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Abstract
Holoprosencephaly (HPE) is the most common structural malformation of the forebrain and face in
humans. Our current understanding of the pathogenesis of HPE attempts to integrate genetic
susceptibility, evidenced by mutations in the known HPE genes, with the epigenetic influence of
environmental factors. Mutations or deletions of the human TGIF gene have been associated with
HPE in multiple population cohorts. Here we examine the functional effects of all previously reported
mutations, and describe four additional variants. Of the eleven sequence variations in TGIF, all but
four can be demonstrated to be functionally abnormal. In contrast, no potentially pathogenic sequence
alterations were detected in the related gene TGIF2. These results provide further evidence of a role
for TGIF in HPE and demonstrate the importance of functional analysis of putative disease-associated
alleles.
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Introduction
Holoprosencephaly (HPE) is best understood as a failure in the generation of, or response to,
midline signals that normally instruct the developing prosencephalon to divide into paired left
and right hemispheres and subcortical structures [1,2]. This incompletely understood process
is etiologically heterogeneous and can be perturbed by both genetic and environmental causes,
either individually or more likely in combination. Clinically, there is a nearly continuous
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spectrum of malformations consistent with HPE, and this variable expressivity and/or
penetrance is clearly demonstrable in all well documented familial cases segregating a
particular HPE mutation. Families frequently manifest a wide range of phenotypes, such as,
typically severe HPE with perinatal lethality, or microforms (such as microcephaly, closely
spaced eyes, single central incisor), or even clinically unaffected individuals. Most
investigators consider HPE to be consistent with autosomal dominant inheritance of a major
susceptibility locus, although X-linked, autosomal recessive, and digenic inheritance have been
suggested in isolated cases [3,4]. With few exceptions, such as ZIC2 and GLI2 [5–7], prediction
of phenotype based on the type or nature of mutation has been elusive for HPE, as well as for
an increasingly large number of unrelated genetic disorders [8,9]. We hypothesized that for
some conditions, including HPE, alterations in modifier genes or interactions with
environmental factors contribute to the variable phenotype in HPE and other disorders
(multiple–hit hypothesis) [10]. TGIF [11] is one of several genes associated with HPE,
including Sonic Hedgehog (SHH), SIX3, ZIC2, GLI2 and potentially TDGF1 and PATCHED
[5–7,12–16]. Although several of these genes are within the Sonic Hedgehog pathway, having
been studied because SHH was the first HPE gene to be identified, there is currently limited
understanding of the potential interactions between these HPE susceptibility genes. In all cases
to date, only heterozygous sequence changes or hemizygosity have been detected in these
genes.

TGIF (5′TG3′) interacting factor (or TGFβ-induced factor, OMIM #602630) is a transcriptional
repressor and member of the TALE (Three aminoacid loop extension) class of atypical
homeodomain proteins [17]. The TGIF gene is located on 18p11.3 within the HPE4 minimal
critical region (OMIM #142946) defined by the comparison of several cytogenetic
rearrangements leading to the loss of 18p in association with the presence of HPE or its
microforms [18,19]. Mutations in the human TGIF gene have been identified exclusively
among HPE patients in several studies and include deletions of the entire gene due to
cytogenetically visible [20] or microscopic rearrangements (21,22), missense and nonsense
sequence changes [11,23,24]. However, attempts to model HPE in mice utilizing targeted
inactivation of the Tgif gene have failed to recapitulate the clinical findings of HPE seen in
humans [25,26, 52, 53, and this study]. Consequently, it became important for us to determine
the potential mutational spectrum of the TGIF and the related TGIF2 genes [27,28,29] among
our HPE patients. Furthermore, it is important to evaluate the functional effects of these putative
disease-associated alleles, since these findings have a direct bearing on genetic counseling, as
well as evaluations aimed at the study of gene-gene and gene-environment interactions.

TGIF was first identified as a 272 aminoacid (NP_775300) homeodomain transcription factor
that competed with the binding of RXR to the DR-1 RXRE in the rat cellular retinol binding
protein II (CrbpII) promotor [30,31]; however, the physiological significance of this
competition is poorly understood, since most retinoid response elements lack direct binding
sites for TGIF. Subsequent investigations have described multiple modes of repression for
TGIF, affecting the magnitude of TGFβ-induced responses as a corepressor of Smad2 or Smad3
[32–35], as well as a distinct role as a corepressor of retinoic acid mediated changes in gene
expression through interactions with RXR nuclear receptors [26]. Recent studies demonstrate
that TGIF also has a more general role as a corepressor of RXR nuclear receptors through a
protein-protein interaction, and the recruitment of additional corepressors into a multiprotein
complex. Similar multiprotein complexes are seen with Smad2 and TGIF, and can include the
recruitment of histone deacetylase (HDAC), CtBP and mSin3. These studies suggest that the
repression effects are likely to be mediated by gene-targeted changes in chromatin remodeling.
In general, TGIF acts to attenuate, or limit the extent of TGFβ or retinoid responses; however,
limited information is available on a potential direct role as a transcription factor, beyond its
ability to participate as a molecular switch from gene activation to gene repression. There may
well be other functions of TGIF and TGIF2 yet to be described.
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Members of the TGFβ family of secreted signaling molecules play diverse roles in intercellular
signaling and developmental programs (reviewed in [36]). These TGFβ ligands bind to
heterodimeric Type I/Type II cell surface receptors leading to the phosphorylation, and
activation of Smad 2 and/or 3. These activated Smads bind to the common Smad 4 and
translocate to the nucleus to influence gene expression. Activated Smad complexes are directed
to transcriptional targets through interactions with additional transcription factors, such as
FoxH1, and via direct DNA binding by the Smads. Target genes can be either activated in part
by the recruitment of coactivators, such as p300/CBP, and the extent of this activation can be
limited by interactions with corepressors like TGIF. It is the balance between competing
activator and repressor activities that ultimately determines the magnitude of the TGFβ
response within the cell.

