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ABSTRACT 

 

 The coordinated interactions of molecular and cellular components during embryonic 

development are highly dependent upon the core developmental pathways. Among these 

pathways is Hedgehog (Hh) signaling. Hh signaling affects a variety of developmental processes, 

including body axis formation, neural and digit patterning, gonad development, cell proliferation, 

and bone ossification and growth. In mammals, the primary cilia, microtubule-based organelles 

on the surface of quiescent cells, are required for Hh signaling. To further explore the genetic 

basis of embryogenesis, we examined the double-thumb (dtm) mouse mutant of the Inturned 

(Intu) gene, a planar cell polarity (PCP) effector gene. PCP effector genes function downstream 

of PCP genes that are responsible for processes such as convergent extension and alignment of 

cilia in the cochlea.  Dtm mutants carry a recessive, missense point mutation in Intu that results in 

decreased body size and survival, skeletal defects (mild polydactyly with one extra digit per limb, 

reduced and delayed ossification in the limbs and vertebrae, and misaligned ribs and sternal 

vertebrae),  delayed neural patterning, and reduced ciliation in the kidney and ventral node.  By 

characterizing the expression of a Hh pathway target, Patched1 (Ptch1), we found that Hh 

signaling is decreased during cartilage differentiation. These results suggest that Intu is important 

for both Indian Hedgehog (Ihh)-mediated bone ossification and Sonic Hedgehog (Shh)-mediated 

embryonic patterning, likely through regulating cilia formation. Such investigations into the 

genetic and molecular basis of ciliogenesis and skeletal development may have future clinical 

applications in the understanding and treatment of cilia-related ailments in humans. 

Keywords: Hedgehog signaling, Indian Hedgehog signaling, Sonic Hedgehog signaling, planar 

cell polarity effector gene, polydactyly, primary cilia, ciliogenesis, Inturned, skeletal 

development, endochondral ossification  
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INTRODUCTION 

 

Embryonic development is a complex process that requires coordinated interactions of 

molecular and cellular components under genetic control. This complexity is reflected in the 

diverse congenital syndromes resulting from disruptions of core developmental signaling 

pathways, including Wnt, Notch, FGF, TGFβ, and Hedgehog (Hh) (Arthur and Bamforth, 2011; 

Ignelzi et al., 2003; Loomes et al., 2007; Wu et al., 2011). Ciliopathies comprise one class of 

these developmental syndromes (Baker and Beales, 2009; Pan et al., 2005). Ciliopathies often 

present with combinations of severe facial or digital deformities, abnormal cognitive function and 

neural morphology, polycystic kidneys, and vision or hearing impairments (Baker and Beales, 

2009; Louvi and Grove, 2011). The pathology is caused by insufficient primary cilia, 

microtubule-based cellular structures important for the localization of molecular components of 

Hh signaling (Baker and Beales, 2009). Examples of ciliopathies include Polycystic Kidney 

Disease (PKD, OMIM 173 900), Bardet-Biedl (BBS, OMIM 209 900), Joubert (JS, OMIM 213 

300), Meckel (MKS, OMIM 24900), and Kartagener (OMIM 244 400) Syndromes (Baker and 

Beales, 2009; OMIM, 2013; Pan et al., 2005). Therefore, understanding the genetic and molecular 

basis of ciliogenesis and the role of Hh signaling in embryonic development, which we will 

explore here, is clinically relevant. 

HEDGEHOG (Hh) SIGNALING 

The Hedgehog (Hh) signaling pathway is essential for embryonic development, 

patterning, and growth. The Hh pathway functions in both invertebrates (such as fruit flies, 
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leeches, and sea urchins) and vertebrates (such as zebrafish, frogs, chickens, humans, rats, and 

mice) (Varjosalo and Taipale, 2008).  

Hh signaling impacts development by regulating the temporal and spatial expression of 

developmental genes at the transcriptional level. While variations in the Hh pathway exist 

between species, the general scheme is similar (Figure 1). Here, we will discuss the vertebrate 

pathway, the focus of our current study.  

 

Hh ligand binds to and deactivates Patched (Ptch), an Hh receptor (Pepinsky et al., 1998; 

Simpson et al., 2009). The deactivation of Ptch relieves the repression of the transmembrane 

protein Smoothened (Smo) (Simpson et al., 2009; Taipale et al., 2002). Activated Smo localizes 

to the primary cilia, preventing the phosphorylation and proteolytic processing of transcription 

factor proteins Gli1, Gli2, and Gli3 (Varjosalo and Taipale, 2008). Gli proteins in their full-length 

activator forms promote the transcription of Hh target genes; Gli proteins in their processed and 

truncated repressor forms inhibit transcription. In general, Gli1 and Gli2 serve as transcriptional 

activators and Gli3 as a transcriptional repressor.  

Figure 1 – Hh signaling pathway – (A) In the absence of Hh ligand, Patched1 (Ptch1) prevents the accumulation 

of Smoothened (Smo) in cilia, possibly through the action of a small molecule. Gli3 is phosphorylated by protein 

kinase A (PKA) and processed into a repressor form (Gli3R) in a cilia-dependent manner. The activation of all Gli 

proteins is inhibited by Suppressor of Fused (Sufu). (B) In the presence of high levels of Hh ligand, Ptch1 

inhibition is relieved; Smo is targeted to cilia and activates Gli proteins in a cilia-dependent manner. Gli3 

processing is also inhibited. Figure and caption modified from Huangfu and Anderson, 2006.   
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In addition to changes in Ptch and Smo activity, other molecules can alter Gli levels and 

Hh target gene expression.  For example, Rab23, a vesicular transport protein, affects the 

subcellular localization of pathway components downstream of Smo and upstream of Gli 

(Eggenschwiler et al., 2006; Eggenschwiler et al., 2001; Evans et al., 2003). This increases Gli3 

repressor levels and decreases Gli2 activator levels. In addition, Suppressor of Fused (Sufu) 

protein inhibits Gli activity by interacting with the C- and N-terminal ends of Gli and 

sequestering it in the cytoplasm (Ding et al., 1999).  

The widespread developmental effects of Hh signaling depend on the Hh gradient and the 

downstream gene expression patterns throughout embryogenesis (Briscoe and Ericson, 2001; 

Harfe et al., 2004). The functions of Hh signaling are achieved by three distinct types of Hh 

signaling – Sonic Hedgehog (Shh), Desert Hedgehog (Dhh), and Indian Hedgehog (Ihh). 

Sonic Hedgehog (Shh) Signaling  

Shh, perhaps the best-studied Hh family member, primarily affects cell proliferation, axis 

formation, and patterning in the nervous system and limb. Shh affects cell proliferation and 

survival by regulating cell proliferation genes. Among these are cell cycle regulators cyclins D 

and E and neuroblastoma-derived myelocytomatosis oncogene (N-myc) (Duman-Scheel et al., 

2002; Kenney et al., 2003). N-myc not only regulates cell division and cancers in the brain and 

sensory-related structures (i.e. retina and optic nerve), but also those in the developing gut, 

kidney, lung, and limb (Brodeur et al., 1984; Dang, 2012; Garson et al., 1989; Jensen and 

Wallace, 1997; Lee et al., 1984; Stanton et al., 1992; Wallace and Raff, 1999; Zhou et al., 2011). 

These cancers, plus breast, pancreatic, and epithelial cancers, often result from somatic and 

germline mutations in Ptch, Smo, Sufu, and Gli1 (Hahn et al., 1996; Johnson et al., 1996; 

Varjosalo and Taipale, 2008). N-myc is also important in maintaining the pluripotency of 
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embryonic stem cells and the multipotency of mammary and neuronal stem cells (Martinez-

Cerdeno et al., 2012; Moumen et al., 2012; Varlakhanova et al., 2010).  

During early development, Shh facilitates the establishment of the mesodermal 

dorsal/ventral axis (Gilbert, 2010). The mesoderm is the germ layer that gives rise to the 

notochord, musculoskeletal system, urogenital system, blood, and the vessel epithelia (Gilbert, 

2010). For the development of the ventral axis, Shh upregulates bone morphogenic protein 4 

(BMP4), a ventralizing factor (Harland, 1994; Winnier et al., 1995). The action of Shh on BMP4 

is indirect. For example, vasculogenesis, one of the most ventral processes, requires BMP4 that is 

upregulated by the Shh-mediated expression of Foxf1 in the mesoderm (Astorga and Carlsson, 

2007). 

