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Abstract 
 
Holoprosencephaly (HPE) is a severe developmental defect affecting 1 in 250 

conceptions and 1 in 8,000 live births.  18-25% of HPE cases are caused by single gene 

mutations, most commonly targeting the Sonic Hedgehog (Shh) pathway.  Loss of 

function mutations in the transcriptional corepressor TGIF are also associated with HPE.  

HPE defects can be replicated in a mouse model in which Tgif1 is conditionally deleted 

within the epiblast and Tgif2 is constitutively deleted (cdKO).  The severity of HPE can 

be partially rescued by decreasing the genetic dose of the Shh-antagonist, Gli3.  

Decreased Gli3 does not, however, rescue defects cdKO embryos have in addition to 

those associated with HPE, including disruption of epithelial polarity, failure to establish 

proper left-right asymmetry, and defective cilia formation.  As Tgif inhibits TGFβ 

signaling, we hypothesized that Nodal, a TGFβ signaling ligand essential for embryonic 

development, is misregulated in the absence of Tgifs.  We demonstrated cdKO embryos 

lacking one allele of Nodal have rescued epithelial polarity, but not left-right asymmetry.  

We also hypothesized that the disruption of cilia formation is driven by Tgif target gene 

overexpression.  We performed RNA-seq on whole cdKO and control embryos to 

identify over-expressed genes that might be TGIF targets.  After validating expression by 

qRT-PCR, several cilia-related genes were identified as differentially regulated in cdKO 

embryos when compared to wild type embryos.  The RabGAP Evi5l, whose 

overexpression inhibits cilia formation, was found to contain a Tgif binding element in its 

promoter region.  Through knock-down and luciferase experiments we showed that Evi5l 

is a direct Tgif target and that knockdown of Evi5l in the absence of Tgifs rescues the 
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defect in cilia formation in a TGFβ-independent manner.  The knowledge that Tgif 

directly affects cilia formation not only elucidates defects in cdKO embryos, but also 

helps explain how Tgif mutations contribute to defects in Shh signaling via defective cilia 

and produce left-right asymmetry defects due to defective cilia at the posterior notochord. 
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Chapter One 

General Introduction 
 
TGFβ Signaling 

TGFβ signaling is important in many aspects of embryonic development, especially in 

regulating proliferation, differentiation, and apoptosis (1–4).  These essential functions 

can also be hijacked in disease contexts such as cancer (5–7).    Misregulation of TGFβ 

signaling can also cause developmental disorders (8,9).  

The TGFβ system consists generally of ligands and receptors that signal through 

downstream effectors to upregulate or inhibit transcription.  TGFβ family ligands include 

two subfamilies: the BMP subfamily and the TGFβ-Activin-Nodal subfamily (10).  BMP 

was discovered as a compound in demineralized bone extracts that was able to induce 

new bone growth (11).  In addition to functioning in the formation of bone and cartilage, 

gene activation by BMP subfamily ligands results in establishment of the dorsoventral 

(DV) axis, neurulation and neural plate development, and other aspects of embryonic 

patterning and development (2,12–14).  BMP signaling is inactivated in most cases of 

sporadic colorectal cancer, commonly due to mutations in BMPR1A, BMPR2 or SMAD4, 

showing its importance in preventing inappropriate transition to mesenchymal or stem-

like cell types (15,16).  In addition, knockout of Bmp7 in mice results in perinatal 

lethality and skull, eye and kidney defects (17,18). 

TGFβ ligand was discovered in an effort to determine what autocrine factors 

enabled cells to transform from normal to malignant (19,20).  TGFβ was also shown to be 

important in wound healing, a process suggested to be connected to tumor formation 
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(5,21,22). Subsequent experiments determined that TGFβ could also inhibit cell growth, 

indicating that TGFβ ligand had a complex and context-dependent effect on cells (23).  

Gene activation by TFGβ subfamily ligands regulates embryogenesis, differentiation, and 

apoptosis.  For example, TGFβ ligand binding can result in the upregulation of the 

mesenchymal genes SNAI1 and SNAI2, promoting epithelial-to-mesenchymal transition 

(EMT).  This is essential in normal embryonic development but can also aid in the 

metastasis of cancerous cells (24–27).  Many developmental disorders are the result of 

defective TGFβ signaling.  Mutations in the TGFβ receptors TGFBR1 and TGFBR2, 

TGFB2 or SMAD4 can cause Loeys-Dietz Syndrome, a connective tissue disorder 

resulting in aneurysms of the aorta (28–30). A more well-known developmental disorder 

with a similar phenotype is Marfan syndrome.  Mutations that result in the misfolding of 

fibrillin 1 (FBN1) result in poor binding to TGFβ ligand and  excess TGFβ signaling in 

the lungs and heart (31,32). 

Initiation of TGFβ signaling begins when the TGF-β ligand is secreted into the 

extracellular space.  The ligand binds to a Type II receptor homodimer, consisting of two 

serine-threonine receptor kinases (33,34).  Once ligand-bound, the Type II receptor 

complex recruits and phosphorylates the Type I receptor homodimer, resulting in a 

heterotetrameric signaling complex that initiates a signaling cascade within the cell to 

activate transcription of specific target genes (35).  Different Smad proteins respond to 

the activation of the receptor complex.  Smad 2 and 3 respond in the context of TGFβ 

signaling and Smad 1, 5, and 8 respond to BMP-ligand initiated signaling (36).  These 

Smad proteins are known as receptor-Smads or R-Smads.  Cytoplasmic R-SMADs can be 
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held in the cytoplasm by proteins like SARA (Smad anchor for receptor activation).  

Once the Type I receptor is phosphorylated, it in turn phosphorylates the appropriate R-

Smad.  Phosphorylated R-Smads lose affinity for SARA and have increased affinity for 

the co-Smad, Smad4.  Loss of binding to SARA exposes the region of the R-Smad 

responsible for mediating nuclear import and the Smad complex can translocate into the 

nucleus (37,38).  Depending on the presence of cofactors specific to cell type, target 

genes are either activated or repressed.  After activating target genes, R-Smads are 

transported back into the cytoplasm (39). 

As a mechanism to halt signaling, Smads can be ubiquitinated and degraded.  

TGFβ signaling also activates transcription of the inhibitory Smad, Smad7.  Activation of 

Smad7 antagonizes TGFβ signaling by binding TGFBR1 (TGFβ type 1 receptor), 

preventing activation of R-Smads or by recruiting E3 ubiquitin ligases, targeting the 

receptor for degradation (39–42). 

During normal cell growth, TGFβ signaling helps regulate a non-malignant state 

through controlling cell differentiation and apoptosis, as well as the cell 

microenvironment (7,43).  Through mutation or sequestration of TGFβ signaling family 

members, such as Type I and Type II receptors or SMAD4, all TGFβ signaling can be 

halted, inhibiting apoptosis for example, thus allowing for uncontrolled cell growth.  

Mutations in further downstream effectors can result in disabling a subset of TGFβ 

signaling, such as its tumor-suppressive effects, allowing cancers to take advantage of 

favorable TGFβ effects, such as EMT, which can lead to metastasis (44–46).  High levels 
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of TGFβ can also manipulate the cell microenvironment, enabling such cells to avoid 

immune response, further promoting a malignant phenotype (47,48). 

There are three mammalian isoforms of TGFβ ligand.  Knockout of each isoform 

in mice results in different defects.  Tgfb1-knockout mice are born, but die within four 

weeks of autoimmune inflammatory disease (49–51).  Tgfb2-knockout is perinatal lethal.  

In addition, Tgfb2- knockout mice have heart, lung, limb, spine, eye, ear and craniofacial 

defects (52). Tgfb3-knockout mice are born with cleft palate and die within 24 hours 

post-birth (53). 

Nodal is a TGFβ-family ligand essential for normal embryonic development, 

specifically for induction of the mesendoderm and the establishment of both the anterior-

posterior (A-P) and the left-right (L-R) axes (54–58). The Nodal ligand itself regulates 

Nodal gene expression in a positive feedback loop and also leads to transcriptional 

activation of its own inhibitors, such as Lefty2 and Cerberus-like.  Cerberus-like is 

expressed in the anterior endoderm, allowing for anterior neural development and A-P 

patterning.  It directly binds Nodal ligand to suppress signaling (59). Lefty1 acts 

redundantly with Cerberus-like in the extraembryonic endoderm, restricting Nodal 

expression to the epiblast (60). Lefty2 is coexpressed with Nodal in the left lateral plate 

mesoderm (LPM).  Later in development, Lefty1 is also expressed in the left midline 

(61,62).  It is unclear how Lefty proteins block Nodal signaling at a molecular level, but 

they do function as feedback inhibitors and restrict the duration of Nodal signaling. Some 

studies suggest that Lefty2 competitively binds to Nodal receptors, preventing signal 

transduction (56,58,63,64).  The Nodal coreceptors Cripto and Cryptic form a complex 
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with Nodal ligand and its receptors.  This complex is important in activating downstream 

signaling (65–67).  Cripto expression can be induced in the epiblast, and Cryptic is 

expressed in the LPM, overlapping with the region in which Nodal is thought to aid in the 

determination of the L-R axis (68–71).   

Nodal expression in the epiblast before gastrulation signals to extraembryonic 

tissues that lead to patterning of the epiblast.  Patterning within the anterior visceral 

endoderm (AVE) helps establishment of the A-P axis (72).  After gastrulation, Nodal 

expression is restricted to the primitive streak and is expressed asymmetrically in the left 

LPM to regulate genes involved in L-R patterning (54).  Induction of Nodal in the left 

LPM also requires Nodal expression in the posterior notochord (PNC, commonly referred 

to as the node) and PNC cilia creating fluid flow.  Nodal-knockout mice do not form the 

primitive streak and arrest just after gastrulation, without the formation of mesoderm 

(54,55,73).  Embryos with one null allele and one hypomorphic allele of Nodal are able 

to develop further but do not survive to birth.  These mutants exhibited defects in 

establishment of the A-P axis, anterior and midline patterning, and L-R development of 

the heart, lungs and stomach (74). 

TGFβ signaling is involved in a wide variety of developmental processes.   

Disruption of these signaling pathways can result in many varied and diverse 

developmental defects and disorders.  TGFβ signaling also plays a role in cancer 

progression and malignancy.  Understanding all components of TGFβ signaling—from 

ligands and receptors to repressors and activators—will aid in preventing and treating the 

aforementioned diseases.    
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TGIF1 

Thymine/Guanine-interacting factor (TGIF1) is a transcriptional corepressor belonging to 

the TALE (three amino acid loop extension) family of transcription factors (75–77).  It 

was discovered due to its ability to bind to the retinoic acid x receptor responsive element 

within the cellular retinol-binding protein II promoter (CRBPII-RXRE).  The TGIF 

homeodomain interacts with the motif 5’ CTGTCAA 3’.  This sequence, present in the 

CRBPII promoter region, overlaps with and antagonizes binding of RXRα, inhibiting 

activation (75).    In addition to directly binding DNA, TGIF can also act as a repressor of 

TGFβ-related transcription by binding directly to the activated Smad complex within the 

nucleus.  This binding represses activation of target genes by interfering with the binding 

of coactivators to the Smad complex (78).  TGIF1 also recruits corepressors to aid in the 

repression of transcription.  TGIF binds directly to the corepressor CtBP via an N-

terminal PLDLS motif (79).  TGIF interacts with the corepressor mSin3 at its C-terminal 

domain, recruiting Sin3 to the activated Smad complex within the nucleus and thus 

repressing TGFβ signaling (80).  TGIF also recruits histone deacetylases (HDACs) via a 

c-terminal repression domain, resulting in a closed chromatin formation that prevents 

transcription (79,81). 

TGIF2 is a paralog of TGIF1.  It was discovered in a search of human expressed 

sequence tags (ESTs) for a gene similar to TGIF1, with the idea that the low-penetrance 

of TGIF1 mutations in holoprosencephaly could be explained by a similar protein 

compensating for loss of TGIF1 function.  They share high sequence similarity, 

specifically in the homeodomain region, the third DNA binding domain, and 2 C-terminal 
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MAP kinase sites.  These conserved regions suggest that TGIF2 has a similar function to 

TGIF1, especially in relation to DNA binding and interactions via the homeodomain.  

Due to these similar functions, it is likely that TGIF2 would be able to compensate for 

lack of TGIF1 in many contexts.  Like TGIF1, TGIF2 is able to repress TGFβ 

transcription by interacting with activated Smads or directly binding to DNA.  TGIF2 is 

also able to recruit HDACs and mSin3.  TGIF2, however, is missing the PLDLS motif 

required to recruit CtBP and is unable to recruit said corepressor (80,82). 

TGIF1 is upregulated in several types of cancer, including colon cancer.  It has 

also been implicated in Wnt-driven breast cancer (83).  Presumably it plays a role in 

inhibiting the anti-proliferative effects of TGFβ signaling to allow for uncontrolled cell 

growth, but this has not yet been shown directly.  Mutations in TGIF1 are associated with 

Holoprosencephaly (HPE).  The majority of these mutations involve the deletion of one 

allele of TGIF1, but there are some partial loss-of-function mutations and some 

polymorphisms in TGIF1 also associated with the HPE (84).   One of these mutations 

(S28C) results in a disruption of the PLDLS binding motif necessary for TGIF-CtBP 

interaction.  This disruption then interferes with efficient repression of TGFβ signaling 

(79).  Other HPE-associated mutations within the homeodomain of TGIF are unable to 

bind to DNA and likely produce a misfolded protein, effectively eliminating any TGIF  

function.(85)  Only one of these mutations (P63R) alters a region of TGIF1 that is 

conserved in TGIF2, although no mutations in TGIF2 associated with HPE have yet been 

identified (82). 
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Inactivation or deletion of a single allele of Tgif1  in mice does not result in HPE, 

nor are the associated defects serious in most strain backgrounds (86).  Most mice with 

three intact alleles of the four Tgif1 and Tgif2 alleles are fairly normal and are able to 

reproduce and live a normal life-span (87,88).  While in a mixed strain background, 

Tgif1-null mice appear normal and are fertile; in a C57/BL/6J background, Tgif1-null 

mutations are associated with decreased vascularization of the placenta.  This results in 

severe growth retardation.  The growth defect is less severe when the mother is 

heterozygous null for Tgif1 and is more severe when the mother is homozygous null for 

Tgif1 (89).   The deletion of all alleles of Tgif1 and Tgif2 is embryonic lethal.  When 

embryos were analyzed, it was determined that the double null embryos had failed to 

gastrulate.  When examined more closely, the cellular structure of double null embryos 

was disorganized; it was characterized by decreased epithelialization of the epiblast and 

decreased proliferation with no consistent change in apoptosis.  With one allele of Tgif1 

present within the extraembryonic tissue, embryos gastrulate, only to stall later in 

development after developing holoprosencephaly (90,91).  

 

Holoprosencephaly 

Holoprosencephaly (HPE) is a brain development disorder in which the developing 

forebrain fails to divide into the left and right hemispheres of the brain.  The phenotype 

of HPE is diverse, with a range of manifestations and several classifications.  The basic 

diagnostic feature of HPE is established by in examining the anatomy of the brain.  

Alobar HPE is the most severe manifestation and consists of a complete failure of the 
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forebrain to divide, resulting in a single ventricle.  Semilobar HPE consists of posterior 

division of brain hemispheres, with fused frontal and parietal lobes of the brain.  The 

least severe form of HPE is lobar HPE, in which cerebral hemispheres and ventricles are 

mostly separated (92).  In addition to brain defects, HPE is also associated with other 

midline defects, ranging from central maxillary incisor to cyclopia and proboscis (93).  

More recently an additional subtype of HPE has been described as the, “middle 

interhemispheric fusion,” (MIH) or sytelencephaly.  This less-severe variant of HPE is a 

result of defective dorsal identity, as opposed to the more classical defective ventral 

identity in the three other forms of HPE (94,95). 

HPE occurs in 1 in 250 conceptions and 1 in 8000 live births, illustrating that the 

most extreme cases of HPE are incompatible with life and result in spontaneous abortion 

(96,97).  Most cases of HPE are sporadic, but 18-25% of HPE cases are caused by a 

single gene mutation in one of the following genes:  sonic hedgehog (SHH), SIX3, ZIC2, 

Gli2, TGIF and PTCH1 (98).  17% of familial HPE cases are due to mutations in SHH 

and 37% of families with dominant transmission of HPE spectrum symptoms have SHH 

mutations (99).   Several of the other genes associated with HPE are involved in Shh 

signaling as well.  For example, mutations in PTCH1 can interfere with SHH ligand 

binding to the PTCH1 receptor or disrupt the PTCH1-SMO interaction, inhibiting Shh 

signaling.   In regards to those instances of HPE with no known genetic cause, there are 

several suspected environmental risk factors, mostly derived from case studies, animal 

models and epidemiologic studies.  These include maternal illnesses such as diabetes, 

respiratory infection during pregnancy, and sexually transmitted infections.  Chemical 
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risk factors include salicylate use, retinoic acid, antibiotics and alkaloids that inhibit 

hedgehog signaling.  Non-therapeutic exposures include alcohol, smoking and illicit drug 

use.   Because of the rarity of HPE, it is difficult to determine causation with confidence 

(100,101).  It has also been suggested that there is a possible genetic-environmental 

interaction, with some genotypes increasing risk of HPE in the presence of some of the 

above environmental risk factors.  In addition to genetic-environmental interactions, the 

multiple-hit hypothesis has been applied to HPE, hypothesizing that multiple mutations, 

possibly in modifier genes in addition to those genes known to be associated with HPE, 

as well as environmental exposures are required for severe manifestations of the disorder.  

For example, two HPE patients with mutations in both SHH and TGIF1 have been born 

to clinically normal mothers with only SHH mutations.(102) 

 

Hedgehog Signaling 

The hedgehog gene was first discovered in Drosophila melanogaster in a screen for 

embryonic patterning defects (103).  There are three homologs of the Drosophila 

hedgehog in vertebrates:  Indian (IHH), Desert (DHH) and Sonic (SHH).  Each of these 

homologs has its own area of functionality within the developing vertebrate.  DHH is 

most similar to the Drosophila hh, while IHH and SHH are more similar to each other, 

suggesting a gene duplication event (104). 

In addition to its disruption in HPE, SHH is expressed in the notochord, floor 

plate and limb bud.  Shh signaling is essential for normal brain, neural tube, eye, somite 

and limb development (105).  Once translated, the SHH protein is cleaved and cholesterol 
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is attached to the amino terminal domain as part of ligand processing (106,107).  The 

processed ligand is then secreted outside the signaling cell, and because of the cholesterol 

moiety it remains tethered to the cell membrane.  This restricts signaling to a very short 

range.  The Patched-related protein DISP1 (Dispatched homolog 1) regulates the release 

of processed SHH ligand to allow for more long-range signaling (108). 

To initiate Shh signaling, the Shh ligand binds to the membrane-bound receptor, 

Ptch1.  Ptch1 normally inhibits Smo, another membrane-bound receptor.  Shh binding to 

Ptch1 allows for the release of inhibition of Smo via phosphorylation.  Activated Smo 

moves into the cilium and interacts with proteins concentrated there, e.g. Gli2/3 complex, 

activating the transcription factor Gli1.  This signaling cascade results in the transcription 

of Shh-target genes.  Ptch1 is a Shh target gene and transcription of the receptor acts in a 

negative feedback loop to sequester Shh ligand to the signaling cell (109).  Hip1 

(Hedgehog-interacting protein) is another Shh-target gene that acts in negative feedback 

loop with Shh and is expressed on the surface of cells adjacent to the Shh signaling cell 

(110).  Gli1 is activated and Gli3 is repressed by Shh signaling (111).  Gli3 negatively 

regulates both Shh targets and Shh itself (112).  In the absence of Shh, Gli3 is 

overexpressed within the cell.  This affects patterning of the developing embryo, as Shh-

established patterning is initiated via concentration gradient.  High Shh is found in the 

ventral forebrain, and high Gli3 is found in and patterns the dorsal forebrain.  Without the 

gradient between Shh and Gli3 expression, the forebrain and neural tube are unable to 

properly develop.  High Shh is present in the notochord and the floor plate, defining 

ventral identity of the neural tube. Shh expression decreases gradually toward the dorsal 
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neural tube in combination with high dorsal expression of Gli3, which in turn decreases 

gradually toward the ventral neural tube.  Shh activates and represses specific genes in a 

dose-dependent manner, defining distinct neuron classes within the developing neural 

tube.  The expression pattern of each neuron class marker is directly related to its 

proximity to the source of Shh ligand.  For example, the homeodomain transcription 

factor Nkx2.2 is expressed in a band at the most ventral section of the developing neural 

tube, requiring a relatively high concentration of SHH ligand.  Conversely, Shh represses 

Pax7, a marker of dorsal identity within the neural tube. (113). 