It was initially attractive to speculate that mutations in TGIF affected the functioning of Nodal
[11], or related TGFβ factors, since genes in these pathways are intimately involved in the
development of the vertebrate organizer and its midline derivatives (such as the notochord and
prechordal plate) that are considered essential organizing centers for specification of all three
vertebrate axes. Defective Nodal signaling can result in cyclopic phenotypes that can resemble
some of the more extreme forms of HPE seen in humans. Given the role of TGIF as a
corepressor, loss of TGIF function would lead to an increase, rather than a decrease in signaling.
However, it may be that too much or too little Nodal signaling could result in defects in axis
formation and potentially generate HPE-like phenotypes.

The second described role for TGIF, as a modulator of retinoid responses, is perhaps a more
attractive model since retinoic acid is a well-described teratogen resulting in HPE both in
humans and animal models. Furthermore, targeted disruption of murine Tgif leads to aberrant
activation of retinoid-responsive gene expression and an increase in sensitivity to excess
retinoids [26]. However, even complete elimination of Tgif function in homozygous null mice
does not fully reflect the morphological abnormalities attributed to the loss of a single TGIF
allele in humans [25,26,52,53]. The potential basis of these species differences (mouse vs.
human) is poorly understood. Interestingly, there are also minor phenotypic differences
between mouse lines established in different laboratories, which are attributed to genetic
modifiers between strains.

We set out to examine the mutational spectrum of the human TGIF gene and putative promoter
region using a more highly sensitive method of dHPLC screening than had been used in our
original studies; we applied the same technology to the evaluation of TGIF2 as a potential
candidate gene, since this related gene shares many of the functional attributes of TGIF and
might compensate for decreased activity of TGIF in certain tissues or developmental contexts.

Results
A total of 435 patients with HPE were available in our collection for mutational analysis of the
TGIF gene. These samples are representative of the full clinical spectrum of HPE phenotypes
seen in non-syndromic, cytogenetically normal individuals, and include sporadic or familial
forms analyzed irrespective of the status of mutations detectable in unrelated HPE candidate
genes. A minimum of 95 normal control individuals were studied in parallel to the patient
sample set. New sample accrual has more than compensated for sample depletion making this
the most comprehensive analysis of TGIF to date. Previously detected mutations were
confirmed through this dHPLC study, and four additional sequence variants were identified.
Table 1 describes the molecular and clinical findings of all eleven TGIF variations identified
by our lab, or by others.
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Case reports
The first mutation, p.E45X, was seen in a male proband presenting with lobar HPE, atypical
ventricles with small frontal horns, hypothalamic and caudate fusion, diabetes insipidus,
seizures, premaxillary agenesis, microcephaly, absent nasal root and septum with a depressed
nasal tip (Fig. 1A and B). This heterozygous sequence change (Fig. 1C) predicts a premature
termination of the protein within the first α helix of the homeodomain. Both parents were tested
with normal results, indicating that this case represents a de novo mutation.

Interestingly, the second and third mutations were detected in the same female patient (Fig.
1D). To our knowledge, this represents the first case of HPE with two alterations in the same
gene. She presented with semilobar HPE, absence of the olfactory tracts, diabetes insipidus,
dystonia, unilateral cleft lip, flat nasal bridge, premaxilla dysgenesis, and microcephaly. One
variation, p.S46fs, was inherited from her father, while the second variation, p.H76Q, was
inherited from her mother (Fig. 1E and F). Both parents were reported to be non-consanguinous,
and normal by routine physical exam.

An unrelated HPE patient was also identified with the same p.H76Q sequence change. In order
to confirm that these cases were independent examples of the identical sequence change (c.
228C>A), we examined the promoter region, 5′ UTR and exon 3 for polymorphic variants; we
could demonstrate that these cases were indeed distinct and differed at four common
polymorphic loci.

The fourth novel sequence variation detected in our study by dHPLC (Fig. 1G) was identified
in a male infant who died at 5 days of age and diagnosed with HPE. This variation predicts a
frameshift at position 259 of the COOH-terminus of the TGIF protein (Fig. 1H) with an
extension of 57 aminoacids not present in the native protein and a protein 44 aminoacids longer.
This change was also detected in the father who displayed hypotelorism and anosmia, features
consistent with HPE microforms.

HPE-associated variations in TGIF are family-specific alterations
We detected a substantial number of single nucleotide polymorphisms in the human TGIF gene
during the course of our investigation (Table 2). Many of these polymorphisms have been
described by the investigation of TGIF as a candidate gene for myopia in a distinct population
[37,38]. In contrast to the disease-associated alleles, the majority of these polymorphisms were
detectable with comparable frequencies among patients, as well as controls. Nevertheless, all
detected sequence variations were assessed for their potential role in affecting protein
expression or function; none were selected by us for further analysis.

Lack of evidence of a role for TGIF2 in HPE
We also performed mutational screening of the two principal coding exons of the TGIF2 gene
in a slightly larger cohort of 496 patients with HPE. In contrast to the potentially pathogenic
variations seen with TGIF, the only sequence variants that we identified involved a wobble
(p.R96R) in an HPE proband (c.228C>T). In the normal control samples, we detected a single
individual with a −7_−10inv in the immediate vicinity of the 5′UTR upstream of the initiator
methionine. Both changes were considered likely rare variants and not studied further. Like
many genes evaluated as potential HPE candidate genes, TGIF2 is not associated with
pathogenic mutations in humans.