In the developing neural tube, the decreasing ventral-to-dorsal Shh gradient activates and 

represses various class I and class II homeodomain transcription factors, respectively, in the 

ventral neural tube  (Jacob and Briscoe, 2003; Meyer and Roelink, 2003) (Figure 2). The 

subsequent antagonistic interactions among these transcription factors sharpens gene expression 

boundaries in the neural tube and promotes the differentiation of neuronal cells (Jacob and 

Briscoe, 2003). Due to its prevalence in mesoderm and neural tube patterning, loss of Shh 

function causes somite and neural tube defects (Chiang et al., 1996). 
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In addition to ventral neural tube patterning, Shh plays a significant role in brain 

development. As part of its role in cell proliferation, Shh increases the thickness and size of the 

cerebral cortex by regulating the Gli3 activator to Gli3 repressor ratio and the apoptotic rate of 

neural progenitors and stem cells (Komada, 2012; Wilson et al., 2012). Brain morphology is also 

impacted by Shh. Shh inhibits the transcription factor Pax6, which allows the formation of two 

cranial hemispheres and eye fields (Chiang et al., 1996; Gilbert, 2010). Thus, reduced Shh leads 

to a single brain lobe and cyclopia (Ahlgren and Bronner-Fraser, 1999; Chiang et al., 1996; 

Gilbert, 2010). Shh also promotes the differentiation of neural progenitors (Komada, 2012). For 

example, Shh regulation of transcription factors Nkx2.1 and Gsh2 facilitates the development of 

Figure 2 – Shh gradient affects expression of transcription factors (TFs) and determination of progenitor 

cells in the ventral neural tube – (A) Along the dorsal–ventral (D/V) axis of the ventral neural tube are six 

domains of progenitor cells, FP, p3, pMN, p2, p1, and p0, which generate V0–V3 and MN neuronal subtypes. The 

spatial organization of the progenitor domains is established by a gradient of Shh protein (purple) secreted from the 

notochord (Nc) and floor plate (FP). (B) The restricted expression profiles of the TFs Nkx2.2, Olig2, Nkx6.1, 

Nkx6.2, Dbx1, Dbx2, Irx3, Pax6, and Pax7 within progenitors is regulated by the Shh gradient. Each progenitor 

domain expresses a unique combination of TFs. (C) Olig2, Nkx2.2, and Shh distinguish the three most ventral 

progenitor domains, pMN, p3, and FP, respectively. The expression of each of these markers is initiated at 

successive developmental time points within the midline of the neural tube and extends dorsally with the 

appearance of the next marker at the midline. This series of gene induction events occurs in parallel to the 

accumulation and extension of the Shh gradient in the ventral neural tube. Figure and caption modified from Jacob 

and Briscoe, 2003. 

 

http://cshperspectives.cshlp.org/content/1/2/a002014/F2.large.jpg
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oligodendrocytes and interneurons responsive to γ-aminobutyric acid (GABA), a neurotransmitter 

(Corbin et al., 2003). 

Similar to its role in the nervous system, Shh regulates axis determination and patterning 

in the limb.  The anterior/posterior (thumb/pinky) axis of the limb is determined by Shh 

originating from the zone of polarizing activity (ZPA) in the posterior region of the limb bud 

(Gilbert, 2010). Shh, highest in concentration in the posterior region, is sufficient for inducing 

anterior/posterior polarity (Laufer et al., 1994; Lopezmartinez et al., 1995; Riddle et al., 1993). 

Shh beads implanted under the apical ectodermal ridge (AER) in the anterior region of the limb 

bud induce the same mirror-image digit duplication as ZPA transplants (Laufer et al., 1994; 

Lopezmartinez et al., 1995; Riddle et al., 1993).  

Digit identity is also specified by the length of Shh exposure. Digit 1, the most anterior 

digit, develops independently of Shh (Tabin and McMahon, 2008). In the absence of Shh, only a 

single digit of either digit 1 or nonspecific identity forms (Litingtung et al., 2002; Tabin and 

McMahon, 2008). The formation of digits 2-5 depends on increasing exposure time from anterior 

to posterior (Harfe et al., 2004; Tabin and McMahon, 2008). This exposure time is determined by 

the Shh-regulated expression of BMP in the interdigital region posterior to a digit (Drossopoulou 

et al., 2000; Kawakami et al., 1996; Laufer et al., 1994). Thus, inhibiting BMP in an interdigital 

region transforms a digit to a more anterior identity (Drossopoulou et al., 2000; Kawakami et al., 

1996; Laufer et al., 1994).  In addition to digit identity, Shh also positively regulates the number 

of digits per limb (Litingtung et al., 2002). An overexpression of Shh can lead to polydactyly 

(Gilbert, 2010; Litingtung et al., 2002; Wang et al., 2011; Zeng et al., 2010). The requirement of 

Shh for proper digit identity and number is best revealed in experiments in which double mutants 

of Shh and Gli3 exhibit polydactyly with digits of uniform identity (Litingtung et al., 2002; Ros et 

al., 2003; Scherz et al., 2007) (Figure 3). 
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Shh is also involved in vasculogenesis and angiogenesis. Shh regulates the transcription 

of fibroblastic growth factor 4 (FGF4) and vascular endothelial growth factor A (VEGF-A) in 

hypoxic conditions that stimulate embryonic blood vessel development (Gerhardt et al., 2003; 

Pola et al., 2001). 

Desert Hedgehog (Dhh) Signaling  

The second Hh family member, Dhh, is primarily involved in gonad and germ cell 

development (Clark et al., 2000; Wijgerde et al., 2005). In males, Dhh is required for testis 

development and the differentiation of testicular cells (Bitgood et al., 1996; Clark et al., 2000; 

Pierucci-Alves et al., 2001; Yao et al., 2002). Dhh null males lack testosterone-secreting Leydig 

Figure 3 – Shh functions in establishing 

anterior/posterior (A/P) digit identity and digit 

number – (A) The Shh gradient in the zone of 

polarizing activity (ZPA) of the limb bud increases 

from anterior to posterior (digit 1/thumb to digit 

5/pinky); Gli3 repressor (Gli3R) increases from 

posterior to anterior. The formation of the identity of 

digit 1 is independent of Shh, while the identities of 

all other digits depend on the Shh and Gli3R 

gradient. Figure from Bowers et al., 2012. (B) A 

wild type (WT) mouse forelimb. (C) A Shh-/- 

mouse limb with a single, unidentified digit. (D) A 

Gli3-/- mouse limb with polydactyly, reduced A/P 

digit identity, and gaps of unstained cartilage (*). 

(E) A Shh-/-; Gli3-/- mouse limb with polydactyly, 

reduced digit identity, gaps of unstained cartilage, 

bunching of the anterior digits, and kinking of the 

posteriormost digit. The minor differences between 

D and E are not significant. (F) A Shh-/-; Gli3+/- 

mouse limb with three or four digits. All unfused 

digits are of digit 1 identity, regardless of A/P 

position. Figures B-F show mouse forelimbs at 

E16.5. Figures and captions modified from 

Litingtung et al., 2002.  
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cells and possess abnormal seminiferous tubules, Sertoli cells, and testicular cords (Clark et al., 

2000; Pierucci-Alves et al., 2001). These reproductive components are involved in producing, 

nourishing, and transporting sperm cells, respectively (Gilbert, 2010). Therefore, Dhh null 

individuals lack mature sperm and may exhibit germ cells located outside the testicular cords 

(Bitgood et al., 1996; Clark et al., 2000; Pierucci-Alves et al., 2001).  

In females, Dhh is found in the ovarian follicles in theca cells and their precursors 

(Wijgerde et al., 2005). Theca cells are endocrine follicular cells responsible for producing the 

chemical precursors for estrogen biosynthesis (Magoffin, 2005). Thus, Dhh mutant females often 

exhibit immature theca cells and fertility issues (Magoffin, 2005; Spicer et al., 2009). 

In the nervous system, Dhh promotes the development of Schwann cells, supporting cells 

of the peripheral nervous system that protect neurons and aid in saltatory signal transduction 

(Kuspert et al., 2012; Smith et al., 2001). Dhh affects the collagen content, thickness, tight 

junctions, and basal lamina uniformity of the perineurium, the protective sheath around each 

Schwann cell (Parmantier et al., 1999). 

In addition to its roles in the reproductive and nervous systems, Dhh has been implicated 

in the maintenance and regeneration of corneal cells via wound healing mechanisms (Kucerova et 

al., 2012; Saika et al., 2004). Dhh negatively regulates erythropoietic stem cell and pancreatic β-

cell differentiation as well (Lau et al., 2012; Mfopou et al., 2012). 

Indian Hedgehog (Ihh) Signaling  

The third Hh family member, Ihh, has been most widely studied in the context of 

endochondral ossification. Endochondral ossification is the process by which ribs, vertebrae, and 

long bones of the limbs calcify and grow through the replacement of cartilage by bone (Lai and 

Mitchell, 2005) (Figure 4 and Figure 5).  
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Bone development begins with the condensation of mesenchymal cells (Figure 4A-B). 

The cells in the center of the cell mass differentiate into cartilaginous cells known as 

chondrocytes. Cells in the periphery of the cell mass develop into the perichondrium, the sheath 

Figure 4 – The endochondral ossification process – (A-C) Mesenchymal cells determined to become 

chondrocytes will form compact nodules in the center of the cell mass and subsequently become proliferating 

chondrocytes. Cells on the periphery will become perichondrial cells around the developing cartilage. (D) Once cell 

division ceases, proliferating chondrocytes hypertrophy. (E-F) As chondrocytes hypertrophy, intercellular signaling 

promotes vascularization, which allows for the invasion of osteoblasts and the replacement of cartilage by bony 

matrix. (G) Ossification continues toward the ends of the bone until the growth plate fuses with the secondary 

ossification center. Bone lengthening is complete. Figure from Gilbert, 2006. 

