN HH + 4 21a4o
aaq ‘smojbida pays|o ‘saka padeds spIm ‘ssoj Buieay pliA a4 ‘aH + anbuoy ‘di| + a4 aH Aey 0Ta40
aa
alanas ‘xnjjal ‘sisodydauoipAy ‘Asdajids ‘abpliq feseu passaidag 1D |ewloN ajejed a4 Aey 64040
ad piiw ‘snjreydo.oiw
‘squ padojanaplapun ‘sisous)s a110jAd ‘auljirey Jousiue ybiH (-)sm¢g'z + IH HSId 8a40
usaned [elAb [ea11409
Jew.oude ‘eijbueb [eseq
paseadsp ‘seasoued 911SAD ‘Jeued AV ‘199) gNJO ‘squil| LoYS pasny ‘0D 40 sisausby + arefed pue di a4 ‘gH a4 ‘aH 1d4o
sbuipuil4 18y10 sbuipui4 14N AlKyoepuAs  eisejdodAy  eisejdodAH  s1efed/di  ewoleweH B|NnuaJly AfroepAlod  Alf1oepAlod  AlK3oepAlod  SIsAleuy uonsjad  [enplAlpul
snoaueIn) [elqiL SILUIAA U930 [e10 [123le) leixeald [eIxe1sod [eIXeosa|N
BIT[ELEIETS)
swoldwAs pue sbuipul4
suolreinw noyyum me_qu thm>o-n_n_o
L3|qeL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 21

Johnston et al.

“Buipuyy 3o aouasald ‘+ 10843p [eIdas [eLIe/IRINOLIUSA ‘ASY/ASA ‘S8Inziss ‘7S ‘Aejap [eiuswidolanap ‘@ passasse 10U ‘YN ‘ewolewey dlweeyiodAy ‘HH ‘wnsojjes sndiod (D7 ‘4] 1004 ‘14 ‘[elale|iq 100} ‘g4 ‘Ya| puey “TH ‘[esdre|iq spury ‘gH

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 22

"T UOPOJ SI UOPOD uoeul 3y *(uswouinw/B1o°sABy mmm) sauljapinb feunol 01 Buipioade ‘aousnbas aoualagal Uy} Ul UOPOI UOITRIIUI UOIRISURS O]V 8yl 40 v 8y} 01 Bulpuodsallod T+ yim
Buriaquinu WwNQ@o s199]481 Buaquinu apnosjonp “Bulpuly Jo soussaid ‘+ 1084ep [e1dss [elre/IeIndLIusA ‘ASY/ASA ‘Aejap [eluswdojaAsp ‘dq ‘SaINzIads ‘ZS ‘UOoIeWIo)eW SNOUIBARD [2IGaI89 ‘DD ‘Winso]j0d sndiod ‘D7 ‘[elale]iq 1004 ‘g4 ‘bl puey ‘HH :[esa1e]iq spuey ‘gH

Johnston et al.

aa ‘Zs 'puey ya| 8y} 40 aseasd Jew|ed

asJansuesy a|6uts ‘Nd xijaynue ‘sasead agojtea [euozioy ‘wsipiyaioydA1n uolsnyya [einpgns + aH ‘a4 aH a4 qIN T'SP-0'THI9P:24UD 69

aaq/zs ‘asv/asA ‘awolipuAs suenq AreBawononiusa ‘Wd0 + + 301 €'C g4 ‘eaH QIN 8°G¥-L'6€EI8P:LIUD 8€9

/ZS ‘“e1oejewobuAie] ‘JaAl] 8sIN0D ,xmmh |eJa1ain- ‘sisoydauoipAy [essiejig 0D [ewlouge ‘INDD + a4 ‘aH a4 ‘aH QN €°6%-T°LEISP:LIUD L€9
aq ‘zs "eluiay [edljiguin + + a4 a4 'aH X85e10'd ' 1<02L07d 299
a4 a4 'aH X85eTOd ' L<D2L0Y™D 1-9€9
+ g4 ‘aH 8EXSIVYT69'd ‘OI9PTYLZD ¢-G€9
AlfyoepAod feixeaid Jo Alolsiy Ajiued das [etie/+ + 901 €'Z g4 'aH 8EXSIVYT6D'd 'OI9PTYLZ D 1-G€9
‘aulldrey Jouaiue ybiH a4 a4 1€06S'd ' 1<080.2"0 €vEO

aqa ‘noai siselselp aouaujwoud

UMM eluIay [e21]1gun ‘80U snog|ng ‘sisojsouAsoluesd [epibes ‘Ajeydasoyaljoq Je[NILIUBA plIW ‘DD 8y} JO Sisaushy + + a4 g4 ‘aH 1£06Sd ‘1<080.2°9 Z-v€9
BlyISY [eW.ION a4 ad 1€06S'd ' 1<080.2"9 T-v€9
abpliq [eseu peoig a4 aH Xz6Ld'd ‘1<0v/€20 [ %)
7S JewIoN + a4 ad aH Xz6.d°d ‘1<Ov/€2d T-€€9