Strategy for functional analysis
Our original study linking TGIF mutations with HPE described significantly impaired repressor
function for p.S28C, decreased DNA binding for p.P63R, and suggested hypomorphic
activities for the p.T151A and p.S162F variants [11]. The p.S28C mutation was further shown
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to impair the interaction with CtBP due to the disruption of a conserved PLDLS motif in the
NH2-terminal repression domain [39]. In addition, three more potential mutations have been
described: one nonsense (p.Y59X) and two missense changes, p.Q107L and p.R90C ([23,24],
see Table 1). In order to better understand the significance of these sequence variations, we
performed functional studies of all eleven described TGIF alterations. Over-expression of high
levels of human TGIF and its potential human binding partners (DNA target sequences, CtBP,
mSin3, Smad3, and RXRα) in COS1 cells was chosen as the most sensitive test of the ability
of the mutant TGIF forms to interact with these factors; furthermore, this allowed us to detect
quantitative differences among the TGIF variants in relative expression levels and stability
(see below). These over-expression studies were then supplemented with reporter assays of
TGFβ and RXR-dependent responses according to published procedures.

HPE mutations within the homeodomain of TGIF affect DNA binding
TGIF can bind to DNA via interaction with other DNA-binding proteins or direct binding to
a TGIF consensus site. To determine the effect of the HPE mutations on the ability of TGIF to
bind DNA, we performed DNA pulldown assays. Lysates from transfected COS1 cells were
incubated with biotinylated double-stranded DNA oligonucleotide comprised of a portion of
the p15 promoter sequence, which contains a TGIF binding site (Fig. 2). TGIF protein bound
to biotinylated oligo was isolated on streptavidin agarose, run on SDS-PAGE gels, and western
blotted for TGIF. Wildtype TGIF was pulled down by the wildtype oligo, but not by an oligo
containing a mutated TGIF binding site that was used as a negative control. p.S28C, p.T151A,
and p.S162F bound DNA as well as wildtype. p.K259 frame shift mutant showed reduced
binding, but this is likely due to its low expression level in general. The above mutations do
not affect the homeodomain and therefore do not affect DNA binding. p.H76Q and p.Q107L
are expressed as well as wildtype TGIF and do not exhibit significantly reduced DNA binding
ability. p.P63A and p.R90C do not bind DNA detectably in this assay. In addition we noticed
that the expression of these two mutants in the lysate fraction is reduced compared to wildtype.
Lysate and pellet expression controls show that more of p.P63A and p.R90C are present in the
pellet fraction than in the lysate, indicating that these mutations render TGIF relatively
insoluble, possibly due to misfolding. However, the expression level of these proteins in the
soluble fraction is similar to that of p.K259fs, which binds DNA, suggesting that the P63A and
R90C mutations disrupt the ability of TGIF to bind to its consensus site.

TGIF HPE mutants interact with corepressors
TGIF contains a PLDLS motif near its N-terminus, through which TGIF interacts with the
corepressor CtBP to regulate transcription. It has previously been shown that the HPE mutation
p.S28C, located within the CtBP binding motif, abolishes the interaction between TGIF and
CtBP. The remaining HPE mutants were assayed for CtBP interaction by immunoprecipitation
of Flag-TGIF proteins followed by western blot for coprecipitating His6-CtBP. The HPE point
mutants interact with CtBP as well as wildtype TGIF (Fig. 3A). Frame shift and truncation
HPE mutations appear to weaken interaction with CtBP, in part due to decreased expression
levels of these constructs (Fig. 3B). Although there is clearly a detectable interaction between
the p.Y59X truncation mutant and CtBP, perhaps suggesting that this mutant form of TGIF
might be able to titrate CtBP away from its normal functions.

It is known that TGIF interacts with the Sin3 corepressor through an interaction domain in its
C-terminus. To determine whether HPE mutations in TGIF affect Sin3 interaction, COS1 cells
were cotransfected with Myc-Sin3 and Flag-TGIF constructs, as indicated. Lysates were
immunoprecipitated for Flag-TGIF then western blotted for coprecipitating Myc-Sin3 (Fig.
3C). A C-terminal deletion of TGIF that eliminates the Sin3 binding domain of TGIF, and
therefore abolishes interaction, was used as a negative control in this assay. All of the TGIF
HPE mutants assayed interact with Sin3. HPE truncation mutants were not assayed, as they do
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not contain the Sin3 interaction domain. Therefore, other than the loss of CtBP interaction with
the p.S28C mutation, TGIF HPE point mutants are able to interact with transcriptional
corepressors.

TGIF HPE mutants interact with Smad3 but exhibit a decreased ability to repress TGFβ-
activated transcription

TGIF has previously been shown to regulate TGFβ-activated transcription via interaction with
Smad2 and Smad3. An immunoprecipitation assay was used to determine whether HPE
mutations affect the ability of TGIF to interact with Smads. All of the HPE mutants tested
retain the ability to interact with Smad3. However, p.R90C and p.K259 frame shift expression
levels are low, decreasing the amount of co-precipitating Smad3 (Fig. 4A).

To this point, we have shown that TGIF HPE mutants retain the ability to interact with
transcriptional co-regulators. To test whether TGIF HPE mutants retain the ability to repress
transcription, luciferase assays in HepG2 cells using a TGFβ-responsive transcriptional
reporter in the presence of TGFβ were performed (Fig. 4B, C and D). With increasing amounts
of transfected TGIF wildtype, increasing repression of TGFβ-activated transcription of the
reporter was observed. p.K259fs repressed TGFβ-activated transcription, but not as well as
wildtype. p.P63A, p.P63R, and p.R90C do not repress TGFβ-activated transcription at all in
this assay (Figure 3B). In the case of p.R90C, this may be due to a lack of recruitment to the
reporter due to decreased interaction with the Smads (Fig. 4A). The three HPE truncation
mutations of TGIF did not significantly repress TGFβ-activated transcription (Fig. 4C). Loss
of CtBP interaction due to the p.S28C mutation decreases the ability of TGIF to repress
TGFβ-activated transcription, as previously shown (Fig. 3A). p.H76Q and p.Q107L do not
affect transcriptional repression by TGIF in this assay (Fig. 4D).