Figure 5 – Growth plate 

structure – Cells at different 

stages of differentiation that 

play different roles in 

endochondral ossification 

are identified on the left. The 

growth plate is dynamic with 

a leading edge (green) where 

chondrocytes proliferate and 

a trailing edge (brown) 

where the cartilage template 

is degraded by invading 

vascular cells (red). 

Chondrocytes are replaced 

by the expanding ossification 

front (blue). Figure and 

caption modified from 

Horton and Degnin, 2009. 



10 

surrounding the developing cartilage. The chondrocytes, which form the growth plate (Figure 5), 

divide and secrete cartilaginous extracellular matrix (ECM) in the central area of the developing 

bone known as the proliferative zone (Figure 4C). In mice, cartilage formation begins at stage 

E11.5. The chondrocytes become prehypertrophic chondrocytes once cell division ceases. 

Prehypertrophic chondrocytes differentiate into collagen-secreting hypertrophic chondrocytes, 

forming the hypertrophic zone (Figure 4D). As the chondrocytes hypertrophy, interactions 

between the cartilaginous ECM and growth factors promote vascularization of the region. 

Vascularization permits the invasion of osteoblasts, the bone-forming cells (Figure 4E). This 

occurs at approximately stage E13.5-E14.5 in mice. As the osteoblasts deposit bony matrix, the 

hypertrophic chondrocytes undergo apoptosis and are replaced by bone. The chondrocytes near 

the perichondrium are replaced by osteoblasts that form the periosteum, the vascularized sheath 

around a mature bone. The replacement of the cartilage in the primary ossification center in the 

diaphysis (shaft) of the bone continues toward the epiphyses (ends) of the bones where cartilage 

is being added at the growth plate (Figure 4F-G). The ossification of the expanding cartilage 

framework causes bone lengthening. Simultaneously, the cartilage in the epiphyses, known as the 

secondary ossification centers, undergoes replacement by bone. Once the primary ossification 

center, growth plate, and secondary ossification center fuse and are completely ossified, bone 

lengthening is complete (Young et al., 2006). 

Ihh indirectly mediates chondrocyte proliferation and ossification (Figure 6).  
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 Ihh, upregulated by BMP and retinoic acid, positively regulates the rate of 

chondrogenesis and chondrocyte hypertrophy by repressing Gli3 repressor (Joeng and Long, 

2009; Minina et al., 2002; St-Jacques et al., 1999; Vortkamp et al., 1996; Yoon and Lyons, 2004; 

Yoshida et al., 2001). Decreasing Gli3 repressor activity activates parathyroid hormone-related 

protein (PTHrP) (Karp et al., 2000; Lai and Mitchell, 2005). PTHrP maintains chondrocyte 

proliferation and delays chondrocyte hypertrophy by downregulating  Ihh via a negative feedback 

loop (Macica et al., 2011). Disruption of the feedback mechanism often results in stunted growth 

(Hellemans et al., 2003; Karp et al., 2000; Maeda et al., 2007; Razzaque et al., 2005; St-Jacques 

et al., 1999). This is due to the premature termination of chondrocyte proliferation and the 

premature initiation of chondrocyte hypertrophy (St-Jacques et al., 1999). While the Ihh/PTHrP 

feedback mechanism is the primary regulator of embryonic chondrocyte development, PTHrP-

Figure 6 – Ihh promotes chondrocyte proliferation and osteoblast differentiation – 

Ihh indirectly promotes chondrocyte proliferation by relieving the repression on 

parathyroid hormone related protein (PTHrP) by Gli3 repressor (Gli3R). PTHrP 

maintains chondrocytes in a proliferative stage and prevents premature hypertrophy. 

Ihh promotes osteoblast differentiation by repressing Gli3R and activating Gli2 

activator (Gli2A). This allows for the expression of osteogenesis master regulator 

Runx2. Gli2A induces vascularization needed for osteoblast differentiation. Gli2A 

facilitates the expression of osteoblast-related transcription factors and secretions, such 

as osterix (osx) and osteocalcin (oc). Gli1, not shown, functions in early differentiation  

(Hojo et al., 2012). Figure from Jeong and Long, 2009. 
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independent Ihh promotion of chondrocyte hypertrophy is more prevalent postnatally (Mak et al., 

2008b) 

Ihh repression of the Gli3 repressor and activation of Gli2 also activate the master 

regulator transcription factor Runx2, promoting osteoblast differentiation (Inada et al., 1999; 

Joeng and Long, 2009; Komori, 2011; Maruyama et al., 2007; Shimoyama et al., 2007). Runx2 

facilitates the expression of transcription factors and bony matrix components secreted by 

osteoblasts, including osterix, alkaline phosphatase, and osteocalcin (Shimoyama et al., 2007). In 

addition, Runx2 and Gli2 promote the vascularization required for osteoblast differentiation 

(Joeng and Long, 2009; Komori, 2011; Liu et al., 2002). Although upregulation of Gli2 is 

sufficient for vascularization in the absence of Ihh, osteoblast differentiation cannot occur in the 

presence of Gli3 repressor (Joeng and Long, 2009). 

Studies of markers at various stages of osteoblast differentiation show that Gli1 can 

induce early osteoblast differentiation even in the absence of Runx2 (Hojo et al., 2012). Gli1 and 

Gli2 are redundant in function, as Gli1;Gli2 double mutants exhibit bone development delays 

while single mutants are unaffected (Hojo et al., 2012).   

In addition to endochondral ossification, Ihh contributes to neural crest formation, 

intestinal smooth muscle and ovarian follicle cell development, pancreatic β-cell differentiation, 

erythropoiesis, and bone resorption (Aguero et al., 2012; Cridland et al., 2009; Dyer et al., 2001; 

Mak et al., 2008a; Mfopou et al., 2012; van den Brink, 2007; Wijgerde et al., 2005; Zacharias et 

al., 2011).  
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Figure 7 summarizes the role of Hh signaling throughout murine embryogenesis. 

 

  

Figure 7 – Shh, Ihh, and Dhh affect multiple organ systems during murine embryonic development –  

Timeline scale: days post conception (dp) and Theiler Stage (TS). Figure from Varjosalo and Taipale, 2008. 
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PRIMARY CILIA 

The intracellular transduction of mammalian Hh signaling depends on the primary cilia, 

non-motile, microtubule-based organelles present on the cell surface of most quiescent vertebrate 

cells (Louvi and Grove, 2011; Simpson et al., 2009) (Figure 8). The axoneme (core) of each 

primary cilium contains nine pairs of microtubules in a 9+0 arrangement and is anchored to the 

ciliary basal body (Simpson et al., 2009) (Figure 8A).  

 

Ciliogenesis requires the transport of materials between the basal body and the tip of the 

cilium during interphase of the cell cycle (Louvi and Grove, 2011; Simpson et al., 2009) (Figure 

8B). Eleven Complex B intraflagellar transport (IFT) proteins and kinesin-2 motor proteins 

transport materials to the tip of cilia in a process known as anterograde IFT (Louvi and Grove, 

2011; Simpson et al., 2009). In contrast, materials are transported from the tip to the basal body 

by six Complex A IFT proteins and Dynein motor proteins during retrograde IFT (Louvi and 

Figure 8 – Primary cilia 

structure and components – 

(A) The exterior components 

and structure of a primary 

cilium and the 9+0 arrangement 

of the microtubules in the 

axoneme. (B) The intraflagellar 

transport (IFT) particles and 

motor proteins that move 

materials required for 

ciliogenesis and signaling to the 

tip (anterograde IFT) and to the 

base (retrograde IFT) of the 

cilium. Figure from Louvi and 

Grove, 2011. 
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Grove, 2011; Simpson et al., 2009). Among the transport proteins involved, some IFT-B and 

Kinesin proteins are required for ciliogenesis (Simpson et al., 2009). Examples include Ift88, 

Ift172, and Kinesin motor protein Kif3a (Huangfu et al., 2003; Park et al., 2006). 

The Role of the Cilia in Signal Transduction 

The primary cilia are required for Hh signal transduction in mammals (Goetz and 

Anderson, 2010; Zeng et al., 2010). In the absence of Hh signaling, Ptch in the cilia prevents the 

ciliary localization of Smo (Rohatgi et al., 2007) (Figure 1A). In the presence of Hh signaling, 

the ciliary localization of Smo promotes the localization of unprocessed Gli and Sufu at the tip of 

the cilia and the subsequent activation of Gli proteins (Corbit et al., 2005; Haycraft et al., 2005; 

Rohatgi et al., 2007) (Figure 1B).   