 

HPE Mouse Models 

Due to the variability of human mutations associated with HPE, animal models of the 

disease can help develop understanding regarding the development of HPE, although 

most models of HPE are much more consistently severe than in human patients.  Most 

models are based on disruptions in two pathways:  Shh signaling and Nodal.  Both of 

these pathways are involved in inducing ventral cell fate (114). 

Shh-null mouse embryos develop severe HPE due to loss of ventral structures 

along the neural axis.  They exhibit cyclopia and proboscis and die soon after birth (115).  

Signaling components downstream of SHH ligand have also been used in models of HPE.  

Smo-knockout mice develop HPE and die by 9.5 days post-coitum (dpc), presumably 

because SMO plays a role in all Hh signaling and not just that of Shh (116). Mutations in 

SMO have not yet been found in human HPE patients. Nodal-mutant mice also exhibit 

HPE.  This is likely due the role of NODAL in establishing a rostral domain for SHH 
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expression in the early embryo (74).  Relationship between ZIC2 and Shh signaling is 

unknown, but as ZIC2 mutations are associated with HPE in humans, Zic2-knockdown 

mice were developed.  They exhibit HPE with fused cerebral hemispheres, although these 

embryos do have normal ventral neural tube formation.  These mice die soon after birth 

(117).  

The Wotton lab has developed a mouse model of HPE in an effort to understand 

why mutations in TGIF1 are associated with HPE in humans.  As stated previously, TGIF 

function is required in the extraembryonic tissue for gastrulation to occur.  SOX2 is 

expressed in the epiblast, but not in the extraembryonic tissue (118).  By deleting both 

alleles of Tgif2 and conditionally knocking out a floxed Tgif1 allele (86) in the epiblast 

using a Sox2-Cre, the developing embryo successfully gastrulates with one unrecombined 

allele of Tgif1 remaining in the extraembryonic tissue.  These mice are referred to as 

“conditional double knockout” embryos or “cdKO” (Tgif1 r/r; Tgif2 -/- Sox2-Cre +.  Within 

this context, we were able to show that cdKO embryos develop HPE due to disruption of 

the Shh pathway (91).  Most do not survive past 11 dpc.  Separation of the eye and nasal 

fields is incomplete, and embryos lack ventral forebrain morphology. This is caused by 

decreased SHH and excess GLI3 interfering with proper development.  Two embryos that 

developed past 11 dpc exhibited cyclopia, and one had a proboscis similar to that seen in 

Shh-null embryos (91).  Whole-mount in situ hybridization (WISH) analysis of Shh 

expression showed decreased Shh expression in several regions of the cdKO including 

the ventral forebrain.  Tgif function appears to be required for normal Shh expression in 

anterior tissues.  When Gli3 is reduced genetically in the context of a cdKO (Gli3 r/+), Shh 
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expression is not rescued, but the ventral forebrain morphology is improved, as is nasal 

and eye field separation (91).  cdKO embryos have other defects in addition to those 

often seen in HPE including  bilateral expression of Pitx2, a left-sided gene required for 

appropriate heart looping (119).  This resulted in 3 distinct classes of heart looping in 

cdKO embryos:  appropriate left-to-right looping, reversed right-to-left looping and 

extended heart tube with no looping to either side (90). 

 

Cilia 

Cilia function is important, both in early development and in continued signaling in an 

organism   Cilia are transient organelles that protrude from the cell surface and assist in 

carrying out various signaling functions.  There are two types of cilia:  primary cilia and 

motile cilia.  A single primary cilium is present on the apical surface of most cells in the 

body during the cell’s growth phase.  Primary cilia are immotile and are important 

signaling centers for a cell.  They receive signals from outside the cell via ion channels 

and assist in concentrating signaling pathway components within the cilium to help 

efficiently propagate signals, e.g. Shh signaling (120–122).  

Motile cilia are present on cell surfaces in large numbers.  These cilia beat in 

waves, creating fluid flow in the extracellular space of several organ systems including 

the developed brain and kidneys.  Motile cilia are essential in the PNC region of the 

developing mouse.  Counterclockwise rotation coupled with their angle creates a leftward 

flow of fluid and assists in establishing the L-R axis.  If mechanics of these cilia are 

defective, L-R patterning is randomized (69,70,123–125).  Appropriate L-R patterning is 



15 
 
essential for appropriate functioning of all organs.  Human visceral organs are 

asymmetrically organized in relation to the L-R axis.  The heart is left sided, with the 

aorta arching to the left.  The liver and gallbladder are on the right, with the stomach and 

spleen on the left.  Defects in this arrangement are associated with cardiovascular defects 

and are often fatal to newborn humans (126).  The appropriate alignment of these organs 

is referred to as situs solitus.  Complete reversal of this arrangement is situs inversus 

totalis.  There are many intermediate organ arrangements due to randomized or 

incomplete patterning information referred to by several terms, such as situs ambiguus or 

heterotaxia (126).  Midline abnormalities are common in cases of inappropriate L-R 

patterning, such as cleft palate or HPE.  L-R malformations are estimated to take place in 

1 in every 5000 births and are divided evenly between situs inversus and situs ambiguous 

(127).  Our understanding of the molecular mechanisms behind L-R axis establishment 

comes from vertebrate model systems like mice.  For example, mutations in Lefty1 result 

in left thoracic isomerism with bilateral expression of normally left-sided genes like 

Nodal and Pitx2 (128).  There are many diseases associated with malformed or absent 

cilia, including HPE.  Cilia are essential for Shh signaling and Shh-null mice develop 

HPE, in addition to SHH and Shh pathway components being found mutated in human 

HPE patients (115). 

The assembly of a cilium is nucleated at the basal body which is made of the 

centrioles and pericentriolar proteins.  These same centrioles establish spindle poles 

during cell division.  During the cell growth phase (G1), post-mitosis basal bodies 

migrate to the cell surface, collecting membrane vesicles that fuse with the plasma 
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membrane to help create the ciliary compartment.  Basal bodies nucleate microtubule 

assembly, and the cilium grows within the extended membrane space to protrude from 

the cell.  The plasma membrane is invaginated at the base of the developing cilium, 

creating a ciliary pocket (122).  The base of the cilium within the ciliary pocket is the 

transition zone.  It is through this region that proteins are selectively transported into the 

cilium after being translated within the cytoplasm.  The distinctness of the cilia 

microenvironment allows for more efficient signal transduction due to an enrichment of 

signaling components (129).  For example, all components of the Hh signaling pathway 

are enriched in the vertebrate cilium.  Transportation into and along the length of the 

cilium, including transport of acetylated tubulin to the tip of the growing cilium, occurs 

through intraflagellar transport (IFT) (130).  IFT functions through two complexes that 

transport cargo along the ciliary axoneme.  IFT-A complex along with the minus-end 

directed motor Dynein-2 assist in retrograde transport, while IFT-B complex is essential 

for anterograde transport.  Other cargo transported by the IFT system includes SHH 

pathway proteins such as the Gli transcription factors (131,132).  IFT works in tandem 

with protein trafficking regulators to specifically concentrate certain proteins within the 

cilium depending on the signaling context. 

Cilia disassemble around the time of mitosis.  In order to reposition basal bodies 

to form appropriate centrioles, the cilium must be removed.  Cilia can be cleaved away 

from the centriole between the basal body and the transition zone (133).  Cilia can also be 

disassembled from the tip and resorbed.  This disassembly is in part regulated by Aurora 

A kinase (Aurka) which is thought to positively regulate HDAC6, leading to tubulin 
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deacetylation and microtubule instability (134).  These two mechanisms can occur 

simultaneously. 

The length of cilia varies between cell types and is important for their function; 

this is especially true for motile cilia where the length will affect the velocity of the 

resulting fluid flow.  The length is controlled in the same manner as assembly, via IFT, 

and is dependent upon the availability of precursors, such as acetylated tubulin, and the 

rate of assembly and disassembly at the cilia tip (135). 

Many components of cilia are required for appropriate assembly and function 

including three RabGTPase membrane trafficking regulators involved in the formation of 

primary cilia.  Rab8a interacts with a basal body and microtubule binding proteins 

required for cilia formation (136).  Rab17 is involved in the apical sorting of endosomes 

in polarized epithelial cells (137,138).  Rab23 is involved in retrograde transport from the 

tip of primary cilia (139).  Each RabGTPase has a specific cognate GTPase-activating-

protein (GAP).  XM_037557 acts on Rab8a, TBC1D7 acts on Rab7 and Evi5L acts on 

Rab23.  When overexpressed, these RabGAPs block the formation of primary cilia by 

keeping the associated Rabs in their GDP-bound state (140). 

Cilia function in many essential ways within a developing embryo and adult 

organism.  They are involved in signaling pathways within the cell (e.g. Hh signaling), 

and in generating fluid flow outside the cell.  Any disruption in the assembly or function 

of cilia has significant implications in regards to the overall health of an organism. 
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Polarized Epithelium 

The development of polarized epithelial cells was essential for metazoan development 

and has significant implications on embryonic development and cell signaling.  Polarized 

epithelial cells have distinct apical, lateral, and basal domains.  The apical domain faces 

the lumen of the organ or tube, the lateral domain contacts adjacent cells, and the basal 

domain contacts the extracellular matrix.  These domains have a unique and specific 

distribution of nutrients and transporters specific to the cell type and function within the 

plasma membrane.  Polarized trafficking machinery is present to establish and maintain 

the asymmetric distribution of cell components, including  sorting signals  that help target 

vesicles to the apical or basal domains (141).  Polarized cells can constrict their apical 

surface when necessary to shape sheets of epithelial cells, such as in gastrulation or 

during hinge formation in neural tube development (142).  Sheets of epithelial cells are 

maintained by adherens junctions.  Tight junctions between epithelial cells seal the apical 

surface of the epithelial sheet from the basal surface, creating and maintaining a distinct 

luminal domain that does not interact with the outer environment (143).  Polarized 

epithelial cells are able to undergo EMT, resulting in a transition from apical-basal 

polarity to front-rear polarity, and allowing for cell migration (144,145). 

During epithelial cell mitosis, the spindle is oriented specifically to determine the 

outcome of that division.  Division parallel to the plane of the cell sheet maintains the 

surface integrity while increasing the surface area.  Division perpendicular to the plane of 

the cell sheet occurs in the selective differentiation of a daughter cell from a stem cell, 

maintaining a basal stem cell population with an apical population of differentiated cells 
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(146).  The luminal surface of the developing forebrain and neural tube are comprised of 

pseudostratified polarized epithelium.  These cells are organized in a single layer, but to 

allow for many cells to have access to the luminal space, they are tightly packed with 

their nuclei traveling to the apical surface for division and traveling back to the basal 

surface during the growth phase of the cell.  This nuclear movement, called interkinetic 

nuclear migration, allows the cells to be more tightly packed and results in a cell layer 

that appears to be more than one cell deep, when in reality it is not (147,148).     

The current knowledge concerning the establishment and maintenance of 

polarized epithelial cells was mostly gathered from genetic and biochemical experiments 

using C. elegans, D. melanogaster, and 2D and 3D culture of mammalian cells (149–

151).  From these studies, three protein complexes have emerged that help elucidate 

polarity in epithelial cells:  The PAR complex, the Crumbs complex and the Scribble 

complex.  The PAR complex proteins were discovered first in a screen in C. elegans that 

searched for genes related to defective cytoplasmic partitioning (152).  The PAR complex 

includes kinases (PAR 1 and 4 and aPKC), scaffold and adaptor proteins (PAR 3 and 6), 

a GTPase (Cdc42), and PAR5, which interacts with phosphorylated proteins.  These 

proteins are expressed throughout the cytoplasm, but function only in specific domains 

(apical, lateral, and basal).  The protein activity in each domain is restricted by the 

interaction of PAR proteins with each other and other polarity proteins.  The Crumbs 

complex is apically located and consists of a scaffolding protein (CRB), a kinase 

(PALS1) and a protein interaction mediator (PATJ).  CRB is the only membrane-bound 
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polarity protein.  The Scribble complex is laterally located and consists of scaffolding 

proteins (DLG and SCRIB) and a cytoskeletal protein (LGL) (149,150).   

The apical and basal domains are maintained by reciprocal exclusion.  Apical-

specific components phosphorylate and cause the dissociation of lateral or basal 

components.  This releases them back into the cytoplasm to be appropriately localized.  

This also happens within the lateral and basal domains.  The mechanism by which CRB 

is positioned apically is unknown, but CRB defines the apical domain and helps to 

organize tight junctions, which are located apically within the lateral domain.  CRB 

forms a complex with PAR6 and PALS1 to recruit aPKC to the apical domain (153,154).  

aPKC phosphorylates basolateral proteins, such as PAR1.  This phosphorylation attracts 

PAR5, causes the dissociation of PAR1 from the cortex and releases PAR1 into the 

cytoplasm to eventually find the basal domain.  PAR1 performs a similar function in 

excluding apical proteins from the basolateral domain.  Specifically, it phosphorylates 

PAR3, which then interacts with PAR5 and is released into the cytoplasm and 

dephosphorylated (149,155).  After cell division, the centriole is also apically targeted, 

where it nucleates the formation of the primary cilium.  aPKC is required for cilia 

formation and PAR6, PAR3 and CRB3 are all present within the cilium and required for 

its formation (156,157).  PAR3 is associated with tight junctions, and Cdc42 assists in the 

assembly of adherens junctions along with PAR3-PAR6-aPKC (158). 

In addition to the disruption of tissue organization, the disruption of epithelial 

polarity has severe developmental consequences.  An obvious consequence is a lack of 

primary cilia, thereby interrupting any cilia-dependent signaling, such as Shh signaling.  
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Disruption of polarity is also the first step in EMT, widely considered to be the process 

by which cancers metastasize (159–163). 

The evolutionary development of epithelial polarity made complex organ systems 

in multicellular organisms possible.  Polarized epithelial cells also play an integral role in 

signaling within the cell.  The distinct regions within a polarized epithelial cell allow for 

specialized functions within the cytoplasm.  It also makes possible the tight separation of 

luminal organ spaces from outside those organs.  The disruption of epithelial polarity can 

indicate a developmental disorder or the initial stages of EMT and metastasis in cancer.   

For my thesis work, I continued the characterization of the cdKO model of HPE.  

In addition to those defects discussed above, cdKO embryos also have disorganized 

neuroepithelium and isolated tubes intermittently along the length of and ventral to the 

developing neural tube.  At a cellular level we have also observed defects in polarity in 

both the forebrain and neural tube.  These interesting phenotypes are caused by an 

unknown mechanism and may yet be important in understanding the pathogenesis of 

TGIF1 mutations.  In addition to polarity defects, cdKO embryos have defective ciliary 

assembly.  In the cdKO, PNC cilia are either absent or too short to function in creating a 

leftward flow of fluid.  The cdKO forebrain has fewer cilia than in the normal forebrain, 

and those cilia present are defective, likely due to the disruption in epithelial polarity.  

Using tissue culture models, we were able to show cilia defects are due to a lack of Tgifs 

and overexpression of the direct Tgif-target Evi5l is a major contributor to cilia defects in 

the cdKO.   These phenotypes give us additional insight into the pathogenesis of Tgif 

mutations. 
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Abstract 

Holoprosencephaly (HPE) is a craniofacial developmental disorder that has both genetic 

and environmental causes. The genetics of HPE are relatively complex, and mutations at 

several loci are associated with HPE in humans. Of these, the Sonic Hedgehog (SHH) and 

TG-interacting factor 1 (TGIF1) genes are among those that are routinely screened in 

HPE patients. Tgif1 is a transcriptional repressor that limits the output of the 

Transforming Growth Factor ß (TGFß)/Nodal pathway, and can also repress gene 

expression independent of this pathway. Loss of function mutations in the gene encoding 

the Shh morphogen result in altered dorsoventral patterning in the forebrain and a failure 

to properly separate the forebrain into two hemispheres. Although mice lacking both 

Tgif1 and its paralog Tgif2 have HPE that appears similar to that seen in Shh null 

embryos, how loss of Tgif function causes HPE is not well defined. Here we show that 

introducing mutations into both the Nodal and Gli3 genes results in improved forebrain 

structure and neuroepithelial organization, partially rescuing the HPE phenotype in 

embryos lacking both Tgif1 and Tgif2, consistent with effects on two separate pathways. 

We show that the Gli3 gene is a direct target for repression by Tgifs, independent of 

TGFß/Nodal signaling. In contrast, excess Nodal signaling in the absence of Tgifs results 

in reduced proliferation and defective cell polarity in the neuroepithelium. Embryos 

lacking Tgif function do not survive past mid-gestation. However, when a Nodal 

heterozygous mutation (Nodalz/+) is combined with loss of Tgif function, a proportion of 

these embryos survive to late gestation and have a classic HPE phenotype, consistent 

with this being a Nodal-independent effect of Tgif loss of function. Based on this work, 
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we propose a model for the function of Tgifs in the Nodal and Shh pathways during 

forebrain development. 
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Introduction 

Holoprosencephaly (HPE) is a severe developmental disorder affecting the forebrain and 

facial development. In humans, HPE affects approximately 1 in 8000 live births and up to 

1 in 250 conceptions, making it the most frequent forebrain developmental disorder in 

humans.(96,97) Given the high rate of HPE in utero compared to the numbers seen at 

birth, clearly the majority of HPE cases do not survive to term, and many of the more 

severely affected individuals die soon after birth. There is considerable phenotypic 

variability among HPE cases. At its most severe, alobar HPE, there is a single forebrain 

ventricle with complete lack of midline separation. Less severe forms, termed semi-lobar 

and lobar, have increasing midline separation of the ventricles.(92) In addition to the 

forebrain defects, HPE is associated with a spectrum of midline craniofacial defects. 

These include severe cyclopia and proboscis and microforms, such as hypotelorism and 

the presence of a single central incisor.(93) This phenotypic variability implies 

potentially complex underlying mechanisms for the generation of HPE. 

 HPE can be caused by both genetic and environmental factors, although the 

clearest evidence for teratogenic causes of HPE comes from mice. The rate of HPE in 

infants of diabetic mothers is as high as 1-2%, and there is other data implicating in utero 

exposure to alcohol and some drugs in human HPE.(100,101) 28% of HPE cases may be 

accounted for by mutations in genes at nine HPE loci. Of the known HPE loci, those that 

encompass the SHH, ZIC2, SIX3 and TGIF1 genes are most commonly screened as part 

of routine genetic evaluation of HPE patients. There is no clear correlation between 

severity and penetrance of the phenotype and the type of mutation.(98,99)  
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Among the major HPE loci, perhaps the best understood in terms of HPE 

causation are mutations affecting the SHH gene which encodes Sonic Hedgehog, a 

secreted morphogen. In humans, heterozygous loss of function mutations in the SHH 

gene account for 17% of familial HPE and 3.7% of sporadic cases (99,164,165). 