TGIF HPE mutants interact with RXRα but affect repression of retinoic acid regulated
transcription

TGIF interacts with nuclear receptor complexes through interaction of the TGIF homeodomain
with the ligand-binding domain of RXRα. It has recently been shown that as a result of this
interaction, TGIF represses retinoic acid-regulated transcription, predominantly in the absence
of retinoic acid [26]. Exposure of cell cultures to 9-cis retinoic acid (9C-RA) for 24 hours prior
to analysis favors the disassociation of TGIF-RXRα repressor complexes and permits nearly
full reporter activity. TGIF HPE mutants were first assayed for interaction with RXRα by
immunoprecipitation followed by western blot. The three HPE truncation mutations of TGIF
do not contain much of the homeodomain and were therefore presumed negative for RXRα
interaction and not assayed. The remaining HPE mutants interact with RXRα, although p.R90C
interacts only weakly (Fig. 5A).

Since TGIF HPE mutations do not affect interaction with nuclear receptors via RXRα, we next
performed luciferase assays to determine whether HPE mutants repress retinoic acid regulated
transcription. TGIF wildtype represses transcriptional activity from a DR1-TATA-luc reporter
in the absence of ligand and to a lesser extent in the presence of retinoic acid for 24 hours prior
to assay (Fig. 5B and C). p.S28C does not repress well in the absence and not at all in the
presence of ligand (Fig. 5B and C). p.P63R and p.P63A do not repress transcription from this
reporter, despite the fact that these mutants interact with RXRα (Fig. 5B). This interaction may
represent the small amount of these proteins which folds correctly, perhaps stabilized by the
presence of overexpressed RXRα, however, it appears that this is not enough to significantly
repress gene expression when expressed at lower levels. p.H76Q, p.Q107L, p.T151A, and
p.S162F all repress to an extent comparable to that of TGIF wildtype both in the absence and
presence of ligand (Fig. 5B and C). p.R90C does not repress transcription from a retinoic acid
regulated reporter, possibly due to the weak interaction of this mutant with RXRα (Fig. 5C).
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Shh/Tgif double knockout mice do not exhibit HPE
Previous studies had indicated that mice homozygous null for Tgif were viable, fertile and did
not display HPE [25,26,52,53]. However, studies of human HPE subjects had suggested a
potential genetic interaction between TGIF and SHH [10,11,43]. To test whether these HPE
genes interact genetically to cause HPE in mice, Shh heterozygotes were crossed with Tgif
homozygous mutants to obtain Shh/Tgif double heterozygotes in a mixed C57BL6/J × 129Sv/
J strain background. Shh/Tgif double heterozygotes were intercrossed and genotypes of the
offspring at weaning, at postnatal day 21 (P21) were analyzed. Due to the fact that Shh
homozygous mutants die in utero or perinatally, mice with these genotypes were not expected
at P21. All other genotypes resulting from these crosses were observed at the expected
frequencies, indicating that in a mixed strain background Shh/Tgif double knockouts are viable
(Fig. 6A). Shh and Tgif heterozygotes were bred for six generations onto a pure C57BL6/J
strain background, which is more sensitive to a variety of phenotypes. Knowing that Shh
homozygous mutants have an HPE phenotype by 10.5 days postcoitum (dpc), Tgif
heterozygotes were crossed to Shh/Tgif double heterozygotes and embryos were analyzed at
10.5 dpc for developmental defects. All genotypes were observed at the expected frequencies
in these embryos (Fig. 6B), indicating that Shh/Tgif double knockouts are viable at this stage
in a relatively pure background strain. Furthermore, very few embryos exhibited a phenotype
at this stage and no embryos observed had an HPE phenotype (Fig. 6C). Some defects in growth
or anterior development were observed in these embryos at a low frequency, although these
defects appeared to correlate better with the presence of the Tgif mutation, than Shh (Fig. 6C–
G). From this breeding data, it appears that Shh and Tgif null mutations do not cause a synthetic
enhancement of HPE in mice (see also [25]).

Discussion
HPE is an extremely common developmental anomaly occurring in 1:250 pregnancies and
1:16,000 live-born infants [2,3,4]. Most cases are apparently sporadic and associated with de
novo cytogenetic rearrangements in up to 50% of described cases [2,40]. Furthermore, recent
studies demonstrate that a substantial fraction of apparently cytogenetically normal cases
harbor occult microdeletions of HPE genes detected in live-born infants [21], and even more
frequently in fetal samples [22]. After a decade of mutational analysis, only a quarter of HPE
cases can be demonstrated to have mutations or deletions of an HPE-associated gene. When
functional analysis has been performed [6, 7, 11, 15, 44, 46, 48, this study] the majority of
these individual changes have been demonstrated to be pathogenic.

We now conclude that the majority of human TGIF mutations are also functionally abnormal.
Four of these mutations are early trunctions or frame-shifts that might be predicted to be
unstable, or non-functional, even if we did not know the physiological role associated with
HPE. These results are also in substantial agreement with the results obtained using wild-type
and a subset of mutant forms of TGIF to correct a newly described proliferative defect in Tgif
null murine embryonic fibroblasts [53]. However, it should be emphasized that none of the
described functions of Tgif have been definitively linked to a known pathogenetic mechanism
leading to HPE. Therefore, further studies will be necessary to clarify the role of Tgif in mice,
as well as TGIF in humans.

In three of our cases of TGIF mutations associated with HPE the genetic alteration also occurs
de novo. Furthermore, the four additional mutations with a loss-of-function phenotype are
family-specific changes seen exclusively in these particular HPE families, and not in controls
or unrelated populations including other HPE families. This latter observation deserves
particular emphasis, since it is typical of all pathogenic HPE mutations described to date [5–
7,11–16,19–24,41–46]. Given the decreased viability of patients with HPE, it is unlikely that
a pathogenic HPE mutation would achieve genetic equilibrium in a population. Reproductive
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fitness is also compromised in HPE given the neurological burden of the extreme forms,
suggesting that the clinical manifestations of parents with mutated alleles will be biased
towards those with few HPE manifestations. Unlike recessive disorders (two deleterious
mutations in the same gene and with common mutations accounting for a substantial fraction
of disease alleles), HPE behaves as an apparent autosomal dominant disorder with reduced
penetrance and variable expression, associated with novel, family-specific genetic alterations.
Whether or not this reflects the “first hit” or the “second hit” is subject to debate. However,
these pathological mutations do uncover a susceptibility for developing HPE, upon which other
genetic or environmental factors can modify the spectrum of clinical manifestations.

