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Abstract 

Indian hedgehog (IHH) is involved in regulating bone development, playing a 

particularly important role in endochondral ossification. Mutations in the IHH gene have 

been implicated in two human genetic diseases, brachydactyly type Al and 

acrocapitofemoral dysplasia. This project involves characterizing these mutations and 

elucidating the resulting defect in IHH function. Nine mutant IHH constructs were 

created using site-directed mutagenesis to induce point mutations into full-length IHH 

cDNA, and HEK293 cell lines stably expressing each of the mutant constructs were 

established. Attempts to characterize the mutant IHH constructs using in vitro models of 

chondrogenesis were unsuccessful due to a lack of long-term expression and low 

transfection efficiency. The HEK293[IHH] stable lines were co-cultured with SHH-

Light II cells (a hedgehog-responsive cell line) to measure the activity of the mutant 

constructs and compare to IHH . Secretion and processing of the mutant IHH 

constructs were assessed by ELISA and western blotting, respectively. Overall, the 

mutations result in decreased intracellular levels of the IHH, with additional defects in 

processing and signaling for several of the mutants. 
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Chapter 1: Introduction 

Bone growth is a highly orchestrated process, involving many different players with 

interactions between multiple signaling pathways. Dysregulation of a single pathway can 

disrupt the balance of proliferation and differentiation of cells within the growth plate, 

leading to skeletal abnormalities. Indian hedgehog, (IHH) is one of the major players in the 

process of endochondral ossification and this research project attempts to decipher the 

resulting defect in bone development caused by mutations in IHH. 

1.1. Hereditary disorders of bone development 

1.1.1. Brachydactyly type A1 

Brachydactyly was first described by William Farabee in his Ph.D. dissertation in 1903, 

making it the first human condition to be characterized by Mendelian autosomal dominant 

inheritance (Farabee, 1903). The families he described from Pennsylvania presented with 

short, broad hands and short stature. In England a few years later, Drinkwater described 

three families with the same condition (Drinkwater, 1908; Drinkwater, 1912; Drinkwater, 

1915; Girirajan, and Elsea, 2005). Four decades later, Julia Bell created a classification 

system for brachydactyly, breaking it into five types (types A, B, C, D, and E) based on 

common phenotypes (Bell, 1951; Fitch, 1979). Brachydactyly type A was divided into three 

subtypes Al, A2, and A3. 

Brachydactyly type Al (BDA1) is a rare form of brachydactyly characterized by 

shortened middle phalanges of all digits of the hands and feet (Figure 1.1). In severe cases, 

1 



Figure 1.1. Morphological characteristics of hands of BDA1 patients. The various bones 
and digits of the hand are labelled in panel A, both an unaffected hand and a BDA1 hand are 
presented (modified from Girirajan and Elsea, 2005). Panel B illustrates the characteristics 
of a digit of an unaffected individual, as well as a BDA1 digit and a severe BDA1 digit 
(modified from Drinkwater, 1915). The severely affected digit has the middle phalanx fused 
to the distal, creating the characteristic pawn-shaped bone. An X-ray of a patient with 
shortened middle phalanges is shown in panel C (McCready, 2005; used with permission). 
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the middle phalanges can also be fused to the proximal phalanges. There is also a 

shortening of the proximal phalanx in the thumb and big toe, and affected individuals are 

usually of short stature. Overall, the BDA1 phenotype is highly heterogeneous, and the 

severity of affected individuals varies even within the same family (Byrnes, Racacho, et al, 

2009). 

The locus for BDA1 was mapped to 2q35-q36 in two large unrelated Chinese families 

(Yang, She, et al, 2000). The following year, the same group identified three heterozygous 

missense mutations in the IHH gene in all affected members of three unrelated Chinese 

families (Gao, Guo, et al, 2001). To date, there have been six additional missense mutations 

and one deletion mutation identified in families of various ethnicity (Byrnes, Racacho, et al, 

2009; Giordano, Gennari, et al, 2003; Kirkpatrick, Au, et al, 2003; Liu, Wang, et al, 2006; 

Lodder, Hoogeboom, et al, 2008; McCready, Sweeney, et al, 2002; McCready, Grimsey, et 

al, 2005; Stattin, Linden, et al, 2009; Zhu, Ke, et al, 2007). This brings the total number of 

BDA1 mutations to ten, involving seven conserved residues in the amino terminal portion of 

IHH (Figure 1.2 and Table 1.1). 

1.1.2. Acrocapitofemoral dysplasia 

Acrocapitofemoral Dysplasia (ACFD) is another rare skeletal dysplasia that is caused by 

mutations in IHH. It is an autosomal recessive condition that has only been diagnosed in five 

individuals in two families of Belgian and Dutch origin (Hellemans, Coucke, et al, 2003; 

Mortier, Kramer, et al, 2003). The phenotype of patients with ACFD includes short stature 

and brachydactyly (Figure 1.3). Patients also had a narrow thorax, and a relatively large 

head. Premature epiphyseal closure was present in the phalanges and the proximal femur. 

3 



Figure 1.2. Localization of mutations within the ammo-terminal fragment of IHH. The 
sequence alignment in panel A shows the location of all of the BDA1 (red) and ACFD (blue) 
mutations characterized in this study (modified from Byrnes et al, 2009). A 3D 
representation of IHH-N (modeled after Shh-N) is shown in panel B with the mutated 
residues highlighted. Residues 46 and 190 are mutated in ACFD (indicated in blue) and lie 
near the N- and C-termini. All other mutations are from BDA1 patients and cluster in the 
centre of the protein (modified from Byrnes et al, 2009). 
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Table 1.1. Summary of mutations in IHH causing BDA1 and ACFD. The DNA 
mutations and resulting amino acid substitutions are listed for both BDA1 and ACFD. 
The ethnicity of the patients and the reference for the study in which the mutations 
were identified are also indicated (modified from Byrnes et al, 2009). Mutations 
marked with an asterisk were not investigated in this study. 
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BDA1 

BDA1 

BDA1 
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ACFD 

ACFD 
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Chinese 
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Byrnes et al, 2009 

Gao et al, 2001 

Byrnes et al, 2009 

Byrnes et al, 2009 

Gao et al, 2001 

Byrnes et al, 2009 

Liu et al, 2006 

Stattin et al, 2009 

Hellemans et al, 2003 

Hellemans et al, 2003 
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Figure 1.3. Phenotypes of patients with ACFD. Panel A shows a 10.5 year-old Belgian 
girl with a P46L mutation who has brachydactyly and mild short stature. The boy in panel B 
is from the Dutch family with the VI90A mutation. He is shown at nine years of age with 
short-limb dwarfism and a narrow thorax. In panel C is a radiograph of the left hand of the 
girl in panel A at 9.5 years of age. The radiograph in panel D is of the left hand of the boy in 
panel B at 11 years of age (Hellemans, 2003; used with permission). 
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Prior to premature closure of the epiphysis, cone-shaped epiphysis were present in the 

shoulders, knees, ankles, proximal femur, and the middle and distal phalanges of the hands. 

The vertebrae of affected individuals were also ovoid in appearance, and the femur had a 

shortened neck with a small bony outgrowth. The affected individuals in the Dutch family 

had severely shortened tubular bones of the upper and lower limbs, however both affected 

individuals in the Belgian family had only a mild shortening. 

Mutations in IHH were found in all affected individuals of both families in the same year 

that the condition was first identified (Hellemans, Coucke, et al, 2003). Both affected 

individuals in the Belgian family have a homozygous C.1370T transition resulting in a 

p.P46L missense mutation. The parents of the affected children in the Belgian family were 

heterozygous for the p.P46L and had mild shortening of the middle phalanges, with severe 

shortening of the middle phalanx of digit V (the little finger). All three individuals in the 

Dutch family have a c.569T>C transition resulting in a p.Vl 90A missense mutation. Only 

one set of parents in the Dutch family showed mild shortening of the metacarpals and 

proximal phalanges. The differences between ACFD and BDA1 mutations may be a result 

of different types of mutations (loss-of-function or gain-of-function) in the recessive and 

dominant conditions, respectively. 

1.2. Hedgehog family of proteins 

1.2.1. Processing of hedgehog proteins 

IHH is a member of the hedgehog family of proteins that act as morphogens which are 

important in developmental processes. The hedgehog proteins are named as such because 
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the Drosophila hedgehog gene (Hh) was discovered during a screen for mutations in segment 

polarity genes, and the fruit flies with mutations in Hh had disrupted denticle formation 

resulting in the entire embryo being covered in bristles, resembling a hedgehog (Nusslein-

Volhard, and Wieschaus, 1980). The mammalian orthologs were later discovered and were 

also named following the same theme: Sonic hedgehog (SHH), Indian hedgehog (IHH), and 

Desert hedgehog (DHH) (Echelard, Epstein, et al, 1993; Krauss, Concordet, and Ingham, 

1993). SHH plays many roles during early development including determining left-right 

asymmetry, development of the central nervous system, and the anterior-posterior axis of the 

limb (reviewed in Chiang, Litingtung, et al, 1996; McMahon, Ingham, and Tabin, 2003). 

DHH is involved in spermatogenesis as well as myelination of the peripheral nervous system 

(Bitgood, Shen, and McMahon, 1996; Mirsky, Parmantier, et al, 1999). IHH is involved in 

the development of parts of the gastrointestinal tract (Bitgood, and McMahon, 1995) and is 

essential for the coordination of chondrocyte proliferation and differentiation at the growth 

plate during endochondral ossification (Lanske, Karaplis, et al, 1996; St-Jacques, 

Hammerschmidt, and McMahon, 1999), which will be discussed in detail later on. 

The following summary of the processing of hedgehog proteins and the hedgehog 

signaling pathway will use results from studies where much of the work done has been on 

Drosophila Hh or SHH. However, due to the high level of conservation of hedgehog 

proteins among vertebrates, we will assume that the basics of processing and signal 

transduction are conserved for IHH as well. 

The IHH gene has three exons and is translated into a protein that is 411 amino acids in 

length which also contains an amino-terminal signal peptide. The IHH full-length precursor 

is a 45 kiloDalton (kDa) protein consisting of the active signaling amino-terminal domain 

and the catalytic carboxy-terminal domain (Figure 1.4). The signal peptide targets the 
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Figure 1.4. Synthesis of the Indian hedgehog protein. The full-length protein is 
translated and undergoes autocleavage and cholesterol addition catalyzed by the C-terminal 
domain. The amino-terminal fragment (IHH-N) is then palmitoylated at the N-terminus by 
the acyltransferase Hhat. 
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protein to the endoplasmic reticulum (ER) where it undergoes autocleavage catalyzed by the 

C-terminal domain to yield the 19 kDa N-terminal fragment, Hh-N (reviewed in Mann, and 

Beachy, 2004). The C-terminal domain also acts as a cholesterol transferase, and a 

cholesterol adduct is covalently attached to the new C-terminus of Hh-N during the 

autocleavage reaction (Porter, Young, and Beachy, 1996). The protein is palmitoylated at 

the amino-terminal cysteine (C24) of SHH-N (equivalent to residue C28 in IHH-N) which is 

exposed after signal peptide cleavage (Pepinsky, Zeng, et al, 1998). The palmitate is added 

via an amide linkage by the membrane-associated hedgehog acyltransferase (Hhat) (Buglino, 

and Resh, 2008) while passing through the secretory pathway. The active, dual lipid-

modified Hh-N is then secreted from the cell by the membrane protein Dispatched (Disp), a 

12-pass transmembrane protein which is related to the Hh receptor Patched (Ptc). Both Disp 

and Ptc are members of a group of proteins related to bacterial transmembrane transporters 

(Burke, Nellen, et al, 1999; Mann, and Beachy, 2004). 

The dual lipid modifications are essential for proper Hh signaling and they serve as 

anchors to the cell membrane, allowing for proper gradient formation by preventing diffusion 

(Mann, and Beachy, 2004). Cholesterol targets the protein to lipid rafts in the cellular 

membrane (Chen, Li, et al, 2004) and is essential for multimerization (Zeng, Goetz, et al, 

2001), while palmitoylation is important for potency (Pepinsky, Zeng, et al, 1998). 

Multimerization is essential for long-range signaling as it allows the hydrophobic hedgehog 

molecule to travel through the extracellular matrix (ECM) and it may occur via interactions 

with heparan sulfate proteoglycans (HSPGs) and lipoproteins (Chen, Li, et al, 2004; Eugster, 

Panakova, et al, 2007; Panakova, Sprang, et al, 2005; Zeng, Goetz, et al, 2001). 

