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Abstract

Background—Mutations in GL /2 have been associated with holoprosencephaly (HPE), a
neuroanatomic anomaly resulting from incomplete cleavage of the developing forebrain, and an
HPE-like phenotype involving pituitary anomalies and polydactyly.
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Objective—To characterise the genotypic and phenotypic findings in individuals with GL/2
variants and clarify clinical findings in individuals with loss-of-function mutations.

Methods—Through the National Institutes of Health and collaborating centres, ~400 individuals
with HPE spectrum disorders, endocrine disorders or craniofacial anomalies were screened for
GL /2 mutations. Results were combined with all published cases. We compared the clinical and
molecular features of individuals with truncating mutations to individuals with variants of
unknown significance (defined as not resulting in protein truncation, reported in normal controls
and/or deemed unlikely to be pathogenic by functional prediction software).

Results—112 individuals with variants in GL/2were identified, with 43 having truncating
mutations. Individuals with truncating mutations were more likely to have both pituitary anomalies
and polydactyly versus those with variants of unknown significance (p<0.0001 by Fisher’s exact
test); only 1 of 43 had frank HPE. These individuals were more likely to have recognised
penetrance (polydactyly or pituitary anomalies or both) than those without truncating mutations
(p=0.0036 by Fisher’s exact test). A common facial phenotype was seen in individuals (with
midface hypoplasia, cleft lip/palate and hypotelorism) with truncating mutations.

Conclusions—Individuals with truncating mutations in GL/Ztypically present with pituitary
anomalies, polydactyly and subtle facial features rather than HPE. This will be helpful in
screening populations for GL /2 mutations and for counselling affected patients.

Trial registration—98-HG-0249/04-HG-0093.

INTRODUCTION

Holoprosencephaly (HPE) is the most common fore-brain anomaly and results from
incomplete separation of the cerebral hemispheres and midline brain structures early in
gestation. Mutations in GL/2have been described as associated with a range of phenotypes.
These phenotypes include pituitary anomalies and postaxial polydactyly, as well as classic
HPE.1-3 As a result of literature-based descriptions, GL /2testing is often performed in
patients with isolated, frank HPE. However, we show that pathogenic mutations in GL/2
result in a recognisable and clinically distinct phenotype that only rarely extends to HPE but
rather includes more commonly, pituitary abnormalities and/or polydactyly.

There are three Gli proteins that are involved in the Sonic hedgehog signalling network.
These interacting molecules encode zinc-finger transcription factors. Glil and Gli2 have
activating affects, in contrast to Gli3, which has a repressive effect on Shh pathway activity.*
Alterations in this pathway resulting in activation or repression lead to several identified
human diseases, including various cancer syndromes and birth defects.> Some of these birth
defects include brain abnormalities classically associated with Sonic Hedgehog signalling.
Gli2-1- mouse embryos have been shown to exhibit severe ventral patterning defects in the
hindbrain. GL/2activator function is thought to be required for expression of a class of
genes encoding specific progenitor cells that will become motoneurons and interneurons in
the ventral neural tube.®

Gli2 has also been shown to play a specific role in pituitary development early in gestation,
with variable loss of normal pituitary development in G/i2-deficient animal models.” G/i2
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mutant mice embryos have an essentially normally patterned but smaller pituitary, the latter
finding secondary to a defect in cell proliferation. In this model, the G/i2 mutant cells were
also shown to be less likely to contribute specifically to the anterior pituitary, as they had a
decreased number of anterior pituitary secreting hormone cells: specifically corticotropes,
somatotropes and lactotropes.® In addition, the you-too (yoi) zebrafish mutant has loss-of-
function mutations in g/i2, and these mutants have abnormal patterning of the ventral central
nervous system as well as anterior pituitary hypoplasia.®

Mutations in GL/3have been associated with various syndromes such as Greig
cephalopolysyndactyly syndrome,0 Pallister—-Hall syndrome!! and other polydactyly
syndromes.12 These syndromes can involve polydactyly, characteristic facial anomalies and
hypothalamic abnormalities, and individuals with HPE as part of the phenotypic spectrum
have been reported.® Interestingly, G//Z mutant mice seem to be normal, and there is no
current evidence that GL /I mutations result in Mendelian forms of human congenital
malformations.