Although heterozygous Shh mutant mice are normal, homozygous mutants are inviable, 

and have HPE in utero (99,115). SHH binds the Patched transmembrane receptor (Ptch1), 

thereby relieving inhibition of Smoothened (Smo), which then signals to the Gli 

transcriptional regulators (Gli1, Gli2 and Gli3) to activate target gene expression 

(104,166–169). Gli1 and Gli2 are the primary activating transcription factors in response 

to SHH signaling, whereas Gli3 plays an inhibitory role. During forebrain development in 

mouse, Shh is first expressed in the prechordal plate at approximately 7.75 days post-

coitum (dpc), and Shh in this tissue activates the expression of the Shh gene in the 

overlying ventral diencephalon by approximately 9.0 dpc. Expression of Shh in the 

ventral diencephalon helps specify ventral identity and also limits expression of the Gli3 

gene which is primarily expressed dorsally. Gli3 promotes dorsal fate and also inhibits 

ventrally acting Shh responses. Thus a balance of mutual inhibition is set up, with Shh 

favoring ventralization and Gli3 dorsalization. The forebrain of Gli3 homozygous null 

embryos has dorsally expanded ventral tissue lacking dorsal identity (170–172). 

Homozygous Shh null embryos have a forebrain ventricle that lacks ventral identity and 

fails to divide into two hemispheres. In support of the mutual antagonism between Shh 

and Gli3 in dorsoventral patterning, the introduction of Gli3 mutations into Shh null 

embryos results in partial rescue of the defective ventral identity.(115) While the Shh-Gli 
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pathway is one of the major regulators of forebrain dorsoventral patterning, there is 

evidence suggests other pathways are also required to specify telencephalon 

development, including FGF signaling via Foxg1.(170,173) 

 The TGIF1 gene (Thymine-Guanine Interacting Factor) was identified in the 

minimal critical region of the HPE4 locus. In addition to the more common heterozygous 

deletions of this locus that are associated with HPE, several missense and nonsense 

mutations in TGIF1 have been identified from HPE patients. Of these, some have been 

shown to result in at least partial loss of function, but others may also represent non-

phenotypic polymorphisms.(79,85) As with SHH, it appears TGIF1 mutations in HPE are 

heterozygous loss of function mutations.(84) There is no evidence for HPE-associated 

mutations in the human TGIF2 gene; however, in mice Tgif1 and Tgif2 share overlapping 

function during development. Homozygous deletion of either Tgif1 or Tgif2 does not 

cause HPE or other severe phenotypes in mice in a mixed strain background.(82,87,88) 

Combining both mutations results in a failure of gastrulation in double homozygous null 

embryos, with defects in the Nodal signaling pathway. However, these embryos do not 

survive to the point where forebrain development can be observed. Introducing a 

conditional Tgif1 allele into a Tgif2 null background allowed embryos to bypass 

gastrulation defects.(90) Conditional double null (cdKO) embryos, generated using a 

Sox2Cre transgene to delete Tgif1 from the embryo proper after about 5.5 dpc, survive to 

approximately 11.0 dpc and have precursor forms of HPE similar to those seen in Shh 

null embryos. In addition to HPE-like phenotypes, cdKO embryos have decreased 

forebrain expression of Shh and increased Gli3 expression. The HPE-like phenotypes in 
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cdKO embryos is partially rescued by introducing a Gli3 mutation, suggesting that HPE 

caused by Tgif loss of function may be due at least in part to altered Shh signaling.(91)  

 In mouse embryos lacking both Tgif1 and Tgif2, gene expression defects, left-

right asymmetry defects and HPE can all be partially ameliorated by introducing a 

heterozygous Nodal mutation, consistent with the role of Tgifs in this pathway.(91) 

 Some candidate HPE genes that have been analyzed functionally are either known 

components of the SHH signaling pathway (PTCH1 and GLI2), and mutation of SIX3 has 

been shown to result in reduced SHH signaling.(114,116,117) However, some of these 

mutations also appear to fall into the TGFß/Nodal pathway. The NODAL gene itself, 

FOXH1, which encodes a forkhead transcription factor that is required for many NODAL 

responses in the early embryo, and TDFG1, that encodes a NODAL co-receptor, have 

been implicated in HPE.(119,174) Variant NODAL and FOXH1 alleles with reduced 

function are found in patients with congenital heart disease, laterality defects, and 

occasionally in HPE patients.(175,176) Additionally, there is evidence from model 

organisms that mutations in these genes, all of which are expected to reduce the activity 

of the NODAL signaling pathway, can result in HPE-like phenotypes, including cyclopia 

and proboscis.(174) In contrast, loss of TGIF function is expected to increase NODAL 

pathway output. Thus, the mechanisms by which mutations in this pathway cause HPE 

appear to be quite complex. 

 Here we show that in cdKO embryos, mutations in both Gli3 and Nodal together 

improve the partial phenotypic rescue seen with either mutation alone. Reducing Nodal 

dosage does not prevent the increase in Gli3 expression in cdKO embryos, and we show 
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that Tgif1 binds directly to a conserved element in the Gli3 gene to repress Gli3 

expression. The effects of reducing Nodal signaling appear to be independent of changes 

in Gli3 expression, and we observe that neuroepithelial cell polarity and proliferation, 

both defective in cdKO embryos, are rescued by Nodal heterozygosity. This leads us to 

propose a model in which direct repression of Gli3 by Tgifs regulates dorsoventral 

forebrain patterning, whereas the effects of Tgifs on Nodal signaling are to maintain 

neuroepithelial integrity and proliferation. A small proportion of Nodalz/+ cdKO embryos 

survive to 18.5 dpc. Strikingly, those Nodalz/+ cdKO embryos present at 18.5 dpc have 

classic HPE phenotypes, consistent with a failure to rescue the Gli3-Shh balance. 
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Results 

 

Improved phenotypes in cdKO embryos with Nodal and Gli3 mutations. 

We have previously shown that embryos lacking both Tgif1 and Tgif2 have HPE and 

defects in the Shh signaling pathway. We observed a partial rescue of the HPE phenotype 

by introducing a heterozygous Nodal mutation (Nodalz/+). Reducing Gli3 expression, 

increased in cdKO embryos compared to controls, also resulted in a partial rescue of the 

HPE-like phenotypes (91). It is possible that increased signaling from Nodal causes 

increased Gli3 expression and decreased Shh expression in the ventral region of the 

forebrain. To test this model, we examined expression of Gli3 and Shh in cdKO embryos 

with and without mutations in either the Gli3 or Nodal genes. At 9.0 days post coitum 

(dpc), we observed an increase in dorsal expression of Gli3 in cdKO embryos, but this 

increase was not reversed by a heterozygous Nodal mutation (Figure 1A). Even in the 

background of a heterozygous Gli3 mutation (Gli3r/+), deletion of Nodal had little effect 

on Gli3 expression, suggesting that changes in Gli3 expression are not downstream of 

altered Nodal signaling. Examination of Shh expression revealed a clear decrease in 

expression in the ventral region of the forebrain in cdKO embryos. At 9.0 dpc, we did not 

see any obvious restoration of normal expression of Shh with mutations in Gli3, Nodal or 

both together (Figure 1B). However, when we examined Shh expression approximately 

one half day later, at 9.5 dpc, we observed a partial restoration of expression in the 

ventral forebrain in Gli3r/+; Nodalz/+ cdKO embryos (Figure 1C). In contrast, cdKO 
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Figure 1. Shh expression in cdKO embryos.  

Stage matched control and cdKO embryos, cdKO embryos with heterozygous Nodal 

(Nodalz/+ cdKO), heterozygous Gli3 (Gli3r/+ cdKO) mutations, or with both together 

(Gli3r/+;Nodalz/+ cdKO) were analyzed by in situ hybridization with anti-sense probes for 

Gli3 (A) and Shh (B and C), at 9.0 and 9.5 dpc. Side and front views of the same embryos 

are shown in C.  WISH assistance from Ken Taniguchi. 
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 embryos with mutations in either Gli3 or Nodal alone had no detectable Shh expression 

in the ventral forebrain.  

 To further test the possibility that reducing both Nodal and Gli3 might result in a 

better rescue of the HPE phenotype in cdKO embryos, we examined the overall structure 

of the forebrain ventricle. As shown in Figure 2A, the neuroepithelium (NE) cell layer in 

control embryos at 9.5 dpc appeared well organized and bisected the underlying 

neuroectoderm at the midline. In contrast, in stage-matched cdKO embryos the NE 

appeared to be disorganized and the ventral neuroectoderm layer was much thicker 

(Figure 2A). Deletion of Gli3 improved the overall shape of the NE but did not have any 

effect on the disorganization of the NE at the cellular level. In contrast, the NE appeared 

to be better organized into a stratified epithelial layer in the Nodalz/+ cdKO but still had a 

very thick ventral neuroectodermal layer. In the double heterozygous (Gli3r/+; Nodalz/+) 

cdKO embryos, overall ventral patterning was improved, with the neuroectoderm 

bisected by the NE.  There also appeared to be improved organization of the NE (Figure 

2A). To test whether the apparently improved rescue in the Gli3r/+; Nodalz/ cdKO 

affected facial patterning, we analyzed expression of the presumptive eye-field marker, 

Pax2. In cdKO embryos, the normal robust expression in the two eye-fields at 9.75 dpc 

was reduced to a single much weaker band of expression (Figure 2B). In the Gli3r/+; 

Nodalz/+ cdKO embryos, expression of Pax2 was somewhat increased but did not fully 

separate into two distinct domains, as seen in the control. However, in the Gli3r/+; 

Nodalz/+ cdKO expression was stronger and fully separated into two domains, suggesting 

improved facial pattering in these embryos (Figure 2B). Taken together, these data 
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Figure 2. Phenotypic rescue by Nodal and Gli3 mutations. 

A) Stage matched embryos of the indicated genotypes, at approximately 9.5 dpc, were 

analyzed by H&E staining. A) section through the forebrain is shown, together with a 

higher magnification view of the ventral region. B) Embryos of the indicated genotypes 

were analyzed by in situ hybridization with an anti-sense probe for Pax2. A side view of 

the head is shown, with a ventral view shown below. Ken Taniguchi assisted with WISH 

and H&E.  
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 suggest that loss of Tgif function may affect forebrain development by two independent 

pathways: one via increased Gli3 expression and one via an increased Nodal response.  

 

Gli3 is a direct Tgif target gene. 

Since we observed no effect of Nodal mutation on Gli3 expression and increased Gli3 

expression in the cdKO embryos was consistent with loss of repression, we tested 

whether Gli3 could be regulated directly by Tgifs. Several conserved, non-coding 

elements have been identified within the Gli3 gene, spanning more than 250kb in both 

mice and humans (177–180). Additionally, in a chromatin immunoprecipitation-

sequencing (ChIP-seq) experiment using antibodies against the coactivator, p300, a 

number of conserved, forebrain-specific peaks were identified. We scanned each of these 

conserved regions for consensus Tgif binding sites (CTGTCAA) (75) present in both the 

mouse and human sequences and identified seven putative Tgif sites in five of these 

conserved regions (Figure 3A). There were also matches to the minimal Smad binding 

element (CAGA) in each region, but given there is only a four-base consensus, it is 

expected at a higher frequency. We first tested binding by performing ChIP-qPCR for 

each of the Tgif sites using chromatin isolated from 9.0 dpc control embryos. Chromatin 

was immunoprecipitated with a Tgif1 antiserum, the pre-immune serum or a Smad2/3-

specific antiserum. DNA enriched by the ChIP process was made into a cDNA library 

and analyzed by qPCR for regions with or without the consensus Tgif binding site.  As 

shown in Figure 3A, we observed robust enrichment of the HCNR1 region in the Tgif1 

precipitates, whereas none of the other regions tested were bound by Tgif1. No binding of 



37 
 
Smad2/3 was observed in any of the regions tested. To confirm this, we examined 

binding of Tgif1 to the HCNR1 and to two of the other regions for comparison, in 

NIH3T3 cells and in primary mouse embryonic fibroblasts (MEFs). ). In NIH3T3, Tgif1 

again bound the HCNR1 region, and this was not affected by addition of TGFß for one 

hour prior to isolating the chromatin (data not shown). Smad2/3 binding was not seen to 

any of the regions tested, and in NIH3T3 cells addition of TGFß did not change 

expression of the endogenous Gli3 gene (data not shown). 

To ensure that the observed binding was indeed due to Tgifs, we next tested 

primary MEFs that were either wild type, or lacked both Tgif1 and Tgif2 expression. 

cdKO MEFs were generated using a Tamoxifen inducible Cre transgene and the Tgif1 

conditional allele, in the background of a Tgif2 null (Tgif1ff;Tgif2-/-;CreER+). We chose to 

test cdKO MEFs rather than Tgif1 single null, as the Tgif1 antiserum may cross-react 

weakly with Tgif2. In wild type MEFs, the HCNR1 region was highly enriched in Tgif1 

precipitates, whereas we observed minimal binding to the other two regions tested and no 

significant enrichment for any of the three regions tested in chromatin from cdKO MEFs 

(Figure 3B). 

 To test whether Tgifs regulate GLI3 expression in a different system, we used 

glioblastoma cell lines and tested effects of transient knock-down of TGIF1 and TGIF2. 

U87 cells express relatively high levels of TGIF1, and both TGIF1 and TGIF2 are highly 

expressed in A172. Additionally, both cell lines express endogenous GLI3. U87 and 

A172 cells were transfected with siRNA pools targeting both TGIF1 and TGIF2 or with a 

control pool and RNA was analyzed by qRT-PCR 72 hours later. As shown in Figure 3C, 
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Figure 3. Gli3 is a Tgif1 target gene. 

A) Binding of TGIF1 to several conserved non-coding regions from the Gli3 gene was 

analyzed by ChIP-qPCR in control 9.0 dpc embryos. A truncated version of the Gli3 gene 

is shown, with exons 1-3 and 14 indicated, together with the conserved regions shown 

below. Putative TGIF sites and Smad binding elements (SBE) are shown. Chromatin was 

precipitated with a Tgif1-specific rabbit antiserum, a Smad2/3 specific serum or a control 

non-immune serum. B) Primary wild type and cdKO MEFs were analyzed in triplicate by 

ChIP and qRT-PCR using the Tgif1-specific serum or control. C) Tgifs were knocked 

down in U87 and A172 cells.  RNA was extracted, from which a cDNA library was 

made.  qPCR was performed, showing significant increase in Gli3 in the absence of 

Tgifs.  Relative binding compared to pre-immune serum is shown. * p < 0.001 by 

student’s T test. Tiffany Melhuish helped with ChIP.  Arkadi Manukian provided cDNA 

and Annie Carlton helped with qPCR. 
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 we obtained at least 75% knock-down of each gene, and also observed a significant 

increase in GLI3 expression in both cell lines. Taken together, this data suggests that 

Tgifs are able to bind to a conserved region of the GLI3 gene and that in both mouse and 

human GLI3 expression is repressed by Tgifs. 

 

Disruption of the neuroepithelium apical surface in cdKO embryos. 

Close examination of the H&E stained sections through the forebrain NE suggested that 

the stratification of the NE might be disrupted in cdKO embryos. The NE is a 

pseudostratified epithelium, in which each cell has an apical domain at the ventricular 

surface and a basal region that is in contact with the neuroectoderm. Nuclei undergo 

interkinetic movement, such that they go through S phase at a relatively basal location 

and migrate towards the apical surface to undergo mitosis. During the normal growth of 

the NE, the nuclei divide perpendicularly to the apical surface of the cell, allowing for 

continued expansion of the NE (147,148). To examine NE cell polarity, we first stained 

sections through the forebrain of control and cdKO embryos at 9.0 dpc with antibodies 

specific for N-cadherin or atypical PKC (aPKC). aPKC is normally localized primarily at 

the apical domain of polarized epithelial cells, and in control NE we observed a clear 

concentration of aPKC towards the apical (ventricular) surface (Figure 4A). In contrast, 

in the cdKO NE aPKC staining was much more diffuse and lacked the sharp line of 

staining along the apical surface that was seen in most sections through control NE. The 

N-cadherin staining in the control was stronger towards the apical surface and clearly 

outlined the cell boundaries, whereas in cdKO sections, N-cadherin staining was more 
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diffuse and less apically concentrated (Figure 4A). Analysis of H&E stained sections at 

higher magnification showed the disorganized NE in the cdKO, and confocal imaging 

clearly showed that aPKC staining was disorganized in the cdKO NE (Figure 4B). This 

analysis suggests that there is disruption of the apical domain of the forebrain NE in 

cdKO embryos. To test if there was also a more wide-spread disruption of polarity, we 

examined expression of Collagen type IV (ColIV), which marks the basement membrane. 

As shown in Figure 4C, ColIV staining was present surrounding the basal region of the 

NE in both control and cdKO embryos. In the cdKO there were some regions where 

ColIV staining was disorganized. However, the contiguous basement membrane appeared 

to be generally intact, even in sections where co-staining for ß-catenin, which is normally 

present at the cell junctions, was more diffuse and disorganized in the cdKO (Figure 4C). 

Examination of RNA-seq data from control and cdKO embryos isolated at 

approximately 8.75 dpc suggested that expression of Snail2 (Slug) and Twist2 may be 

higher in the cdKO, although Twist2 expression was too variable to reach significance in 

this RNA-seq data-set. To confirm these changes, we tested expression of both genes by 

qRT-PCR in control and cdKO embryos isolated at approximately 8.75-9.0 dpc. Snail2 

and Twist2 expression was significantly higher in the cdKO embryos than in control; we 

did not observe any difference in expression of Snail1 or Twist1, in agreement with the 

RNA-seq data (data not shown). This analysis suggests there is defective apical 

polarization of the NE in cdKO embryos. Additionally, although we do not observe a 

complete epithelial-to-mesenchymal transition (EMT), there is some increase in both 
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Figure 4. Disrupted apical polarity in the cdKO neuroepithelium. 

A and B) Sections through the forebrain of 9.0 dpc control and cdKO embryos were 

stained with antibodies for aPKC or N-cadherin and with DAPI for DNA. In A, 40x 

wide-field immunofluorescent images are shown. In B 100x confocal images and 

equivalent image of H&E stained sections are shown. C) Forebrain sections were stained 

with antibodies against Collagen IV and ß-catenin, and with DAPI. 20x and 40x confocal 

images are shown. 
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 expression of canonical EMT driver transcription factors and disorganization of the 

basement membrane. 

 

Reduced Nodal signaling rescues polarity defects. 

To test if the improvement in NE organization observed by H&E staining in Nodalz/+ 

cdKO embryos (see Figure 2) was due to improved apical polarity, we stained forebrain 

sections for aPKC and N-cadherin. As shown in Figure 5A, introduction of a Gli3 

mutation did not affect aPKC localization, whereas aPKC localization at the apical 

surface of the NE in Nodalz/+ cdKO embryos was similar to that seen in controls. The 

localization of N-cadherin in Nodalz/+ cdKO embryos was also similar to the control 

embryos, but in cdKO and Gli3r/+ cdKO embryos, N-cadherin staining was more diffuse 

(Figure 5A). One consequence of disrupting the apical-basolateral organization of 

polarized epithelial cell layers is that the plane of cell division becomes randomized, 

rather than dividing predominantly perpendicular to the apical surface. To examine this in 

the forebrain NE, we stained sections with an antibody against γ-tubulin to identify cells 

with two centrosomes that were undergoing mitosis. We then measured the angle 

between the apical surface of the NE and the plane of division, estimated by drawing a 

line connecting the two centrosomes (see Figure 5B for an example). When we plotted 

the distribution of angles, the majority of mitotic cells in the control NE clustered with a 

relative angle of division close to 90° (Figure 5B). In contrast, in the cdKO NE the angle 

of division was scattered between 0° and 90° relative to the apical surface. We next 

examined Nodalz/+ cdKO embryos and observed an intermediate phenotype. The 
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distribution of angle of division in control embryos was significantly different from a 

uniform distribution, consistent with the clustering around 90° and almost all of the 

spindle angles were greater than 60° relative to the apical surface (Figure 5C). In contrast 

to the control, cdKO mitotic angles were uniformly distributed between 0° and 90°, 

whereas in the Nodalz/+ cdKO there was a significant skew towards 90°, with two thirds 

being greater than 60° relative to the apical surface. We have previously shown that 

cdKO embryos have a reduced mitotic index in the forebrain NE, and we again noticed 

this here while examining mitotic spindle angles. To test whether the reduced 

proliferation was due to altered Nodal signaling or reduced Gli3 expression, we stained 

forebrain sections for phospho-Histone H3 (pHH3) to identify cells in late G2 and M 

phases of the cell cycle. As shown in Figure 5D, the mitotic index of the cdKO forebrain 

NE was significantly lower than the controls, and in agreement with previous work, 

deletion of one copy of Gli3 did not affect the mitotic index. However, removing one 

copy of Nodal restored the cdKO mitotic index to close to that seen in control embryos 

(Figure 5D). This analysis suggests that in the cdKO forebrain NE, there is reduced 

proliferation and a disruption of apical polarity and both of these phenotypes are 

downstream of excess Nodal signaling. 