HSPGs consist of a core protein on which the heavily sulfated heparan sulfate (HS) 

glycosaminoglycan (GAG) chains are added. The core protein determines the localization 
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and function of the different HSPG family members such as glypicans (membrane), 

syndecans (transmembrane), and perlecans (ECM) (Ma, Xiao, and He, 2008). Chondroitin 

sulfate proteoglycans (CSPGs) are similar to HSPGs in that they consist of heavily sulfated 

chains attached to a core protein, however the composition of the chains are different 

(Cortes, Baria, and Schwartz, 2009). An example of a CSPG is aggrecan, which is located in 

the ECM at the growth plate (Cortes, Baria, and Schwartz, 2009). Hedgehog molecules bind 

to HSPGs and CSPGs via a conserved Cardin-Weintraub consensus sequence 

(XBBBXXBX) which is found at residue 36-43 in IHH (Cardin, and Weintraub, 1989; 

Cortes, Baria, and Schwartz, 2009; Rubin, Choi, and Segal, 2002). The positive charges of 

the conserved basic residues are essential for the Hh protein to bind to the negatively charged 

sulphated chains of the HSPGs and CSPGs (Cortes, Baria, and Schwartz, 2009; Rubin, Choi, 

and Segal, 2002). It has been recently shown that reduced HSPG and CSPG binding leads to 

a decreased range of IHH signaling at the growth plate (Cortes, Baria, and Schwartz, 2009). 

1.2.2. The hedgehog signaling pathway 

After secretion, multimerization, and trafficking through the ECM, IHH-N binds to its 

receptor Patched (Ptc) on hedgehog-responsive cells. In vertebrates, there are two Ptc 

isoforms, Ptc and Ptc2. However Ptc is thought to be the essential isoform because Ptc2 

deficient mice are viable and have a mild phenotype compared to Ptc deficient mice 

(Goodrich, 1997). Ptc is a 12-pass transmembrane receptor which is functionally related to 

a family of bacterial transporters. Because of the transporter-like properties of Ptc, it has 

been suggested that Ptc represses Smo by pumping a small molecule inhibitor of Smo such 
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as vitamin D3 derivatives or oxysterols (Bijlsma, Spek, et al, 2006; Corcoran, and 

Scott, 2006). It has been suggested that one Ptc molecule can regulate approximately fifty 

Smo molecules (Taipale, Cooper, et al, 2002). When Smo is repressed, the Gli zinc-finger 

transcription factors are processed into their repressor forms, which then enter the nucleus 

and repress the transcription of target genes (Figure 1.5). 

Mammals have three Gli transcription factors, Glil, GH2, and GH3. Glil acts primarily as 

a transcriptional activator, Gli3 as a repressor, and Gli2 functions as both depending on its 

processing (reviewed in Ehlen, Buelens, and Vortkamp, 2006). When Hh binds to Ptc (which 

may exist as a trimer), the complex is internalized and degraded which lifts the repression of 

Smo to allow Smo to target to the membrane at the cilia (Lu, Liu, and Kornberg, 2006). Smo 

then inhibits the processing of the Gli2/3 into the repressor forms, and represses the 

sequestration of GH2 and Glil in the cytoplasm to allow the activated forms of Gli to enter 

the nucleus and activate transcription of target genes which include Gli-1 and Ptc-1. 

Recently there have been many studies implicating the primary cilium as having a role in 

vertebrate Hh signaling (reviewed in Simpson, Kerr, and Wicking, 2009; Singla, and Reiter, 

2006). Primary cilia exist on most vertebrate cells and are solitary (one per cell) and non-

motile (Huangfu, and Anderson, 2005). Intraflagellar transport proteins (IFTs) are involved 

in cilia growth and maintenance and are thus indirectly important for Hh signaling. IFTs 

also play a direct role in Hh signaling by modulating the localization of the Gli transcription 

factors at the cilia (Haycraft, Banizs, et al, 2005; Huangfu, and Anderson, 2005; Liu, Wang, 

and Niswander, 2005; May, Ashique, et al, 2005). It has been shown that Ptc localizes to the 

cilia and prevents Smo from accumulating there (Rohatgi, Milenkovic, and Scott, 2007). 

Smo can only localize to the cilia after Ptc is internalized following Hh binding (Lu, Liu, and 

Kornberg, 2006). 
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Figure 1.5. The hedgehog signaling pathway. Panel A represents a cell in the absence of 
IHH (arrows indicate induction, crossed lines indicate repression). Ptc is repressing Smo and 
the Gli transcription factors are processed into their repressor form (GH2/3) and repress 
transcription of target genes. In panel B, IHH binds to Ptc and the complex is then 
internalized and degraded. This lifts the repression of Smo, allowing it to target to the 
membrane at the cilia and activate the signaling cascade. Smo represses the processing of 
Gli repressor forms, and also represses the sequestration of the Gli activator forms (Gli 1/2) in 
the cilia. Through the action of various IFT proteins, the Gli activators enter the nucleus and 
activate transcription of target genes such as Ptc and Glil. 
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There are a number of different receptors for Hh on target cells which help to precisely 

control the gradient of Hh through the developing tissue. These include receptors that either 

negatively or positively regulate Hh signaling. Hedgehog interacting protein (Hip) is a 

vertebrate hedgehog receptor that negatively regulates Hh signaling. Hip is a membrane-

bound protein that competes with Ptc for Hh binding to restrict the movement of hedgehog 

molecules through the tissue (Chuang, and McMahon, 1999; Jeong, and McMahon, 2005). 

CDO is a transmembrane protein that binds Hh in a calcium-dependent manner 

(McLellan, Zheng, et al, 2008). There are some conflicting reports as to whether CDO 

enhances Ptc binding Hh (Martinelli, and Fan, 2007) or competes with Ptc for Hh binding 

(McLellan, Zheng, et al, 2008). Brother of CDO (BOC) is another Hh receptor and is 

involved in regulating axon guidance by Shh (Okada, Charron, et al, 2006). Sequence 

similarity between BOC and CDO suggests that BOC may also bind Hh in a calcium-

dependent manner (Tenzen, Allen, et al, 2006; Zhang, Kang, et al, 2006). 

Growth-arrest-specific 1 (Gasl) is a receptor that acts as a positive regulator of the Hh 

pathway in vertebrates. Gasl helps to increase the local concentration of Hh at the cell 

because of its high affinity for Hh (Allen, Tenzen, and McMahon, 2007; Lee, Buttitta, and 

Fan, 2001; Martinelli, and Fan, 2007). Calcium may also play a role in Hh binding to Gasl 

(McLellan, Zheng, et al, 2008). Due to the importance of Hh signaling for development, 

multiple receptors have evolved to keep the Hh gradient tightly regulated. 
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1.3. Bone development 

1.3.1. Endochondral ossification 

Intramembranous ossification and endochondral ossification are two different processes 

by which the bones of the human skeleton are formed. Very few bones, such as the clavicle 

and the flat bones of the skull, undergo intramembranous ossification where mesenchymal 

cells differentiate directly into osteoblasts (reviewed in Zelzer, and Olsen, 2003). The long 

bones of the skeleton undergo endochondral ossification where mesenchymal cells first 

differentiate into chondroctyes to form the cartilage template before osteoblasts take over to 

start the ossification process to form bone (reviewed in Karsenty, 2003; Kronenberg, 2003; 

Mackie, Ahmed, et al, 2008). 

Endochondral ossification begins when mesenchymal cells condense and differentiate 

into chondrocytes which then secrete cartilage ECM. This forms the cartilage model of the 

future bone. Chondrocytes at the centre of the condensation mature and undergo 

hypertrophy, leading to the development of the primary ossification centre. 

A secondary ossification centre also forms at the epiphysis, which is the region at the end 

of the bone that forms the joint with adjacent bones. This leaves a region of cartilage 

sandwiched between the two ossification centres (called the growth plate or physis) which is 

responsible for the longitudinal growth of the bone. 

Proliferation and differentiation of chondrocytes at the growth plate follows a 

well-defined pattern and the cells form distinct zones based on their level of maturation. In 

the resting zone, there is little to no proliferation of the chondrocytes and the cells are spaced 

far apart with ECM taking up most of the space (Ballock, and O'Keefe, 2003; Burdan, 

Szumilo, et al, 2009; Melrose, Smith, et al, 2008). These resting chondrocytes may act as 
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chondrocyte "stem-like" cells by producing daughter cells which then form the beginnings of 

new columns of proliferating chondrocytes (Abad, Meyers, et al, 2002). 

In the proliferative zone, chondrocytes become flattened discs which divide longitudinally, 

forming columns of stacked cells. Cells then exit the proliferative zone, stop dividing and 

undergo differentiation into prehypertrophic chondrocytes, and later into hypertrophic 

chondrocytes. When the chondrocytes undergo hypertrophy, they grow ten times in size 

(Lefebvre, and Smits, 2005) contributing to the growth of the bone. Hypertrophic chondrocytes 

secrete type X collagen, orchestrate the mineralization of the surrounding ECM, and induce 

vascularization. Hypertrophic chondrocytes also induce the cells of the adjacent perichondrium 

(the outer layer of the cartilage model) to differentiate into osteoblasts which then form the bone 

collar. After all of this has been accomplished, the hypertrophic chondrocyte undergoes 

apoptosis and osteoblasts lay down bone matrix in its place. After adolescence, fusion of the 

growth plates occurs when the proliferative potential of the chondrocytes is exhausted (Weise, 

De-Levi, et al, 2001). 

This process of differentiation is regulated by many different transcription factors, as well as 

systemic and locally secreted factors (Figure 1.6) (reviewed in Mackie, Ahmed, et al, 2008). 

Briefly, the systemic factors include growth hormone (GH), oestrogen, oxygen tension, and 

thyroid hormone (triiodothyronine, T3). GH induces proliferation of chondrocytes, oestrogen 

induces senescence, and T3 induces hypertrophy. Oxygen tension influences the expression of 

certain transcription factors which will be discussed later. 

Insulin-like growth factor (IGF) and IHH are two locally secreted factors that induce 

proliferation of chondrocytes, while parathyroid hormone-related peptide (PTHrP) delays 

hypertrophy. Bone morphogenetic protein (BMP) induces proliferation and IHH expression, 

while fibroblast growth factors (FGFs) decrease proliferation and IHH expression, acting as a 

BMP antagonist. 
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Figure 1.6. Schematic representations of the signaling pathways involved in 
chondrocyte maturation. Panel A summarizes the various effects of transcription factors, 
systemic factors, and locally secreted factors (arrows indicate induction, crossed lines 
indicate repression; modified from Mackie et al, 2008). Panel B integrates the signaling 
pathways that regulate chondrocyte proliferation and hypertrophy (modified from Provot and 
Schipani, 2005). 



A Resting 
chondrocyte 

Proliferation 

Proliferating 
chondrocytes 

Hypertrophy 

Hypertrophic C 
chondrocyte \ 

Transcription Secreted Systemic 
factors factors factors 

-GN3 

BMPs 
IGFs 
Wnts 
IHH 
J " 
FGFs 

GH 

B 

Proliferation^-^-
v- T w 1+ 

IHH 

t 

1 1 
Hypertrophy 

17 



Transcription factors that play a role in chondrocyte differentiation include SOX9, Runx2, 

Nkx3/Bapxl, myocyte enhancer factor-2 (MEF2C) and histone deacetylase-4 (HDAC4). 

SOX9 is expressed in the mesenchymal condensation stage to induce the cells to differentiate 

into chondrocytes (reviewed in Lefebvre, and Smits, 2005). SOX9 is also expressed in 

proliferating chondrocytes and induces the expression of collagen type II in those cells. 

Runx2 induces hypertrophy and IHH and CollOal expression (Yoshida, Yamamoto, et al, 

2004). PTHrP, SOX9, and HDAC4 all inhibit Runx2 (Guo, Chung, et al, 2006; Vega, 

Matsuda, et al, 2004; Zhou, Zheng, et al, 2006). Expression of Nkx3/Bapxl is induced by 

PTHrP and it also inhibits Runx2 expression (Provot, Kempf, et al, 2006). MEF2C induces 

expression of CollOal and there is a total lack of hypertrophy in Mef2c-null mice (Arnold, 

Kim, et al, 2007). 