The HPE4 locus, which includes the human TGIF gene, was originally defined by cytogenetic
aberrations affecting 18p. However, hemizygosity for 18p- has a low penetrance of 10% [19,
40]. This is in contrast to the nearly complete penetrance of hemizygosity for HPE2 (SIX3)
and the ~50% penetrance of HPE3 (SHH) (see [2] for review; [14,19,40]). This low
concordance HPE with del(18p) was originally interpreted as either the deletion of an
autosomal dominant gene or the unmasking of a common recessive allele through
hemizygosity. An alternative interpretation would be that the dysfunction of HPE4 is
necessary, but not entirely sufficient to cause HPE.

Careful examination of mice with targeted disruption of the Tgif gene reveals that Tgif +/−
mice are predisposed to malformations, even though the typical HPE phenotype is not
reproduced by alterations of Tgif function alone. Rather, these mice are more susceptible to
exposure to excess retinoic acid and through the loss of Tgif display dysregulation of their
retinoid responses [26]. This difference between mice and humans with respect to susceptibility
to HPE has never been adequately explained. Mice heterozygous for mutations in Shh, for
example, are phenotypically normal; whereas heterozygous SHH mutations are the most
common genetic changes associated with HPE in humans. Furthermore, mice homozygous
null for Shh are clearly cyclopic; however, they also display limb and other severe
malformations rarely encountered in humans (47). Mice with two pathogenic lesions in the
same HPE gene, or within the same developmental program, are uniformly severely affected
and lack the variability in the phenotype that the digenic model of HPE in humans is intended
to explain. One possible explanation for these discrepancies is the tendency to deliberately
control the environment of inbred strains of mice experimentally. It may be useful to use
Tgif null mice (or other mouse models of HPE) to systematically evaluate the potential
contributions of teratogens, drug ingestion, maternal cholesterol levels, alcohol exposure,
maternal diabetes, or other epigenetic factors that are implicated in the causation of HPE in
humans. Attempting to explain HPE entirely on the basis of genetics may be misguided.

Our analysis of the spectrum of mutations in the human TGIF gene indicates that pathologically
significant variations are detected in the coding region that severely affect the stability and
activity of the mutated alleles as assessed by a variety of functional assays. The frameshift and
truncation variants, in particular, indicate that the likely mechanism is loss-of-function; there
is currently no evidence for gain-of-function properties of these variants in co-transfection
studies with mutant and wild-type TGIF constructs (D. Wotton, unpublished observations).

Essentially the same three categories of mutation: loss-of-function (e.g. p.P63R;) hypomorphic
(e.g. p.S28C) and seemingly normal variants (e.g. p.T151A and p.S162F) were described in
our original report (see Table 1). Additional apparently functionally normal variants are also
detected in this expanded study. The p.Q107L variant was described in a mother of an HPE
case who demonstrated microsigns consistent with the HPE spectrum; however, it could not
be demonstrated that the proband also carried the mutation. We now can say that the p.Q107L
variant is most likely an extremely rare polymorphism of uncertain significance. This
highlights one of the challenges for genetic counseling in HPE. The detection of a rare,

El-Jaick et al. Page 8

Mol Genet Metab. Author manuscript; available in PMC 2007 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



apparently family-specific, sequence change in an HPE-associated gene is consistent with, but
not proof of, the pathogenic nature of the mutation. Despite the fact that this change occurs in
a highly conserved domain of the TGIF-like proteins, predictions of functional significance
based on these findings alone can lead to spurious conclusions. Similarly, the p.H76Q variant
is within the conserved homeodomain between helix 2 and 3. This histidine residue is conserved
among the TGIF-like family members, but not generally among all homeodomain proteins.
Furthermore, it is seen in more than one HPE family, but with different flanking single
nucleotide polymorphisms. Therefore, a structure-function interpolation is difficult to make in
this case. Only a functional analysis reveals that the p.H76Q variation is largely normal in its
activity. The apparent compound heterozygosity (p.S46fs and p.H76Q) is best interpreted as
a rare coincidence, with the p.S46fs being the only allele that can be demonstrated to be clearly
functionally abnormal. Interestingly, these same parents had a second at-risk pregnancy
monitored by high-resolution ultrasound based on the family history of HPE. The structurally
normal fetus was later shown to have inherited the p.H76Q allele. Furthermore, in the second
patient with HPE, also with a p.H76Q variant, the cause of the disorder may be the diabetes
mellitus present in the mother during the pregnancy. The importance of detailed functional
analysis of detectable mutations from these examples is clear. It impacts directly on scientific
interpretations of pathogenicity, inheritance modeling (monogenic vs. digenic), and genetic
counseling.

We have suggested that HPE is an example of a condition in which multiple genetic and
environmental influences can affect the severity of the phenotype and that multiple hits are
required for severe manifestations of this disorder [10]. A strict digenic model predicts that
HPE is observed only when there are two or more defects in the same, or intersecting,
developmental program. However, there is little known about the potential genetic interactions
between the set of HPE genes presently recognized. The “multiple hit” hypothesis, as proposed
originally, is less strict and allows for environmental factors as well. Both models have the
appeal that it could help to explain the wide variability in clinical manifestations in HPE
families. However, pathologically significant HPE mutations are empirically relatively
uncommon, despite the high incidence of HPE as a human malformation suggesting that a
strictly digenic model for HPE is unlikely. Either there are a tremendous number of HPE-
influencing genes, each with their own modest effect, or more likely there are relatively
common genetic or environmental modifiers in the general population, such that the abrupt
alteration of an HPE gene within a given family is sufficient to cause susceptibility to disease.
It is interesting to note that one of the proposed genetic compound cases involves the p.T151A
variant of TGIF ([11], and this study) and a second mutation in SHH. Given that the p.T151A
variant cannot be convincingly demonstrated to be abnormal (and furthermore, any defect in
SHH activity is yet to be proven) these apparent proof of principal cases need to be interpreted
with caution.