In this study, we aimed to analyse the phenotypic findings in individuals with GL/2variants
based on the variants’ potential pathogenicity, with the hypothesis that bona fide loss-of-
function mutations result in a distinct and recognisable condition that does not typically
include classic HPE.

METHODS

Samples from approximately 400 individuals with HPE spectrum disorders and their
relatives were collected over 18 years in our laboratory at NIH,313 and these samples were
screened or analysed for variants in the GL/2gene (NP_005261) under the National Human
Genome Research Institute/NIH Institutional Review Board approved brain research
protocol, with appropriate consent obtained from all research participants. Patients identified
through the NIH study had sequencing performed by previously published methods and
were also tested for mutations in the major genes known to be associated with HPE (SHH,
ZIC2, SIX3and TG/F).1* These individuals’ features comprised the entire HPE spectrum,
ranging from severely affected fetuses to very mildly affected individuals. Clinical details
were supplied by the referring clinicians, which included items such as a patient summary,
photographs and radiological imaging. Patients not seen at NIH were ascertained through
their respective IRB-approved protocols (with appropriate consent obtained from research
participants), but were not uniformly screened for mutations in other HPE associated genes.

Published cases were ascertained through a PubMed/Medline search using the search terms:
GL 12, HPE, holoprosencephaly. These published cases were derived from a variety of
patient cohorts. Some of the cohorts specifically tested patients with HPE;231315-17 cleft lip/
palate!8; pituitary hormone deficiencies!1?; and craniofacial anomalies.2? Only cases with a
proven variant involving GL/2were included for analysis. Cases with involvement of other
genes or chromosomes (eg, due to a large microdeletion including nearby genes) were
excluded so as to not confound possible results.
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We evaluated variants and sought to identify individuals with variants for which there was
strong evidence for pathogenicity. Those variants predicted to result in truncation of the
protein include nonsense, frameshift and splice-site variants, and those with deletions of all
or nearly the entire gene were also included in this category. Variants were further evaluated
through dbSNP and the Exome Variant Server?! and were binned as variants of unknown
significance if they appeared in those databases. As the pattern of inheritance resulting from
pathogenic GL/2mutations has been shown to involve incomplete penetrance, identifying
variants in such public databases does not necessarily exclude a functional role nor
involvement in disease processes, especially due to the paucity of phenotypic information.
Finally, the remaining variants were evaluated using Polyphen2,22 a software-based
functional prediction algorithm, and were binned as variants of unknown significance unless
predicted to be ‘probably damaging’.

In summary, for the genotype—phenotype analysis, in order to be maximally conservative,
we only considered variants to have high evidence for pathogenicity if they resulted in
truncation of the predicted protein, were not found in public databases and were predicted to
be “probably damaging’ through software prediction. For the purposes of our analyses, we
call these “‘mutations’. All others were considered to be variants of unknown significance.

Statistical comparisons were made using Fisher’s exact test.

We describe 112 individuals from 65 independent kindreds with variants affecting the GL/2
gene. Thirty of these individuals (27%) have not been previously reported in the literature.
The patients ascertained through the medical literature were described in publications from
2003 to the present.

27/65 probands had more than one individual within the family identified with the variant,
although familial testing was not uniformly available. Of those with known inheritance,
maternal inheritance was found in 23/45 (51%), paternal inheritance was found in 18/45
(40%) and 4/45 (9%) had de novo mutations.

MUTATIONS

There were 53 distinct variants identified. 35/53 (66%) were (predicted) missense variants,
7/53 (13%) were nonsense variants, 8/53 (15%) were frameshift variants, 1/53 (2%) was a
splice site variant and 2/53 (4%) were whole-gene or near whole-gene deletions.

One kindred had an additional variant in PTCH, and another kindred had an additional
variant in Z/C2.216

Table 1 shows families with more than one variant found within GL/2.