Oxygen tension also plays a role in chondrocyte hypertrophy by influencing Runx2 and 

HDAC4 expression. In hypoxic conditions, expression of HDAC4 is activated and Runx2 is 

repressed (Hirao, Tamai, et al, 2006). Most chondrocytes experience low oxygen tension 

compared to other tissues because cartilage is mostly avascular (Schipani, Ryan, et al, 2001). 

Blood vessels invade as the bone ossifies thus increasing the local oxygen concentration and 

influencing chondrocyte hypertrophy. 

1.3.2. The IHH/PTHrP feedback loop 

Two of the secreted factors mentioned briefly in the previous section, IHH and PTHrP, 

are involved in a negative feedback loop to regulate growth in the long bones (Karp, 

Schipani, et al, 2000; Kronenberg, 2003). It has been shown that IHH is expressed 

throughout the entire cartilage model early in mouse development, but at birth it is restricted 

18 



to the prehypertrophic chondrocytes (Bitgood, and McMahon, 1995; Lanske, Karaplis, et al, 

1996; St-Jacques, Hammerschmidt, and McMahon, 1999; Vortkamp, Lee, et al, 1996). 

The cells of the periarticular perichondrium secrete PTHrP, which indirectly represses the 

expression of IHH by inhibiting differentiation of the proliferating chondrocytes into 

prehypertrophic chondrocytes (Figure 1.7). Receptors for PTHrP are expressed in low levels 

in proliferating chondrocytes, and are highly expressed when the chondrocytes stop 

proliferating (Lee, Lanske, et al, 1996). As the bone lengthens, proliferating chondrocytes 

grow further away from the source of PTHrP. When proliferating chondrocytes no longer 

receive the repressive signal from PTHrP, they undergo differentiation into prehypertrophic 

chondrocytes. These cells then secrete IHH which induces proliferation of chondrocytes 

(Long, Zhang, et al, 2001) and also induces resting chondrocytes to become proliferative 

chondrocytes (Kobayashi, Soegiarto, et al, 2005). IHH also induces the expression of PTHrP 

in the periarticular perichondrium, which then inhibits hypertrophy; creating the negative 

feedback loop (Lanske, Karaplis, et al, 1996). This negative feedback loop between IHH and 

PTHrP regulates the rate at which chondrocytes exit the proliferative zone and ensures that 

the pool of proliferating chondrocytes is maintained (Karp, Schipani, et al, 2000; 

Kronenberg, 2003). 

1.4. Thesis 

1.4.1. Rationale 

Many mutations in IHH had already been published at the beginning of this research 

project; however no studies had been published on the effect of these mutations on IHH 

function. Using a panel of eight BDA1 mutations and 2 ACFD mutations, this project aimed 
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Figure 1.7. IHH/PTHrP feedback loop in the developing long bone. Cells of the 
periarticular perichondrium secrete PTHrP which prevents the differentiation of the 
proliferating chondrocytes into prehypertrophic chondrocytes. PTHrP represses the 
expression of IHH indirectly by repressing the differentiation of proliferating chondrocytes 
into the IHH-producing prehypertrophic chondrocytes. As the proliferating chondrocytes 
grow further away from the source of PTHrP, they eventually escape the repression of 
PTHrP and undergo differentiation. IHH is secreted from the prehypertrophic chondrocytes 
and induces the proliferation. IHH also induces the expression of PTHrP, completing the 
feedback loop. 
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at characterizing the resulting defect in IHH function at the protein level. Bacterial 

expression and purification of IHH proteins would have been a simple approach, however 

the resulting proteins would not be lipid-modified. Since the lipid modifications of 

hedgehog proteins are essential for proper function, a mammalian expression system was 

chosen to more accurately reproduce the physiological situation. Also, the constructs were 

cloned as full-length cDNA constructs to allow for cholesterol addition by the C-terminal 

domain. The resulting defect in the mutant IHH constructs could then be compared to the 

I H H ^ construct for different steps of IHH biogenesis including processing, secretion, and 

the ability to set off the signaling cascade. 

1.4.2. Hypothesis 

My hypothesis is that mutations in IHH cause BDA1 and ACFD by disrupting IHH 

signaling at the growth plate, leading to dysregulation of chondrocyte proliferation and 

differentiation. Since the mutations occur in different regions of the protein, they may 

interfere with IHH biogenesis in different ways, resulting in defective processing, secretion, 

and activity. The ACFD mutations may interfere with lipid modification due to their 

proximity to the amino- and carboxy-termini which would decrease the multimerization and 

activity of the mutant protein. The BDA1 mutations may interfere with Ptc binding and 

multimerization and decrease the activity of the mutant protein. 
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1.4.3. Objectives 

• Create mutant vector constructs by site-directed mutagenesis (SDM) and create lipid 

mutant constructs as controls. 

• Create ATDC5 clones stably expressing each of the mutant IHH constructs to look 

for differences in proliferation, differentiation, and apoptosis. 

• Establish micromass cultures from primary mouse limb bud mesenchymal cells and 

transfect with mutant IHH constructs to repeat the above assays. 

• Create HEK293 clones stably expressing each of the mutant IHH constructs to 

analyze defects in processing, secretion, and activity by comparing mutant to 

wild-type. 
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Chapter 2: Creation of the mutant IHH constructs 

2.1. Introduction 

The first goal of this research project was to create the mutant IHH constructs to be used 

in the in vitro assays. A previous graduate student, Graeme Cunningham, successfully 

cloned the full-length human IHHcOHA into the vector pBlueScript II KS+ and he created 

the mutant/////constructs E95K, D100N, R128Q, E131K, and V190A (Cunningham, 2008). 

These were later subcloned into the mammalian expression vector pcDNA3.1+ to allow for 

high levels of expression of IHH under the cytomegalovirus (CMV) promoter. I also created 

four more mutant constructs (P46L, AE95, T130N, and T154I) and three constructs to act as 

controls for lipid modification. All constructs were subcloned into pcDNA3.1+ and verified 

by sequencing prior to use. 

The controls for lipid-modification defects are IHH constructs that are unable to be 

modified by either cholesterol (IHH-N), palmitate (IHHC28S) or both (IHH-NC28S). Cloning 

only the N-terminal domain of/////results in a protein that is not cholesterol-modified since 

the C-terminal domain, which is required for cholesterol addition, is missing (Figure 2.1). 

Palmitate is added to the N-terminal cysteine (C28) which is exposed after the signal peptide 

is cleaved (Pepinsky, Zeng, et al, 1998). Mutating this residue to a serine (C28S) results in a 

mutant IHH protein lacking palmitate because serine cannot act as an acceptor for palmitate 

(Buglino, and Resh, 2008). 
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Figure 2.1. Schematic of the IHH lipid mutant constructs. On the left, the cDNA of each 
construct is shown, the green bar represents the C28S mutation. On the right, the resulting 
IHH protein is shown, P represents palmitate and C represents cholesterol. Cholesterol 
addition only takes place when the C-terminal domain (IHH-C) is present, and palmitate 
cannot be added with the C28S mutation. 
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2.2. Materials and Methods 

2.2.1. Primers 

Primers for mutagenesis were designed by hand following the guidelines in the 

QuikChange site-directed mutagenesis kit manual (Stratagene, La Jolla, CA). Table 2.1 lists 

the sequences of all primers used in this research project. The primers contained the desired 

mutation flanked by ~15 bases of wild-type sequence on each side, and the forward and 

reverse primers were reverse complements of each other. Primers were synthesized by 

Sigma Genosys (Sigma-Aldrich, Oakville, ON) and resuspended in sddH20 to make the 

100 uM stock and the 10 uM working stock. Primer stocks were stored at -20°C. 

2.2.2. Site-directed mutagenesis 

The full-length IHH cDNA clone in the vector pBlueScript II KS+ (pBSII.IHHWT) was 

used as the template to create the selected mutations. The protocol in the QuikChange 

site-directed mutagenesis kit (Stratagene, La Jolla, CA) was followed exactly. To 

summarize, the primers were used to introduce the mutation on both strands of the plasmid 

via polymerase chain reaction (PCR) amplification in an MBS Satellite 0.2G thermal cycler. 

Any leftover template (containing IHHWT sequence) was removed by Dpnl digestion (the 

mutated plasmid amplified in vitro is not methylated, and thus not sensitive to Dpnl 

digestion). The plasmid was then transformed into XLI-Blue Escherichia coli competent 

cells which then repaired the nicks in the plasmid from the PCR amplification. The 

transformants were plated on Luria-Bertani/ampicillin (100 |xg/mL) agar plates and single 
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Table 2.1. Primer sequences. The mutated bases (including the kozak sequence and 
stop codon) are indicated in italics and red, the restriction enzyme sites are indicated in 
blue and underlined. The red triangle in the E95del primers indicates a deletion of the 
second GAG codon. The P46L forward and reverse primers were made by a previous 
graduate student, Graeme Cunningham (Cunningham, 2008). 
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colonies were isolated and grown in a 5 mL LB/amp broth culture for 16 h followed by 

plasmid purification using the QiaPrep spin mini prep kit (Qiagen, Mississauga, ON). 

Glycerol stocks of the cultures were prepared and kept at -80°C for long term storage. 

2.2.3. Sequencing 

Constructs were verified by sequencing using the T7 

(5'-TAATACGACTCACTATAGGG-3') and Sp6 (5'-ATTTAGGTGACACTATAG-3') 

promoter primers. Reactions were prepared following the protocol for the BigDye™ 

Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA). The 

sequencing reaction buffer from the kit was used at IX with 3.2 uM primer and 30 ng 

plasmid DNA as the template. The PCR program consisted of a one minute step at 96°C, 

followed by 25 cycles of 10 s at 96°C; 5 s at 50°C; and 4 min at 60°C. Amplified DNA was 

purified by ethanol precipitation and the purified DNA was subjected to capillary 

electrophoresis using the ABI 3130x1 Genetic Analyzer (Applied Biosystems, Foster City, 

CA). The sequences were then analyzed using the ABI Sequencing Analysis v5.2 software 

(Applied Biosystems, Foster City, CA) and DS Gene vl.5 (Accelrys, San Diego, CA). 

2.2.4. Subcloning confirmed mutant constructs into pcDNA3.1+ 

2.2.4.1. Gel purification 

After the sequences were verified, the IHH fragments were subcloned from pBlueScript II 

KS+ into the mammalian expression vector pcDNA3.1+. Both the pcDNA3.1+ vector and 

the respective pBSII.IHH vector were digested with BamHl and Apal. The digested DNA 

was loaded (in its entirety) on a 1% Tris-Borate-EDTA (TBE) agarose gel containing 
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0.5 ug/mL ethidium bromide and subjected to electrophoresis at 120 V for 1 h. The DNA 

was visualized under 302 nm UV light using the Alphalmager with the AlphaEase®FC 

v6.0.0 software (Alpha Innotech Corporation, San Leandro, CA). The DNA bands were 

excised and purified from the gel using the illustra GFX PCR DNA & Gel Band Purification 

kit (GE Healthcare, Buckinghamshire, UK) and eluted in sddHbO. The concentration of the 

purified DNA was determined by loading 5-10 uL on a gel as described above, and the 

intensities of the bands were compared to the intensities of the known amounts of DNA in 

the bands of the HighRanger Plus 100 bp ladder (Norgen Biotech, Thorold, ON). The 

concentration was also confirmed by reading the absorbance at 260 nm using the NanoDrop 

ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). 

2.2.4.2. Ligation and transformation of Escherichia coli 

Purified insert and vector DNA were ligated together with a 7:1 molar ratio of insert to 

vector in a 20 jxL reaction volume. The ligation buffer was used at IX with 1U of T4 DNA 

ligase (Invitrogen, Carlsbad, CA). The reaction was incubated at 14°C for 16 h in an MBS 

Satellite 0.2G thermal cycler (Thermo Electron Corporation, Milford, MA). 

Subcloning efficiency DH5<x E. coli competent cells were transformed with 2 uL of the 

ligation reaction (5-10 ng of DNA). The cells were mixed with the DNA and incubated on 

ice for 20 min followed by heat shock at 42°C for 45 s. The cells were incubated on ice for 

2 min and then Luria-Bertani (LB) broth was added and the cells recovered at 37°C, shaking 

at 225 rpm for 1 h. The transformants were plated on LB/ampicillin (100 |ig/mL) agar plates 

and colonies grew overnight at 37°C. Single colonies were picked to inoculate a 5 mL 
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LB/amp broth culture, which was grown at 37"C, shaking at 225 rpm for 16 h. Plasmid 

DNA was purified using the QiaPrep spin mini prep kit (Qiagen, Mississauga, ON). 