IFT-associated ciliary proteins have also been found to affect the cleavage of Gli proteins 

to form Gli repressors (Haycraft et al., 2005; Huangfu and Anderson, 2005; Huangfu et al., 2003; 

Liu et al., 2005). This role of cilia is indicated by studies in which Ift88 mutant limb bud cells 

exhibited an elevated ratio of full-length Gli3 to Gli3 repressor levels in vitro and polydactyly 

reminiscent of Gli3 mutants in vivo (Haycraft et al., 2005). In addition, Kinesin motor proteins of 

the cilia have been implicated in the release of Gli3 from Sufu, freeing Gli3 to act on the target 

gene (Humke et al., 2010).  While these studies support involvement of ciliary proteins in 

regulating Gli activity, it remains unclear whether the regulation occurs directly or indirectly 

through the maintenance of cilia. 

PLANAR CELL POLARITY (PCP) AND PCP EFFECTOR GENES 

Planar cell polarity (PCP) is the organization and alignment of tissues and repetitive 

structures along an axis in a single plane (Eaton and Julicher, 2011; Rida and Chen, 2009; 

Wallingford and Mitchell, 2011) . One of the best-studied PCP processes is convergent extension 
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(CE) (Keller, 2002). During CE, an embryo elongates head to tail through cells moving toward 

and intercalating along the mediolateral axis. Therefore, PCP mutants characteristically present 

with defects in CE, neural tube closure, and axon tract formation (Tissir and Goffinet, 2010; 

Wang et al., 2006). PCP genes affect these processes by downregulating Wnt signaling, one of 

the core developmental signaling pathways involved in axis determination and limb development 

(Corbit et al., 2008; Wallingford and Mitchell, 2011). 

PCP genes, which include Frizzled (Fz), Van Gogh (Vang), Disheveled (Dsh), Flamingo 

(Fmi), Diego (Dgo), and Prickle (Pk), also facilitate the development of cilia and 

mechanosensory hairs of the inner ear (Rida and Chen, 2009; Ross et al., 2005; Wallingford and 

Mitchell, 2011; Wang et al., 2006). The connection between cilia and PCP has been demonstrated 

in multiple studies. Not only do ciliary gene knockout mice show defective epithelial PCP, but 

mouse models of Bardet-Biedl Syndrome (BBS), a ciliopathy, also exhibit interactions between 

ciliary and PCP proteins (Jones et al., 2008; Ross et al., 2005).    

The PCP effector genes function downstream of the core PCP genes (Rida and Chen, 

2009). They utilize the directional information generated by the asymmetrically localized PCP 

proteins and facilitate tissue-specific morphological cell polarity changes (Jones and Chen, 2007; 

Tree et al., 2002).  The PCP effectors include Fuzzy (Fy), Fritz, and Inturned (Intu), the latter of 

which is the focus of our current study (Collier et al., 2005; Heydeck and Liu, 2011). 

Inturned (Intu) 

Intu homologs exist in multiple species, including Drosophila, Xenopus, mouse, rat, and 

human (Park, 2008; Park et al., 2006; Zeng et al., 2010).  

Drosophila Intu (DIntu) plays a role in the number/initiation and polarity of wing hairs, 

important sensory organelles (Wong and Adler, 1993). Each region of the wing typically displays 

uniformly oriented (polarized) hairs with one hair per cell (Wong and Adler, 1993). The majority 
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of wing cells of DIntu
-/-

 mutants possesses two wing hairs, even in the presence of an adjacent 

wild type cell. This suggests that DIntu cell-autonomously inhibits wing hair initiation, though 

not in a fully penetrant manner (Park et al., 1996). However, DIntu does not regulate wing hair 

development alone. For example, co-immunoprecipitation, localization, and fusion protein rescue 

studies show that DIntu interacts with and recruits other tissue polarity proteins, including 

multiple wing hair (mwh) (Lu et al., 2010).   

Xenopus Intu (XIntu) is involved in ciliogenesis and PCP processes (Park et al., 2006). 

Morpholino knockdown of XIntu results in neural tube defects associated with faulty CE and 

fewer and abnormally oriented cilia (Park et al., 2006). In addition, XIntu co-localizes with PCP-

associated Wnt pathway regulator Disheveled (Dsh) at the apical surface of ciliated cells but not 

non-ciliated cells (Park et al., 2006). These observations support the involvement of XIntu in 

PCP. XIntu mutants also display craniofacial, maxillary, eye, and brain morphology defects 

reminiscent of those observed in other known Hh pathway mutants (Park et al., 2006). These 

observations suggest that XIntu mediates Hh signaling as well. 

Mouse Intu (mIntu), 72% similar to the XIntu protein and 42% similar to the DIntu 

protein, is important in Hh-mediated processes (Zeng et al., 2010). Our lab previously showed 

that mIntu is important in digit, brain, and neural tube patterning and ciliogenesis (Zeng et al., 

2010). Intu null
 
mutants exhibit severe polydactyly of up to nine digits, disproportionate and 

malformed regions of the brain, and reduced cilia number and length. The severe developmental 

defects consistent with disrupted Hh signaling cause lethality in all embryos by E16.5. However, 

mutant mice exhibit only mild CE-related defects. These observations indicate that mIntu either 

has little to no role in mammalian PCP or its role in PCP is functionally redundant to those of 

other PCP or PCP effector genes. Our lab subsequently showed that Fy and mIntu are not 

functionally redundant (Heydeck and Liu, 2011).  
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Double Thumb (Dtm) Mutant  

 In order to further investigate the role of Intu in mammalian development, we studied a 

mouse mutant called double-thumb (dtm, also referred to as Intu
dtm

) for the duplication of digit 1 

in all four limbs (Liu, unpublished) (Figure 9). Dtm mice possess a nonsynonymous T to A base 

substitution in a highly conserved region of the Intu gene located on chromosome 3 (Figure 9A-

C). The substitution results in the replacement of a hydrophobic amino acid isoleucine with a 

polar amino acid asparagine near the C-terminal end of the 942-amino acid Intu protein (Figure 

9B, D). This change results in a recessive allele (Figure 9E).  

 

The goals of our present study are to characterize the dtm phenotype and to explore the 

underlying molecular causes of the observed phenotype. Based on the Hh signaling and ciliary 

defects of Intu null mutants and the role of Ihh in skeletal development, we hypothesize that the 

dtm mutation affects skeletal development and ciliogenesis. Here we report that dtm mutants 

Figure 9 – Genetic overview 

of the double thumb (dtm) 

mutant – (A) The dtm 

mutation of the 0.8Mb long 

Inturned (Intu) gene, also 

known as Pdzk6, is located on 

chromosome 3 in a region 

containing other genes shown. 

(B) The dtm mutation is a 

nonsynonymous point 

mutation that causes an amino 

acid change from isoleucine 

(I) to asparagine (N) (arrow). 

(C) The dtm mutation is 

found in a highly conserved 

region of Intu. (D) The dtm 

mutation occurs at amino acid 

813. The PDZ domain, a 

protein binding domain, 

occurs between amino acid 

187 and 269. (E) The dtm 

mutation is a recessive allele, 

as indicated by the two 

thumbs (arrows) present in the 

IntuDtm/- mice.  
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exhibit reduced survival and stunted growth, in addition to several skeletal, ciliary, and Hh-

related characteristics. Dtm mutants display mild polydactyly, misaligned ribs, reduced 

ossification in the digits, forelimb bones, and vertebrae, and diminished Ptch1 expression in the 

forelimb bones. Dtm mutants also show delayed spinal cord patterning and reduced ciliation in 

the ventral node and kidney. In vitro ciliation studies, though preliminary, suggest that the Intu
dtm

 

protein cannot fully rescue the ciliation defects of Intu null mutant cells.     
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RESULTS 

 

Dtm mice exhibit reduced survival 

To determine the impact of the dtm mutation on viability and development, we monitored 

several litters from birth to postnatal week (PW) 4 (Figure 10). All phenotypically wild type mice 

(true wild type and heterozygous individuals, referred to as “wild type” hereafter) survived to the 

end of the observation period. In contrast, only 55.5% of the dtm mice survived to PW1. The dtm 

mice experienced additional mortality between PW1 and PW2, which was not as severe as that 

between PW0 and PW1. By PW2, only 36.4% of the dtm mice remained. No additional mortality 

was observed among the dtm individuals in PW3 or PW4.  The greater mortality observed in dtm 

mice than their wild type counterparts suggests an important role for Intu in the postnatal survival 

of the mice.  
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Figure 10 – Dtm mice 

exhibit reduced survival – 

Dtm mice exhibit mortality 

between postnatal week 

(PW) 0 and PW4 whereas 

wild type mice do not.   
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The reduction in viability indicates that the dtm mutation causes detrimental prenatal 

and/or postnatal abnormalities. The high mortality observed in the first two weeks followed by 

little to no mortality among the dtm mice suggests that these abnormalities may vary in severity. 

The mutation likely causes severe effects incompatible with long-term survival in individuals 

who die shortly after birth.  It is also possible that severely affected individuals die during 

gestation. In contrast, the mutation likely causes milder defects that have little impact on survival 

in those who survive beyond the first two weeks.  