 

Partial disruption of apical polarity within the cdKO neural tube 

To determine whether polarity defects similar to those found in the forebrain extended to 

the developing neural tube of cdKO embryos, we analyzed the structure of the neural 

tube between the midbrain-hindbrain boundary and the forelimb region of control and 
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Figure 5. Defective polarity and proliferation are downstream of Nodal. 

A) Confocal images of forebrain sections of the indicated genotypes, stained with 

antibodies against aPKC or N-cadherin, are shown. B) Forebrain sections were stained 

with an antibody for γ-tubulin. Representative images with the apical surface and spindle 

angle are shown, together with a graphical representation of the spindle angles from 

control and cdKO forebrain sections. B) The relative spindle angle for neuroepithelial 

cells from the indicated genotypes were separated into 15° bins and compared to the 

distribution expected if spindle angle was uniform. D) The mitotic index in the forebrain 

neuroepithelium at 9.0 dpc was analyzed by staining for pHH3. The mean (+ s.d.) is 

shown for at least three embryos of each genotype. 
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 cdKO embryos.  H&E staining of transverse sections showed a closed neural tube with a 

single-cell-thick ventral floor plate in control embryos.  In cdKO embryos, the neural 

tube was not always closed and the floor plate had variable thickness.  In contrast to the 

disorganization in the forebrain, neural tube disorganization was patchy and less 

consistent along the length of the neural tube.  N-cadherin mediates cell-cell contacts 

within neuroepithelium.  Within both control and cdKO embryos N-cadherin was 

expressed strongly at the cell surface, suggesting that cell-cell contacts are largely 

maintained within the cdKO neural tube.  Similarly aPKC, a marker for the apical surface 

of polarized cells, was concentrated at the apical surface in both control and cdKO neural 

tube.  Examination of multiple sections of multiple embryos for these polarity markers 

revealed that epithelial polarity is disrupted in some areas of the neural tube and intact in 

others. Figure 6A gives an example of disrupted polarity within the neural tube. 

To determine if the neural tube had proliferation defects, we stained both 9.0 dpc 

and 10.0 dpc sections for pHH3 and counted the proportion of neural tube cells that were 

pHH3-positive as a measure of proliferation.  While there was no difference in 

proliferation rates at 9.0 dpc, there was a small but significant decrease in proliferation in 

the cdKO at 10.0 dpc (Figure 6C).  As pseudostratified epithelium, cells within the neural 

tube undergo interkinetic nuclear migration.  During growth phase nuclei are positioned 

near the basal cell surface and travel to the apical surface in preparation for division.(148)  

As an illustration of the disruption of epithelial polarity within the neural tube, we also 

grouped the pHH3-positive cells based on their location, namely those pHH3-positive 

nuclei adjacent to the inner (apical) surface and those not touching the apical surface. 
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Once again there was no significant difference in location of pHH3 positive nuclei at 9.0 

dpc, but at 10.0 dpc there were significantly more pHH3 positive nuclei away from the 

apical surface in the cdKO as compared to control sections (Figure 6C).  We also stained 

9.75 dpc sections for cleaved caspase-3.  This staining showed an increase of apoptosis 

within the neural tube.  This phenotype was inconsistent along the length of the neural 

tube (Figure 6B).  This decreased proliferation, increased apoptosis and inappropriate 

location of mitotic nuclei all suggest a more pronounced disruption in epithelial polarity 

within the neural tube at later stages of development. 

 

Reduced Nodal signaling partially rescues neural tube defects 

While examining the neural tube for polarity defects we noticed a strange structural 

defect present within the cdKO.  Intermittently along the length of the neural tube we 

noticed extensive disruption of epithelial structure in the ventral tube progressing into an 

isolated tube-like structure with its own lumen between the notochord and the dorsal 

neural tube (Figure 7A).  Shh is expressed at the notochord and floor plate and establishes 

patterning via concentration gradient through the ventral neural tube.(105)  In the same 

manner, Gli3 is expressed in the dorsal neural tube and gradually decreases towards the 

ventral neural tube.  We hypothesized that disruption of ventral structure and the isolated 

tube would disrupt the propagation of Shh signaling and ventral identity within the neural 

tube. To test this, we performed WISH with a probe recognizing Shh.  We sectioned the 

stained embryos.  Control embryos had strong Shh expression within the notochord and 

floor plate.  Shh was also expressed in the notochord of cdKO embryos and in the ventral 
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Figure 6. Defective polarity and proliferation within the neural tube. 

A) Transverse sections of neural tube of control and cdKO embryos at 9.0 dpc stained by 

H&E and IF for N-cadherin and aPKC.  B) Transverse sections of neural tube of control 

and cdKO embryos at 9.75 dpc stained by IF for cleaved caspase 3.  C) Analysis of pHH3 

by IF as a measure of proliferation in control and cdKO embryo, at both 9.0 dpc and 10.0 

dpc.  From left to right, charts represent number of cells positive for pHH3, relative 

number of cells positive for pHH3 and the percent of cells positive for pHH3.  For first 

and second charts, counts are divided into pHH3-positive cells touching the apical 

surface (inner) and those not touching the apical surface (outer).  T-test performed for 

statistical significance. 
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 isolated tube but was absent from the dorsally located neural tube.  The presence of an 

isolated tube appeared to prevent potentiation of the Shh signal through the neural tube 

(Figure 7B). 

To understand the frequency of normal (N), disorganized (D), and isolated tube 

(IT) regions of the neural tube, we analyzed 95 serial transverse sections of control and 

cdKO embryos and classified them based on the appearance of the neural tube at several 

stages of development.  In all control embryos, the majority of the neural tube was 

normal with few sections categorized as disorganized and no isolated tubes.  At 9.0 dpc 

the cdKO exhibited an isolated tube in approximately 70% of the sections counted, with 

approximately 25% of sections classified as disorganized.  We hypothesized that 

decreasing the genetic dose of Nodal would partially rescue this phenotype as it had 

rescued polarity in the forebrain, and decreasing the genetic dose of Gli3 would not affect 

the neural tube structure.  When we analyzed serial sections from the Nodalz/+ cdKO, the 

proportion of sections with an isolated tube significantly decreased, while the proportion 

of sections with disrupted or normal epithelial morphology both increased.  Consistent 

with our hypothesis there was no significant change in the proportion of disrupted 

sections or those with an isolated tube in the Gli3r/+ rescue (Figure 7C).  When these 

phenotypes were plotted and cdKO and Nodalz/+ cdKO were viewed together, we noticed 

that in cdKO embryos the majority of the anterior neural tube exhibits an isolated tube 

phenotype, whereas the Nodalz/+ cdKO had greatly reduced number of sections with an 

isolated tube. This information suggests that the isolated tube is a more severe phenotype, 
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and when the dose of Nodal is decreased, the neural tube can become disorganized but is 

less likely to progress into an isolated tube (Figure 7C). 

With the disruption of Shh in the neural tube we wanted to examine DV 

patterning.  We stained transverse sections with antibodies to different neural tube 

patterning markers (Nkx2.2, Nkx6.1, Olig2, Pax3).  These patterning markers are 

expressed in specific bands, progressing from the ventral neural tube to the dorsal neural 

tube.  They are dependent on the expression of Shh and Gli3 in a gradient-dependent 

manner.  As shown in Figure 8, patterning within the neural tube is basically maintained 

and only disrupted in the presence of a completely isolated tube ventral to the neural tube. 

 

HPE in late-stage cdKO embryos with Nodal heterozygous mutations. 

cdKO embryos typically do not survive beyond 11.0 dpc. However, from a large number 

of litters (118 embryos) isolated at 12.5 dpc, we identified two cdKO embryos with 

cyclopia and clear signs of HPE. Both these embryos were severely defective and likely 

would not have survived much longer beyond this stage. To test whether reducing Nodal 

signaling might allow cdKO embryos to survive to later in embryogenesis, we isolated 

embryos at 18.5 dpc from crosses between Sox2cre+; Tgif1r/r; Tgif2+/- and Nodalz/+; 

Tgif1f/f; Tgif2-/- mice.  One fourth of the resulting embryos were expected to be cdKO and 

half were expected to be  heterozygous for Nodal. As shown in Figure 9A, we recovered 

two cdKO embryos at this stage, both of which were also heterozygous for Nodal.  We 

did not identify any cdKO embryos with control Nodal alleles from this analysis. 

Embryos with one, two or three wild type alleles of Tgif1 or Tgif2 were found at about 
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Figure 7. Isolated tube present in cdKO rescued by Nodal heterozygosity.  

A) Paraffin-embedded sections of neural tube in control and cdKO embryos 9.0 dpc 

illustrating normal (N), disorganized (D), and isolated tube (IT).  B) WISH for Shh in 9.0 

dpc neural tube in both control and cdKO. C)95 serial sections from 3 cdKO embryos, 3 

Gli3r/+ cdKO embryos, 3 Nodalz/+ cdKO embryos at 8.5 dpc and 9.0 dpc were stained 

with H&E and scored according to above defined phenotype (N, D, IT).  Results were 

plotted by both percent of sections exhibiting each phenotypic classification and plotted 

linearly anterior to posterior (left to right).  T-test was performed for statistical 

significance. Ken Taniguchi helped with IT phenotype analysis. 
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Figure 8.  Neural tube patterning maintained despite polarity defects. 

Cryosectioned sections of neural tube in control and cdKO embryos at 9.0 to 10.0 dpc, 

stained by IF for Nkx2.2, Nkx6.1, Olig2 and Pax3. 
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 the expected frequencies with slightly fewer embryos having a Nodal heterozygous 

mutation than those with two control alleles (Figure 9A). Among the 53 embryos in this 

analysis, we identified several with severe phenotypes, including three with a classic HPE 

phenotype. Interestingly, both of the Nodalz/+ cdKO embryos, as well as one three-allele 

mutant that was also heterozygous for Nodal, had HPE (Figure 9A-C). The other, clearly 

defective embryos were also Nodal heterozygous three-allele mutants, with two having 

exencephaly and one with agnathia. It seems reducing excess Nodal signaling can allow 

cdKO embryos to develop to late embryogenesis, but does not appear to rescue the HPE 

phenotype. This suggests a model in which Tgifs directly repress Gli3 to maintain 

anterior DV patterning, and limiting Nodal signaling allows for normal NE cell polarity 

and proliferation. With misregulated Nodal and Gli3 signaling, cdKO embryos develop a 

precursor HPE-like phenotype, but die by approximately 11 dpc with multiple defects, 

including reduced proliferation, defective polarity and increased apoptosis. Reducing 

Nodal signaling in this context restores cell polarity and proliferation but excess Gli3 

expression still causes HPE. Thus, it appears that Tgifs may regulate forebrain 

development by two independent pathways (Figure 10). 
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Figure 9. HPE in Nodal heterozygous cdKO embryos at late gestation. 

A) Embryos with various combinations of Tgif1 and Tgif2 alleles that were either wild 

type or heterozygous for Nodal were examined at 18.5 dpc. A summary of the genotypes 

and phenotypes is shown. Embryos with two or three wild type Tgif1 and Tgif2 alleles (of 

the four) are included as one group, with the Nodal genotypes (wild type [+/+] or 

heterozygous [z/+]) separated. The total number of embryos and percentage that were 

grossly normal are shown. Defects are listed separately for each embryo where 

applicable. B and C) Examples of whole mount images of Nodalz/+ cdKO  embryos are 

shown.  Tiffany Melhuish helped with dissection. 
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Figure 10. A tentative model for the function of Tgifs in forebrain development.  

TGIFs regulate Gli3 gene expression and the transcriptional activity of Smad2, in the 

Nodal pathway via independent mechanisms. Green arrows indicate a positive effect, red 

lines indicate an inhibitory effect. See text for further discussion. 
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Discussion 

 

In mice loss of Tgif1 and Tgif2 together causes HPE and disrupts Nodal and Shh 

signaling (91). Here we show that excess Gli3 contributes to patterning defects in cdKO 

embryos and Tgifs repress Gli3 gene expression. In contrast, excess Nodal signaling in 

the absence of Tgifs causes defects in NE polarity and proliferation. Reducing both Nodal 

and Gli3 levels results in improved overall rescue of the cdKO defects, consistent with 

two independent pathways causing this phenotype in the absence of Tgif function (Figure 

10). 

 We have previously shown that embryos lacking both Tgifs have phenotypes 

consistent with an early precursor form of HPE and at these early stages appear quite 

similar to Shh null embryos (91). The majority of cdKO embryos do not survive past 

approximately 11.0 dpc, so it is difficult to examine later phenotypes more clearly 

representative of HPE. In previous analyses, we identified two cdKO embryos at 12.5 

dpc. Both embryos had cyclopia and an anterior proboscis-like structure, as seen in Shh 

null embryos at this age. However, these embryos were quite rare, were very fragile and 

were not likely to survive much beyond this stage. 

From a smaller cohort of embryos analyzed here at 18.5 dpc, we found three with 

clear HPE, including cyclopia and proboscis. Two of these embryos were cdKOs and one 

had three mutant alleles (Tgif1 r/r; Tgif2 +/-). The presence of an HPE phenotype in a three 

allele mutant is consistent with previous work suggesting that a small proportion 

(approximately 5-10%) of embryos of this genotype are indistinguishable from cdKOs at 
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approximately 9.0-10.5 dpc. What is most striking from the analysis here is that all three 

embryos with HPE, including the only two cdKO embryos identified at 18.5 dpc, were 

also heterozygous for Nodal.  

 Previous analyses have shown that reducing Gli3 dosage in the background of a 

Shh null mutation can partially rescue the defects in DV patterning and the HPE 

phenotype (181). Based on our analysis here and in previous work, it appears that Gli3 

heterozygosity can do the same in the context of loss of Tgif function. The bisection of 

the neuroectoderm by the NE was improved in Gli3r/+ cdKO embryos compared to the 

cdKO, and patterning of the forebrain and facial fields was improved. However, defects 

in cell proliferation and NE polarity within the forebrain and neural tube appear to be 

downstream of excess Nodal signaling.  

The increase in Gli3 expression appears to be independent of the TGFß/Nodal 

pathway. Since Tgifs are transcriptional repressors, direct target genes would be expected 

to have higher expression in the cdKO than in control embryos, and we show that Tgif1 

can indeed bind to a conserved region of the Gli3 gene that contains two consensus Tgif 

sites.  

 In summary, we show both the Nodal and Shh signaling pathways are disrupted in 

embryos lacking Tgif function, and these pathway disruptions appear to be independent 

of each other (Figure 10). Our genetic analysis suggests a context in which mutations that 

reduce TGFß/Nodal signaling could contribute to the pathogenesis of HPE, and we 

propose a refined model for the involvement of Tgif function in Nodal and Shh signaling 

in the pathogenesis of HPE. 
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Materials and Methods 

 

Ethics statement 

All animal procedures were approved by the Animal Care and Use Committee of the 

University of Virginia, which is fully accredited by the AAALAC. 

 

Mice and DNA analysis 

The loxP flanked Tgif allele (86) and Tgif2 null (90) alleles and the loxP flanked Gli3 

allele (173) and Nodal mutant (56) are as described. The Sox2-Cre line (182) was 

obtained from Jax (# 4783). The Gli3 allele contains a loxP flanked exon, which when 

recombined results in a null allele, referred to here as ‘r’ for recombined (null). The 

Nodal null allele is referred to as ‘z’, for an introduced lacZ reporter. All mouse lines 

were maintained on a mixed C57BL/6J x 129Sv/J background. Genomic DNA for PCR 

genotype analysis was purified from ear punch, at post-natal day 21 (P21), yolk sac (7.0-

10.0 dpc), or tail (18.5 dpc) by HotShot (183).  

 

In situ hybridization 

Whole-mount in situ hybridization was performed with digoxigenin-labeled riboprobes, 

as described (184). All images are representative of at least three embryos analyzed. 
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Histology, immunohistochemistry (IHC) and whole-mount analysis 

Embryos were fixed overnight in 4% paraformaldehyde at 4oC, or for 48 hours for 18.5 

dpc, dehydrated through an ethanol series (70%, 90%, 95%, 100% x2 for 30 minutes 

each), incubated in xylene twice for 60 minutes and 1:1 xylene/paraffin for 60 minutes at 

60oC, then embedded in paraffin wax, and sectioned at 7µm. For Hematoxylin and Eosin 

(H&E) staining for histological analysis, sections were de-paraffinized with xylene and 

stained with H&E. Embryos cryosectioned were flash frozen in OTC and were incubated 

in PBS prior to application of primary antibody.  Multiple sections per embryo were 

incubated with primary antibodies for rabbit polyclonal phospho-histone H3 (1:200, 

Upstate 06-570) , rat monoclonal N-Cadherin (1:50, DSHB MNCD2), rabbit polyclonal 

aPKC (ζ isoform; 1:250, Santa CruzSC-216), rabbit polyclonal  collagen IV (1:100, 

Chemicon AB756P), mouse monoclonal β-Catenin (1:100, BD Transduction 

Laboratories 610153), mouse monoclonal γ-tubulin (1:200, Sigma, T6557), rabbit 

polyclonal ACTIVE Caspase-3 (1:250, Promega, G7481), mouse monoclonal Nkx2.2 

(1:50, DSHB, 74.5A5), mouse monoclonal Nkx6.1 (1:250, DSHB, F55A10), mouse Pax3 

(1:250, DSHB, PAX3), or polyclonal rabbit Olig2 (1:500, Millipore, AB9610) as 

described (90). For IHC, antibody staining was detected using Vectastain ABC (Vector 

Laboratories) and developed with Impact DAB (Vector Laboratories). For H&E and IHC 

images were captured using an Olympus BX51 microscope and either an Olympus 

SZX12 or DP70 digital camera, and manipulated in Adobe Photoshop. Images of 7.0-

10.0 dpc embryos were captured using a Leica MZ16 stereomicroscope and QImaging 

5.0 RTV digital camera. 
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Chromatin immunoprecipitation 

Chromatin immunoprecipitation was performed as previously described.(185,186) 

Briefly, MEFs or NIH3T3 cells were cross-linked with 1% formaldehyde for 20 minutes 

at 37°C. Following chromatin isolation, DNA was sheared by sonication to between 200 

and 1000bp in length using a Branson digital sonifier with microtip. For ChIP from 

whole embryos, freshly isolated tissue was gently dissociated into a conical tube and 

cross-linked for 20 minutes at 37°C. Immunoprecipitations were carried out using 2µl of 

a polyclonal Tgif1 antiserum (78), or 2µl of preimmune serum. 

 

siRNA knock-down and qRT-PCR 

RNA was isolated and purified using Absolutely RNA kit (Agilent). cDNA was 

generated using Superscript III (Invitrogen), and analyzed in triplicate by real time PCR 

using a BioRad MyIQ cycler and Sensimix Plus SYBRgreen plus FITC mix (Bioline), 

with intron spanning primer pairs, selected using Primer3 (http://frodo.wi.mit.edu/). 