2.2.5. Cloning IHH-N and creating lipid mutant controls 

2.2.5.1. PCR amplification of IHH-N 

The amino-terminal fragment of the IHH cDNA was amplified and a stop codon was 

introduced at the cleavage site to produce the IHH-N construct. The specifications for the 

Native Pfu Polymerase kit (Stratagene, La Jolla, CA) were followed, using 2.5U Pfu per 

reaction and the Pfu buffer at IX. The template was 20 ng of pcDNA3.1.IHHWT plasmid 

DNA, with 0.2 uM primers (IHH-N.F and IHH-N.R, see table 2.1) and 0.4 mM dNTPs. The 

PCR program consisted of one cycle at 95°C for 4 min, followed by 30 cycles of 30 s at 

95°C; 1 min at 58°C; and 2 min at 72°C. The final 10 min elongation step was at 72°C. 

2.2.5.2. Creation of IHH-N and IHH-N0288 constructs 

A flow chart in Figure 2.2 illustrates the experimental plan for creating the lipid mutant 

constructs. The PCR amplified IHH-N DNA was gel purified as described earlier. The 

purified IHH-N DNA and pcDNA3.1 plasmid DNA were digested with BamHl and Notl 

followed by gel purification, ligation, and transformation into DH5a competent cells as 

described previously. Plasmid DNA was purified and verified by sequencing as described 

earlier. This process was repeated to create the IHH-NC28S construct, except the template 

DNA for the PCR was the pcDNA3.1 .IHHC28S plasmid DNA to create a construct that 

contained both lipid mutations. 
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Figure 2.2. Flow chart of cloning the lipid mutant contructs. The plasmids used as 
templates for the PCR are listed in the coloured boxes, the details are listed in the white 
boxes (RE = restriction enzyme). 
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2.3. Results 

The IHHP46L, IHHAE95, IHHT130N, and IHHT1541 mutations were successfully introduced 

into the full-length IHHcDNA and subcloned into pcDNA3.1 (Figure 2.3). Sequences were 

verified to ensure the correct mutation was introduced and no other mutations were caused 

by misincorporation during the PCR amplification. The lipid mutant constructs were 

successfully created and also confirmed by sequencing (Figure 2.4). 

2.4. Discussion 

We chose to use the full-length human cDNA of IHH for our mutant constructs so the 

final protein would have the proper lipid modifications. As discussed in the introduction, if 

only the IHH-N cDNA was used, the resulting protein would lack cholesterol. This produces 

a protein that is not tethered to the membrane as tightly and is easier to collect in the media 

of cells expressing the construct. However this does not accurately represent the natural state 

of IHHWT so the dual lipid-modified constructs were made. We also chose a mammalian 

expression system for the same reasons, because although the constructs could be 

overexpressed and purified from E. coli, the resulting protein would lack both of the lipid 

modifications. The lipid-mutant constructs were created as controls and lack either one of 

the lipids or both (Figure 2.1). 

The lipid mutant control constructs and IHHAE95 were created a year after the research 

project began. At this point it was noticed that the IHH mutant constructs did not contain a 
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Figure 2.3. Electropherograms of BDA1 and ACFD mutations in IHH. The top row of 
electropherograms show the induced mutation, while the bottom row shows the reference 
IHH\vr s e q U e n c e The dots indicate the mutated residues; the dot for the AE95 deletion is 
shown between residues, indicating the deletion of the second GAG codon. 
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Figure 2.4. Electropherograms of the IHH lipid mutant constructs. In panel A, the top 
row of electropherograms show the induced mutation, while the bottom row shows the 
reference IHHWT sequence. The dots indicate the mutated residues. The new stop codon 
(TAG) plus part of the Notl cloning site are shown for the IHH-N constructs. Both the 
p.C28S mutation (c.82T>A) and the IHH-N truncation are shown for the IHH-NC28S 

construct. Both the DNA and protein sequences are shown in panel B to illustrate the 
introduction of the premature stop codon to produce the IHH-N construct. The dot indicates 
the cleavage site in IHHWT. 



IHH.C28S IHH-N IHH-N.C28S 
C28S IHH-N 

G G C A G C G G G GG C T A GGC Gi A • • • • • 
G G C A G C G G G G G C T A G G C G 

Mutant 

G G C T G C G G G G G C T G C T T C G G C T G C G G G G G C T G C T T C 

IHH.WT 

B IHH.WT 
K T © © C F P 

A A © A C A O O C O G C T O C i T CCC T 

Hotl 

IHH-N 
K T © © 

A A © A C A © © C © O C TA©©CG©C C©C 

33 



Kozak sequence upstream of the start site. When the full-length human IHH cDNA was 

cloned by Graeme Cunningham, the BamHI site was placed directly upstream of the start 

site, removing the endogenous Kozak sequence (5'-GCCGCC-3') (Cunningham, 2008). At 

that point in the research project it was becoming apparent that expression of IHH protein in 

the HEK293 cell line tended to be low. In order to attempt to improve expression, this 

Kozak sequence was inserted into pBSII.IHH^ for all future SDM constructs. For this 

reason, the IHHAE95 construct and the lipid mutant constructs all have a Kozak sequence, 

which could potentially improve expression of these constructs relative to the previous 

constructs that lack a Kozak sequence. However, this will not complicate the interpretation 

of the results because the assay data are always normalized to the stable expression level of 

IHH in each cell line, to account for differences in expression. 

In summary, four new mutant constructs were successfully made to complete the panel of 

mutants to contain all known BDA1 and ACFD mutations at beginning of the research 

project. Three lipid mutant constructs were successfully created to act as controls. After the 

constructs were verified by sequencing they were ready to be transfected into various cell 

lines for the in vitro assays. 
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Chapter 3: In vitro models of chondrogenesis 

3.1. Introduction 

In vitro models of biological systems are useful tools for studying a particular protein or 

pathway of interest by decreasing the number of variables to consider as compared to in vivo 

models. However, there are always complications or limitations to in vitro models, and the 

challenge for culturing chondrocytes in vitro is the maintenance of the chondrocyte 

phenotype. After prolonged culture in monolayer, chondrocytes will undergo 

dedifferentiation into fibroblast-like cells (Stokes, Liu, et al, 2002). 

In order to isolate a chondrogenic cell line, Atsumi et al first isolated a fibroblastic cell 

line (AT805) from mouse teratocarcinoma stem cells (Atsumi, Miwa, et al, 1990). They 

hoped to improve their chances of isolating a chondrogenic line by starting with a 

chondrogenic precursor-like line (fibroblastic) instead of trying to isolate chondrocytes that 

differentiate directly from a stem cell line. After clonal expansion of the AT805 cell line, 

they selected colonies that stained with the cationic dye Alcian blue, indicating the presence 

of cartilage. The cell line they isolated (ATDC5) grew beyond confluency when insulin was 

added to the media, and formed aggregates that looked like cartilage nodules and were 

stained with Alcian blue. The ATDC5 cell line has been well characterized and used in 

many studies as an in vitro model of chondrogenesis as it undergoes the many stages of 

chondrocyte differentiation, from condensation to hypertrophy and calcification (Atsumi, 

Miwa, et al, 1990; Chen, Fink, et al, 2005; Chen, Fink, et al, 2006; Shukunami, Ishizeki, et 

al, 1997). For this reason the ATDC5 line was chosen to be used in our studies because it 
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could be used to determine if the mutant IHH constructs interfere with the chondrogenic 

differentiation process. 

Primary cultures are also a good in vitro model to use as they are isolated directly from 

the tissue of interest. Mouse embryonic limb bud mesenchymal cells (LBMCs) can be 

harvested at day El 1.5 to act as chondrogenic precursors in vitro (Ahrens, Solursh, and 

Reiter, 1977). In order to preserve the chondrocyte gene expression profile and phenotype, 

the cells must be cultured at high density such as in a micromass culture (Mello, and Tuan, 

1999; Stokes, Liu, et al, 2002). A micromass culture enables the precursor cells to 

differentiate into chondrocytes as it mimics the density of chondrocytes at the condensation 

stage of bone development. The cells are plated at a high concentration (2x10 cells/mL) as 

a drop on a dry tissue culture plate and allowed to adhere before media is added, resulting in 

a ball-like culture with the cells sitting upon each other (Ahrens, Solursh, and Reiter, 1977). 

This creates a 3D culture environment for the cells (compared to a 2D monolayer) increasing 

intercellular interactions and inducing chondrocyte differentiation. This method is another 

way to test if mutant IHH signaling interferes with the differentiation process. 

3.2. Materials and Methods 

3.2.1. ATDC5 

3.2.1.1. ATDC5 culture and transfection 

The ATDC5 cell line was obtained from the RIKEN cell bank (Ibaraki, Japan) and 

cultured in a 1:1 ratio of Dulbecco's Modified Eagle medium (DMEM) and F12-HAM 

Nutrient Mixture (Sigma-Aldrich, Oakville, ON) containing 1% GlutaMAX (Gibco, 
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Invitrogen, Carlsbad, CA), 1% penicillin/streptomycin (Gibco, Invitrogen, Carlsbad, CA) 

and 5% fetal bovine serum (FBS, Sigma-Aldrich, Oakville, ON). Cells were grown at 37°C 

with 5% CO2 in plasticware from Corning Life Science (Corning, NY). 

ATDC5 cells were transfected with the IHH plasmid DNA using the SuperFect 

transfection reagent (Qiagen, Mississauga, ON) at a ratio of 1 jxg DNA to 2 uL SuperFect. 

Twenty-four hours prior to transfection, 4x10 cells were plated in each well of a 24-well 

plate. A dilution of 400 ng of plasmid DNA in 150 uL Opti-MEM (Invitrogen, Carlsbad, 

CA) was made and 0.8 uL of SuperFect was added. This mixture was incubated for 10 min 

at room temperature (RT) to allow the DNA-SuperFect complexes to form. Media was 

aspirated from the cells, and the cells were washed once with phosphate-buffered saline 

(PBS). Five hundred microlitres of media was added to the SuperFect/DNA mixture and this 

was added to the cells. The transfection mixture was incubated on the cells at 37°C with 5% 

CO2 for 4 h, and then aspirated and the cells were washed three times with PBS. Fresh 

media was added to each well and the cells were grown for 48 h before being treated with 

trypsin to detach the cells. One quarter of the cells were plated in a 10 cm dish to allow for 

isolated colonies under selection of 400 (xg/mL G418 (Sigma-Aldrich, Oakville, ON). The 

media was changed every 2-3 days and colonies were transferred to individual wells of a 

24-well plate after 10-14 days. Once they reached -80% confluency they were transferred to 

a well in a 6-well plate, and then to a 10 cm plate. After the 10 cm plate reached -80% 

confluency, the cells were frozen in growth media without G418 and supplemented with 

20% FBS and 10% dimethyl sulfoxide (DMSO). Cells were transferred to liquid nitrogen for 

long term storage. 
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3.2.1.2. Preparation ofATDC5 cell lysates 

Cells were removed from the tissue culture plate using a cell scraper and were pelleted for 

2 min at 10 000 xg. They were then resuspended in a sonication buffer composed of 

100 mM Tris-HCl, 0.1% NP-40, and a protease inhibitor cocktail tablet (Roche, Basel, 

Switzerland). Cells were sonicated in an ice water bath for three cycles of 9.9 s on/off using 

a Vibra cell sonicator (Sonics & Materials, Danbury, CT). Unlysed cells were then pelleted 

for 20 min at 10 000 xg and discarded, while the supernatant was retained for analysis. Total 

protein concentration of the cell lysates was determined by Bradford assay, using the 

Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories, Hercules, CA). 

Cell lysates were used immediately or stored at -20°C until required. 

3.2.1.3. Western blot analysis of cell lysates 

Protein samples to be analyzed (30-50 jxg total cell protein) were combined with 5X 

Laemmli Running Buffer to a final (IX) concentration of 60 mM Tris-HCl (pH 6.8), 2% 

SDS, 0.01% bromophenol blue, 4% p-mercaptoethanol, and 10% glycerol and boiled at 95°C 

for 5 min. Samples were subsequently loaded into each well of a 12% SDS-polyacrylamide 

gel, along with 10 uL of the Precision Plus Protein™ Standards Dual Color ladder (Bio-Rad 

Laboratories, Hercules, CA) and subjected to electrophoresis at 100 V for 2 h in a Mini 

Protean 3 cell (Bio-Rad Laboratories, Hercules, CA) with a running buffer containing 

25 mM Tris, 192 mM glycine, and 0.1% SDS. 