Dtm mice exhibit reduced postnatal body size and weight 

We noticed that the dtm mutants are consistently smaller than their wild type littermates, 

suggesting that Intu may play a role in regulating postnatal growth (Figure 11A). To confirm and 

quantify this phenotype, we monitored the body weight of the pups from birth to six weeks 

(Figure 11B).   At birth, dtm mice (1.29g) weighed an average of 18.4% less than wild type mice 

(1.58g), a highly significant difference (p=0.0007). The body weights subsequently diverged 

through all time points for which data was collected. By PW6, dtm mice weighed 32% less than 

their wild type counterparts. The presence of significant weight differences at birth suggests that 

the dtm mutation affects prenatal development. The increasing divergence and statistically 

significant weight differences at PW2 (p=0.0023), PW3 (p=0.0341), and PW4 (p=0.0079) suggest 

that the prenatal changes have persisting postnatal effects. It is also possible that additional 

detrimental defects arise postnatally. We also observed clear differences at PW5 (p=0.0558) and 

PW6 (p=0.0566) in weight and size (Figure 11A), but the small sample size of dtm mice likely 

affected the statistical analysis.  
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SKELETAL CHARACTERISTICS 

The lower body weight in dtm mice may result from defects in skeletal development. To 

address this possibility, we examined skeletal patterning and ossification in dtm mutants. 

Dtm mutants likely exhibit forelimb bones of normal length in embryogenesis 

One component of skeletal development we evaluated was the length of the forelimb long 

bones. Although wild type and dtm mice differed noticeably in postnatal size, no significant 

differences in forelimb bone lengths were observed at E16.5, E17.5, or E18.5 (Figure 12). The 

bone lengths of the dtm individuals were nearly 100% of the wild type lengths. Minor deviations 

from wild type lengths are likely attributable to small sample size and methods of measurement. 

Figure 11 – Dtm mice exhibit 

reduced postnatal body size and 

weight – (A) PW6 littermates 

differ in size. (B) Body weights of 

wild type and dtm mice diverge 

from birth to PW6. *p<0.05; 

**p<0.005 
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These explanations may also account for the statistically significant value at E17.5 that is 

inconsistent with the rest of the data set.  

The similar bone lengths of the wild type and mutant mice at embryonic stages are 

consistent with the similar birth size and small absolute difference in birth weight. It is likely that 

the difference in growth primarily occurs postnatally, as supported by the significant divergence 

in body weights (Figure 11).  

 

Dtm embryos exhibit reduced and possibly delayed digital and vertebral ossification  

 Although the lengths of the long bones are similar between wild type and dtm mutant 

embryos, we noticed an obvious delay in endochondral ossification in dtm mutants. Fewer 

domains of ossification were present in the digits of dtm mutants than wild type individuals at all 

three embryonic stages studied (Figure 13A-F). Since the reduced ossification did not resolve by 
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Figure 12 – Dtm mutants likely exhibit normal forelimb bone lengths during embryogenesis – The lengths of 

the dtm humerus, radius, and ulna are similar to the lengths of wild type counterparts except for the radius at 

E17.5. The significant difference (*) may be due to small sample size. *p<0.05  
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E18.5, it is possible that dtm individuals either have permanently less ossification than wild type 

or experience delays in ossification that resolve at a later time point.  

  

Figure 13 – Dtm embryos exhibit 

reduced and possibly delayed 

ossification in the forelimb digits 

and vertebrae – (A-F) Some 

domains of ossification (red) in the 

digits of wild type embryos are 

absent in dtm mice (arrows) at 

E16.5, E17.5, and E18.5. (G-H) The 

ossification of vertebrae of dtm 

embryos is of lower intensity and 

does not extend as caudally as in 

wild type mice at E16.5. Red arrows 

indicate the most caudal vertebra 

with ossification. (I-L) Ossification 

in the vertebrae of wild type and dtm 

embryos appear equivalent at E17.5 

and E18.5. 
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We also observed a lower intensity and extent of ossification in the center of the 

vertebrae of dtm individuals than in wild type at E16.5 (Figure 13G-H). In wild type embryos, 

the vertebral ossification was very dark and extended caudally along the vertebral column to the 

pelvic level. In dtm mutants, the ossified region was lighter in color, smaller in size, and extended 

caudally only a few vertebrae beyond the rib cage. By E17.5 and E18.5, the ossification patterns 

were of equal intensity and extended along the length of the tail in both wild type and mutant 

individuals (Figure 13I-L). The resolution of the ossification differences suggests that the dtm 

mutation may cause a delay in vertebral ossification. 

Dtm embryos exhibit delayed ossification in forelimb bones at early stages  

 In addition to the ossification of the digits and vertebrae, we quantified the ossification in 

the forelimb bones as a fraction of bone length (Figure 14). Significant differences in ossification 

between wild type and dtm individuals were consistently present at early time points, but 

generally absent at later time points. At E16.5, the ossified fraction of the humerus, radius, and 

ulna was significantly less in the mutants than in the wild type (p=0.01, 0.03, and 0.01, 

respectively).  A 32%, 11%, and 8.3% difference in average ossified fraction of the humerus, 

radius, and ulna was observed, respectively. At E17.5, a significant difference was observed in 

the humerus (11% difference, p=0.04), but not in the radius or ulna (9.7% difference, p=0.36 and 

3.3% difference, p=0.27, respectively). At E18.5, significantly less ossification was found in the 

radius of dtm embryos than in wild type (9.9% difference, p=0.002), but not in the humerus or 

ulna (1.6% difference, p=0.41 and 0% difference, p=0.80, respectively). The greater similarity in 

ossification at later stages suggests that the dtm mutation may cause ossification delays in the 

long bones of the forelimb. Similar delays in ossification were observed in the vertebrae, where 

less ossification was observed in the mutants at E16.5, but equivalent ossification was observed 

between wild type and mutant embryos at E17.5 and E18.5 (Figure 13G-L). 
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Dtm embryos exhibit reduced Ptch1 expression in the forelimb bones 

 Previous studies indicate that Ihh promotes chondrocyte proliferation and hypertrophy 

during endochondral bone development (Joeng and Long, 2009). To investigate whether 

defective Hh signaling underlies the observed skeletal phenotype, we examined the expression of 

a direct target of Hh, Ptch1, via X-gal staining of mouse embryos expressing a Ptch1-lacZ 

reporter gene (Figure 15). As previously reported, Ptch1 is highly expressed in the 

perichondrium (a layer of cells surrounding the cartilage) and in the proliferative and 

hypertrophic chondrocytes near the ends of the bones. 

 In dtm mutant embryos (Figure 15B, D, F), the level of Ptch1 expression is lower 

compared to that in wild type embryos (Figure 15A, C, E), suggesting reduced Hh signaling in 

dtm mutants. The reduced levels of Ptch1 expression in dtm embryos at E14.5 support the notion 
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that the dtm mutation affects bone development in the earlier stages of ossification, which begins 

at around E13.5-E14.5. These results are consistent with the later stage (E17.5-E18.5) resolution 

of earlier stage (E16.5) ossification differences in the vertebrae (Figure 13G-L) and long bones 

(Figure 14) of wild type and dtm embryos. 

   

Figure 15 – Dtm embryos exhibit reduced Ptch1 expression in the forelimb – X-gal-

stained forelimb bone sections from mouse embryos expressing a Ptch1-lacZ reporter gene 

indicate lower Ptch1 expression in dtm mutants (B, D, F) than in wild type (A, C, E). 

Ptch1 expression is greatest in the perichondrium and in the proliferative and hypertrophic 

zones near the ends of the bones. Limb bones: Humerus (H), radius (R), ulna (U); Zones of 

developing bone: Proliferating (P), Prehypertrophic (PH), Hypertrophic (H), Ossifying (O) 
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Dtm mice exhibit rib and sternal vertebrae misalignment 

In addition to a delay in endochondral ossification in the long bones and vertebrae, we 

noticed other interesting skeletal defects, including misalignment of the ribs and sternal vertebrae. 

In normal embryos, ribs are connected to the sternum in pairs and ossification of the sternum 

initiates in the inter-rib region (Figure 16A, C). In contrast, dtm mice exhibited severe rib and 

sternal vertebrae misalignment (Figure 16B, D). The misalignment was clearly observed as offset 

rib pairs and s-shaped ossified regions of the sternum, not as rectangular regions seen in wild type 

mice (red stain in Figure 16A, C). In conjunction with the misalignment, dtm mice possessed an 

additional unpaired rib on one side at the most caudal point of attachment on the sternum (Figure 

16B, D).  

 

  

Figure 16 – Dtm mice exhibit rib 

and sternal vertebrae 

misalignment – Rib and sternal 

vertebrae misalignment in dtm 

mice (B, D) is indicated by the s-

shaped sternal ossification (dark 

red staining, red arrow), uneven 

rib pairing, and the attachment of 

an extra rib (*) on the sternum, all 

of which are absent in wild type 

mice (A, C),  at E17.5 and E18.5. 
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HH SIGNALING AND CILIA-RELATED CHARACTERISTICS 

Dtm mice exhibit mild polydactyly 

 Dtm mice are characterized by mild polydactyly, presenting with one extra digit (thumb) 

per limb (Figure 17B, D). The size of the extra digit can vary among dtm individuals. Some 

mutants possess extra digits of normal length while others possess only small, knobby outgrowths 

on the normal thumb (not shown). The presence of polydactyly, combined with the known 

involvement of Shh signaling in limb patterning, suggests disruptions of Hh signaling. 