There were also four apparently unrelated individuals with the same two GL /2 variants (c.
4054A>G, p.Met1352Val; c.4558G>A, p.Asp1520Asn)! and another four apparently
unrelated individuals with the same GL/2variants (c.4332G>A, p.Metl444lle; c.4333C>T,
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p.Leu1445Phe).! For the last two groups of individuals with more than one variant in GL/2,
information is not available regarding the cis/trans orientation of the variants (eg, from
familial or other testing), therefore rendering further hypotheses about multiple interacting
variants moot.

CLINICAL FEATURES

3/112 individuals (3%) were described as having HPE, although only one of them had a
pathogenic mutation (using the criteria described above, as opposed to a variant of unknown
significance) in GL/2—see below for more clinical details. One individual had a nonsense
mutation (c.1486C>T; p.Arg496*) with a clinical description of ‘HPE findings’ but no
imaging or detailed findings were available such that, after review of the original clinical
data and discussion with the authors of that publication, there was evidence that the
individual may in fact be more accurately described as having findings consistent with
microform HPE (subtle facial differences without the neuroanatomical anomalies seen in
frank HPE).3 Another individual had a missense variant (c.677G>A; p.Arg226His) and had
semilobar HPE; however, this individual was also found to have a pathogenic mutation in
ZIC2, in which mutations are well established as a cause of HPE.16 Finally, one patient had
a GL/2frameshift mutation (c.864_866delCC; His289Profs*61) and had documented
semilobar HPE. This individual’s phenotype included microcephaly, cleft lip/palate and
bilateral postaxial polydactyly.20

Patients with HPE with GL /2 variants were described as demonstrating typical facial
features, with more severe facial features correlating with more severe brain abnormalities.
These facial features include cyclopia, hypotelorism, proboscis, single nostril, flat nasal
bridge, cleft lip and/or palate, iris coloboma and single central incisor.23 For our patients,
11/112 did not have facial features described in the medical literature. Of those with
available clinical descriptions of facial features, 68/101 (67%) were described as being
normal or non-dysmorphic. Of those with dysmorphic features reported, although not
universal, the patients had a specific well-defined combination of facial features. Many of
them had features of mild midface hypoplasia (13/101, 13%), cleft lip/palate (16/101, 16%)
and/or hypotelorism (4/101, 4%). Specifically individuals with predicted loss of function
mutations have these well-defined facial features, most often midface hypoplasia. Figure 1
shows four individuals with loss-of-function mutations. As shown for the individual for
which there are both a neonatal and a later childhood photograph, the characteristic facial
features become more obvious with age. It is important to note that midface hypoplasia
(relative to older children and adults) can be seen in unaffected neonates as well. While one
individual was described with a single nare, no other individuals had the more classic/severe
HPE-related features such as cyclopia or proboscis.

GENOTYPE-PHENOTYPE ANALYSIS

There is wide variability in the phenotype described in individuals with mutations in GL/2.
After compiling all known cases of individuals with variants in the GL/2 gene, we compared
the phenotypes of individuals with mutations predicted to lead to loss of function (such as
nonsense or frameshift mutations, or large deletions) to those with variants of unknown
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significance. We specifically examined the presence of polydactyly and pituitary
abnormalities both alone and in combination, as these features were frequently described in
individuals with pathogenic mutations and were hypothesised to represent a core part of the
phenotype. Online supplementary table S1 describes the phenotypes of all individuals with
loss-of-function mutations, and online supplementary table S2 has more detailed information
regarding all of the individuals included in this study.

98/112 individuals had information available regarding where polydactyly and pituitary
abnormalities (eg, abnormal pituitary imaging or lab-based evidence of hormone
deficiencies) were present. Of individuals with mutations predicted to result in protein
truncation, 16/43 (37%) had both polydactyly and pituitary anomalies. Of those with non-
truncating variants, 1/69 (1%) had both abnormalities. This difference was statistically
significant (p<0.0001 by Fisher’s exact test).

102/112 individuals had information available regarding at least hand findings or pituitary
abnormalities, though the available information varied, and it is possible that there are other,
more subtle findings not uniformly reported. Despite this, we examined penetrance in these
individuals and found that those with predicted truncating mutations had hand abnormalities,
pituitary abnormalities or both in 36/43 (84%) individuals. Those with non-truncating
variants had penetrance in 39/69 (57%) with 36/39 (92%) of them involving pituitary-only
abnormalities. This difference was statistically significant (p=0.0036 by Fisher’s exact test).