The protein was transferred to Immobilon-P polyvinylidene difluoride (PVDF) membrane 

(Millipore, Billerica, MA) using a Mini Trans-Blot Cell (Bio-Rad Laboratories, Hercules, 
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CA) in a buffer consisting of 25 mM Tris, 192 mM glycine, and 0.025% SDS, set at a 

constant voltage of 50 V for 50 min. 

PVDF membranes containing transferred protein were blocked in 5% milk supplemented 

with 1% FBS (Sigma-Aldrich, Oakville, ON) in IX Tris-Borate saline Tween-20 (TBST) 

containing 25 mM Tris-HCl pH 7.4, 2.7 mM KC1, 150 mM NaCl, 0.05% Tween-20. 

Membranes were blocked at RT for 1 h. The membranes were probed with a rabbit 

polyclonal anti-Shh-N (H-160) antibody (Santa Cruz, Santa Cruz, CA) at a dilution of 

1:2 000 in blocking solution (5% milk, 1% FBS in IX TBST). The membranes were left to 

incubate with the primary antibody overnight at 4°C. The membranes were then washed five 

times for 10 min each at RT with TBST to remove unbound primary antibody. The 

membranes were probed with a horse-radish peroxidase-conjugated goat anti-rabbit IgG 

(Bethyl Laboratories, Montgomery, TX) in 5% milk in TBST at a dilution of 1:20 000 for 

45 min at RT. The 10 min TBST washes were repeated five times followed by a 10 min 

wash with TBS (no Tween-20) prior to detection. The secondary antibody was detected 

using the Amersham ECL Plus Western Blotting Detection System (GE Healthcare, 

Buckinghamshire, UK). The treated membranes were covered in saran wrap and exposed 

Kodak X-OMAT Blue XB-1 film (Kodak, Rochester, NY). The film was developed using 

the SRX-101A tabletop processor (Konica Minolta, Mississauga, ON). 

3.2.2. Primary chondrocyte cultures 

3.2.2.1. Mouse embryonic limb bud mesenchymal extraction 

All animal work followed procedures approved by the University of Ottawa Animal Care 

Committee. C57BL/6 mice were mated and the resulting embryos were obtained at El 1.5. 
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The limb buds were clipped off using forceps and washed twice with sterile PBS followed by 

digestion in 0.5% trypsin, 0.1% collagenase IV in PBS at 37°C for 20 min. The cells were 

gently mixed to create a single cell suspension, and growth media (DMEM with 10% FBS, 

1% GlutaMAX, and 1% pen/strep) was added to inactivate the enzymes. The cells were 

pelleted at 90xg for 5 min in an Allegra XI5-R swinging bucket centrifuge (Beckman 

Coulter, Fullerton, CA) and resuspended in growth media before filtering through a 70 am 

nylon cell strainer (Falcon, BD Biosciences, Bedford, MA). 

3.2.2.2. Micromass culture and transfection 

The cells were counted and adjusted to a concentration of 1 x 10 cells/mL. Next, 20 uL 

drops (containing 2><105 cells) were spotted onto dry wells of a 6-well plate and allowed to 

attach for 2 h at 37°C with 5% CO2. After the cells adhered, they were transfected with the 

/////plasmids using the cationic lipid transfection reagent Lipofectamine (Invitrogen, 

Carlsbad, CA). A 4:1 ratio of Lipofectamine to DNA was used. 20 uL of Lipofectamine 

was diluted in 250 uL Opti-MEM (Invitrogen, Carlsbad, CA) and incubated at RT for 5 min. 

Five micrograms of plasmid DNA was diluted in 250 uL Opti-MEM and added to the 

Lipofectamine dilution. The DNA/lipid complexes were allowed to form at RT for 20 min 

before adding to the cells with 2 mL of growth media. The mixture was incubated on the 

micromass cultures for 3 h at 37°C with 5% CO2. The pEGFP-Nl expression plasmid 

(Clonetech) was transfected as a control, and EGFP expression was visualized after 35-40 h 

using an Axiovert SI00 inverted microscope (Zeiss). Forty-eight hours post-transfection, the 

media was supplemented with 25 ug/mL L-ascorbic acid, 1 mM CaCb, and 4 mM KH2PO4. 

The media was changed every two days. 
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3.2.2.3. Aldan blue staining 

After seven days in culture, the micromass cultures (transfected with the mutant IHH 

constructs) were stained with Alcian blue. The media was aspirated and the cells were 

washed three times in PBS. The cells were then fixed in 4% paraformaldehyde (PFA) in 

PBS for 5 min at RT followed by two washes with PBS. The cells were stained in 0.1% 

Alcian Blue 8GX (Sigma-Aldrich, Oakville, ON) for 2 h at RT and then rinsed three times in 

ddfbO. The cells were photographed in ddtbO using the Axiovert SI00 inverted 

microscope (Zeiss). 

3.3. Results 

3.3.1. Attempts to create ATDC5 cell lines stably expressing IHH 

ATDC5 were transfected with the mutant IHH constructs and G418 was used to select for 

clones with stable expression. Cell lysates were prepared after approximately five weeks, 

which was the length of time it took for the single clones to expand to have enough cells for 

the cell lysates and also to freeze stocks for long term storage in liquid nitrogen. The cell 

lysates were analyzed by western blot to screen clones for IHH expression, however none of 

the G418 resistant clones expressed IHH at a level detectable by western blot. 

The control vector pEGFP-Nl (containing EGFP under the control of the CMV promoter) 

was transfected into ATDC5, and the transfected cells were selected with G418. However 

after two weeks in culture, the cells that had originally been positive for EGFP no longer had 

visibly detectable EGFP expression under 488 nm light using the Zeiss Axiovert SI00 

inverted microscope (Figure 3.1). 
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Figure 3.1. Decrease in EGFP expression in ATDC5 transfectants over time. ATDC5 
cells transfected with pEGFP-Nl are shown 24 h and two weeks post transfection. G418 
selection was maintained, however expression of EGFP was no longer detected after two 
weeks in culture. 
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3.3.2. Attempts to transfect mouse embryonic limb bud mesenchymal cells 

The limb bud mesenchymal cells were successfully extracted and micromass cultures 

were established. The pEGFP-Nl vector was transfected into the primary cells as a control 

and EGFP expression was visualized under 488 nm light with the Axiovert SI00 inverted 

microscope (Zeiss). Transfection efficiency was estimated to be 1% for the first transfection, 

but this was improved to 13% in future transfections (Figure 3.2). The micromass cultures 

were transfected with each of the mutant IHH constructs and grown for 7 days before 

staining with Alcian blue (Figure 3.3) to detect the presence of cartilage nodules. However, 

Lipofectamine transfection appeared to be toxic to the cells, as most of the cultures were not 

healthy post-transfection. The intensity of Alcian blue staining appeared to be correlated 

with the health and density of each culture. 

3.4. Discussion 

3.4.1. Long term expression of IHH in ATDC5 cells was never attained 

No clones expressing IHH were recovered when they were screened five weeks post 

transfection. Even though G418 selection was maintained, none of the G418-resistant clones 

expressed IHH at a level detectable by western blot. This suggests that we were selecting for 

clones that had little to no expression of IHH. A G418-resistant clone that does not express 

IHH could be the result of a disruption of the IHH gene or the CMV promoter upon 

integration of the plasmid into the ATDC5 genome (Figure 3.4). Since integration of the 

plasmid into the chromosome is a random event (Murnane, Yezzi, and Young, 1990) it is 
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Figure 3.2. Micromass cultures of primary mouse embryonic limb bud mesenchymal 
cells transfected with pEGFP-Nl. The micromass culture is shown at 25X to show the 
entire culture and the even distribution of transfected cells across the surface. The 200X 
magnification illustrates the low transfection efficiency, estimated to be 13%. 
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Figure 3.3. Alcian blue staining of primary mouse embryonic limb bud mesenchymal 
cell micromass cultures. Micromass cultures transfected with each of the mutant IHH 
constructs were stained with Alcian blue after 7 days in culture. Cells are shown under 100X 
magnification with brightfield illumination. Alcian blue is a cationic dye that binds to the 
negatively charged glycosaminoglycans in the cartilage ECM which is produced by 
chondrocytes. The number of cartilage nodules (and the intensity of Alcian blue staining) 
appears to be correlated with the health (and density) of the micromass cultures, and not 
necessarily a result of mutant IHH expression. 
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Figure 3.4. Illustration of possible gene and promoter disruptions when the IHH 
plasmid constructs integrate into the ATDC5 genome. Disruption of either the CMV 
promoter (purple) or IHH (blue) can occur during the generation of a stable clone due to 
random integration of the plasmid into the transfected cells genome. The red dash indicates 
the break point in the plasmid, and the resulting linearized integrated plasmid is shown to the 
right, flanked by the transfected cells genome (in red). IHH is disrupted in panel A and the 
CMV promoter is disrupted in panel C. Panel B represents an integration event where both 
CMV and IHH remain intact and would likely result in IHH expression. 
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possible that the IHH gene or CMV promoter are disrupted during integration, resulting in 

clones with little or no expression. Also, if expression of IHH is toxic to the ATDC5 

chondroprogenitor line, then selecting with G418 would likely select for clones that have 

silenced the IHH gene. Despite multiple attempts to stably express IHH in ATDC5 cells, 

long term expression was never attained. In the interest of time, the establishment of the 

ATDC5 stable lines was no longer pursued. 

3.4.2. Low transfection efficiency of micromass cultures 

Transfection of the micromass cultures was challenging because the cationic lipid 

transfection reagent Lipofectamine (Invitrogen, Carlsbad, CA) has been optimized for use on 

a monolayer culture, but the limb bud mesenchymal cells would not differentiate into 

chondrocytes if they were plated as a monolayer culture (Mello, and Tuan, 1999; Stokes, 

Liu, et al, 2002). The cell line ATDC5 was used to optimize micromass culture transfection 

before attempting to transfect the primary cells. Plating the micromass culture and 

transfecting 24 h later resulted in low transfection efficiency with only the cells on the 

periphery of the culture expressing EGFP. Transfection efficiency was improved (with a 

more even distribution of transfected cells on the surface of the culture) when the cells were 

transfected 2 h after plating (Figure 3.5). 

Transfection of the primary micromass culture had similar results but with decreased 

transfection efficiency, as expected since primary chondrocytes are notorious for being 

difficult to transfect (Goomer, Deftos, et al, 2001; Qureshi, Ahmad, and Zafarullah, 2008). 

Other options included electroporation and nucleofection, however they required a large 
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Figure 3.5. Optimization of the transfection of micromass cultures. ATDC5 was used to 
optimize the transfection of micromass cultures. The cultures were plated and transfected 
either 24 h or 2 h after plating. Cells are under 25X magnification to show the distribution of 
transfected cells on the surface of the micromass culture. Transfecting the cells 24 h after 
plating resulted in a ring of transfected cells at the periphery of the micromass culture and 
low transfection efficiency at the centre. Transfecting the cells 2 h after plating yielded the 
best results with an even distribution of transfected cells across the entire surface of the 
micromass culture. 
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number of cells. Electroporation required 80X as many cells as Lipofectamine because of 

the cell density and the volume required for the cuvette, in addition, half of the cells die 

during the procedure (DeLise, and Tuan, 2000). Nucleofection (Lonza, Cologne, Germany) 

was also considered as an alternative; however the enormous amount of cells needed for the 

optimization of the protocol was a limitation. As a future direction, the best approach may 

be to subclone the mutant IHH constructs into a retroviral vector to infect the micromass 

cultures (Carlberg, Pucci, et al, 2001). 