  

Figure 17 – Dtm mice exhibit 

polydactyly – Forelimb of 

E.18.5 wild type and dtm mice 

with thumbs indicated by red 

arrows (A-B) Whole mount 

(C-D) Bone (Alizarin Red) 

and cartilage (Alcian Blue) 

staining  
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Dtm embryos may exhibit developmental delays in neural tube patterning 

 To further evaluate the impact of the dtm 

mutation on Hh signaling, we examined the 

expression pattern of neural development markers 

regulated by the Shh gradient at E10.5. Pax6 was 

expressed equally in wild type and mutant embryos, 

but the boundaries of Nkx2.2, Foxa2, and Islet1 

expression were less defined and expanded more 

dorsally in dtm individuals (Figure 18A-H). An 

overlap of Foxa2 and Nkx2.2-expressing cells was 

also seen in the mutant sample (Figure 18E-F). These 

results suggest a potential developmental delay in the 

compaction and segregation of neural tube cells in 

dtm mutants. Further studies at a later stage would 

allow us to determine whether the differences in 

marker expression pattern persist.  

 

 

Dtm mutants exhibit reduced ciliation 

The skeletal and neural tube defects in dtm individuals are consistent with Hh-related 

defects, suggesting that Hh signaling may be affected by the dtm mutation. Our previous studies 

indicated that Intu is essential for cilia formation and that cilia is required for Hh signaling (Liu et 

Figure 18 – Expression of neural markers suggest a possible 

neural patterning delay in dtm mutants – (A-B) No clear 

difference in Pax6 expression between wild type and dtm embryos. 

(C-D) More dorsally expanded Nkx2.2 expression in dtm embryos. 

(E-F)  More dorsally expanded Foxa2 expression and overlap of 

Foxa2 and Nkx2.2-expressing cells (arrow) in dtm embryos. (G-H) 

More dorsally expanded Islet1 expression in dtm embryos. Images 

from the forelimb region of E10.5 mutants. 
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al., 2005; Zeng et al., 2010). Therefore, we tested the hypothesis that the dtm mutation disrupts 

cilia formation, which leads to compromised Hh signaling. Since primary cilia are important in 

kidney function and nervous system development, we examined the effects of the dtm mutation 

on ciliation in these tissues (Berbari et al., 2013; Briscoe and Ericson, 2001). We observed an 

average of 54.7% fewer cilia in kidney sections of PW6 dtm mice than in wild type sections of 

comparable cell density (Figure 19A-B). The difference was highly significant (p=0.000002). 

While the number of cilia was not quantified for the ventral node, qualitative observation 

indicated shorter and fewer cilia in dtm mutants at E8.0 (Figure 19C). These results suggest cilia 

formation is compromised in dtm mutants, which may underlie the aforementioned skeletal and 

neural tube defects. 

 

  

Figure 19 – Dtm mutants exhibit reduced ciliation in the 

kidney and ventral node – (A) Dtm mice have fewer cilia, 

indicated by the red acetylated-tubulin staining, in the kidneys 

than wild type at PW6. DAPI-stained nuclei are blue. (B) The 

average cilia per field in the kidney is significantly less in dtm 

than wild type mice at PW6. *****p<0.000005 (C) Ciliation in 

the ventral node of E8.0 embryos is reduced in dtm mutants 

(SEM). 
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Preliminary in vitro experiments suggest that the dtm mutation may have 

compromised the ability of the Intu protein to rescue ciliation in Intu
-/-

 cells 

To further evaluate 

the impact of the dtm 

mutation on Intu function, 

we conducted in vitro cilia 

rescue studies with 

embryonic Intu
-/-

 limb cells 

(Figure 20). As previously 

reported, ciliation is almost 

completely disrupted in the 

Intu mutant cells (Figure 

19). GFP-Intu over-

expression partially rescued 

the ciliation defects (p=0.01) 

(Figure 20E, G). In contrast, 

GFP-Intu
dtm

 does not appear 

to rescue the ciliation in Intu
-/-

 

cells, suggesting that the 

mutation significantly 

disrupted the protein function (p=0.004) (Figure 20F-G). It is somewhat surprising that the 

ciliation rate in Intu mutant cells (Figure 20D-G) is still significantly lower than that in wild type 

cells (Figure 20A-C, G), even in the presence of GFP-Intu (p=0.003), suggesting a rather 

inefficient rescue. More experiments are thus needed to improve the rescue efficiency.   

Figure 20 – Preliminary in vitro experiments suggest  that the dtm 

mutation may have compromised the ability of the Intu protein to rescue 

ciliation in Intu-/- cells – (A-C) Wild type cells transfected with GFP, GFP-

Intu, and GFP-Intudtm grew cilia (red, acetylated-tubulin [cilia]; blue, DAPI 

[nuclei]; green, GFP [transfected]). (D-F) GFP and GFP-Intudtm failed to 

rescue ciliation in Intu-/- cells. Interestingly, only a partial rescue was observed 

with GFP-Intu transfection. (G) Ciliogenesis was not fully rescued in Intu-/- 

cells, though a partial rescue was observed in the presence of GFP-Intu. 

*p<0.05, **p<0.005, ***p<0.0005 
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DISCUSSION 

 

Intu mediates Shh and Ihh signaling  

The characteristics we observed in dtm mice – polydactyly (Figure 17), reduced 

ossification in the vertebrae (Figure 13G-L), digits (Figure 13A-F), and forelimb bones (Figure 

14), reduced Ptch1 activity in the forelimb bones (Figure 15), and altered expression of neural 

markers in the spinal cord (Figure 18) – suggest that the dtm mutation alters Hh signaling. This 

hypothesis is consistent with the results of our previous in vivo and in vitro studies of Intu null 

mutants (Zeng et al., 2010). These studies revealed that Intu mediates Hh signaling for limb 

patterning and central nervous system development, which are known roles of Shh signaling and 

characteristics that are also mildly affected in dtm mutants (Jacob and Briscoe, 2003; Laufer et 

al., 1994; Litingtung et al., 2002; Lopezmartinez et al., 1995; Riddle et al., 1993; Zeng et al., 

2010).  

In addition to Shh signaling, the skeletal defects and stunted growth in dtm mutants 

suggest that Intu also plays a role in Ihh signaling (Lai and Mitchell, 2005; Maeda et al., 2007; St-

Jacques et al., 1999). Our previous studies showed that Intu null mutants exhibit disrupted 

proteolytic processing of Gli3, likely due to insufficient ciliation (Zeng et al., 2010). Given the 

reduced ciliation we observed in Intu-/- limb cells and the ventral node and kidney of dtm mice, a 

similar mechanism potentially underlies the observed Ihh-related phenotype (Figure 19). Gli3 is 

an important part of the Ihh/PTHrP feedback mechanism for endochondral ossification (Figure 6) 

(Joeng and Long, 2009). Unbalanced levels of Gli3 repressor can disrupt the feedback loop and 

cause reduced chondrocyte proliferation and premature chondrocyte hypertrophy that leads to 
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decreased bone growth (Hellemans et al., 2003; Karp et al., 2000; Maeda et al., 2007; Razzaque 

et al., 2005; St-Jacques et al., 1999). 

Intu-regulated ciliogenesis mediates Hh signaling 

The characteristics of dtm individuals are partly reminiscent of some IFT and motor 

protein mutants, which further supports the notion that Intu mediates Hh signaling through the 

regulation of ciliogenesis. Ift25 null mutants exhibit mild polydactyly and rib misalignment 

similar to that observed in dtm mice (Keady et al., 2012). The presence of neural tube patterning 

defects in E9.5 Ift25 null mice that resolve by E10.5, including expanded Pax6 expression, is also 

consistent with the normal Pax6 expression in dtm mice at E10.5. It will be interesting to 

determine whether the expression of Pax6, as well as Nkx2.2, Islet1, and Foxa2, is transiently 

altered at E9.5 in dtm mutants. Although additional studies are needed to determine if Shh-related 

heart and palate structure defects found in Ift25 null mutants are also present in dtm mice, it is 

unlikely that dtm mice have similarly severe defects. Ift25 null mice survive to birth but die at P0 

due to heart and respiratory defects. Dtm mice do not appear cyanotic at birth and have consistent 

survival once they survive past PW2. The similarity of some of the milder dtm and Ift25 null 

characteristics suggests that normal Ift25 activity may be reduced by the dtm mutation. Since 

Ift25 is not required for ciliogenesis but is required for removing Smo and Ptch1 from the cilia 

and localizing Gli2 to the tip of the cilia, the dtm mutation also likely affects the activity of other 

ciliogenic genes (Keady et al., 2012). 