Table 2 shows the number of individuals with pituitary abnormalities and hand abnormalities
in those with truncating mutations and those with non-truncating variants.

Of note, only two individuals with a non-truncating variant had polydactyly and one of them
was the sole individual with preaxial polydactyly—all others with polydactyly had postaxial
polydactyly. Figure 2 shows the postaxial polydactyly of both the hands and feet of three
different individuals with truncating mutations in GL/2.

DISCUSSION

GL/2mutations have been described as associated with HPE for approximately the last
decade. For this reason, GL/2testing is often performed as part of a panel of tests for
individuals with HPE. There are numerous ‘red herrings’ that may explain the supposition
that mutations in GL/Zrelatively frequently result in classic HPE. One reason may involve
the identification of a GL/2variant of unknown significance in a patient where an
unidentified mutation (in a different gene) may account for the patient’s phenotype. For
example, individual 5a, who had a GL/2missense variant, had semilobar HPE; however, this
patient was also (later) found to have a truncating mutation in the gene Z/C2, the latter of
which has strong evidence as being the cause of HPE in this individual.2* Proband 10a was
described as having semilobar HPE, and though there is not an alternate genetic explanation,
it is suspected that another (as yet unknown) mutation may account for the neurological
phenotype. The sister of proband 17 had classic, alobar HPE. However, HPE is overall not
uncommon, 2526 and molecular testing on the deceased sister was never performed. Proband
20a was described as having HPE findings, but there was no further information given and
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the “HPE findings’ were based on facial features without any imaging available making the
assignment of frank (neuroanatomical) HPE somewhat suspect.

This is not to say that GL/2mutations do not result in a spectrum of severity. However, frank
HPE does not appear to be a common part of this spectrum. Even severely affected patients
(such as proband 12a in the online supplementary table) do not in fact appear to have HPE.
In fact, the most severe neuroanatomical finding reliably reported appears to be agenesis of
the genu of the corpus collosum, along with an abnormal cerebral periventricular venous
system and abnormal gyri. Callosal anomalies are frequently described in HPE, but in HPE,
they occur in conjunction with additional evidence of midline non-separation. Vaaralahti et
al performed a study looking at individuals with Kallmann syndrome, which involves
congenital hypogonadotropic hypogonadism and decreased or absent sense of smell, and
reported one individual with a missense mutation in GL/2 (c.2509G>A; p.Glu837Lys). This
demonstrates overlap of pituitary anomalies within two different genetic conditions.2” As in
phenotypes related to GL/3mutations, HPE may occur in individuals with GL/2 mutations
in rare instances (in which HPE is somewhat more common than the occurrence of HPE in
the general population) perhaps due to a multifactorial disease pattern involving multiple
interacting genetic and environmental factors.

There are a few larger deletions including the GL/2 gene reported resulting in individuals
with pituitary anomalies and/or polydactyly. Kevelam et a/reported an individual with a 1.3
Mb submicroscopic heterozygous deletion in 2q14.2, which includes GL/2along with four
other genes. This individual had a bilateral cleft lip and palate and abnormal pituitary gland
formation, along with panhypopituitarism and normal psychomotor development. He also
had heterotaxy of the abdominal organs, thought to be related to the additional deletion of
EPB4.1L 5, which has been hypothesised as a candidate gene for heterotaxy.?8 Gustavsson et
al reported an individual with a balanced translocation with the karyotype 46,XY,t(2;20)
(921;p13) and a submicroscopic deletion on chromosome 2g14.2-g22.1, including 43 known
genes, one of which was GL/2. This individual had hypospadias, postaxial polydactyly of
the left hand, double-left-sided ureters and undescended testes, exotropia and amblyopia of
the left eye, and growth hormone deficiency, as well as a history of deep vein thrombosis
related to lupus anticoagulant factor.2% Both of these individuals have phenotypic agreement
with our prediction of pituitary anomalies and/or postaxial polydactyly as being directly
related to the ‘core GL/2Zmutation phenotype’. It is possible, however, that given the
complexity of the deletions in these individuals and the several other genes involved, their
phenotypes could be secondary to other causes.