Despite the low transfection efficiency, the transfected micromass cultures were stained 

with Alcian blue after seven days in culture to assess the degree of chondrocyte 

differentiation. However, the health of each culture was variable and the intensity of Alcian 

blue staining was correlated to the density of the cultures. This is evident as the mock 

treated culture has multiple Alcian blue positive cartilage nodules while the IHH 

transfected culture has none (Figure 3.3). It was expected that the culture transfected with 

IHH^1 would have intense Alcian blue staining as a result of increased proliferation induced 

by IHH signaling. The inconsistency of health between cultures suggests that Lipofectamine 

is not the ideal method of transfection for these primary cells. Perhaps switching to a 

retroviral system is needed to first improve the transfection before continuing the 

characterization of mutant IHH expression in the in vitro chondrogenesis models. 
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Chapter 4: Characterization of mutations in IHH 

4 .1 . Introduction 

4.1.1. HEK293 cell line 

The HEK293 cell line was chosen for stable IHH expression to avoid the difficulties 

encountered when attempting to overexpress IHH in a chondrogenic line as discussed in the 

previous chapter. The HEK293 cell line was established by Frank Graham in 1977 by 

transforming human embryonic kidney (HEK) cells with sheared human adenovirus type 5 

(Ad5) DNA (Graham, Smiley, et al, 1977; Thomas, and Smart, 2005). This cell line is a 

popular choice when deciding on a mammalian expression system because the cells are easy 

to transfect and drive robust expression of the gene of interest when it is under the control of 

the CMV promoter (such as the IHH constructs in pcDNA3.1+). Other groups have 

successfully transfected HEK293 cells with SHH constructs which resulted in successful 

overexpression and secretion of the protein (Chen, Ren, et al, 2004; Couve-Privat, Le Bret, et 

al, 2004; Singh, Tokhunts, et al, 2009; Traiffort, Dubourg, et al, 2004). For these reasons, 

the HEK293 cell line was chosen as an expression system for the IHH mutant constructs to 

generate high levels of protein for use in the in vitro assays. 

4.1.2. Defects in IHH biogenesis 

We wanted to determine the specific defect caused by each individual mutation to 

elucidate the role of certain residues in the function of the IHH protein. The mutations can 

be interfering in any one of the many steps of IHH biogenesis such as translation, 

autocleavage, post-translational modification (PTM), secretion, multimerization/trafficking, 
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and receptor binding. If a mutation interferes with the autocleavage reaction, we would 

expect to see an accumulation of full-length IHH (45 kDa on a western blot) relative to the 

cleaved IHH-N (19 kDa) when compared to the normal rate of cleavage of IHHWT. Secretion 

may also be affected by mutations in IHH, which could be assessed by comparing the 

relative levels of IHH in the conditioned media (normalized to the level of IHH in the cell 

lysate) to IHHWT as well. 

The relative activity of the mutant IHH proteins compared to IHH can be determined 

using an in vitro activity assay, such as the SHH-Light II system (Chen, Taipale, et al, 2002; 

Taipale, Chen, et al, 2000). The SHH-Light II cell line was established by transfecting 

NIH/3T3 cells with a Gli-responsive firefly luciferase and a constitutively active Renilla 

luciferase (Chen, Taipale, et al, 2002; Taipale, Chen, et al, 2000). In the presence of active 

IHH-N, firefly luciferase is expressed and quantified using a luminometer. The 

constitutively active Renilla luciferase is used as an internal control to normalize for cell 

density and the resulting relative activity was compared to IHH . The above in vitro assays 

aim to elucidate the specific defect each mutation confers during IHH biogenesis. 

4.2. Materials and Methods 

4.2.1. HEK293 culture and transfection 

The human embryonic kidney (HEK) 293 cell line was generously donated by Dr. Robin 

Parks, Ottawa Hospital Research Institute (OHRI). The HEK293 cells were cultured in 

Minimal Essential Medium (MEM) with Earle's Balanced Salt Solution (EBSS) 

supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, Oakville, ON), 1% 
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GlutaMAX (Gibco, Invitrogen, Carlsbad, CA), and 1% penicillin/streptomycin (Gibco, 

Invitrogen, Carlsbad, CA). Cells were grown at 37°C with 5% CO2 in plasticware from 

Corning Life Science (Corning, NY). 

HEK293 cells were transfected with the IHH plasmid DNA using the cationic lipid 

transfection reagent Lipofectamine (Invitrogen, Carlsbad, CA) at a ratio of 1 ug DNA to 

2.5 uL Lipofectamine. Twenty-four hours prior to transfection, 4*104 cells were plated in 

each well of a 24-well plate. A dilution of 2 uL of Lipofectamine in 50 \iL Opti-MEM 

(Invitrogen, Carlsbad, CA) was made and incubated at 5 min at RT while 800 ng of plasmid 

DNA was diluted in 50 uL Opti-MEM. The two dilutions were mixed together and this 

mixture was incubated for 20 min at RT to allow the DNA/lipid complexes to form. The 

transfection mixture was added to the cells in 500 uL growth media and incubated for 3 h at 

37°C with 5% CO2. The media was later aspirated and the cells were washed three times 

with PBS. Fresh media was added to each well and the cells were grown for 48 h before 

being treated with trypsin to detach the cells. 

Half of the cells were plated in a 15 cm dish to allow for isolated colonies under selection 

with 400 [j-g/mL G418 (Sigma-Aldrich, Oakville, ON). The media was changed every 2-3 

days and colonies were transferred to individual wells of a 24-well plate after 10-14 days. 

Once they reached -80% confluency they were transferred to a well in a 6-well plate, and 

then to a 10 cm plate. After the 10 cm plate reached -80% confluency, the cells were frozen 

in growth media supplemented with 10% dimethyl sulfoxide (DMSO). Cells were 

transferred to liquid nitrogen for long term storage. 

52 



4.2.2. Preparation of cell lysates 

Protocol was followed as in section 3.2.1.2 except RIP A buffer was used to lyse the cells 

(50 mM Tris-Cl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS) supplemented 

with one protease inhibitor cocktail tablet dissolved per 10 mL of buffer (complete, Mini, 

EDTA-free protease inhibitor cocktail tablet, Roche, Basel, Switzerland). 

4.2.3. Western blot analysis of cell lysates 

See section 3.2.1.3 for methods. The mouse monoclonal anti-P-actin antibody was used 

at a 1:10 000 dilution with the goat anti-mouse HRP-conjugated secondary antibody at a 

dilution of 1:7 500. Densitometry measurements were made using the Alphalmager with the 

SpotDenso application in the AlphaEase®FC v6.0.0 software (Alpha Innotech Corporation, 

San Leandro, CA). The mean and standard error were calculated from measurements taken 

from three separate blots. The significance of the difference between mutant and IHH 

processing was calculated using the two-sample Mest assuming unequal variance (Excel 

2003, Microsoft Corp., Seattle, WA). 

4.2.4. Concentration of conditioned media 

Conditioned media (CM) from the HEK293[IHH] stable cell lines was concentrated to 

attempt to visualize IHH using western blot analysis. Cells and debris in the CM were 

pelleted at 2851 xg for 5 min using the Allegra XI5-R swinging bucket centrifuge (Beckman 

Coulter, Fullerton, CA). Media was concentrated 100X (from 50 mL to 500 uL) using the 

Amicon Ultra Centrifugal filter devices with a 10 MWCO pore size. This allowed the excess 
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liquid (and proteins smaller than 10 kDa) to flow through the filter, while both IHH species 

(19 kDa and 45 kDa) were retained. 

4.2.5. SHH-Light II luciferase assay 

The hedgehog-responsive cell line SHH-Light II was generously donated by Dr. Valerie 

Wallace (OHRI). The cells were cultured in DMEM (Sigma-Aldrich, Oakville, ON) 

supplemented with 10% FBS (Sigma-Aldrich, Oakville, ON), 2% GlutaMAX (Gibco, 

Invitrogen, Carlsbad, CA), 1% penicillin/streptomycin (Gibco, Invitrogen, Carlsbad, CA), 

0.15 mg/mL Zeocin (Invitrogen, Carlsbad, CA), and 0.4 mg/mL G418. The SHH-Light II 

cells were plated in excess in a 3:1 co-culture with the HEK293[IHH] stable cell lines. A 

total of 4x104 cells were plated in each well of a 96-well plate (3xl04 SHH-Light II and 

1 xlO4 HEK293[IHH] cells). The cells were grown in DMEM media with 0.5% FBS for 48 h 

prior to the luciferase assay. 

The Dual-Luciferase® Reporter assay system (Promega Corp, Madison, WT) was used 

and the manufacturer's protocol was followed except for the few changes listed here. Thirty 

microlitres of Passive Lysis Buffer (PLB) was added to each well and the cells were lysed at 

RT for 2 h. The cell lysates were transferred from the 96-well plate into 5 mL polystyrene 

round bottom tubes (Falcon, BD Biosciences, San Jose, CA). The LumatLB 9507 

luminometer (EG&G Berthold, Bad WildBad, Germany) was used for the injections of the 

reagents and to quantify the level of luciferase expression. One-hundred microlitres of 

Luciferase Assay Reagent (LARII) was injected, followed by a 2 s delay and a 10 s 

measurement of firefly luciferase expression. Next, 100 uL of Stop&Glo® IX substrate was 

injected, followed by a 2 s delay and a 10 s measurement of Renilla luciferase expression. 
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The firefly luciferase reading was divided by the Renilla luciferase reading for each 

sample to account for differences in cell number. There were always six replicates per 

sample in each experiment, and each experiment was repeated at least three times. The 

positive and negative controls (HEK293[IHHWT] and HEK293[pcDNA3], respectively) were 

repeated in every experiment and the activity of each mutant IHH was normalized to the 

I H H ^ for each experiment before determining the standard error across a minimum of three 

experiments. Significant differences between the mutants and IHH were calculated using 

the two-sample Mest assuming unequal variance (Excel 2003, Microsoft Corp.). 

4.2.6. ELISA 

Cells were counted and 6*105 cells were plated per 6 cm plate. The cells were grown to 

confluency over a 48 h time period prior to collection of conditioned media and cell lysis 

(the lysis protocol in section 4.2.3 was followed). Cells and debris in the CM were pelleted 

at 2851 xg for 5 min using the Allegra X15-R swinging bucket centrifuge (Beckman Coulter, 

Fullerton, CA). The manufacturer's protocol was followed for the mouse Shh DuoSet 

ELISA kit (R&D systems, Minneapolis, MN). Standard curves were measured using the 

recombinant mShh (included in the kit), the IHH cell lysate, and the IHH conditioned 

media to determine the optimal amount of cell lysate and CM to maintain the absorbance 

readings within the accurate range. Using the standard curves, it was determined that 15 ug 

of cell lysate and 15 ul of conditioned media were the best amounts to analyze for each cell 

line. The absorbance at 450 nm and 540 nm (for correction) was read using the 

SPECTRAmax 190 ROM version 3.12 plate reader (Molecular Devices Corp, Sunnyvale, 

CA). 
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4.3. Results 

4.3.1. Establishment ofHEK293 cell lines stably expressing the IHH mutants 

The stable cell lines were successfully established, and IHH expression of each clone was 

determined by western blot analysis of the cell lysates. Clones with detectable IHH 

expression were chosen for future experiments, and an attempt was made to choose clones 

VWT 

with fairly similar levels of IHH expression. However, the clones of the HEK293[IHH ] 

line consistently had high IHH expression, and every clone of the IHHP46L, IHHV190A, and 

IHHE95K lines had very low IHH expression (Figure 4.1). 

4.3.2. Processing defects of the IHH mutants 

Originally, equal amounts of each cell lysate (in ug of total protein) were analyzed by 

western blot to determine defects in autocleavage. However, due to differences in expression 

of the stable cell lines, the 19 kDa band of IHHWT quickly saturated the blot while the 

19 kDa band of IHHE 5K, for example, was not visible. For this reason, various amounts of 

each cell line were analyzed (from 2 ug of IHH to 60 jag of IHH ) in an attempt to 

make the 19 kDa band of each line similar in intensity (Figure 4.1). The differences in the 

P-actin loading control show the relative amounts of cell lysate loaded for each cell line. 

Densitometry was used to quantify the intensity of each band (45 kDa and 19 kDa) for each 

clone. Then the two IHH species (full-length and IHH-N) were expressed as a percent of the 

total amount of IHH present in that lane to avoid the inaccuracy of comparing across cell 

lines. After analyzing three separate blots, the significance of the difference between each 
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Figure 4.1. Reduction of autocleavage in several IHH mutants. The processing of full-
length IHH into IHH-N was assessed by immunoblotting whole cell lysates of 
HEK293[IHH] stable cell lines with the anti-Shh antibody. Panel A shows a representative 
blot with various amounts of sample loaded (panel B, P-actin) to normalize the intensity of 
IHH-N (19 kDa, arrowhead) for each sample. Presence of accumulated IHH precursor (45 
kDa, chevron) is visible in several mutants, indicating a defect in processing into the active 
IHH-N form. The relative amounts of IHH-N and full-length IHH were quantified by 
densitometry expressed as the percent of total IHH detected in that lane (panel C). The 
relative amounts presented in panel C are the mean of four independent experiments and the 
error bars represent ±SE. Asterisks denote a p < 0.05 when comparing each mutant sample 
to IHHWT using the two-sample Mest assuming unequal variances (Excel 2003, Microsoft 
Corp., Seattle, WA). 