Other candidates that may be affected in dtm mutants include Ift80, Ift88, and Kif3a, all 

of which are required for ciliogenesis and affect skeletal development (Huangfu et al., 2003; 

Yang and Wang, 2012). Ift80, expressed during early stages of osteoblast differentiation, 

promotes calcium and phosphate deposition (Yang and Wang, 2012). In vitro studies demonstrate 

that Ift80 mutant cells exhibit reduced bony matrix deposition, likely due to disrupted Gli2 
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activation (Yang and Wang, 2012). This may explain, in part, the reduced ossification observed in 

dtm individuals. Ciliation is also reduced from 75-80% in wild type cells to 15-20% in Ift80 

mutant cells (Yang and Wang, 2012). A minority of mutant cells also possessed shortened cilia. 

The impact of Ift80 mutation on ciliation is similar to the reduction but not absence of ciliation in 

dtm individuals. However, the long, narrow rib cage, short long bones, and short ribs of Ift80 

mutants are not seen in dtm individuals although both mutants present with polydactyly (Beales et 

al., 2007; Humke et al., 2010).  

Cartilage-specific Ift88 mutants exhibit disrupted chondrocyte organization, premature 

chondrocyte hypertrophy, and reduced ciliation within postnatal growth plates (Chang and Serra, 

2013; Song et al., 2007). Decreased Ptch1 and Gli1 levels in the growth plates of cartilage-

specific Ift88 mutants are similarly observed in cartilage-specific Ihh mutants (Chang and Serra, 

2013). These studies therefore support the hypothesis that the stunted postnatal growth of dtm 

mutants results from reduced Ihh signaling due to inadequate ciliogenesis. However, we have 

only examined embryonic growth plates (Figure 15). Additional studies of Ptch1 and Gli activity 

and ciliation in the growth plates of postnatal dtm mice are needed for comparison. 

In addition, defects in Kif3a, a Kinesin motor subunit, primarily cause postnatal skeletal 

defects similar to the dtm phenotype (Song et al., 2007). Cartilage-specific Kif3a mutants 

experience postnatal dwarfism, which is consistent with the small absolute difference in birth 

weight between wild type and dtm mice and the significantly reduced postnatal weight and size of 

dtm mice (Song et al., 2007). It is suspected that the stunted growth in cartilage-specific Kif3a 

mutants results from the premature termination of the chondrocyte proliferation and the 

premature initiation of chondrocyte hypertrophy due to the absence of cilia (Song et al., 2007). 

Since ciliation is reduced but not absent in dtm mice, the dtm mutation probably does not 

completely eliminate Kif3a function, if it is affected at all. 
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The similarity of the dtm phenotype to skeletal and ciliary abnormalities found in IFT and 

motor protein mutants therefore suggests that Intu regulates Hh signaling through the mediation 

of ciliogenesis.  

Intu potentially affects alternative pathways for skeletal development  

In addition to Ihh signaling, it is possible that the dtm mutation also affects skeletal 

development through other pathways. For example, an Ihh/FGF18 (fibroblastic growth 

factor)/FGFR3 (FGF receptor) feedback loop regulates chondrocyte proliferation and 

differentiation (Horton and Degnin, 2009). Ihh increases FGF18 secretion, which upregulates 

FGFR3 activity in the growth plate once chondrocyte proliferation and differentiation has reached 

sufficient levels. FGFR3 prevents bone lengthening by inhibiting chondrocyte proliferation, 

differentiation, and matrix deposition. Ihh activity is subsequently reduced through negative 

feedback. Therefore, it is possible that the reduced skeleton size of dtm individuals results from 

disruption of this feedback mechanism, which has been implicated in achondroplasia dwarfism 

(Horton et al., 2007). 

The relationship between IGF1 (insulin-like growth factor)/IGFR1 (IGF receptor) and 

Ihh has also been studied in the context of skeletal development (Long et al., 2006; Wang et al., 

1995). IGFR1
-/-

 mutants generally die immediately after birth from respiratory failure and exhibit 

reduced birth weight (60% of wild type) and body size (45% of wild type) (Liu et al., 1993). They 

also experience delayed ossification (Liu et al., 1993). IGFR1;Ihh double knockout mice are 

characterized by lower birth weights and more severe dwarfism than either single mutant, 

indicating that IGFR1 and Ihh regulate bone growth independently of one another (Long et al., 

2006). Although the dtm mortality and weight and size deficit is much milder than that of these 

knockout mice, it is possible that the dtm mutation alters, but does not eliminate IGF function, in 

addition to modifying Ihh activity. 
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Other explanations unrelated to Hh signaling or cilia for the smaller size of dtm 

individuals are also possible. Given that the difference in wild type and dtm body size is greatest 

postnatally, nutritional issues shortly after birth may account for the stunted growth. Maternal 

deprivation, lack of interaction with or separation from the mother, can lead to nutrient 

deprivation (Ding et al., 2010). Heat deprivation as a consequence of maternal deprivation can 

exacerbate the nutrient and growth deficits (Ding et al., 2010). Such circumstances can cause 

neonatal stress, which has been shown to make mice more vulnerable to weight loss, anorexia, 

and reduced appetite as adults (Avitsur and Sheridan, 2009). Evaluation of newborn behavior will 

help to prove or eliminate this possibility. 

Intu does not play an essential role in PCP 

Since Intu is a PCP effector gene, it is also possible that the stunted growth of dtm 

mutants may be attributable to altered PCP signaling, as PCP signaling has been implicated in 

chondrocyte alignment (Li and Dudley, 2009). However, this is unlikely because minimal PCP-

related defects were observed in Intu null mutants, suggesting that Intu does not play an essential 

role in PCP (Zeng et al., 2010). 

Additional experimentation 

 Our preliminary studies of the dtm mutant phenotype have yielded some exciting results. 

However, more experiments are needed to corroborate and expand on our results. For the body 

weight study, only three dtm mice were available at later stages due to the loss of some dtm 

mutants (compared to ndtm=13 at P0). This likely accounts for the absence of statistical 

significance at PW5 and PW6 in spite of the clear divergence between wild type and mutant body 

weights. In the bone ossification and bone length studies, only one to three dtm individuals were 

available for each time point. Additional samples are needed to determine whether the observed 
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differences in ossification reflect true differences, natural variation, or artifacts of incongruent 

embryo staging and/or depth of field variations of images from which measurements were taken. 

In addition, these measurements should be taken at postnatal stages when the body weight 

difference between wild type and dtm mutants is significant.  

 Modifications to the experimental system in the in vitro cilia rescue studies are also 

needed to improve transfection efficiency and optimize cilia induction. Optimizing the density of 

cells, length of starvation period, length of the post-transfection incubation, and amount of DNA 

used may produce more consistent data. Examining the ciliation in chondrocytes would also be 

helpful for understanding the local cellular activity in developing bone. 

 To gain a more thorough understanding of the temporal distribution of dtm mutation 

effects, repeating ossification, spinal cord immunohistochemistry, and ciliation studies at 

additional time points is necessary. The differences in ossification in the digits of wild type and 

dtm mice persisted throughout E16.5-E18.5, while differences in the vertebrae resolved. 

Evaluating ossification when it typically begins at E13.5 through postnatal ages would allow us to 

determine whether delays or permanent reductions in ossification exist in mutant individuals. 

Such experiments, in addition to studying Ptch1 activity at similar stages, would also clarify the 

timing of those differences. In addition, evaluating the expression of neural markers in the spinal 

cord at time points earlier and later than E10.5 would clarify the nature of the differences in 

neural cell differentiation. These studies would reveal whether a delay exists, in which case the 

differences would resolve, or the differences reflect natural variation. Investigating the ciliation 

rate in the kidney at time points younger than PW6 would achieve similar goals. Understanding 

the effect of the dtm mutation on ciliation and Hh signaling can help to elucidate the etiology of 

the dtm phenotype. In all of these experiments, postnatal time points are important since the 

diverging body weights suggest that the mutation has persisting postnatal effects.  
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Future direction 

 In the present study, we  primarily examined the bones that undergo endochondral 

ossification. Expanding our studies to other bones, including ones that undergo intramembranous 

ossification, would contribute to a more complete understanding of the role of Intu. We could 

also explore the morphology and size of organs, such as the brain, heart, and lungs, in dtm 

mutants. This would allow us to compare the dtm characteristics to those of other published IFT, 

PCP, and Hh-related mutants in order to better identify the proteins whose activity is disrupted by 

the dtm mutation. 

 Although the characteristics of dtm mice suggest the involvement of Shh and Ihh 

signaling, we have yet to explore the involvement of Dhh signaling. Evaluating fertility through 

breeding of dtm individuals is one possible avenue for beginning this investigation.  

 After gaining an understanding of the developmental nature of the dtm phenotype, it 

would be interesting to explore which parts of the Intu gene are responsible for function. This can 

be achieved through in vitro studies looking at the ciliogenic and osteogenic capabilities of cells 

transfected with variants of Intu. Findings from such studies could be used to investigate the 

evolutionary conservation of Intu across species and may provide additional insight on the 

function and behavior of PCP effector genes. 