We found that truncating mutations may be identified along the length of the GL/2gene and
that there was no evidence for correlation between the location of these truncating mutations
relative to known functional domains and the patient phenotype. As the activation domain is
located at the distal portion of the molecule, all mutations leading to truncation would be
expected to behave similarly on a functional level. That is, the encoded molecule would lose
activation activity regardless of where the truncation occurs, as well as if a mutation fell
within the zinc finger domain, as in this latter instance, it would then not be able to bind to
targets. Our data support the presence of a well-defined phenotype in individuals with
pathogenic GL/2mutations. This phenotype includes anterior pituitary anomalies (as
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opposed to the posterior pituitary insufficiency frequent in typical HPE) and postaxial
polydactyly. Although not all individuals with predicted pathogenic mutations have both
findings, these findings are only described together once among all of the individuals with
GL /2 variants of unknown significance. It is also possible that some individuals described
here were not evaluated extensively enough to detect possible subtle hand findings or minor
pituitary anomalies, which may further support our findings. We attempted to determine the
degree of pathogenicity conservatively by our inclusion criteria for pathogenic mutations
(see “Methods’), but we readily admit that sufficient bench-based functional data to better
test our hypotheses are lacking.

The findings described here are relevant for several reasons. First, GL/2is a large and
polymorphic gene and rare familial variants are common. Sequencing any gene, especially
one as polymorphic as GL/2, may result in the frequent identification of variants of

unknown significance, which can make interpreting molecular findings difficult. Using the
Exome Variant database, we identified 123 missense polymorphisms, one splice site change
and one frameshift in GL/2. When comparing this with other major genes in which
mutations are known to cause HPE, there are significantly more variants within GL/2, with
SHH having five reported missense variants, Z/C2having five, S/X3having seven and 7G/F
having none (though findings related to 7G/F may largely reflect sequencing issues related
to this particular locus) (evs.gs.washington.edu/EVS/; 25 November 2013).

Another source of difficulty for our analysis is the admittedly important ascertainment bias.
Individuals included in this study are derived from a variety of different clinical settings with
a fairly large proportion coming from an endocrine clinic; this can be seen in the online
supplementary table. This bias may at least partially explain why so many of the individuals
with non-truncating variants had pituitary abnormalities, as that was the original reason why
sequencing was performed. Future studies with whole exome or genome sequencing may
expand the phenotype of patients with GL/2mutations as well as under-cover variants in
other genes that modulate the phenotype.

These findings also underscore the importance of the evaluation of documented genetic
variants in terms of potential causation. This manuscript, like others, begs for further in-
depth functional analyses of identified GL/2variants in order to draw stronger conclusions
about the consequences of variants.

Finally, in the age of high-throughput sequencing, in which sequencing a particular gene (or
many genes simultaneously) becomes increasingly easy, it will be important to have a
focused and phenotype-centred approach at least in the analysis phase so that more answers
are given rather than questions raised. Specific to GL/2, our results suggest that an approach
starting in the endocrinology clinic with close follow-up in the traditional dysmorphology/
neurogenetic clinic may result in a higher yield of etiological explanations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Infant image of a patient with frameshift mutation in GLI2. (B) Same patient as (A) in

early childhood. (C) Infant image of a patient with nonsense mutation in GLI2. (D) Same
patient as (C) in early childhood. (E/F) Frontal and side views of infant with frameshift
mutation in GLI2. (G) Infant with deletion of GLI2. (H) Mother of G (as an infant), with
same deletion.
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Figure2.
(A) Image of right hand of an infant with a nonsense mutation in GLI2. (B) Image of left

hand of a child with a frameshift mutation in GLI2. (C) Image of left hand of an infant with
a frameshift mutation in GLI2. (D) Image of the right hand of the same infant (C). (E) Image
of the left foot of the same infant (C). (F) Image of the right foot of the same infant (C).
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