Expression was normalized to Rpl4 and Actin using the delta Ct method, and is shown as 

mean plus standard deviation of triplicates. For knock-down, cells were plated in 6 well 

plates and transfected with Dharmacon SMARTpool oligonucleotides against TGIF1 and 

TGIF2, using DharmaFECT reagent 1. The control pool (siGENOME Non-targeting 

siRNA pool #3) was used for the non-targeting control. 

 

  

http://frodo.wi.mit.edu/
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Cell culture and luciferase assays 

U87 and A172 cells were grown in DMEM with 10% FBS. Primary MEFs were isolated 

from 13.5 day mouse embryos, and cultured in DMEM (Invitrogen) with 10% Fetal 

Bovine Serum (Hyclone) as described.  Cells were transfected using TransFectin (Biorad) 

according to the manufacturer’s instructions.  Cells were transfected with firefly 

luciferase reporters, a Renilla transfection control (phCMVRLuc; Promega), and the 

indicated constructs.  After 48 hours firefly luciferase activity was assayed using firefly 

substrate (Biotium) and Renilla luciferase was assayed with 0.09µM coelenterazine 

(Biosynth), using a Berthold LB953 luminometer. 
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Abstract 

The human TGIF1 gene is implicated in holoprosencephaly (HPE). In mice, deletion of 

both Tgif1 and the related Tgif2 results in a failure of gastrulation. Conditional deletion of 

Tgif1 (cdKO) allows survival to mid-gestation, but embryos lacking both Tgifs have HPE 

and defects in left-right asymmetry. To identify pathways that may be deregulated by loss 

of Tgif function during embryogenesis we performed transcriptome profiling on whole 

mouse embryos at approximately nine days after fertilization. This analysis revealed a 

large number of differentially expressed genes with most being increased in the Tgif 

mutant embryos, consistent with the function of Tgifs as transcriptional repressors. 

Among the differentially expressed genes we noticed a number of genes with links to 

cilia function. This included a small number that were increased in the mutants and are 

predicted to inhibit cilia formation. One of these, the RabGAP Evi5l, is known to block 

cilia formation when overexpressed and was among the most significantly altered genes 

in Tgif mutant embryos. We show that Evi5l expression is increased in cdKO embryos 

and in double null primary mouse embryonic fibroblasts (MEFs). Knock-down of TGIFs 

in a human retinal pigment epithelial cell line (ARPE19) also increased EVI5L 

expression. TGIF1 binds a conserved consensus TGIF site in the 5’ of the human and 

mouse Evi5l genes, suggesting Evi5l is a direct target of TGIF repression. In Tgif null 

MEFs we show that the number of cells with primary cilia is significantly decreased. 

Similarly, transient TGIF knock-down in ARPE19 cells reduced cilia numbers. Reducing 

the expression of Evi5l in primary cells lacking both Tgifs resulted in a partial restoration 
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of cilia numbers. In summary, this work shows Tgifs may regulate ciliogenesis and 

suggests Evi5l mediates at least part of the effect of Tgifs on cilia formation. 
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Introduction 

 

Tgif1 and Tgif2 are related homeodomain proteins of the TALE superfamily and 

primarily act as transcriptional repressors (75,81,82,187). Tgif1 and Tgif2 have been 

shown to repress TGFß responsive gene expression by binding to TGFß-activated Smads 

(78,82,188). Tgif1 has been shown to interact with general transcriptional corepressors, 

including CtBP1 and mSin3a; the related Tgif2 binds mSin3a but lacks the CtBP-

interaction motif (79,80,189). Thus, repression of TGFß dependent gene expression by 

Tgifs likely involves recruitment of general corepressors to the Smad complex, although 

other mechanisms for regulating TGFß responses have been proposed (42,190). 

Tgifs also regulate gene expression when bound directly to DNA in the absence 

of Smads or nuclear receptors (81). Unlike many homeodomain proteins which recognize 

a relatively short binding site and often bind in complex with other related proteins, Tgifs 

bind to a 7-base consensus site (75). Binding of TGIF1 to this site represses transcription, 

likely by recruiting general corepressors. Relatively few direct Tgif target genes have 

been identified. 

Loss-of-function mutations in the human TGIF1 gene are associated with 

holoprosencephaly (HPE), a severe craniofacial disorder affecting forebrain development 

and midline patterning (84,191). Although these human TGIF1 mutations are 

heterozygous, deletion of Tgif1 in mice has relatively mild phenotypes, even as a 

homozygous mutation (86–88,192). However, deletion of both Tgif1 and Tgif2 results in 

gastrulation defects and altered Nodal responses, consistent with the role of Tgifs in 
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TGFß family signaling (90). Conditional mutation of Tgif1 in the background of a Tgif2 

null mutation allows embryos to bypass gastrulation defects. The resulting embryos have 

HPE and changes in the Shh signaling pathway, confirming Tgifs as regulators of 

forebrain development, as suspected from the human HPE association (90,91). In 

addition to the HPE-like phenotypes, conditional double mutants have a number of other 

defects, including defects in left-right asymmetry, and do not survive past approximately 

eleven days of embryogenesis. Direct gene targets for Tgifs that may mediate these 

embryonic phenotypes have not been identified.  

Primary cilia are specialized organelles that are assembled over the basal body 

during the G1 phase of the cell cycle. The cilium, which protrudes from the surface of 

many cell types, consists of a central core of acetylated tubulin that is surrounded by a 

compartmentalized cell membrane domain. Transport into and out of the primary cilium 

is mediated by specific IFT complexes which are also responsible for the regulated 

assembly and disassembly of cilia as cells progress through the cell cycle. Cilia perform a 

number of important functions, including mediating certain signaling pathways, e.g. Shh 

signaling (121,131). Components of the Shh signaling pathway, including the Patched 

and Smoothened transmembrane receptors and the intracellular mediators, the Gli 

proteins, are all present in primary cilia (132,193,194). This localization is required for 

the majority of Shh signaling, with the Gli proteins being activated in the primary cilium 

prior to translocation to the nucleus. Defects in ciliogenesis in certain mouse mutants 

cause phenotypes similar to those found as a result of mutations in the Shh pathway, 

further reinforcing the importance of this organelle in Shh signaling (131). At the PNC, 
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pit cells each have a single motile cilium.  These cilia are thought to contribute to fluid 

flow across the PNC that is responsible for setting up left-right (L-R) asymmetry in the 

developing embryo (195,196). It is thought that fluid flow generated by motile cilia at the 

PNC results in the leftward transfer of signaling molecules which then induce left-

specific gene expression in the left lateral plate mesoderm (123,124).Thus cilia play 

important roles in a number of early developmental processes. 

In an effort to identify the genes and pathways regulated by Tgifs during 

embryogenesis, we performed transcriptome profiling by RNA-seq on control embryos 

and embryos lacking both Tgif1 and Tgif2. For this analysis, we chose embryos at the 9-

10 somite stage, when the mutant embryos had relatively severe phenotypes but had not 

yet induced apoptosis. This analysis identified a large number of genes that were 

differentially expressed.  We focused on a small sub-set of the differentially expressed 

genes that have been associated with ciliogenesis. We show increased expression of a 

RabGAP, encoded by the Evi5l gene, which was previously shown to limit ciliogenesis 

(140). Deleting Tgifs results in increased Evi5l expression and a reduction of cells with 

cilia. Finally, we show that Tgif1 binds directly to a conserved element in the Evi5l gene 

and represses its expression. This work identifies Evi5l as a direct Tgif target gene and 

suggests that Tgifs play a role in regulating ciliogenesis. 
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Results 

 

Transcriptomic analysis of cdKO embryos 

We have previously characterized embryos lacking both Tgif1 and Tgif2, generated with 

Sox2Cre and a conditional Tgif1 allele (Tgif1f/f;Tgif2-/-;Sox2Cre+, referred to as cdKO 

(conditional double knock-out). cdKO embryos have a number of phenotypes, including 

holoprosencephaly, defects in Shh signaling, and left-right (L-R) asymmetry, and they do 

not typically survive beyond ~11.0 dpc (days post coitum) (90,91). In an effort to identify 

pathways and/or transcriptional programs altered in the absence of Tgifs, we performed 

RNA-seq analysis on whole embryos isolated at 8.5 - 9.0 dpc, a stage at which defects are 

clearly evident. Control and cdKO embryos were isolated from separate litters and 

approximately stage matched such that the control embryos had 9-10 somites, equivalent 

to 8.5 to 8.75 dpc in this strain background. Since somite structure is poorly defined in 

the cdKO embryos, we stage matched cdKOs by embryo size and overall appearance, 

focusing on litters that were isolated at around 9.0 dpc. Representative images of 

embryos used for this analysis are shown in Figure 11A. Although analysis of whole 

embryos could mask changes in gene expression restricted to part of the embryo, we 

thought this approach might identify more fundamental changes in gene expression in the 

absence of Tgifs. As shown in Figure 11A, principle component analysis (PCA) showed 

that the embryos clustered quite tightly by genotype, with some spread in the cdKOs. 

However, the majority of the variation in the data is accounted for by PC1, with only 

13.2% being attributed to PC2. The two cdKO embryos shown in Figure 11A span most 
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of the range of the data as separated by PC2. We also performed unsupervised 

hierarchical clustering of the data based on the 100 most variable genes, again yielding 

results clustering control and cdKO embryos into two separate groups (Figure 11B). 

Within each group in this analysis, embryos also clustered by expression of Xist, an X-

chromosome-specific gene involved in X-inactivation in females, and the reciprocal 

expression of a small group of genes on the Y chromosome. Using this as an indicator of 

gender, it appears that gender difference was not a major driver of the clustering in the 

PC analysis (m: male embryos, Figure 11A).  

 Comparing control and cdKO embryos identified 1676 genes that were 

differentially expressed (log2-fold change of greater than +/-0.5, adjusted p-value of < 

0.0001), of which 1172 (70%) increased in the cdKO compared to control (data available 

upon request). Displaying the z-scores of each of these genes for all embryos revealed 

some variability, particularly in the cdKOs; however, it was not possible to identify any 

embryos as extreme outliers in their overall patterns from this analysis or from the PCA 

(Fig 1A and C). 

We previously analyzed gene expression in primary mouse embryonic fibroblasts 

(MEFs) lacking Tgif1 by Affymetrix expression array and identified 2095 probe-sets that 

collapsed to 340 genes that increased and 255 that decreased in the absence of Tgif1 

(188). We used this to filter the aforementioned RNA-seq data in an effort to focus on 

higher-confidence potential Tgif target genes. Comparing these two data-sets identified 

131 differentially expressed genes in common, with the majority (93 genes) increased in 

both analyses (Figure 11D and E). We, therefore, focused on this common list of 
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increasing genes and tested a small panel of them (red dots in Figure 11E) by qRT-PCR 

in a set of four control and four cdKO embryos that were distinct from those used for the 

initial RNA-seq analysis. Of the five genes tested, four increased significantly.  

Expression of the fifth gene increased in the cdKO, but was too variable to reach 

significance in this smaller set of embryos (Figure 11F). This analysis suggests that genes 

that overlap between the two data-sets are likely to be Tgif targets. 

 

Disrupted expression of ciliogenesis genes in cdKO embryos 

GO-term analysis of the RNA-seq data revealed enrichment for genes involved in DNA 

metabolic processes and patterning in the down-regulated gene list, consistent with 

previously identified phenotypes (Table 1). There was enrichment for genes associated 

with the extra-cellular matrix and cytoskeleton among the up-regulated genes, suggesting 

alterations in cell architecture. Among the most significantly up-regulated genes was 

Evi5l (see Figure 11E and data not shown). Evi5l encodes a RabGAP that was identified 

in a screen for RabGAPs involved in ciliogenesis.  When Evi5L is over-expressed cilia 

numbers are reduced in retinal pigment epithelial cells (140). Additionally, expression of 

a small group of Ift genes that encode components of the ciliary transport machinery was 

decreased in the cdKO (see Figure 12A and data not shown).  Given the changes seen in 

Evi5l and Ift genes, we used PubMed to create a list of genes associated with ciliogenesis 

or cilia function and examined their expression patterns within our RNA-seq data.  This 

list included Hdac5, Hdac6 and Sirt2, all of which have been shown to deacetylate 

tubulin (197–199).  We also included other Hdacs and Sirtuins (see Supplementary Table 
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Figure 11. Transcriptome analysis of cdKO embryos. 

RNA was isolated from four control and eight cdKO embryos and analyzed by RNA-seq. 

A) Principal component analysis of the RNA-seq data is shown. The three numbered 

points correspond to the three numbered embryos shown to the right, ‘m’ represents male 

embryos as determined by analysis of the RNA-seq data. B) Unsupervised hierarchical 

clustering of the RNA-seq data is shown, based on the 100 most variable genes. The 

positions of Xist and a small cluster of male specific genes from the Y chromosome are 

shown, as is the position of Evi5l. C) RNA-seq data was filtered using a log-fold change 

of +/- 0.5 and a p-value cutoff of < 0.0001, and is displayed as the z-scores for the 1676 

genes that passed this cutoff when comparing control to cdKO. D) Analysis of the 

overlap between this data and Affymetrix expression array data from wild type and Tgif1 

null primary MEFs is shown. The distribution of the genes in the four overlap segments 

was compared by chi squared analysis using a 2x2 contingency table. E) A volcano plot 

for the p-value vs the fold change for the 93 and 22 genes that increase or decrease in 

both analyses from D is shown. Red dots are genes tested in F, and Nphp1 and Evi5l are 

indicated. F) Four control and four cdKO embryos were analyzed by qRT-PCR for 

expression of a selection of the genes in the overlap between the embryo RNA-seq and 

the MEF expression analysis. Relative expression compared to the control is shown. * : p 

< 0.05, ** : p < 0.01. 
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Table 1. GO-term analysis of RNA-seq. 
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 1 for full list). Clustering the gene expression data for this list generated four major 

clusters: three smaller clusters contained genes that were quite consistently increased in 

the cdKO compared to the control embryos and a fourth larger group contained genes 

with decreased expression in the cdKO, including the sub-set of aforementioned Ift genes 

(Figure 12A). We next compared our gene expression data to specific well-characterized 

cilia sub-complexes, here including only genes that made the statistical cut-offs described 

earlier. As shown in Figure 12B, expression of the genes encoding four transition zone 

components (129) and five components of the IFT-B complex (200) decreased 

significantly in the absence of Tgifs. Although these changes could be consistent with 

decreased cilia numbers, putative direct Tgif target genes would be expected to show 

increased expression in the cdKO. 

While a number of genes showed increased expression in the z-score heat-map, 

not all of these were significantly changed based on our statistical cut-offs. Among the 

genes from the cilia list that significantly increased in the cdKO were Evi5l, Kif19a and 

two histone deacetylases (Hdac5 and Sirt2) (Figure 12A). Both Hdac5 and Sirt2 have 

been reported to be tubulin deacetylases, and Kif19a limits cilia formation by aiding in 

microtubule depolymerization at the cilia tip (201). As previously mentioned, Evi5l 

encodes a RabGAP that, when overexpressed in human RPE cells, decreased the number 

of cells with cilia (140). Two other RabGAPs (Tbc1d7 and Tbc1d30) also decreased cilia 

numbers in this screen, but did not change significantly in our RNA-seq data (Figure 

12C). In addition, no change in their cognate Rabs was observed here, whereas Rab23 

(the Evi5l-associated Rab) showed a small but significant decrease in expression in the 
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RNA-seq data. To validate these changes, we analyzed the additional set of embryos by 

qRT-PCR for Evi5l and a small number of other cilia related genes. As shown in Figure 

12D, Evi5l expression was significantly higher in cdKO than in control embryos and 

Rab23 expression did not change significantly. We also confirmed the changes observed 

by RNA-seq for Kif19a, Hdac5 and Sirt2, and the decrease in Nphp1 expression (Figure 

12D). 

 

Embryos lacking Tgif1 and Tgif2 have defective PNC cilia 

We have previously shown that cdKO embryos have defects in L-R asymmetry (90). One 

possible explanation for this might be defective cilia at the PNC. To determine whether 

there were structural defects in the cdKO PNC, we performed whole-mount confocal 

immunofluorescence on control and cdKO embryos at ~7.25 dpc. As shown in Figure 

13A, in control embryos stained with phalloidin to detect actin, the PNC pit was readily 

identifiable and contained numerous cells with long cilia marked by robust staining with 

an antibody against Arl13b. In contrast, few, if any, PNC cilia were present in cdKO 

embryos, and the PNC pit appeared to be disorganized compared to the control (Figure 

13B and C). This suggests that L-R asymmetry defects in cdKO embryos may be due to 

structural defects in the PNC, including a reduction in the number of cilia.  

In addition to L-R asymmetry problems, cdKO embryos have holoprosencephaly 

and defects in the Shh signaling pathway, including reduced expression of Shh itself in 

the ventral forebrain (91). Given that Shh signaling is dependent on primary cilia, we 

next examined whether cdKO embryos had normal primary cilia present on the 
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Figure 12. Analysis of ciliogenesis related genes in cdKO embryos. 

A) Clustering analysis of RNA-seq data (z-score) for 151 genes that may be involved in 

cilia function was performed and heat maps of the top three clusters are shown. Red and 

blue arrows indicate genes that are significantly changed between control and cdKO and 

are analyzed further. B) A summary of components of specific cilia sub-complexes, with 

genes that decrease in the cdKO shown in blue and those that increase in orange. C) The 

relative expression (RNA-seq) of three RabGAPs and their associated Rabs is shown. D) 

Control and cdKO embryos were analyzed by qRT-PCR for five genes with significantly 

different expression by RNA-seq, and for Rab23. Relative expression compared to the 

control is shown. * : p < 0.05, ** : p < 0.01, *** : p < 0.001. 
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Figure 13. PNC cilia defects. 

Whole mount confocal images of the PNC are shown, for a control (A) and two cdKO (B, 

C) embryos. Embryos were stained with phalloidin to visualize actin and an antibody 

against Arl13b to visualize cilia. Asterisks are placed to the upper left of the PNC in each 

low magnification merged image, and the white arrowhead indicates the end of the neural 

tube. Individual false-colored images (Actin: red, Ac-tubulin: cyan) and the overlaid 

images are shown with higher resolution images to the right. Ann Sutherland provided 

microscopy expertise. 
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 ventricular surface of the ventral forebrain. This region of the forebrain was surgically 

isolated from ~9.0 dpc embryos and stained with antibodies to Arl13b and pericentrin to 

identify primary cilia and the basal body, in addition to phalloidin for visualization of cell 

structure. Comparison of control and cdKO forebrain samples revealed that there was 

some overall disorganization of the forebrain neuroepithelium in the cdKO, as evidenced 

by the more diffuse phalloidin staining and irregular cell shape in the cdKO (Figure 14A 

and B). Although the majority of the forebrain neuroepithelial cells in the cdKO had 

primary cilia, we observed regions of the cdKO forebrain in which cilia numbers were 

decreased (Figure 14B-D). Additionally, when we stained sections of the forebrain for 

acetylated tubulin and total α-tubulin, it appeared that there was a decrease in the apical 

concentration of acetylated tubulin in the cdKO (Figure 14E and F). Thus it appears that 

in the forebrain, loss of Tgifs results in some disruption of neuroepithelial cell 

organization and may also limit cilia formation, although any ciliogenesis defect in the 

forebrain is much less severe than that observed in the PNC. This analysis, together with 

previous work showing defects in forebrain patterning and L-R asymmetry, suggests that 

embryos lacking Tgif1 and Tgif2 have widespread defects in neural tissue. The reduced 

cilia numbers may also suggest that changes in cilia related gene expression seen by 

RNA-seq may contribute to the embryonic phenotypes observed. 

 

Primary MEFs lacking Tgifs have reduced cilia numbers 

To better understand the more immediate effects of reducing Tgif function on primary 

cilia we transiently knocked down TGIF1 and TGIF2 in the human retinal pigment 
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Figure 14. Analysis of forebrain cilia. 