The evidence that silent modifiers can have a dramatic effect on HPE manifestations has
recently been reported in mice with targeted disruption of the Cdo (aka Cdon) gene [54]. In
the 129/Sv background, these mice manifest microform HPE with a single central incisor;
whereas, in the C57BL/6 strain they exhibit cebocephaly and semilobar HPE. Although the
modifier responsible has yet to be identified, these authors argue that similar modifiers are
likely to exist in human populations. Perhaps part of the discrepancy observed between humans
and mice in sensitivity to reductions in TGIF may be explained by modifier loci that are
presently unrecognized.

Our investigations of the role of TGIF in HPE are entirely consistent with reduced penetrance
and/or variable expression in an autosomal dominant model of inheritance of relatively recent
mutations in HPE susceptibility genes within affected families. Nevertheless, our studies do
not preclude the action of additional genetic or environmental influences. Developmental
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anomalies, such as HPE, might be expected to display complex inheritance. The premise that
there is no such thing as “simple” Mendelian inheritance is gaining increasing empirical support
[8,9]. We would maintain that the potential complexity of developmental abnormalities could
be expected to be even more intricate than a “simple” metabolic pathway. The developmental
programs that establish the basic body plan depend on complex interactions between different
tissues, and unfold in a coordinated sequence over time. Elegant studies in the developing chick
demonstrate that virtually the entire spectrum of HPE phenotypes can be generated based on
the timing of inhibition of the hedgehog signaling pathway with teratogens, such as
cyclopamine [49]. Different aspects of the HPE brain and craniofacial malformations are
sensitive to inhibition in different tissues and at different times. Therefore, it is not just the
integrity of the signaling pathways themselves (influenced primarily by genetic variation) but
the way the entire sequence of events play out during embryogenesis that is essential. Perhaps
some of the species differences in phenotypes and observed gene dosage sensitivities may
ultimately be attributed to differences in when and where the HPE genes are active and/or
environmental and genetic modifiers. HPE is a default state of brain development; a large
number of events need to occur, in a proper sequence, to modify this program leading to normal
brain and craniofacial formation.

Materials and methods
Patient samples and mutational analysis

Genomic DNA was extracted from peripheral blood or transformed lymphoblastoid cell lines
by standard methods. All patients with HPE and parents were recruited into an NHGRI IRB
approved research protocol in accordance with their ethical guidelines and supervision.

PCR amplification, dHPLC analysis WAVE™ and WAVEMAKER™ (Transgenomic, Omaha,
NE), amplicon purification Quiagen PCR purification kit (Quiagen, Valencia, CA), and DNA
sequencing Big Dye™ version 3.1 terminator cycle sequencing on an ABI 3100 (Applied
Biosystems, Foster City, CA) instrument were performed according to the manufactures
instructions, essentially as previously described [50]. The reference sequence for the TGIF
cDNA was NM_003244 (http://ncbi.nih.gov) corresponding to the most prevalent transcript
(variant 4) and mutation nomenclature adopts the conventions used by this journal. The 272
aminoacid TGIF protein (NP_775300 isoform c) is the ortholog of the rat and murine proteins
previously studied. Alternatively spliced variants are described in the most recent build of the
UCSC genome browser (http://genome.ucsc.edu/); however, their functional significance has
not been demonstrated.

Amplification of genomic DNA was performed in 35 μl reaction volumes, using 60–100 ng of
genomic DNA, 200 μM dNTP, 20 pmol of each primer, 1× PCR buffer (Invitrogen, Carlsbad,
CA), 0.5× enhancer (Invitrogen, Carlsbad, CA), 1.5 mM MgSO4 (Invitrogen, Carlsbad, CA),
and 2.5 U of AmpliTaq (Applied Biosystems). All reactions were performed in a PTC-225
thermocycler (MJ Research, Waltham, MA). PCR cycling parameters were 95°C for 4 minutes,
followed by 95°C for 30 sec, 56°C for 30 sec, 72°C for 1 min, for 50 cycles, with a final step
of 72°C for 7 minutes. One half of the PCR reaction was used for dHPLC analysis and the
remainder was stored for direct DNA sequencing.

Primers were designed for the putative promoter region of TGIF as previously defined [51].
The genomic sequence of TGIF is NT_010859. Amplification of TGIF was accomplished with
six primer pairs: TGIF-A1 (5′GGCAGAGACGTTTAAAGAGC3′ and 5′
CAACAGATGGAAAAAAGGACACC3′; 443 bp; promoter part 1); TGIF-A2 (5′
AGAGCAGGGCCAGTAGAGTTC3′ and 5′AGGAGGGAAGGTACAGGAGG3′; 432 bp;
promoter part 2); TGIF-A3 (5′CCGAGGGACGAGTGACAGCG3′ and 5′
ACACAGGGGATAAGCGAACG3′; 415 bp; 5′UTR); TGIF-EX1 (5′
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ATCAGAGCGTCCTGTTTAGC3′ and 5′TTTCTTGACAACGTGCCAGC3′; 410 bp; TGIF
Exon 1); TGIF-EX2 (5′CAATAGTTGCTGTGCTTATAAAGC3′ and 5′
GAGTGGCAAGGAGCTTAATGA3′; 378 bp; TGIF Exon 2); In order to avoid the
amplification of the TGIF pseudogene (LOC126052, chromosome 19q13.32) the entire exon
3 was amplified, and because its many polymorphisms, it was sequenced directly. TGIF-EX3
(5′ATTCTCAGAACCCGTTGGCTG3′ and 5′AATTCATCTCTTGCCTTCACC3′; 705 bp;
TGIF Exon 3); TGIF-A7F 5′TGGCTCGTCCATCAGTGATC3′ and TGIF-A6R 5′
ACTGGCAGAGAGAGAAAGGGAC3′ were used as TGIF Exon 3 internal sequencing
primers.