Conclusion 

 Our studies of the dtm mutant, though preliminary, suggest that the PCP effector gene 

Intu promotes ciliogenesis, skeletal patterning and growth, and neural tube patterning in 

mammalian embryonic development. The actions of Intu involve Hh signaling, including Shh and 

Ihh. Understanding the genetic and molecular basis of ciliogenesis and skeletal defects has the 

potential to advance our knowledge of the pathology of ciliopathies in humans. These insights 

may one day translate to viable, more effective treatments for these congenital disorders. 
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MATERIALS AND METHODS 

 

Generation of Intu
dtm/dtm

;
 
Ptch1-lacZ transgenic embryos 

Ptch1-lacZ transgenic mice were genotyped based on the methods described in Goodrich 

et al., 1997. 

Intu
dtm/+

 females were mated with Intu
dtm/+

; Ptch1-lacZ males to produce homozygous 

Intu
dtm/dtm

; Ptch1-lacZ embryos. Genomic DNA was prepared by incubating tail snips overnight in 

100ul lysis buffer (50mM TrisHCl, pH8.8, 1mM EDTA and 0.5% Tween 20) with proteinase K 

(100µg/mL) at 55ºC. Embryos were genotyped for lacZ by polymerase chain reaction (PCR) on 

genomic DNA using primers CCGAACCATCCGCTGTGGTAC and 

CATCCACGCGCGCGTACATC. The electrophoresis of the PCR products was performed using 

ethidium bromide-stained agarose gels.  

X-gal staining of Ptch1-lacZ transgenic embryos 

Embryos were dissected and fixed in 4% paraformaldehyde (PFA) for 1-3 hours at 4ºC. 

Subsequently, embryos were washed three times for 15 minutes per wash using wash buffer (0.1 

M phosphate buffer, 2 mM MgCl2 and 0.02% Nonidet P-40) and stained overnight at 37ºC in X-

gal solution (in wash buffer: 5 mM potassium ferrocyanide [K3Fe(CN)6], 5 mM potassium 

ferricyanide [K4Fe(CN)6.3H2O], 1 mg/mL X-gal [5-Bromo-4-chloro-3-indolyl β-D-

galactopyranoside, Sigma] and 0.01% sodium deoxycholate for improved penetration). After 
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staining, the embryos were washed using wash buffer three times for five minutes per wash and 

stored in 4% PFA at 4ºC until further processing and imaging. 

For sectioning, fixed X-gal-stained embryos were washed three times in cold phosphate 

buffered saline (PBS) for 15 minutes per wash. The tissue was then submerged in 30% sucrose in 

PBS and incubated in Tissue Tek OCT compound before freezing. The tissue was sectioned 

at10µm and allowed to air dry for one hour. Sections were stored at -80ºC until mounted and 

imaged on the Nikon E600 microscope at 4x and 10x magnification. 

Bone and cartilage staining 

Embryos were soaked in water for 24 hours prior to skin removal and evisceration. 

Embryos were then fixed in 95% ethanol for three days followed by staining in cartilage-specific 

Alcian Blue solution for 24 hours (for 50mL solution: 10mL glacial acetic acid, 40mL 95% 

ethanol, 7.5mg Alcian Blue 8GX, Fluka). Subsequently, embryos were rinsed with 95% ethanol 

and stained in fresh Alcian Blue for an additional 24 hours. Embryos were then stained in bone-

specific Alizarin Red (Harleco) solution (50mg Alizarin Red per liter of 2% potassium hydroxide 

[KOH]) for three hours, rinsed in 95% ethanol, and stained in fresh Alizarin Red overnight. 

Samples were cleared in 1% KOH for a few days and then transferred from 20 to 40, 60, 

and 80% glycerol solutions in 1% KOH over a few weeks to remove excess dye. 

All whole mount embryo images were taken on the Zeiss KD2500 microscope. Whole 

embryo images were taken with 16.5x magnification (E11.5) and 8x magnification (E16.5-18.5). 

Limb images were taken with10x magnification (E16.5-18.5) and sternum images with 15x 

magnification. 

Bone measurements were taken manually from images and reflect the maximum lengths. 

The ossified fraction of a bone was determined as shown in Figure 21. Measurements were 

standardized to account for variation in image magnification and animal body size. 
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Immunohistochemistry 

Kidney and spinal cord tissues were fixed in 4% PFA for two hours on ice and prepared 

and sectioned as described above (see “X-gal staining of Ptch1-lacZ transgenic embryos”). 

Sections stored at -80ºC were dried for one hour at room temperature and then incubated 

in blocking buffer (1% normal goat serum [NGS], 0.1% Triton X-100 in PBS) for one hour. 

Sections were incubated overnight in primary antibody at 4ºC. The primary antibody used for the 

kidney sections was rabbit α-mouse ARL13B (1:1000 dilution, Tamara Caspary). The primary 

mouse antibodies used for spinal cord sections included Nkx2.2 (1:40), Pax6 (1:500), Islet1 

(1:1000), and Foxa2 (1:40), all from the Developmental Studies Hybridoma Bank. Slides were 

washed three times for 10 minutes per wash in blocking buffer and then incubated in secondary 

antibody for one hour at room temperature. The secondary antibody used for the kidney sections 

was Cy3-conjugated goat α-rabbit (1:250, Jackson ImmunoResearch). The secondary antibody 

used for the spinal cord sections was Cy3-conjugated goat α-mouse IgG (1:250, Jackson 

ImmunoResearch). All antibodies were diluted in blocking buffer. Slides were washed three times 

for 10 minutes per wash and mounted with Vectashield mounting medium. Slides were stored at 

4ºC until imaged. 

The tissue sections were visualized with the Nikon E600 microscope. Kidney sections 

were imaged at 40x magnification. Spinal cord sections were imaged at 10x magnification.  

Figure 21 – Calculation of the ossified 

fraction of long bones  

Fraction of bone ossified = 
               

                 
  

Lengths are the measurements between the 

two furthest points on a given bone. 
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Generation of the GFP-Intu
dtm

 fusion protein construct 

The GFP-Intu
dtm

 fusion protein construct was generated by introducing the dtm point 

mutation into the previously generated GFP-Intu construct (Zeng et al., 2010). The primers used 

were ACACCCCCACCCATGAAGAG and TGAAGATGCCTTGCACTGTTTCC. The PCR 

product was purified with the QIAquick PCR Purification Kit (Qiagen), self-ligated, and was 

used to transform competent cells. The dtm point mutation was verified by digestion with HindIII 

(2.3kb and 5kb products) and sequencing with GFP primers ATGGTCCTGCTGGAGTTCGT 

and GGGAGGTGTGGGAGGTTTT and Intu primers GCTATGAAGAGCGGTCAGGT and 

ATGTTGGAGAGGCTGCTGTT. 

Cell culture 

Wild type and Intu
-/-

 mouse limb fibroblasts (E12.5, immortalized with SV40 large T 

antigen) (Zeng et al., 2010)) were maintained at 37ºC and 5% CO2 in media (Dulbecco’s 

modified eagle’s medium [DMEM], 10% fetal bovine serum [FBS], 2 mM GlutaMAX, penicillin 

[100U/mL]-streptomycin [100µg/mL]). Cells were allowed to proliferate to 90-95% confluence 

on plates coated with 0.1% gelatin before passing. 

Immunocytochemistry 

Confluent cells were passed onto 0.1% gelatin-coated coverslips in media without 

antibiotics (DMEM, 10% FBS, 2mM GlutaMAX) the day prior to transfection. The cell dilution 

was adjusted so that the cells would reach ~50% confluence within 24 hours.  DNA (GFP, GFP-

Intu, or GFP-Intu
dtm

; 0.8µg/50µL opti-MEM/coverslip) and Lipofectamine 2000 (Invitrogen, 

2µL/50µL opti-MEM/coverslip) were combined and incubated at room temperature for 20 

minutes. Cells were then transfected with 100µL of the solution per coverslip in a 24-well plate. 

The transfected cells were incubated in media without antibiotics for 10-12 hours and then 
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starved for 24 hours (DMEM, 0.5% FBS, 2mM GlutaMAX, penicillin [100U/mL]-streptomycin 

[100µg/mL]) to allow cilia to grow.  

Cells were harvested and rinsed with warm PBS prior to fixation in 4% PFA for 10 

minutes at room temperature. Cells were then rinsed twice with PBST (PBS, 0.1% Triton X-100) 

and blocked with a solution of PBST+10% NGS for 10 minutes. Subsequently, cells were 

incubated in primary antibody overnight at 4ºC (α-acetylated tubulin, 1:1000 dilution, Sigma; 

GFP, 1:500, Invitrogen). Cells were then rinsed three times with PBST and incubated in 

secondary antibody for two hours at room temperature (Cy3-conjugated goat α-mouse, 1:500, 

Jackson ImmunoResearch; AF-488 goat α-rabbit, 1:500). All antibodies were diluted in a solution 

of PBS+10% NGS. Following three washes with PBST and one wash with water, the coverslips 

were mounted onto glass slides with Vectashield mounting medium with DAPI. 

The slides were stored at 4ºC and visualized under a Nikon E600 microscope and imaged 

at 60x magnification. 

Statistical analyses 

 Data was analyzed using the Microsoft Excel function for unpaired, two-tailed T-tests. 
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