#>VX/<,^V>vV 
50-
37-

25-
20-

50-
37-

s 
u 
B a> 
X 
X 

5 
o 

c 
9) 

it 
<D 

Q . ^ 
^ 

>*v . # J3 jr * ^ * 
5 x~ ^ 

^ <F 
^ C ^ J& ^ 

<p v 

n n _ 
uu 
80 -

60 -

40 -

20 -

n -

n Full-length • 1HH-N 
* * * 

- J - ^ 
- 5 -

1 

— X — -

- i -
—H HH 

T 

^ H 
—^— 

HH —=&— 
i = 

* 

L - r - 1 

4-
i_ 



mutant and IHHWT was calculated using the two-sample Mest assuming unequal variance 

(Excel 2003, Microsoft Corp.). 

Both of the ACFD mutants (IHHP46L and IHHV,90A) and two of the BDA1 mutants 

(IHHE95K and IHHT1541) had significantly more IHH full-length than IHHWT when compared 

to the same amount of IHH-N. A significant accumulation of full-length IHH could be due 

to a defect in processing. The IHHWT full-length made up about 10% of the total IHH 

detected, indicative of efficient processing of the full-length into the cleaved form. The 

ACFD mutants had and accumulation of full-length: IHHP46L was 20% full-length and 80% 

IHH-N (p value = 0.002) and IHHV190A was 19% full-length and 81% IHH-N (p value = 

4xl0"4). The BDA1 mutant IHHE95K had a large accumulation of full-length IHH, roughly 

60% of the total IHH detected was in the full-length form and only 40% was cleaved (p value 

= 0.006). This suggests that there is a significant defect in processing of the IHHE95K mutant 

into its active form. Another BDA1 mutant, IHHT1541, also had an accumulation of 

full-length IHH with 25% as full-length and 75% cleaved IHH-N (p value = 0.043). 

4.3.3. Concentration of conditioned media to detect secreted IHH 

Conditioned media was collected from confluent 15 cm plates of the HEK293[IHHWT], 

empty vector, IHHP46L, and IHHV190A cell lines. The media was concentrated because IHH 

was not detected in the CM when analyzed by western blot, likely due to the lipid 

modifications anchoring the IHH protein to the cell membrane. 

As a first attempt, only the CM from the ACFD mutants were concentrated, along with 

IHH^1 as a positive control and an HEK293 clone transfected with empty vector 

(HEK293[pcDNA3.1]) as a negative control. After concentrating 100X, the 19 kDa IHH-N 
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band was visible for IHHWT, however it was still quite faint for the IHHP46L and IHHV190A 

lines (Figure 4.2). The amount of I H H ^ present in the CM was determined by using 

densitometry to compare the intensity of the 19 kDa band to a known amount of purified 

recombinant Shh (generously donated by Dr. Valerie Wallace). Next, a standard curve was 

generated measuring the induction of firefly luciferase in the SHH-Light II line by treating 

the cells with increasing amounts of IHHWT concentrated media (Figure 4.3, panel A). 

HEK293[pcDNA3.1] CM was also concentrated and the SHH-Light II cells were "treated" 

with this media as a negative control. The untreated sample was another negative control in 

which the SHH-Light II cells were simply grown in the assay media (DMEM with 0.5% 

FBS). 

The first observation was that the induction of firefly luciferase expression was very low 

and similar to the pcDNA3.1 negative control when the volumes were equal (such as in the 

pcDNA3.1 control and the 0.5 ug/mL IHHWT sample in figure 4.3, panel A). This suggested 

that perhaps the small amount of activity we saw was simply due to a non-specific induction 

of the Gli-firefly luciferase reporter from treatment with concentrated media. When the 

samples were normalized to the total amount of protein the cells were treated with, the 

activity at all IHHWT concentrations was similar to the negative controls (Figure 4.3, panel 

B). This suggests that treating the SHH-Light II cells with concentrated CM is not a viable 

assay to use because the amount of IHH present is too low to induce a response above the 

background level in the SHH-Light II cell line. 
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Figure 4.2. Concentration of conditioned media. The schematic in panel A illustrates the 
experimental procedure for concentrating the conditioned media from the HEK293[IHH] 
stable cell lines using the centrifugal filter device. Proteins larger than the 10 kDa pore size 
(such as full-length IHH and IHH-N, 45 kDa and 19 kDa, respectively) are retained in the 
filter. In panel B, 16 ul of 100X concentrated media was immunoblotted with the anti-Shh 
antibody. The negative control was conditioned media collected from the HEK293 cells 
transfected with empty vector (HEK293[pcDNA3.1]). The purified recombinant Shh (rShh) 
was used as a control to determine the amount of IHH in the media, (a generous gift from Dr. 
Valerie Wallace, OHRI). 
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Figure 4.3. Standard curve of concentrated HEK293[IHH ] media treatment of 
SHH-Light II cells. Conditioned media from the HEK293[limW!:] stable cell line was 
collected and concentrated. The quantity of IHH in the concentrated media was 
determined using densitometry to compare the intensity of the 19 kDa IHH band to a 
known amount of purified recombinant Shh (generously donated by Dr. Valerie Wallace, 
OHRI). Increasing amounts of IHH*7 were added to SHH-Light II cells to determine the 
optimal amount to use for future experiments (panel A). However the induction of firefly 
luciferase expression was quite low and when the activities were normalized to the total 
amount of protein present, there was no difference between the IHH*7 treated cells (green) 
and the untreated cells (red, panel B). 
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4.3.4. SHH-Light II and HEK293[IHH] co-culture to quantify activity of the IHH 
mutants 

Due to the small quantity of IHH in the conditioned media, treating the SHH-Light II cells 

with CM yielded unsatisfactory results because activity of IHH CM was similar to 

background. As an alternative, the HEK293[IHH] stable lines were co-cultured with the 

SHH-Light II line to bypass the need for secretion of IHH since the membranes of the 

different cell lines would be in direct contact. This approach was recently used by Singh et 

al when screening a panel of SHH mutations that cause HPE (Singh, Tokhunts, et al, 2009). 

The SHH-Light II cells were co-cultured 3:1 with each HEK293[IHH] stable cell line and 

the induction of firefly luciferase was roughly 100-fold higher than in the previous 

experiments when the SHH-Light II cells were treated with concentrated CM. In order to 

account for differences in cell numbers between samples, the firefly luciferase was 

normalized to the constitutively active Renilla luciferase. The activity of IHHWT was set to 

one and the activities of each IHH mutant were expressed relative to that (Figure 4.4). The 

activity of the palmitate mutant IHHC28S was roughly half of IHHWT (p value = 0.011), and 

the activity of the mutant lacking both lipids (IHH-N ) was only a quarter of IHH (p 

value = 3xl0"4). The activities of both of the ACFD mutants (IHHP46L and IHHV190A) were 

roughly half of IHH*7 as well (52% and 60% with p values of 0.002 and 0.021 for IHHP46L 

and IHHV190A, respectively). The activities of two BDA1 mutants, IHHE95K and IHHR128Q 

were just over a third of the IHHWT activity, at 37% and 34%) (with p values of 0.004 and 

0.017), respectively. The remaining BDA1 mutants did not seem to have defective activity 

as they were roughly 80-90% as active as IHHWT. 
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Figure 4.4. Several IHH mutants have decreased activity. SHH-Light II cells were co-
cultured 3:1 with each of the HEK293[IHH] stable lines for 48 h, followed by a dual-
luciferase assay to quantify activity. SHH-Light II cells contain a Gli-responsive firefly 
luciferase as a marker for hedgehog pathway activation, and a constitutively active Renilla 
luciferase used as a control for cell number. Activity is represented as the mean of n >3 
experiments, relative to IHHWT activity, and the error bars represent +SE. Asterisks denote a 

WT 

p < 0.05 when comparing each mutant sample to IHH using the two-sample Mest 
assuming unequal variances (Excel 2003, Microsoft Corp, Seattle, WA). The negative 
controls are shown in red, the IHHWT in green, the lipid mutant controls in dark blue, the 
ACFD mutants in yellow, and the BDA1 mutants in light blue. 
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4.3.5. ELISA of conditioned media to quantify secretion 

Since western blotting is not sensitive enough to detect the small quantities of IHH in the 

conditioned media of the HEK293[IHH] stable lines, ELISA was used to quantify the 

amount of IHH in the media. The sandwich ELISA was performed in a 96-well plate with 

15 |xg of cell lysate and 15 ul of CM analyzed for each stable cell line. The above amounts 

were used to maintain the absorbance readings within the accurate range of the standard 

curve (data not shown). The amount of IHH in the media and the cell lysate were expressed 

as a percent of total IHH detected for that cell line, to account for differences in expression 

between the cell lines (Figure 4.5). The IHH construct appears to be evenly distributed 

between the cell lysate and the media, with approximately 50% of IHH in the media. The 

lipid mutant controls lacking either palmitate (C28S) or both lipids (IHH-N ) were 

secreted more efficiently than the membrane-tethered IHHWT, as expected. The distribution 

of IHHC28S was approximately 80% in the media, and 20% in the cell lysates, while 

IHH-NC28S had 90% in the media and only 10% retained in the cell. However, the 

cholesterol mutant IHH-N has the same distribution as IHHWT, which is unexpected as the 

lack of cholesterol should increase the amount of IHH in the media. The ACFD mutant 

IHHP46L has a large proportion of IHH in the media (80%), similar to that of the IHHC28S 

palmitate mutant which suggests that the p.P46L substitution may interfere with palmitate 

addition. The BDA1 mutants IHHE95IC and IHHT1541 both have approximately 70% of IHH in 

the media and 30% in the cell lysate. All of the mutant constructs (except for IHHR128Q) 

appear to be secreted more efficiently than IHHWT because there is relatively more mutant 

IHH detected in the media than in the cell. 
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Figure 4.5. Quantification of the proportion of IHH in the cell lysates versus 
conditioned media from the HEK293[IHH] stable cell lines. ELISA was used to quantify 
the amount of IHH in the cell lysate (15 \ig) and conditioned media (15 ul) of each 
HEK293[IHH] stable cell line (panel A). The relative amounts in the media and cell lysate 
were expressed as a percent of total IHH detected for that cell line. The error bars represent 
+SE and n = 4. Asterisks denote a p < 0.05 when comparing each mutant sample to IHHWT 

using the two-sample Mest assuming unequal variances (Excel 2003, Microsoft Corp., 
Seattle, WA). 
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4.4. Discussion 

4.4.1. Establishment of the HEK293[IHH] stable cell lines 

Stable cell lines are useful tools to characterize a protein of interest because they are a 

continual source of protein, with consistent expression that can be maintained by antibiotic 

selection. However, the expansion of clones originating from a single cell takes a significant 

amount of time, and this process selects for only the healthiest cells. If expression of the 

protein is toxic to a particular cell, only the clones that have silenced the gene (or express 

very small quantities of it) will be selected for. Since every clone expressing the ACFD IHH 

mutants had very low IHH expression levels, this suggests that either mutant IHH expression 

may be harmful to the cell, or that the mRNA and/or protein are being degraded. If the 

mutations cause a problem with translation or folding of the mutant protein, that could result 

in accumulation of misfolded protein in the ER leading to ER stress and the unfolded protein 

response (reviewed in Schroder, and Kaufman, 2005). Among other things, the unfolded 

protein response (UPR) involves decreasing the translation rate in the cells to reduce the 

level of ER stress, and can induce apoptosis of the cell if the ER stress is not relieved 

(Schroder, and Kaufman, 2005). A UPR-mediated decrease in translation could explain why 

we were unable to isolate clones that stably express ACFD mutant IHH (or IHHE95K) at a 

high level. 