Primers were also designed for the coding region of the human TGIF2 gene based on the
genomic sequence NT_011362 on chromosome 20q. Both coding exons were examined using
the primers TGIF2-A1 (5′GTACGTGCTAATGATGTTCCC3′ and 5′
AGCTGGAATAGGACTAGAACC3′; 332 bp; TGIF2-Exon 2); TGIF2-A2 (5′
GCCCATAGCTGTTTTAGATTAAGC3′ and 5′AAAACGGAAACCCAGGACAGCTG3′;
632 bp; TGIF2-Exon 3. The reference sequence for TGIF2 is NM_021809 that predicts two
coding exons similar to TGIF: ie. “exon 2-like” and “exon 3-like” without a comparable exon
1. The strategy was similar to that of TGIF to avoid false amplification of the pseudogene on
chromosome 1.

Plasmids
Expression constructs were prepared in pCMV5, the same wild-type TGIF construct previously
reported, by site-directed mutagenesis (Transponics, York, PA). Successful introduction of
sequence variations was confirmed by bi-directional sequencing. All experiments reported here
use a TGIF construct tagged at the NH2-terminus with FLAG. His6-CtBP, Myc-Sin3, Smad3,
and T7-RXRα expression constructs have been described previously. Creation of the retinoid-
responsive pGL2-DR1-TATA-luc and the TGFβ-responsive 3TP-lux transcriptional reporters
was described previously.

DNA pulldown assays
COS1 cells were maintained in DMEM with 10% BGS (Hyclone), and transfected using
LipofectAmine (Invitrogen). 36 hours after transfection, cells were lysed by sonication in 50
mM HEPES, pH 7.4, 10% glycerol, 100 mM NaCl, 0.1% Tween-20 with protease and
phosphatase inhibitors. Lysates were incubated at 4°C with double-stranded biotinylated
oligonucleotide containing a TGIF consensus or mutated consensus binding site and poly(dI-
dC).poly(dI-dC) competitor. Protein complexes bound to the labeled DNA were precipitated
with Streptavidin-agarose (Novagen). Following SDS-polyacrylamide gel electrophoresis,
proteins were electroblotted to Immobilon-P (Millipore) and incubated with antiserum specific
for Flag (Sigma). Proteins were visualized with horseradish peroxidase-conjugated goat anti-
mouse Ig (Pierce) and ECL (Amersham Pharmacia Biotech).

Immunoprecipitation and western blotting
COS1 cells were maintained and transfected as above. 36 hours after transfection, cells were
lysed by sonication in 50 mM HEPES, pH 7.4, 10% glycerol, 100 mM NaCl, 0.1% Tween-20
with protease and phosphatase inhibitors. Immunocomplexes were precipitated with Flag M2-
agarose (Sigma). Following SDS-polyacrylamide gel electrophoresis, proteins were
electroblotted to Immobilon-P (Millipore) and incubated with antisera specific for Flag
(Sigma), His6 (Covance), Myc (9E10), Smad2/3 (Upstate), or T7 (Novagen). Proteins were
visualized with horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit Ig (Pierce)
and ECL (Amersham Pharmacia Biotech).

El-Jaick et al. Page 11

Mol Genet Metab. Author manuscript; available in PMC 2007 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Luciferase assays
HepG2 cells were maintained in DMEM with 10% FBS, and transfected using Exgen 500 (MBI
Fermentas) according to the manufacturer’s instructions. Cells were transfected with 3TP-lux
or DR1-TATA-luc reporter, phCMVRLuc, and the indicated TGIF expression constructs. Cells
were treated either with 100 pM TGFβ or 10−8 M 9cis-retinoic acid, as appropriate. 48 hours
after transfection, firefly luciferase activity was assayed using a luciferase assay kit (Promega)
and Renilla luciferase was assayed with 0.09 μM coelenterazine (Biosynth), using a Berthold
LB953 luminometer.