A-D) Whole mount confocal images of the ventricular surface of the ventral forebrain are 

shown, stained for actin (phalloidin, white) and with antibodies against Arl13b and 

Pericentrin (false colored green and red respectively). Individual images and the three-

color merge are shown for control (A) and cdKO (B). The cyan boxes are magnified in C 

and D for control and cdKO respectively, shown as three color merge and actin plus 

Arl13b only (white and green). E, F) Paraffin sections through the ventral forebrain were 

stained with antibodies for α-tubulin (red), acetylated tubulin (green) and DAPI (blue). 

The merged images and an overlay of acetylated tubulin and DAPI only are shown for 

control (E) and cdKO (F). Ann Sutherland helped with imaging. 
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 epithelial cell line, ARPE19. As shown in Figure 15A, we achieved approximately 70% 

knock-down of both genes in cells transfected with siRNA pools against TGIF1 and 

TGIF2. Analysis of these samples for expression of several of the genes previously 

shown to change in cdKO embryos revealed a significant increase in expression of EVI5L 

and HDAC5 (Figure 15B). To determine whether reduced TGIF levels affected the 

number of cells with primary cilia, we starved control and knock-down cells for 72 hours, 

analyzed them by immunofluorescence microscopy for acetylated tubulin and pericentrin, 

and counted the proportion of cells with cilia. There were significantly fewer cells with 

primary cilia when both TGIFs were knocked down, suggesting that TGIFs may play a 

direct role in regulating ciliogenesis (Figure 15C). We also examined control and knock-

down cells for cilia structure by confocal imaging of cells stained for acetylated tubulin 

and Ift46. This did not reveal any consistent changes in cilia length, shape or overall 

structure at this level of resolution (Figure 15D).  

To generate a more amenable system to test potential effects of Tgifs on cilia we 

created cdKO primary MEFs (mouse embryonic fibroblasts). MEFs were isolated at 13.5 

dpc from mice with a Tgif2 null allele, loxP flanked Tgif1 alleles and a Tamoxifen-

inducible Cre transgene (Tgif1ff; Tgif2-/-; CreER+). At passage 2, cells were treated with 1 

µM 4-hydroxy-tamoxifen for 48 hours and then analyzed for gene expression after one 

more passage and one additional day in culture (see Figure 16A). For comparison, we 

used wild type MEFs that were passaged similarly. RNA was isolated three days after the 

initial tamoxifen treatment and analyzed for expression of Tgif1 and Tgif2. As expected 

Tgif2 was not detectable using primers to the deleted region, and Tgif1 expression was 
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Figure 15. Analysis of TGIFs in ARPE19 cells. 

A) TGIF1 and TGIF2 were transiently knocked down in ARPE19 cells, and expression 

levels were tested by qRT-PCR 48 hours after knock-down. B) Expression of a panel of 

cilia related genes was tested by qRT-PCR in ARPE19 with and without TGIF1/2 knock-

down. Relative expression compared to the control is shown. * : p < 0.05, *** : p < 

0.001. C) 48 hours after knock-down, ARPE cells were transferred to media without 

serum for 72 hours and cilia numbers counted after staining for acetylated tubulin. % of 

cells with cilia is shown (mean + s.d. for four replicates). * : p < 0.05. D) representative 

images of cilia in control and TGIF1/2 knock-down cells are shown, stained for 

acetylated tubulin (red), Ift46 (green) and for DNA with DAPI (blue). Larger images of 

individual cilia are shown below as the three-color overlay; individual red and green 

channels and red and green together. 
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less than 1% of that seen in the wild type cells after tamoxifen treatment, confirming 

efficient Cre-mediated deletion (Figure 16B). Since Tgif1 null MEFs had a decreased 

proliferation rate compared to wild type (188) we also analyzed wild type and cdKO 

MEFs for Ki-67 labeling three days after the initial tamoxifen treatment. There was a 

significant decrease in Ki-67 positive cells in the cdKO, further suggesting that the 

deletion of Tgif1 in the background of a Tgif2 null mutation had functional consequences 

in primary MEFs (Figure 16C). 

We next tested expression of a panel of genes that were either present in the 

overlap between our RNA-seq data and our expression array analysis of Tgif1 null MEFs 

or that we had previously analyzed in Tgif1 null MEFs. As shown in Figure 16D, we 

observed significant changes by qRT-PCR that were consistent with those seen by RNA-

seq and/or Affymetrix array analysis. To examine changes in potential ciliogenesis genes, 

we tested expression of Evi5l and several other candidate genes by qRT-PCR. Given the 

cilia defects in cdKO embryos, we primarily focused on genes that might be expected to 

result in fewer cilia when over-expressed. In cdKO MEFs, Evi5l, Kif19a, Sirt2 and 

Hdac5 expression increased significantly, further verifying them as potential Tgif1 target 

genes (Figure 16E). No significant changes were seen in the three Ift genes tested; 

however, it should be noted that very few of these cells generate cilia when grown in high 

serum.  

To test effects of Tgifs on cilia in MEFs, we maintained wild type and cdKO 

MEFs (after tamoxifen treatment) in media lacking serum to induce cilia formation and 

then examined cilia by immunofluorescence microscopy with antibodies that detected 
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Figure 16. Analysis of gene expression in cdKO MEFs. 

A) The time-course of generating cdKO MEFs and when they were analyzed is shown. 

‘T’ indicates when tamoxifen was added to activate the Cre transgene. B) Expression of 

Tgif1 and Tgif2 was analyzed by qRT-PCR in control and cdKO embryos after tamoxifen 

treatment. C) Proliferation in wild type and cdKO MEFs was analyzed by staining for Ki-

67. % positive cells is shown (mean + s.d. for four replicates). D) Expression of a 

selection of genes (primarily from the overlap between the cdKO MEFs and cdKO 

embryo RNA-seq) was analyzed by qRT-PCR in wild type and cdKO MEFs. E) Analysis 

of cilia related gene expression by qRT-PCR in wild type and cdKO MEFs. The relative 

expression based on embryo RNA-seq is shown above in gray for comparison. * : p < 

0.05, ** : p < 0.01, *** : p < 0.001. 
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acetylated tubulin and either pericentrin or Ift46. Cilia were present in both wild type and 

cdKO MEFs and did not appear to be structurally different between the two genotypes at 

this resolution (Figure 17A, B). We next counted the proportion of cells with cilia when 

maintained in 10% serum, or after 24-72 hours in starvation media. At all time-points 

analyzed, we observed a significant decrease in the proportion of cdKO MEFs with cilia 

compared to the wild type controls (Figure 17C). The fraction of cells with cilia was 

relatively constant after 24 hours in starvation media, although the length of cilia 

increased somewhat over time (Figure 17C and data not shown). Loss of Tgifs had little 

effect on cilia length, but clearly decreased the overall proportion of cells that had cilia. 

Due to significant upregulation of Evi5l in the RNA-seq and changes in Evi5l 

expression in MEFs, ARPE-19 cells and embryos, we first focused on manipulating Evi5l 

expression in an effort to rescue the cilia defect seen in MEFs. We analyzed wild type 

and cdKO MEFs by western blot to show that change in Evi5l gene expression translated 

to a change in protein levels. Expression of Evi5l was clearly higher in the cdKO MEFs 

than the wild type control (Figure 17D). To test if the increased Evi5l expression seen in 

cdKO MEFs contributed to the decrease in cilia numbers, we transiently knocked down 

Evi5l in cdKO MEFs prior to starvation. As shown in Figure 17E, Evi5l protein levels 

were reduced by siRNA knock-down in MEFs, and we did not see any change in 

expression of a panel of other cilia related genes after Evi5l knock-down (data not 

shown). We next counted the proportion of cdKO MEFs with cilia after 48 hours in 

serum free media following transfection with control or Evi5l siRNA. As shown in 
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Figure 17E, reducing Evi5l levels in cdKO MEFs resulted in increased cilia numbers, 

consistent with the idea that excess Evi5l in the cdKO MEFs may limit ciliogenesis. 

 

Evi5l is a direct TGIF target gene 

Tgif1 and Tgif2 are transcriptional corepressors for TGFß activated Smads, and have 

been shown to limit TGFß-responsive gene expression in primary MEFs and to regulate 

Nodal-dependent phenotypes in early mouse embryos (90,188). However, Tgifs can also 

bind directly to DNA and interact with some nuclear receptors, allowing for 

transcriptional regulation independent of TGFß signaling (75,76). To test whether TGFß 

signaling affected cilia formation in primary MEFs, we starved cells for 24 hours and 

then added back serum, TGFß, or both and counted cilia by immunofluorescence 

microscopy 24 hours later. TGFß addition had no effect on the number of ciliated cells 

but clearly reduced proliferation, as measured by the proportion of Ki-67 positive cells 

(Figure 18A). Experiments in ARPE19 cells yielded similar results, although the 

reduction in Ki-67 labeling with TGFß addition was less dramatic. Treating MEFs with 

TGFß resulted in induction of expression of Smad7 and Serpine1, two well-characterized 

TGFß-responsive genes, whereas we observed no change in Evi5l expression in Figure 

18B. Similar results were observed in ARPE19 cells treated with TGFß, although the 

induction of SMAD7 and SERPINE1 in ARPE19 cells was less than that seen in MEFs. 

Taken together, these data suggest that changes in cilia numbers and Evi5l expression 

upon knock-down or deletion of Tgifs cannot be mimicked by increased TGFß signaling. 

  



98 
 
Figure 17. Analysis of cilia and Evi5l in MEFs. 

Wild type and cdKO MEFs were analyzed by immunofluorescence microscopy with 

antibodies against acetylated tubulin and Pericentrin (A) or acetylated tubulin and Ift46 

(B). Confocal images of representative cilia are shown for each. C) Wild type and cdKO 

MEFs were incubated in regular medium (+serum) or starved for 24-72 hours, then 

analyzed for cilia numbers by staining for acetylated tubulin and pericentrin. The % of 

cells with cilia is shown (mean +s.d. of quadruplicates), together with p-values for the 

comparison of wild type to cdKO. D) Evi5l expression was analyzed by western blot in 

wild type and cdKO MEFs. Tgif1 and tubulin are shown as controls. E) Evi5l was 

transiently knocked down in cdKO MEFs and expression of Evi5l was analyzed by 

western blot (left). Cilia numbers were analyzed in cdKO MEFs with control or Evi5l 

knock-down. % of cells with cilia is shown (mean +s.d. of quadruplicates), with p-value 

for the comparison of control to siEvi5l. 
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 Since Evi5l expression did not appear to respond to TGFß, we considered the 

possibility that Tgifs might bind directly to Evi5l regulatory elements to limit its 

expression. We first scanned the human EVI5L gene for regions with peaks of H3K27Ac 

ChIP-seq signal from the ENCODE data using the UCSC genome browser 

(GRC37/hg19, 2009 assembly; http://genome.ucsc.edu/ENCODE/). We chose the human 

genome over mouse since the ENCODE project contains more information on the human 

genome, and we focused on H3K27Ac, as this histone mark is generally associated with 

transcriptionally active regulatory elements. This search identified four broad regions 

within or flanking the EVI5L gene with high H3K27Ac signal.  We then scanned 

sequences in these regions that were conserved between human and mouse for consensus 

TGIF binding sites (CTGTCAA) (75). As shown in Figure 18C, a single conserved TGIF 

consensus site was identified within a highly conserved region overlapping the 5’-most 

transcriptional start sites of EVI5L, adjacent to a H3K27Ac peak.  

To test whether Tgif1 could bind to this region in MEFs, we performed chromatin 

immunoprecipitation (ChIP) with a TGIF1-specific antiserum or with the pre-immune 

serum as a control. The Evi5l 5’ region was clearly enriched in Tgif1 immunoprecipitates 

from wild type MEFs, but not from the cdKO MEFs (Figure 18D). We observed no Tgif1 

binding to two intronic regions from the Gli3 gene, supporting the specificity of this 

binding. Similar results were obtained in ARPE19 cells, with clear enrichment of the 

EVI5L 5’ region and no binding to a control region from 5’ to the CDKN2B gene (Figure 

18D). To test whether this region could indeed respond to TGIF1, we amplified a 471bp 

region surrounding the putative TGIF site from mouse Evi5l and generated a luciferase 

http://genome.ucsc.edu/ENCODE/
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reporter in which this sequence was placed upstream of a minimal TATA element. We 

first tested the pEvi5l-TATA-luc vector in A549 lung carcinoma cells, as these respond 

well to transfected TGIF1 and to TGFß. As shown in Figure 18E, the pEvi5l-TATA-luc 

was over 5-fold more active than the parental TATA-luc, and its activity was 

significantly repressed by coexpression of TGIF1. As with the endogenous Evi5l gene, 

we did not observe any response of the luciferase reporter to TGFß signaling, consistent 

with a TGFß-independent effect of TGIFs (Figure 18E). When TGIF1 was co-expressed 

with the pEvi5l-TATA-luc reporter in ARPE19 cells, we again observed strong 

repression by TGIF1 with no effect of TGIF1 on the basic TATA-luc reporter (Figure 

18F). Taken together, these data suggest that the EVI5L gene is a conserved TGIF target 

gene that is repressed by direct binding of TGIF1 to a consensus element in the proximal 

promoter. 
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Figure 18. Evi5l is a direct Tgif target gene. 

A) Wild type MEFs or ARPE19 cells were starved and then treated with serum, TGFß, or 

both, and effects on cilia numbers and proliferation were analyzed. B) Expression of 

Evi5l and two known TGFß target genes was analyzed in MEFs and ARPE19 cells. Data 

is plotted as fold induction relative to untreated. C) A screenshot from the UCSC browser 

with the region of human chromosome 19 surrounding the transcriptional start of the 

EVI5L gene is shown. The gene prediction is shown in blue, composite RNA expression 

in rainbow, and composite H3K27Ac ChIP-seq data in purple. The lower two tracks 

show vertebrate conservation (blue) and mouse-human identity in green. The vertical red 

bar indicates the position of the conserved element shown below, in which the conserved 

TGIF consensus site is boxed in red. Colons show identity to human, dashes indicate 

deletions and differences from human are shown. D) Binding of TGIF1 to the EVI5L 

upstream region was analyzed by ChIP-qPCR in primary wild type and cdKO MEFs and 

in ARPE19 cells. Relative binding compared to pre-immune serum is shown, together 

with negative control regions. * : p < 0.01, ** : p < 0.001. E and F) The activity of the 

mouse Evi5l upstream region (cloned upstream of a minimal TATA element) was 

analyzed by transient transfection and luciferase assay. Activity is shown for the Evi5l 

reporter and the parental TATA-luc, with increasing TGIF1 co-expression in A549 (E) 

and ARPE19 cells (F). The right hand panel in E shows the effects of activating TGFß 

signaling on the Evi5l reporter or a positive control TGFß responsive reporter in A549 

cells. Data are shown as mean (+ s.d.) relative activity of triplicates in arbitrary units. * : 

p < 0.01. Tiffany Melhuish assisted with ChIP-qPCR. 
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Discussion 

 

Here we show that Tgifs directly repress expression of the Evi5l gene by binding a 

conserved Tgif consensus site in the region immediately upstream of the gene. In the 

absence of Tgif function, Evi5l is over-expressed and cilia numbers are reduced. While 

the effects of reduced Tgif levels on ciliogenesis are likely to be dependent on a 

combination of factors, we show that excess Evi5l expression contributes to the decreased 

numbers of ciliated cells. 

Transcriptome profiling of whole embryos identified a large number of genes that 

are differentially expressed between control embryos and those lacking Tgif function. 

The majority (70%) of genes that were considered differentially expressed showed higher 

expression in the mutant embryos than in the control embryos, consistent with the 

function of Tgifs as transcriptional repressors. Of the four over-expressed genes with 

potential links to ciliogenesis analyzed here, we identified conserved Tgif consensus sites 

in two of them (Evi5l and Hdac5). By multiple assays, we confirmed that Evi5l is indeed 

a Tgif target gene, with Tgif1 binding to a conserved consensus site 5’ to the 

transcriptional start site. To identify putative Tgif sites, we focused on the body of the 

gene and the 5kb upstream of the start site, and searched close to peaks of H3K27Ac 

signal from human ENCODE data. It is possible some potential sites were missed in our 

initial analysis, and a more comprehensive analysis may be necessary to identify both 

putative Tgif sites and other enriched motifs associated with these genes.  In addition, a 

more rigorous analysis to distinguish direct targets from indirect targets may be required.  
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Gene Ontology analysis of the genes with altered expression in cdKO embryos 

compared to control revealed an enrichment for genes involved in patterning and DNA 

metabolism among the genes with lower expression in the cdKO. This is consistent with 

the overall patterning defects and reduced proliferation seen in cdKO embryos, and with 

decreased proliferation observed in cdKO MEFs (91,188). The most enriched categories 

among the genes with higher expression in the cdKO included extracellular matrix and 

cytoskeleton, which is perhaps consistent with the observed disorganization of the PNC 

and of the neuroepithelium in cdKO embryos. However, GO term analysis revealed 

relatively few enriched categories in these gene lists, possibly due to the fact that the 

cdKO embryos have multiple defects and that we isolated RNA from whole embryos, 

rather than an isolated tissue or single cell type. Comparing the data with gene expression 

analysis from Tgif1 null MEFs also revealed a relatively small set of overlapping 

changes, likely in part due to the difference between whole embryo and primary cultured 

MEFs (which were null only for Tgif1), and also possibly due to the different platforms 

used for these analyses (RNA-seq versus expression arrays). The majority of the genes 

that changed in both analyses were either increased or decreased in both, as would be 

expected, and this has allowed us to focus on what may be a higher confidence set of 

potential Tgif targets.  

Our previous work has identified phenotypes in cdKO embryos that could be 

secondary to defects in cilia. L-R asymmetry determination requires the appropriate 

regulation of the Nodal signaling pathway, both at the PNC and in the lateral plate 

mesoderm (LPM), and is also dependent on the structure of the PNC and the presence of 
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primary cilia. It is thought that the pit shape of the PNC combined with the concerted 

rotation of the motile cilia drives directional fluid flow across the PNC and initiates the 

left-specific expression of Nodal in the LPM. Mutations that prevent ciliogenesis at the 

PNC or that result in non-motile cilia cause L-R asymmetry defects. We have previously 

shown that cdKO embryos have L-R asymmetry defects, and here we show that the PNC 

of cdKO embryos is somewhat disorganized or misshapen, but still retains an 

approximate pit-like shape. However, there is a clear reduction in the number of PNC pit 

cells that have cilia. Since we also observed effects of Tgif loss or reduction on cilia 

numbers in the ventral forebrain, primary MEFs, and retinal pigment epithelial cells, it is 

possible that Tgifs play a general role in regulating cilia; additionally, the L-R asymmetry 

defects in cdKO embryos are due, at least in part, to a lack of motile PNC cilia.  

However, it should be noted that we observed relatively minor effects on cilia in the 

forebrain of cdKO embryos, suggesting that the outcome of Tgif loss of function may not 

always result in disruption of cilia.     

Reducing the dose of Nodal by introducing a heterozygous Nodal mutation into 

cdKO embryos resulted in a partial rescue of the L-R defects. The bi-lateral Pitx2 

expression observed in the cdKO LPM reverted to expression only on one side, 

suggesting that the defect may be partly Nodal dependent. However, the sidedness of 

Pitx2 expression was random, rather than left LPM specific as in the control. It, therefore, 

remains possible that PNC defects, such as those seen here, are present in Nodal 

heterozygous cdKO embryos such that the initial choice of left or right sided expression 

of Nodal and its downstream targets is not made. The lack of bi-lateral Pitx2 might then 
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simply be due to reduced Nodal expression in the LPM, resulting in lower activation of 

Pitx2, giving expression on one side or the other. Here we show that Evi5l is a direct 

target of Tgifs and does not respond to TGFß within in the cell lines tested and we have 

not observed any effects of adding TGFß on cilia formation in these cell lines. This is in 

agreement with previous work which suggests that TGFß was not able to drive cilia 

disassembly (134). Thus, the defects in L-R asymmetry and PNC cilia in cdKO embryos 

may be at least partly Nodal independent. 