BlUIBY [edljIqun S/N [BWION a4 a4 aH 4€850'd ‘1<98Y.T [439]

abpliq Jeseu passaldap ‘sp|o} [eyiuesida ‘sIsoIsouAsoluBID + + g4 a4 aH X9/GA°d 'W<I82.T0 1€9

X[} PaLJIo[ed
slejow Jo uondnis pakejap ‘pesysioy uo ewodi ‘wnso|ea snd.iod Jo eisejdodAH + + a4 a4 6XS4dT2GS d ‘19p9.ST TOSTD 09
eluiay feutnBur Bl ‘sisa) papuadsapun ‘snieaouinba sadifel ‘Buipmoid [eyusq + + g4 ‘gH g4 ‘eaH aH X99gyd ‘ 1<0960T 2 629
sbuipulH [euonippy sbuipuid4 14N safka paoeds apIp - Apeydaooaoely  AjlA1oepuls  Alf1oephAlod  AlK1oepAlod  AjA&1oepAjod uonenn lenpiaipu|
snosueIND [eIxeald [e1xe1sod [e1Xe0saIN

swoldwAs pue sbuipuiH

NIH-PA Author Manuscript

8 9|gel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

suoneInw yum sjusired S409

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 23

‘Buipuiy 10 souasaid ‘+ ‘UoITEPIRIA) [EIUSW ‘YA WINSO0||0d SNAI0D ‘DD ‘SquINY) 8pIM ‘SgH ‘W8] 1001 ‘T4 [eJele]iq 100 ‘G4 9yl puey ‘dH ‘[esele]iq spuey ‘gH

Areydaoouobii | g4 ‘aH g4 ‘eaH Reny 99
10|Je4 Jo ABoje.al sansau ondo ansejdodAy ‘wnpionjiad wndas
‘uoljewo4ew JejnaseA Aefjided supiw ‘eluiay [esere|ig 10 92udsge ‘saqo] [edodwia) Ya| pue [e)did20 Ya| Jo Ajeydasuaiod + a4 Reny [129)
YN ‘Jea pawiojep ‘peayaloy Jusuiwold ‘asou [[ews 0D J0 sisauaby + dH aH Rey 443)
a4 a4 aH Reny (343)
eisejdodAy wass urelq 1sA9 urelq ‘09 Jo sisauaby aH anssi) 1os ‘g4 aH o
+ 14 Rey o
sbuipulH jeuonippy sBuipuid 14N saka Aleydasoaoely  AlQ1oepuls  AlQoepAlod  AlK1oepAlod  A1Q1oepAlod  sIsAjeuy uonsle@  [enplalpul
paoeds apIp snosueIND Jeixeald [e1xe1sod [eIXeosa|N

swoldwAs pue sbuipuiH

Johnston et al.

suoneINW Inoynm siusied Sd09

6 9lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 24

Johnston et al.

*T UOPOJ SI UOPOJ UOIEIIUI 3Y L
(uswounnwy/B10°sABY*mmm) sautjapinb [euinol 03 Buipiodoe ‘sousnbas 8ousI88 8Y1 Ul LOPOD UONEIIUI UONRISURL) 91V 8U1 JO 7 8y} 01 Buipuodssiiod T+ yim Buriaquinu NGO S108j4a1 Butiaquinu apnosjonN “ewoewey olwefeyiodAy ‘HH ‘[ess1e[iq 1004 ‘g ‘[elaie|iq spuey ‘gH

eisejdodAy [eual [esere|ig HH g4 ‘gH aH aH XS68A°d ‘'9<0G892°0 TZHd
sbulpuid feuonippy  sbulpuid 14N smo|fid3 pylg  seaniesq  Alfoepuks  Alf1oephlod  Alf1oepAlod - AlK1oepAjod uoneniy [enpiAIpu|
leloejolueI)  ShosueIn)d |eixeald |eixe1sod |e1xeoss|n

swoldwAs pue sbulpui4

suoneINW yum sjusied SHd

0T 3lqelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



Page 25

Johnston et al.

NIH-PA Author Manuscript

“Buipuiy Jo souasald ‘+ ‘UomnepIelal [EIusW ‘YA ‘ewoLeWey dlweleylodAy ‘HH ‘felsie)iq spuey ‘gH

dIN ‘eissojfouaiw ‘eisejdodAy [epusb ‘yresl pajulod ‘sjieu [lews HH + aH Reny CCHd
sBuipuld feuoippy sbulpuid 14N smolflda pylg  saunyesd  KlKoepuhs  AjfyoepAlod  AlKoepAlod  AlKioephlod  sisAjeuy  [enpialpul
[eloejoluelD  Snosuend leixeald [e1xe1sod [eIxeoss|N  uons|eg
swoldwAs Jo sbuipuiH
suonenw Inoym syusned SHd
1T 9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 October 1.



	CentraCare Health
	DigitalCommons@CentraCare Health
	10-2010

	Molecular Analysis Expands the Spectrum of Phenotypes Associated with GLI3 Mutations
	Jennifer J. Johnston
	Julie C. Sapp
	Joyce T. Turner
	David Tilstra MD
	Recommended Citation


	tmp.1493312378.pdf.FbzIU