Shh/Tgif double knockout mice
Mice with both alleles of exon 2 of the Sonic hedgehog (Shh) locus flanked by LoxP sites,
obtained from Jackson Labs (129-Shhtm2Amc/J; (ref Andrew McMahon), were bred to an
Adenovirus EIIa-Cre transgenic mouse (Tg(EIIa-cre)C5379Lmgd; Jackson Labs) so that the
Shh coding sequence was recombined out at the 2 cell zygote stage, resulting in offspring
heterozygous for a Shh null allele in all cell types. Shh heterozygotes were crossed with mice
homozygous for a Tgif null allele on a mixed C57BL6/J × 129/SvJ strain background. Mice
doubly heterozygous for Shh/Tgif null alleles were intercrossed and the genotypes of offspring
were analyzed upon weaning at P21. Separately, Shh heterozygotes were backcrossed with
pure C57BL6/J mice for 6 generations then crossed with mice homozygous null for Tgif on a
C57BL6/J N6 background. Shh/Tgif C57BL6/J double heterozygotes were crossed with Tgif
heterozygotes and embryos were analyzed at 10.5 dpc for developmental defects. Genomic tail
or yolk sac DNA was purified by HotShot, or using a Promega Wizard purification kit, and
was analyzed by PCR using primers specific for wildtype and mutant alleles of Shh and Tgif.
Procedures were approved by the Animal Care and Use Committee of the University of
Virginia.
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Fig. 1.
Facial photographs of the first proband (A and B) with the pE45X mutatiom (C). Patient two
(D) carries two different variations the S46fs (E) and H76Q (F). Red arrows indicate the
missense changes and the deleted bases are boxed. The expected chromatogram from the
normal allele is above and the frameshifted allele is below. A representative dHPLC
chromatogram from patient three (G) shows heterozygosity for the normal allele (blue) and
the variant allele (red). In panel H, the deleted base is boxed and the expected sequence from
the normal allele is above and the frameshifted allele is below the chromatogram.
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Fig. 2.
(A) Summary of the positions of the studied mutations within the TGIF protein. Note that the
P63R mutation [11] was incorrect; instead, the observed sequence change predicts P63A. (B)
HPE mutations in the homeodomain of TGIF affect DNA binding ability. COS1 cells were
transfected with a Flag-tagged TGIF wildtype or HPE mutant construct as indicated. 36 hours
after transfection, cell lysates were incubated with biotinylated double-stranded
oligonucleotide containing either mutated (m) or consensus TGIF binding site (CTGTCA).
TGIF protein bound to DNA was isolated on Streptavidin agarose and analyzed by western
blot for the presence of TGIF. These experiments were performed repeatedly to assure
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consistency of the results. Portions of each lysate and pellet sample were subjected to direct
western blot analysis to monitor protein expression and solubility (below).
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Fig. 3.
TGIF HPE mutants interact with corepressors. (A and B) COS1 cells were transfected with
His6-CtBP and Flag-TGIF wildtype or HPE mutant, as indicated. Protein complexes were
isolated on anti-Flag agarose and analyzed by western blot for the presence of co-precipitating
CtBP. A portion of the lysates was subjected to direct western blot analysis to monitor protein
expression (below). (C) COS1 cells were transfected with Myc-epitope tagged Sin3 expression
construct, together with the indicated Flag-tagged TGIF constructs or control vector. Protein
complexes were isolated on anti-Flag agarose and analyzed by western blot for the presence
of co-precipitating Sin3. A portion of the lysates was subjected to direct western blot analysis
to monitor protein expression (below).
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Fig. 4.
TGIF HPE mutants interact with Smad3 and affect repression of TGFβ-activated transcription.
(A) COS1 cells were transfected with untagged Smad3 and Flag-TGIF wildtype or HPE
mutants or control vector, as indicated. Protein complexes were isolated on anti-Flag agarose
and analyzed by western blot for the presence of coprecipitating Smad3. A portion of the lysates
was subjected to direct western blot analysis to monitor protein expression (below). Due to the
low expression level of the K259fs construct, a longer exposure of the lysate western blot is
shown below. (B, C and D) HepG2 cells were transfected with a TGFβ-responsive luciferase
reporter, 3TP-lux, and increasing amounts of TGIF wildtype or HPE mutant expression
constructs. All cells were treated with 100 pM TGFβ prior to analysis. Firefly luciferase activity
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was normalized to Renilla luciferase and is represented in arbitrary units, as the mean +/− s.d.
of duplicate transfections. (B) HepG2 cells were transfected with 10 ng and 50, or 10, 25 and
50 ng of TGIF expression construct (the height of the grey steps indicate the amount of input
TGIF DNA: 10, 25 or 50 ng). The black bar indicate the activity of the reporter alone, without
TGIF (C) 10 or 100 ng of TGIF constructs were transfected (grey steps). (D) Dose-dependent
repression of luciferase activity by TGIF is shown as a graph of luciferase activity in arbitrary
units as the mean +/− s.d. of duplicate transfections as a function of the amount (in ng) of TGIF
expression vector transfected.

El-Jaick et al. Page 21

Mol Genet Metab. Author manuscript; available in PMC 2007 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
TGIF HPE mutants interact with RXRα and affect repression of retinoic acid regulated
transcription. (A) COS1 cells were transfected with T7-RXRα and Flag-TGIF wildtype or HPE
mutant construct, as indicated. Protein complexes in lysates were isolated on anti-Flag agarose
and analyzed by western blot for the presence of co-precipitating RXRα. Coprecipitating RXR
is indicated with an arrow, the Ig heavy chain with a bar. A portion of the lysates was subjected
to direct western blot analysis to monitor protein expression (below). (B and C) HepG2 cells
were transfected with a DR1-TATA-luc luciferase reporter and RXRα (control and
experimental), together with the indicated TGIF wildtype or HPE mutant expression constructs
in the experimental lanes. Cells were either left untreated (black bars) or treated with 9-cis-
retinoic acid (9C-RA) for 24 hours prior to analysis (striped bars). Reporter luciferase activity
(normalized to Renilla luciferase activity) was assayed 40 hours after transfection and is
presented, in arbitrary units, as the mean +/− s.d., of duplicate transfections.
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Fig. 6.
Analysis of Shh/Tgif double mutant mice. (A) Genotyping data at postnatal day 21 (P21) of
offspring obtained from Shh/Tgif double heterozygote intercrosses in a mixed strain
background. Numbers of mice with each genotype, the percentage of the total number of mice
with each genotype observed, and the expected percentage of mice with each genotype, based
on Mendelian ratios, are shown. (B) Genotyping data of embryos at 10.5 dpc obtained from
Tgif heterozygotes crossed with Shh/Tgif double heterozygotes in a C57BL6/J strain
background. The number of embryos with each genotype observed and the expected frequency
of each genotype are shown, as in A. (C) The number of embryos of each genotype from the
breeding in B with each type of observed defect is shown. (D–G) Examples of defective

El-Jaick et al. Page 23

Mol Genet Metab. Author manuscript; available in PMC 2007 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



embryos. (D) Wildtype (left) 10.5 dpc embryo and a littermate with growth delay (right). (E)
Growth arrested embryo. (F). Embryo with open neural tube defect. (G) Embryo with brain
reduction.
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