Even in cdKO MEFs where we observed a significant decrease there was not a 

complete loss of ciliated cells. This is similar to the incomplete loss of ciliated cells seen 

with EVI5L overexpression in ARPE19 cells.  

Several Tgif target genes that are involved in ciliogenesis were identified, such as 

Hdac5, Sirt2 and Kif19.  None of these genes were as striking as Evi5l in all the 

experimental systems used here. Given that overexpression of EVI5L was shown to 

decrease cilia numbers (140), this remains our best candidate. The cognate GAP for 

EVI5L has been identified as Rab23 (140), although relatively little is known about the 

functions of Evi5l, and it remains possible that it performs other functions than regulating 

Rab23 and ciliogenesis. Interestingly, Rab23 has been shown to regulate the localization 

of Shh pathway components to the primary cilium (139,202). We do not know whether 

this process is defective in our cdKO embryos, although it would be tempting to 

speculate that this may provide a possible explanation of the defects in Shh expression in 

the forebrain. Rab23 has also been shown to play a role in L-R patterning in both mouse 

and zebrafish (203), although it is not known whether this depends on Evi5l. However, 
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Rab23 null mouse embryos did not lack cilia at the PNC, and it appears that Rab23 may 

regulate Nodal signaling during L-R patterning independent of direct effects on PNC 

cilia. Thus it is possible that the L-R defects seen in cdKO embryos are not entirely 

dependent on changes in Evi5l expression or on Evi5l effects via Rab23. However, taken 

together, our data clearly suggest that Tgifs play some role in regulating ciliogenesis, and 

indicate that Evi5l may be one of the major mediators of this effect downstream of Tgifs. 

In summary, we have shown that Tgifs regulate primary cilium formation and that this 

function may be in part at least mediated via direct transcriptional repression of the Evi5l 

gene. 
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Materials and Methods 

 

Ethics statement 

All animal procedures were approved by the Animal Care and Use Committee of the 

University of Virginia, which is fully accredited by the AAALAC. 

 

Mice and DNA analysis 

The loxP-flanked Tgif allele (86) and Tgif2 null (90) alleles are as described. The Sox2-

Cre line (118) was obtained from Jax (# 4783). All mouse lines were maintained on a 

mixed C57BL/6J x 129Sv/J background. The cdKO MEFs were generated from 

Tgif1f/f;Tgif2-/- mice with a Tamoxifen inducible Cre transgene (Jax; # 4847). Genomic 

DNA for PCR genotype analysis was purified from ear punch, at post-natal day 21 (P21), 

or yolk sac (7.0-10.0 dpc), by HotShot (183).  

 

Cell culture and luciferase assays 

Primary MEFs were isolated from 13.5 day mouse embryos, and cultured in DMEM 

(Invitrogen) with 10% Fetal Bovine Serum (Hyclone) as described. To generate cdKO 

MEFs cells were transfected using Turbofect (Fisher) according to the manufacturer’s 

instructions. Cells were transfected with firefly luciferase reporters, a Renilla transfection 

control (phCMVRLuc; Promega), and the indicated constructs. After 48 hours firefly 

luciferase activity was assayed using firefly substrate (Biotium) and Renilla luciferase 

was assayed with 0.09µM coelenterazine (Biosynth), using a Berthold LB953 
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luminometer. Luciferase constructs were generated in a modified version of pGL3 basic 

(Promega), containing the TATA element from the Adenovirus major late promoter. 

 

RNA-seq 

RNA was isolated and purified using Absolutely RNA kit (Agilent), and quality checked 

by Bioanalyzer. Poly-A RNA-seq libraries were generated at HudsonAlpha with Illumina 

barcodes and sequenced (Illumina HiSeq) to a target depth of ~ 25M paired end 50bp 

reads per sample. This resulted in 17-21M mapped reads per sample. RNA-seq raw 

counts (number of reads mapping to gene regions) were normalized. Genes with less than 

10 reads after normalizing by library depth were removed from analysis. Count data was 

then analyzed with a method based on the negative binomial distribution, with variance 

and mean linked by local regression, using the DESeq R/Bioconductor package (204). 

Adjusted P-values were calculated using the Benjamini & Hochberg False Discovery 

Rate. A cut-off of +/- 0.5 log2 and an adjusted P-value of < 0.0001 were considered 

significant. qRT-PCR verification of gene expression differences identified by RNA-seq 

was performed on RNA from an independent set of WT and cdKO embryos isolated at 

the same stage. GO Term analysis was performed using DAVID 

(https://david.ncifcrf.gov/) (205,206) and heat maps were generated using AutoSOME 

(207). 
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RNA analysis by qRT-PCR 

RNA was isolated and purified using Absolutely RNA kit (Stratagene). cDNA was 

generated using Superscript III (Invitrogen), and analyzed in triplicate by real time PCR 

using a BioRad MyIQ cycler and Sensimix Plus SYBRgreen plus FITC mix (Bioline), 

with intron spanning primer pairs, selected using Primer3 (http://frodo.wi.mit.edu/). 

Expression was normalized to Rpl4 and Actin using the delta Ct method, and is shown as 

mean plus standard deviation of triplicates. For knock-down, cells were plated in 6-well 

plates and transfected with Dharmacon SMARTpool oligonucleotides against human 

TGIF1 and TGIF2, or mouse Tgif1 and Tgif2, using DharmaFECT reagent 1. The control 

pool (siGENOME Non-targeting siRNA pool #3) was used for the non-targeting control. 

 

Histology and immunofluorescence (IF) 

Embryos were fixed in 4% paraformaldehyde overnight, dehydrated through an ethanol 

series (70%, 90%, 95%, 100% twice; 30 minutes each and overnight for second 100% 

ethanol incubation), incubated in xylene twice, for 30 minutes each, transitioned into 

xylene/paraffin wax (1:1) at 65° for an hour and embedded in paraffin wax. Blocks were 

sectioned in 7µm increments. For tissue section IF, sections were dewaxed with xylene 

and rehydrated through an ethanol series into PBS (100%, 95%, 90%, 70%, distilled 

water three times, PBS; 5 minutes each). Slides were gently boiled for 10 minutes in 10% 

Sodium Citrate, pH6.0 for antigen retrieval, allowed to cool to room temperature for half 

an hour, washed twice with PBS, and then blocked in M.O.M. Mouse Ig Blocking 

Reagent (Vector Laboratories) for one hour at room temperature.  Sections were 

http://frodo.wi.mit.edu/
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incubated with mouse monoclonal acetylated tubulin (1:400, Sigma T6793) and rabbit 

monoclonal alpha tubulin (1:400, Abcam ab52866), Alexafluor 488-labeled goat-anti-

mouse (1:500, Invitrogen), Alexafluor 594-labeled goat-anti-rabbit (1:500, Invitrogen), 

and Hoechst 33342 (1:1000, Sigma). Images were captured using a Nikon Eclipse TS100 

microscope and Nikon DS-Qi1Mc or Nikon DS-Ri1 camera and manipulated in Adobe 

Photoshop. For whole embryo IF, embryos were dissected at 8.0-8.5 dpc for PNC and 

9.25-9.75 dpc for forebrain.  Embryos were fixed in 4% paraformaldehyde for half an 

hour, then permeabilized in 0.3% Triton X-100 in PBS for 30 minutes and blocked for 1 

hour as described (208). The forebrain was dissected by removing the head of the embryo 

and removing the top and sides of the forebrain vesicle without damaging the ventral 

forebrain lumen. Embryos were incubated in mouse monoclonal ARL13B (1:400, Abcam 

ab136648), rabbit polyclonal pericentrin (1:400, Abcam ab4448), rhodamine phalloidin 

(1:400, Invitrogen R415), Alexafluor 488-labeled goat-anti-mouse (1:500, Invitrogen), 

Alexafluor 594-labeled goat-anti-rabbit (1:500, Invitrogen). Images were captured using 

a Leica SP5 X imaging system coupled to a DMI6000 epifluorescence microscope using 

a white light laser and manipulated in ImageJ and Adobe Photoshop. For cilia IF, cells 

(ARPE19 or MEFs) were plated in chamber slides. Cells were washed for 1 minute with 

PHEM buffer and then fixed in 4% paraformaldehyde in PHEM for 15 minutes. Cells 

were permeabilized in 0.25% Triton X-100 in BPS for 20 minutes and blocked in 10% 

NGS, 0.25% TritonX-100 in PBS for 1 hour. Cells were incubated in mouse monoclonal 

acetylated tubulin (1:400, Sigma T6793), rabbit polyclonal pericentrin (1:400, Abcam 

ab4448) or rabbit polyclonal IFT46 (1:100, Abcam ab122422), Alexafluor 488-labeled 
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goat-anti-rabbit (1:500, Invitrogen), Alexafluor 594-labeled goat-anti-mouse (1:500, 

Invitrogen), and Hoechst 33342 (1:5000, Sigma). Images were captured using a Zeiss 

LSM710 Multiphoton Confocal microscope and manipulated in Adobe Photoshop. Cilia 

were counted using NIS-Elements BR software. 

 

Chromatin immunoprecipitation 

Chromatin immunoprecipitation was performed as previously described. Briefly, Primary 

MEFs or ARPE-19 cells were cross-linked with 1% formaldehyde for 20 minutes at 

37°C. Following chromatin isolation, DNA was sheared by sonication to between 200bp 

and 1000bp in length using a Branson digital sonifier, with microtip. 

Immunoprecipitations were carried out using 2µl of a polyclonal Tgif1 antiserum (78), 

2µl of pre-immune serum. Bound and input fractions were analyzed by qPCR on a 

BioRad MyIQ cycler using Sensimix Plus SYBRgreen plus FITC mix (Bioline). 

 



114 
 

Chapter Four 

Overview and Future Directions 

 

We previously developed a mouse model of HPE by conditionally deleting Tgif1 in the 

epiblast in the context of a Tgif2 null (cdKO).  While cdKO embryos do not survive past 

approximately 11.0 dpc, they have disrupted Shh signaling, defects in L-R patterning, and 

HPE (91).   

We have shown that in addition to defects typical to HPE cdKO embryos have 

disrupted epithelial morphology.  H&E stained sections of the FB show disorganization 

and a thickened layer of surface ectoderm with inappropriate separation of the ventral lips 

of the cephalic folds.  The apical marker aPKC is disrupted in the forebrain and 

regionally within the neural tube.  Diffuse staining of junctional markers such as β-

catenin and N-cadherin show evidence of disrupted cell junctions.  

When Gli3r/+ is added to the cdKO embryo, polarity within the forebrain remains 

disrupted but structure and ventral separation is partially rescued.   When Nodalz/+ is 

added, forebrain structure remains disrupted but polarity is restored.  When these two 

mutations are combined, the rescue of cdKO phenotypes is more complete, providing 

improved epithelial polarity with better forebrain structure, aiding in appropriate Shh 

signaling, and restoring patterning of the forebrain. 

Polarity 

We currently have a very limited understanding of the polarity defects in the 

cdKO embryo.  With more information about the type and frequency of polarity 
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disruptions, we would better understand the mechanism of this disruption.  This 

knowledge would add to our understanding of Tgif as a transcriptional regulator.  To start 

we will examine other common polarity-related markers.  By analyzing the expression of 

polarity complexes, such as the PAR, Crumbs and Scribble complexes, we will learn if 

all polarized domains (apical, lateral, and basal) are completely disrupted, partially 

disrupted, or fully intact.  This information coupled with our knowledge of how polarity 

is established will help us to understand where the breakdown of polarity begins. 

The patchy disruption of polarity within the neural tube suggests that polarity can 

be established in the cdKO but is harder to maintain.  This may not be the case in the 

forebrain as all cdKO forebrain samples heretofore examined exhibit significant 

disruption of cell structure.  It is possible that appropriate epithelial polarization is never 

established.  We will examine this by looking at the expression of polarity proteins within 

sections of the cdKO forebrain through a range of stages.  

Knowing to what extent polarity is restored in the Nodal rescue would help us 

better understand the mechanism by which Nodal regulates polarity.  As with further 

examination of polarity defects in the cdKO, knowing what aspects of polarity—be it 

apical, lateral, basal organization or cell junctions—are disrupted in the context of Nodal 

rescue will help clarify a mechanism for polarity disruption without Tgifs. 

Polarity defects could also be examined more closely using a polarized epithelial 

cell model with 3D culture, such as MDCK cells.  When polarized MDCK cells can form 

cysts with a lumen similar to that of the neural tube.  Apical, lateral, and basal markers 

can be examined by IF within this context.  The ability of these cells to form organized 
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cysts would likely be defective when Tgifs are knocked down.  We will observe the 

ability of Tgif knockdown MDCK cells to form organized polarized cell layers and tease 

out which aspects of polarity are not functioning.  We will then knockdown Nodal within 

the cells as well and see if that improves their ability to polarize in 3D culture.  Once this 

is established, perhaps more subtle methods could be used to examine the mechanism 

here, such as looking at genes downstream of Nodal and how they might be inhibiting 

polarity. 

Neural tube development     

While examining the neuroepithelium within the neural tube, we observed an IT 

ventral to the neural tube.  The IT seemed to arise out of a reorganization of cells after an 

initial disruption of epithelial polarity at the floor plate.  Deletion of one allele of Nodal 

partially rescued this phenotype by decreasing the presence of the IT within 70% of 

sections in the cdKO to approximately 5% of sections in the Nodal z/+ cdKO (Figure 7). 

The observed IT phenotype is distinct and unique, and understanding the process 

by which it comes about would be useful in understanding the process of neural tube 

defects.  It is possible the presence of an IT is due to loss and then reestablishment of 

polarity.  It is also possible the presence of an IT is persistent instead of transient.  This 

would help explain why loss of Tgifs is lethal to developing embryos.  To explore these 

possibilities, we will undertake an experiment with the mT/mG mouse strain to observe 

live neural tube development.  The mT/mG strain expresses a membrane targeted Tomato 

(mT) which gives way to membrane-targeted green fluorescent protein (GFP; mG) after 

Cre-mediated excision (209).  This makes possible live embryo visualization and cell 
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tracing experiments.  By carefully isolating embryos at 8.0 dpc and culturing them in the 

appropriate conditions, we will observe their growth via confocal microscope, capturing 

slices every 30 µm through the depth of the neural tube every thirty minutes for 12 to 24 

hours.  Reconstructing these images after capturing them will allow us to analyze the 

developing neural tube and determine if the IT is persistent or transient and if it is 

preceded by a disruption in polarity that then spontaneously organizes into a tube or if it 

comes about by some other mechanism. 

We observed the posterior neural tube to be much more disorganized than the 

anterior neural tube.  It is known that planar cell polarity (PCP) is required for elongation 

along the A-P axis, including elongation of the notochord and neural tube (210,211).  In 

addition, cells of the posterior notochord (PNC, sometimes referred to as the node) give 

rise to the trunk and tail notochord (212).  It has been shown that Wnt signaling is 

required for PCP, with Wnt5a deletion resulting in limb truncation and shortening of the 

A-P axis (213).  Knowing that the PNC is disorganized in cdKO embryos, it is logical 

that cells derived from that structure would also be disorganized and it does appear that 

the cdKO A-P axis is shortened compared to stage-matched control embryos.  It has also 

been suggested that there is a relationship between Tgif function and Wnt signaling, 

especially in the context of Wnt-driven oncogenesis (214).  With this in mind, we will 

test whether the increase of posterior disorganization and shortening of the A-P axis in 

cdKO embryos is due to decreased Wnt signaling.  As Wnt5a and Wnt11 have been 

implicated in A-P elongation (215), we will test expression of these genes by WISH and 

see if their expression is decreased in the posterior neural tube as comparted to expression 
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in control embryos.  An understanding of all signaling pathways involved in the defective 

neural tube will clarify the phenotype and give insight into the causes of the polarity 

disruption observed. 

Genetic manipulation and RNA-sequencing 

Nodal is a target for Tgif repression as part of the TGFβ superfamily.  Decreasing 

Nodal genetically can help overcome consequences of its inappropriate overexpression.  

We hypothesized that Gli3 is a direct Tgif target as it is also overexpressed in the cdKO.  

Several studies have focused on conserved non-coding regions of the Gli3 gene, with the 

goal of identifying important regulatory elements. A large number of conserved regions 

have been identified and several have been characterized for transcriptional activity in 

chick and mouse (177–180). The Gli3 gene itself, in both mouse and human, spans more 

than 250kb and has a complex expression pattern during both embryogenesis and in the 

adult. Several of the conserved non-coding elements within the Gli3 have been shown to 

direct reporter expression in transgenic mouse embryos, specifically to brain and spinal 

cord, forebrain, and limbs. We scanned the majority of these elements for conserved 

Tgif1 consensus sites (CTGTCAA) and tested six of them by ChIP. The region to which 

we show Tgif1 binding (termed HCNE1) has previously been shown to direct reporter 

expression in chick neural tube and to be bound by homeodomain proteins of the Pbx and 

Meis/Prep families. In some contexts, Tgif1 and Meis family proteins have been shown 

to compete for binding to the same sites to either repress or activate gene expression 

(216,217). This raises the possibility that competition between Tgifs and other 

homeodomain proteins such as Meis family members may fine-tune Gli3 expression 
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levels at some stages of development. However, we do not currently have any evidence to 

support this. 

We performed transcriptome analysis of the cdKO and found 1172 genes that 

were increased in the cdKO as compared to the control.  Due to the function of Tgif as a 

transcriptional corepressor, upregulated genes are good candidates for direct Tgif targets.  

Any genes that show differential expression in this analysis could be either direct targets 

of Tgifs or secondary to altered expression of primary Tgif targets. It is also possible that 

some of the transcriptional changes may be a more indirect response to the phenotypic 

alterations in the mutant embryos. Thus, definitively identifying direct targets will require 

analysis of Tgif binding, either genome wide or on a gene-by-gene basis. Comparing this 

list with our previous Tgif1 null MEF array helped us further restrict the list of 

upregulated genes, providing a higher confidence set of potential Tgif targets.  More 

genes within this high confidence list need to be validated by qPCR and then examined 

for functional implications.  The first set of genes we validated and explored functionally 

were those genes associated with cilia formation and function.  Misregulation of genes 

related to ciliogenesis was consistent with observed phenotypes within cdKO embryos, 

such as lack of PNC cilia and disruption of forebrain cilia.  

To validate the RNA-seq, we analyzed several genes that were upregulated or 

downregulated in both the RNA-seq and MEF array by qPCR, both on cDNA derived 

from embryos and from unstarved knockout cells (MEFs and ARPE19s).  While many of 

these gene changes were validated, some, such as changes in IFT genes, were not.  IFT 

genes are very specialized and function only in transport along the cilium.  It is possible 
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that IFT genes did not appear to be decreased in our tissue culture models because the 

cells were in various cell cycle stages, with and without cilia.  To determine if expression 

of IFT genes is truly decreased in the absence of Tgifs, we will perform qPCR on cells 

that have been starved, thus providing a more homogenous sample of cells that are 

unlikely to be undergoing mitosis and are more likely to be ciliated.   

TGIF targets 

Recent work in mouse ES cells has identified a large number of potential Tgif1 

binding sites across the genome (218). Comparison of these ChIP-seq peaks with our data 

reveals a large overlap, but without much selectivity. In this analysis, the authors 

predicted almost 10,000 Tgif target genes, based simply on ChIP-seq enrichment. If we 

rank the peaks by enrichment score and use a more stringent cut-off, we observe greater 

overlap among these possibly higher confidence ChIP-seq peaks and genes that have 

increased expression in our cdKO embryos than with genes that have lower expression in 

the cdKO. Among the higher confidence peaks are those that span the regions we 

identified in the Evi5l and Hdac5 genes by scanning the ENCODE data. However, the 

relatively low level of similarity between these multiple datasets perhaps reinforces the 

idea that Tgifs may perform cell-type specific functions and that comparison of 

expression and binding data should be performed in the same cell type. Those Tgif motifs 

we found in target genes within the experiments described here were found by eye.  This 

process resulted in data, but it is less efficient and more prone to mistake than a 

bioinformatics approach.  To get the most out of our RNA-seq data we will use 

computational methods to scan for the Tgif binding motif within 5kb upstream of the start 
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of each upregulated gene.  Those genes that do not have Tgif binding motifs will have to 

be considered as indirect Tgif targets. 

Potential epithelial to mesenchymal transition (EMT) 

Signaling to Smads from TGFß family ligands is well-known to limit proliferation 

in epithelial tissues (9). Similarly, induction of EMT can be driven by TGFß family 

signaling, so an increase in EMT-like phenotypes and decreased proliferation in the 

absence of Smad transcriptional corepressors is consistent with known functions for this 

pathway. Although it does not appear that the cdKO NE undergoes complete EMT, we 

did observe increased expression of Snail2 and Twist2 in the cdKO, consistent with the 

induction of EMT, and it is possible if cdKO embryos survived longer the 

neuroepithelium would undergo more extensive EMT. Since the cdKO forebrain 

becomes apoptotic by approximately 10 dpc, we are unable to examine this. Although 

relatively little is known about the role of TGFß family signaling in early NE 

development, phospho-Smad2 is present in the nuclei of neuroepithelial cells of the 

forebrain, hindbrain and dorsal neural tube at 8.5 dpc and 9.5 dpc, suggesting that this 

pathway is active (219). Thus, Tgifs may control proliferation and epithelial polarity 

during normal anterior neural development by limiting Nodal/TGFß activated gene 

expression.  To test this possibility we will perform WISH and probe for Snail2 and 

Twist2 expression in control and cdKO embryos.  We will then examine the embryos for 

regional upregulation of EMT drivers and assess the extent to which its location 

correlates with the location of polarity defects, especially the forebrain and 

neuroepithelium.  Examination of these same EMT drivers in Nodalz/+ cdKO —by qPCR 
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and WISH—will determine whether restoration of polarity correlates with a decrease in 

EMT driver expression. 

EMT could also be tested and observed by the use of a Boyden chamber assay.  

Migratory cells, such as those that have undergone EMT, have the ability to travel toward 

an attractant, such as serum.  Tgif knockdown cells will be placed with in a Boyden 

chamber as a way to assay for EMT.  While we don’t see basement membrane 

breakdown in our tissue samples in forebrain and neural tube, we do see upregulation of 

two EMT regulators, which might be sufficient for cell migration in this assay (220).   

Evi5L and cilia 

When we knock down Tgifs in tissue culture cells we can recapitulate the cilia 

defect in vitro and rescue it with Evi5l knockdown.  We also showed that Evi5l, a 

ciliogenesis regulator, is a direct Tgif target.  To confirm that Evi5l is expressed in 

regions where we see a defect, we will perform WISH and probe for Evi5l.    Not only 

will this confirm the RNA-seq, but knowing the specific location of Evi5l expression 

within the embryo will give us an idea of its affect and role.  For example, low Evi5l 

expression in the forebrain, even in the absence of Tgifs, would explain the intermediate 

cilia phenotype seen there as compared to the stark loss of cilia in the PNC.  While it is 

known that Evi5l affects the function of the cilia-related GAP Rab23, it is also possible 

that Evi5l has additional, unknown functions that affect cilia.  Transfection of various 

truncation mutants featuring the various domains of Evi5l would help to narrow down the 

essential functional pieces of the protein and clarify if it has any other functions within 

the cell.   
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Whole mount immunofluorescence revealed defects in both PNC and forebrain 

cilia, although defects in the PNC were more pronounced than those in the forebrain, 

including misshapen PNC pit, consistent with an inability to generate flow and specify 

asymmetry.  It is possible that cdKO cilia defects are caused by a delay in ciliogenesis 

and not a complete inhibition of cilia formation.  As PNC cilia are required within a fairly 

tight window of time (several hours), it is possible they were too far delayed to be 

functional, whereas forebrain cilia have more time to grow, even if they are delayed.  To 

test the possibility of delayed ciliogenesis as opposed to absent ciliogenesis, cdKO MEFs 

will  be grown in full media, starved to encourage ciliogenesis, fixed, and stained for cilia 

at 2, 4, 8, 16, and 24-hour time points.  If ciliogenesis is simply delayed, we expect 

gradually more and more cilia as the time points progress.  Of course, these cells aren’t 

perfectly synchronized.  Cilia growth will be unsynchronized, possibly confounding a 

result.  In addition to simply counting the cells with cilia, we will treat these cells with 

Shh and test Shh-target genes by qPCR to determine whether the cilia present are able to 

assist in propagating Shh signaling.  An alternate method to examine this same question 

would be to culture different stages of embryos in Shh as suggested above.  If embryos 

are able to respond to Shh, they have intact cilia.  We would culture embryos at several 

different stages and see if later stages respond better to short periods of Shh exposure. 

It would seem that the restoration of Nodal signaling would not restore proper 

ciliogenesis even though it partially rescued polarity defects in cdKO embryos as Evi5l 

would still be overexpressed.  We were unable to test this within our tissue culture 

models, but perhaps we could understand this better within the whole embryo.  To test 



124 
 
whether Nodal rescue has an effect on ciliogenesis, we will look at whole Nodalz/+ 

embryos stained with Arl13b, pericentrin, and phalloidin.  Presumably phalloidin staining 

will show improved epithelial structure, but if the percent of ciliated cells is similar to 

that seen in the cdKO, this experiment will show ciliogenesis to be independent of Nodal 

in this model. 

Although we have focused on Evi5l as a target for Tgifs, it is still possible that 

other Tgif target genes may play a role in the effects of Tgif loss of function on cilia 

numbers. Possibilities include Sirt2, Hdac5 and Kif19, although we did not observe such 

clearly reproducible effects on expression of these genes in the different systems 

analyzed here. It is also possible that disruption of other cellular processes in the absence 

of Tgifs contributes indirectly to the effects on ciliated cells. Nonetheless, we should test 

these additional potential targets for their effects on cilia in the absence of Tgifs.  Hdac5, 

a tubulin deacetylase, is overexpressed in the cdKO.  To test whether Hdac5 

overexpression is affecting ciliogenesis in the absence of Tgifs, we will treat cells, either 

cdKO MEFs or TGIF knockdown ARPE19s, with an Hdac5-specific inhibitor.  If Hdac5 

is also involved in the cilia defects seen in cdKOs, inhibitor treatment will rescue the cilia 

defect. 

Having achieved a rescue of the cilia defects in cdKO tissue culture cells, the next 

step is to attempt rescue in the embryo.  We will develop an Evi5l knockout mutation in 

mice.  Combined with a cdKO background we will then perform IF on embryonic 

forebrain and PNC to see if cilia structure has been restored.  We will also examine Evi5l 

knockout mice for possible rescue of L-R defects.  If the Evi5l rescue is combined with 
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the Nodal rescue, there might even be seen a partial HPE rescue and restoration of Shh 

signaling to combat the excess Gli3 present in cdKO embryos. 

Polycystic kidney disease (PKD) is a disease in which defects in appropriate 

signaling through cilia leads to the formation of kidney cysts.  PKD can be associated 

with HPE (221,222).  Knowing that mutations in Tgif are associated with both HPE and 

cilia defects, we will explore the extent to which HPE patients with TGIF mutations also 

have cilia-related problems.  To uncover this information HPE patients with TGIF 

mutations will be assayed for cilia-related disorders (such as PKD and L-R defects), as 

well as assayed for expression of cilia-related genes such as Evi5l.  Additionally, we will 

search through sequencing datasets from patients with known ciliopathies of unknown 

origin for mutations in Tgif.  If Tgif is found to be involved in this way, this correlation 

will provide an additional marker to screen in diagnosing ciliopathies. 

With the Nodalz/+ cdKO, embryos are able to survive long enough to develop full 

HPE.  At 18.5 dpc Nodalz/+ cdKO embryos have cyclopia and proboscis.  Nodal 

heterozygosity rescues the proliferation and cell organization defects seen in cdKO 

embryos but not the anterior DV patterning defects. In cdKOs where Nodal 

heterozygosity allows survival to late embryogenesis, we observe a classic HPE 

phenotype caused by the excess Gli3 expression observed early in development. Thus it 

is possible that Tgif mutations cause HPE, not by disrupting Nodal signaling, but rather 

by increasing Gli3 expression and disrupting Shh signaling. The introduction of a Gli3 

mutation into cdKO embryos did improve forebrain DV patterning, but was insufficient 

to fully rescue the phenotype. The lack of complete rescue could simply be due to an 
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insufficient amount of Gli3 for normal development, or it could imply some contribution 

of other pathways. Embryos that were heterozygous for both Nodal and Gli3 (Nodalz/+; 

Gli3r/+) appeared to have further improved ventral patterning, although they also had 

severe dorsal defects. This combined rescue may, therefore, suggest that reducing Nodal 

can improve DV patterning, or possibly the effects of reducing Gli3 are more apparent 

when overall NE integrity is improved.  

Now that we have an HPE model that approaches live birth (Nodalz/+ cdKO), we 

can examine other organ systems with epithelial and ciliated cells.  We expect epithelial 

defects to be mostly absent, but cilia will also still be absent.  Cilia are important in the 

brain and kidneys and lungs in a functioning postnatal mouse.  If 18.5 dpc Nodalz/+ cdKO  

embryos are too delicate or too difficult to obtain, these same organ systems can be 

examined for cilia defects in 3-allele Tgif mutants (Tgif1-/-; Tgif2+/- or vice versa).  

Specifically we will examine these mice for PKD or other kidney defects, and functional 

cilia within the brain ventricles.  Mutations in Tgif1 have been associated with Otitis 

Media or inflammation of the middle ear (223).  This association has been attributed to 

excess TGFβ signaling, but knowing Tgifs regulate ciliogenesis provides an additional 

possibility.  Otitis Media is associated with motile cilia dysfunction and it is possible that 

mutations in Tgif lead to chronic Otitis Media and hearing loss in Tgif null mice due to 

defective ciliary function as opposed to excess TGFbeta signaling (224,225).  

Examination of the cilia within the middle ear will be performed on Tgif1 null or 3-allele 

Tgif mutants to clarify the cause of Otitis Media in the absence of Tgif. 
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The realization that excess Gli3 and Nodal both play independent roles in the 

cdKO led us to develop the model in Figure 10. While we know excess Gli3 causes HPE 

in cdKO embryos, there are several possible mechanisms to explain why Shh signaling is 

lacking.  Mutations that affect ciliogenesis can result in phenotypes, including HPE and 

polydactyly, similar to those seen in Shh mutants. This raises the possibility that the HPE 

and lower forebrain Shh expression seen in cdKO embryos may be due to defects in 

ciliogenesis. Our analysis of the ventricular surface of the ventral forebrain suggests that 

there is indeed disruption of the organization of the neuroepithelial surface, with larger, 

less regular apical surfaces of the cells. However, the majority of cells have a primary 

cilium, and although we did observe a mild reduction in the number of cilia, disrupted 

ciliogenesis did not appear to be the major phenotype. In the forebrain, it is possible that 

the combination of NE disorganization and a reduction in ciliated cells results in lower 

Shh expression, or that altered Shh expression is independent of any function of Tgifs in 

regulating ciliogenesis. 

Nodal and Gli3 Signaling 

The HPE observed at 18.5 dpc in Nodalz/+ cdKO embryos argues against a direct 

role for excess Nodal signaling causing HPE. Several previous studies have suggested 

that mutations that reduce the activity of the Nodal/Smad pathway can cause HPE (226). 

This has seemed somewhat at odds with the HPE observed in patients with heterozygous 

TGIF1 mutations and in our cdKO embryos. Loss of Tgifs would be expected to increase 

Smad2 transcriptional output in response to Nodal.  With loss-of-function mutations in 

NODAL associated with HPE, it seems both increase of NODAL function and decrease of 
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NODAL function are associated with HPE.  A model in which loss of either an activator 

(NODAL ligand) or a repressor (TGIF1) has the same phenotype requires speculation 

about a specific window of pathway activity, above or below which the same phenotype 

is generated. It is possible that these two types of mutations (Tgif or Nodal/Smad) cause 

apparently similar phenotypes but have mechanistic differences in how they cause the 

phenotype. In our previous analysis, we observed primarily anterior truncations but no 

HPE in Smad2r/+; Nodalz/+ embryos. While these truncations can appear similar to the 

proboscis-like phenotype seen with HPE, the tissue is clearly distinct, with most of the 

presumptive forebrain tissue being absent. Evidence from human studies does suggest 

that reduced Nodal signaling can contribute to HPE (176). While mutations in the 

NODAL, FOXH1 and TDGF1 genes have all been found in human HPE patients, it 

should be noted that these mutations are quite rare in HPE and are more generally 

associated with other congenital defects (175,227). Evidence from model organisms also 

supports a role for NODAL signaling in the pathogenesis of HPE. For example, 

mutations in the zebrafish tdgf1 gene (also known as oep or cripto) result in fish with a 

single central eye (228). Recent work in chick using chemical inhibition of SHH and 

Nodal signaling suggests that combining partial inhibition of both pathways could 

increase the frequency of HPE-like phenotypes over that seen with the same level of 

single inhibitor treatment (174,229). One possibility is that reduced Nodal pathway 

activity can contribute to HPE, dependent on genetic interactions with other predisposing 

factors, such as reduced Shh signaling. The partial penetrance and variable severity of 

most HPE mutations fit with such a model.  
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Our analysis here is consistent with a model in which reduced Nodal signaling in 

Nodalz/+ cdKO embryos allows embryos with severe HPE to survive to late gestation, 

when they would otherwise fail to do so. On its own, loss of Tgif function causes HPE, 

but these embryos do not survive beyond mid-gestation. If the embryo is also 

heterozygous for Nodal, this can rescue the more severe defects that result in mid-

gestational death. The result of this “rescue” yields some embryos surviving to late 

embryogenesis (essentially to birth, given that E18.5 embryos are very likely to be born). 

These compound mutants have a classic HPE phenotype such that the presence of HPE 

here correlates with a loss of function mutation in an activating component of the Nodal 

pathway. Clearly, this does not have to be the case for all, or any, TGIF1 mutations in 

humans with HPE. However, it does raise the possibility that mutations in genes such as 

TDGF1 may not directly cause HPE, but rather uncover a pre-existing defect by allowing 

the embryo to survive to a later stage of development. 

At this point, it will be interesting to see what happens to Nodalz/+; Gli3r/+ cdKO 

embryos at later stages of development.  It is possible that such a high degree of genetic 

modification would be detrimental to development, but considering what we’ve learned 

about the roles these genes play in rescues to this point, it will be interesting to see if 

embryos still have proboscis and cyclopia at 18.5 dpc with decreased Gli3 and Nodal 

expression 

 Excess Gli3, due to lack of Tgif direct repression, can inhibit Shh expression.  

Lack of cilia, also a consequence of loss of Tgifs, can also interfere with Shh signaling.  

It would be informative to determine which scenario has more weight in this system.  By 
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culturing live embryos in Shh for approximately 24 hours starting around 8.0 dpc and 

then examining them by WISH, we will learn if additional Shh ligand is sufficient to 

activate downstream Shh signaling and restore expression of downstream targets such as 

Gli1 and Ptch1.  We will also examine the effect of additional Shh on Gli3 levels.  

Repeating these experiments within the full range of rescue mutants (Nodalz/+ cdKO, 

Gli3r/+ cdKO, and Nodalz/+; Gli3r/+ cdKO) will give us a more complete understanding of 

the Shh signaling defects in the absence of Tgifs, especially in the forebrain. 

Conclusions 

Holoprosencephaly is a common and devastating developmental disorder.  Its 

cause is not well understood and only a small fraction of incidences are associated with 

known genetic mutations.  Even when a genetic association is found, the severity of HPE 

is unpredictable, ranging from incompatible with life to phenotypically normal.  With 

such a complex etiology it is important to study and understand those causes that are 

known. 

With this in mind, the Wotton Lab developed a mouse model of HPE with the 

deletion of Tgifs.  Using this model we have found insight into the mechanism of Tgifs 

within the developing embryo and the roles they might play in diseases such as HPE and 

other ciliopathies.  The knowledge that Tgifs directly regulate ciliogenesis and thereby 

assist in maintaining appropriate Sonic Hedgehog signaling clarifies the association of 

TGIF mutations with HPE in humans while also suggesting recommending examination 

of TGIF in ciliopathies of unknown genetic origin.  
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Supplementary Table 1. Gene list for cilia 
    

         Ahi1 
 

Dync2h1 
 

Kat2a 
 

Kif5c 
 

Sirt7 
Alms1 

 
Dync2li1 

 
Kif11 

 
Kif6 

 
Tbc1d30 

Atat1 
 

Dynlt1a 
 

Kif12 
 

Kif7 
 

Tbc1d7 
Aurka 

 
Dynlt1b 

 
Kif13a 

 
Kif9 

 
Tmem67 

Bbs1 
 

Efcab7 
 

Kif13b 
 

Kifap3 
 

Traf3ip1 
Bbs10 

 
Elp3 

 
Kif14 

 
Kifap3 

 
Ttc21b 

Bbs12 
 

Evc 
 

Kif15 
 

Kifc1 
 

Ttc26 
Bbs2 

 
Evc2 

 
Kif16b 

 
Kifc2 

 
Ttc30b 

Bbs4 
 

Evi5l 
 

Kif17 
 

Kifc3 
 

Ttl 
Bbs5 

 
Gsk3b 

 
Kif18a 

 
Kifc5b 

 
Ttll1 

Bbs7 
 

Hdac1 
 

Kif18b 
 

Mks1 
 

Ttll10 
Bbs9 

 
Hdac10 

 
Kif19a 

 
Nedd9 

 
Ttll11 

Cc2d2a 
 

Hdac11 
 

Kif19a 
 

Nek1 
 

Ttll12 
Ccp110 

 
Hdac2 

 
Kif1a 

 
Nek2 

 
Ttll3 

Ccsap 
 

Hdac3 
 

Kif1b 
 

Nek3 
 

Ttll4 
Cep110 

 
Hdac4 

 
Kif1c 

 
Nek4 

 
Ttll5 

Cep120 
 

Hdac5 
 

Kif20a 
 

Nek6 
 

Ttll7 
Cep135 

 
Hdac6 

 
Kif20b 

 
Nek7 

 
Ttll9 

Cep152 
 

Hdac7 
 

Kif21a 
 

Nek8 
 

Vhl 
Cep164 

 
Hdac8 

 
Kif21b 

 
Nek9 

 
Wdr19 

Cep170 
 

Hdac9 
 

Kif22 
 

Nphp1 
 

Wdr34 
Cep192 

 
Hyls1 

 
Kif23 

 
Nphp3 

 
Wdr35 

Cep250 
 

Ift122 
 

Kif24 
 

Nphp4 
 

 
Cep290 

 
Ift140 

 
Kif26a 

 
Ofd1 

 
 

Cep350 
 

Ift172 
 

Kif26b 
 

Poc1a 
 

 
Cep55 

 
Ift20 

 
Kif27 

 
Poc1b 

 
 

Cep57 
 

Ift27 
 

Kif2a 
 

Poc5 
 

 
Cep57l1 

 
Ift43 

 
Kif2c 

 
Rab17 

 
 

Cep63 
 

Ift46 
 

Kif3a 
 

Rab23 
 

 
Cep68 

 
Ift52 

 
Kif3a 

 
Rab8a 

 
 

Cep70 
 

Ift57 
 

Kif3b 
 

Rpgrip1l 
 

 
Cep72 

 
Ift74 

 
Kif3b 

 
Sirt1 

 
 

Cep76 
 

Ift80 
 

Kif3c 
 

Sirt2 
 

 
Cep78 

 
Ift81 

 
Kif3c 

 
Sirt3 

  Cep97 
 

Ift88 
 

Kif4 
 

Sirt4 
  Cluap1 

 
Inpp5e 

 
Kif5a 

 
Sirt5 

  Dido1 
 

Iqce 
 

Kif5b 
 

Sirt6 
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