4.4.2. Decreased processing of mutant IHH into the active form 

The accumulation of full-length IHH was assessed by western blot of cell lysates and was 

WT 

used as an indicator for a decreased rate of autocleavage. It appeared that IHH did not 

exist in the full-length form for very long, as only a small fraction (10%) of the IHH present 
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in the cell was uncleaved. This suggests that the autocleavage was relatively efficient for 

IHHWT an(j a c c u m u i a t i o n of mutant full-length above this expected 10% was considered to 

be indicative of a defect in processing. The autocleavage of both of the ACFD mutants 

(IHHP46L and IHHV190A) and two of the BDA1 mutants (IHHE95K and IHHTI541) appeared to 

be less efficient than that of IHHWT (Figure 4.1) resulting in an accumulation of full-length 

up to six times more than expected based on IHH . This would result in decreased 

production of active IHH-N even if expression levels of the mutants were the same as 

IHH^. 

The analysis of the HEK293 stable lines also suggests that the expression level of both of 

the ACFD mutants may be low (perhaps due to defects in protein folding). If this is in fact 

the case in vivo, then not only would the ACFD IHH mutants be expressed at a low level, but 

what little mutant IHH is made may not be properly processed into its active IHH-N form. 

This theory is supported by the fact that ACFD is a recessive trait, suggesting that it results 

from a significantly decreased amount of functional protein at the growth plate. 

The amino acid substitutions resulting from the ACFD mutations also suggest that the 

mutant protein may not fold properly in vivo. The substitution of a proline with a leucine 

(p.P46L) could disrupt folding as proline is unique in its capability to form tight turns within 

a protein, is less hydrophobic than leucine. The valine to alanine substitution (p.V190A) 

could result in a disruption of folding as alanine is much smaller and more hydrophobic than 

valine. Also, the nearby residue HI87 (HI 82 in human Shh) is involved in zinc binding, 

which has been shown to be important for human SHH protein stability (Day, Wen, et al, 

1999; Hall, Porter, et al, 1995). If the alanine substitution at residue 190 disrupted the local 

tertiary structure resulting in reduced zinc binding by residue HI 87, this could have a 

detrimental effect on the structural stability of the entire protein. 
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4.4.3. Several IHH mutants have decreased activity relative to IHH™7 

WX 

The in vitro activity of each of the IHH mutants was compared to IHH using the 

SHH-Light II assay system. In the literature, this cell line has been used to test the activity 

of hedgehog constructs by treating the cells with purified Shh (Chen, Taipale, et al, 2002; 

Taipale, Chen, et al, 2000) or treating the cells with conditioned media containing Shh 

(Chen, Li, et al, 2004; Goetz, Singh, et al, 2006). We used the co-culture system, similar to a 

recent study (Singh, Tokhunts, et al, 2009) since the dual lipid-modified IHH constructs are 

not secreted into the media at a sufficient level to induce a response in the SHH-Light II line 

(Figure 4.3). The activity of the lipid mutant constructs were consistent with what was 

expected based on the literature and served as a good control for the assay. By using an in 

vivo assay, Chen et al found that Shh lacking palmitate has decreased activity relative to 

Shh^, and the Shh construct lacking both palmitate and cholesterol is even less active 

(Chen, Li, et al, 2004). The same results were seen with the IHHC28S and IHH-NC28S mutants 
WX 

in our SHH-Light II cell-based assay. The activity of IHH-N was similar to IHH which 

was also expected based on the theory that cholesterol is not essential for potency (reviewed 

in Wendler, Franch-Marro, and Vincent, 2006). 

The potency of the ACFD mutants (IHHP46L and IHHV190A) appears to be roughly half of 

IHH™7 As ACFD is a recessive condition, a 50% reduction in mutant IHH activity follows 

the expected pattern for recessive disease. Only two of the BDA1 mutants had significantly 

decreased activities (IHHE95K and IHHR128Q) in the assay; the potency of both was only 

roughly a third of IHHWT. 

As BDA1 is a dominant condition, a simple reduction in activity of the mutants does not 

necessarily explain the basis for disease, and it is not surprising that the majority of BDA1 
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mutant IHH had similar activity to IHH . It is more likely that the mutations act in a 

dominant negative manner. To test this hypothesis, equal amounts of IHHWT expressing 

cells and BDA1 mutant IHH expressing cells were co-cultured with the SHH-Light II line 

U f T 

(Figure 4.6). However, there was no significant difference between the activity of IHH 

alone (with the empty vector control, pcDNA3.1) or mixed with each of the BDA1 mutants, 

suggesting there is not a large dominant negative effect in this particular assay. However, 

activity of the mixtures was lower than expected since most BDA1 mutants are almost as 

active as IHH^1 when assayed individually (Figure 4.4). The mixtures would be expected to 

be more active than IHHWT alone and the fact that they were not suggests that there may be a 

slight dominant negative effect of the mutant on IHHWT activity. Also, this assay does not 

co-express the mutant and IHH^7 in the same cell, nor does it require secretion of the IHH 

constructs. It could be that the dominant negative effect of the BDA1 mutant IHH is in the 

interference of the formation of IHH multimers, which would be detrimental to secretion, 

trafficking, and signaling (Chen, Li, et al, 2004; Zeng, Goetz, et al, 2001). Further studies 

characterizing the ability of mutant IHH to form multimers would have to be conducted to be 

certain. 

4.4.4. Mutant IHH is found at higher levels in the media than in the cell lysate 

Defects in secretion of the IHH mutants were determined by comparing the relative levels 

of IHH in the CM to the amount of IHH in the cell lysate. Because certain clones expressed 

IHH at a higher level than others, it would not be accurate to compare the amount of IHH in 

the media without first taking into account the amount of IHH produced by the cells. The 

amount of IHH in the conditioned media and cell lysates of the HEK293[IHH] stable lines 
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Figure 4.6. Co-culture of BDA1 mutant IHH with IHH to test for dominant negative 
effect on activity. SHH-Light II cells were co-cultured 3:1 with an equal mixture of the 
HEK293[IHH] stable lines (3xl04 SHH-Light II cells with 5xl03 HEK[IHHWT] and 5xl03 

HEK[BDA1 IHH] cells). The IHH cells were also cultured with the empty vector cells 
(pcDNA3.1) as a control. The cells were grown for 48 h, followed by a dual-luciferase assay 
to quantify activity. 
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was quantified using the sandwich ELISA. The specificity of the sandwich ELISA is high 

compared to western blotting since the protein must bind both the capture antibody and the 

detection antibody in order to be detected. The sensitivity of ELISA is also greater than 

western blotting, partly because the epitopes on the protein are not destroyed as they can be 

under the denaturing conditions of SDS-PAGE. For these reasons, ELISA was chosen to 

analyze the relative amounts of IHH in the media and cell lysates of the stable cell lines. 

The IHH-NC28S mutant displayed the highest level of secretion, which was expected since 

it is lacking both lipid modifications and should be easily secreted from the cell. The 

IHH palmitate mutant was also secreted more efficiently than IHH ; however the 

secretion of the cholesterol mutant IHH-N was similar to IHH^. I would have expected the 

secretion of IHH-N to be higher than I H H ^ based on the literature (Bumcrot, Takada, and 

McMahon, 1995; Porter, Von Kessler, et al, 1995; Porter, Young, and Beachy, 1996). 

However, if the secreted proteins do in fact form multimers, they will likely exist in that state 

during the assay and may prevent accurate quantification of the total amount of IHH in the 

sample. Perhaps I H H ^ forms multimers in the media samples, which may allow for more 

efficient binding to the capture antibody. However, IHH-N would not form multimers as 

well, and more of the IHH-N in the media would remain unbound. This would result in an 

apparent decrease of IHH-N in the media fraction as compared to IHHWT. 

There are other limitations to the ELISA assay, for example, there is no way to 

differentiate between full-length and cleaved IHH-N as would be possible on a western blot. 

As well, the antibodies in the ELISA kit have been designed to be very specific for mouse 

Shh with only a small amount of cross-reactivity with human IHH. For this reason, it is 

possible that the concentration of IHH is underestimated. However, for the purposes of this 

experiment, relative secretion can still be calculated by comparing the relative amounts of 
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IHH in the media to the amount of IHH in the cell lysates without the need to calculate the 

actual concentration of IHH present. 

Overall, the in vitro assays indicate that there are defects in mutant IHH biogenesis, and 

that the individual mutations interfere at different stages including the translation/folding of 

the protein, processing, secretion, and signaling activity. Table 4.1 summarizes the results 

from the assays and lists the potential defects caused by the mutations, using insights from 

recent studies in the literature. 
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Table 4.1. Summary of the defects in biogenesis of the mutant IHH proteins. The 
amino acid substitutions are shown along with a description of the possible defects based 
on the properties of the amino acids and recent results from the literature. The p.P46L 
and p.V190A mutations are the recessive ACFD mutations, the remaining are the 
dominant BDA1 mutations. Arrows indicate an increase or decrease compared to 
IHH"", the number of arrows indicates the degree of change from IHH . 
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Chapter 5: Discussion and conclusions 

5.1. Summary of defects in the BDA1 and ACFD IHH mutants 

The autosomal dominant disorder brachydactyly type Al was identified over a century 

ago (Farabee, 1903), however the nine missense mutations and one deletion mutation in IHH 

which cause the disease were only identified within the past decade (Byrnes, Racacho, et al, 

2009; Gao, Guo, et al, 2001; Giordano, Gennari, et al, 2003; Kirkpatrick, Au, et al, 2003; 

Liu, Wang, et al, 2006; Lodder, Hoogeboom, et al, 2008; McCready, Sweeney, et al, 2002; 

McCready, Grimsey, et al, 2005; Stattin, Linden, et al, 2009; Zhu, Ke, et al, 2007). The 

recessive condition acrocapitofemoral dysplasia and the causative mutations in IHH were 

both identified six years ago (Hellemans, Coucke, et al, 2003; Mortier, Kramer, et al, 2003). 

Due to the fairly recent discovery of the BDA1 and ACFD mutations, the mechanism by 

which the mutant IHH causes a disease phenotype is still unknown. We are the first group to 

attempt to characterize the ACFD mutations and the entire panel of BDA1 mutations. The 

different mutations can act as useful tools in analyzing the importance of certain residues and 

domains on IHH protein function. The biogenesis of IHH is a highly conserved and 

regulated process, and the mutations may interfere with any number of steps including 

translation/folding, processing, secretion, multimerization/trafficking, or receptor binding. 

Most BDA1 mutations caused no significant defects in processing or activity. However, 

all BDA1 mutant constructs displayed reduced protein expression relative to the IHHWT line, 

suggesting that the mutants may be misfolding and accumulating in the ER, or perhaps they 

are unstable and targeted for degradation. This is supported by the results from the ELIS A 

where the proportion of mutant IHH in the cell lysates was consistently lower than the 
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amount of mutant IHH in the media. This may also suggest that the mutant IHH constructs 

have low intracellular stability or may be targeted for degradation. 

Unfortunately, the attempts to characterize mutant IHH function in the in vitro 

chondrogenesis models were unsuccessful. Stable long term expression of IHH in the 

ATDC5 chondroprogenitor cell line was never established, possibly due to toxicity of 

overexpression of IHH in this system. Transfection of the primary mouse limb bud 

mesenchymal cells was unsuccessful using a cationic lipid transfection reagent, and the 

number of cells needed for electroporation and nucleofection were prohibitive. Future work 

should include subcloning each mutant IHH cDNA construct from the pcDNA3.1+ vector 

into a viral vector, as other groups have had success with using infection to transfer DNA 

into primary limb bud mesenchymal cells (Carlberg, Pucci, et al, 2001; Stott, and Chuong, 

2000). 

5.1.1. BDA1 mutations 

5.1.1.1. The p.E95K mutation 

The BDA1 p.E95K mutation had the most detrimental effect on IHH biogenesis resulting 

in significantly decreased expression, processing, and activity compared to IHH . It should 

be noted that the protein expression level of each cell line was compared by assessing 

western blots of cell lysates, so it could in fact represent instability of the protein or mRNA 

as opposed to low expression levels. It was recently discovered that the equivalent residue of 

E95 in mouse Shh (E91) is involved in coordinating two calcium ions, which was found to 

be essential for receptor binding (McLellan, Zheng, et al, 2008). The equivalent mutation 

(E91K) resulted in decreased binding to the receptors Hip and Ptc, with only 10% and 40% 
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binding compared to wild-type, respectively (McLellan, Zheng, et al, 2008). Since Hip is a 

negative regulator of Hh signaling (Chuang, and McMahon, 1999), decreased Hip binding 

would result in an increased range of IHHE95K signaling at the growth plate. However, the 

decreased Ptc binding would result in a decreased potency of the IHHE95K mutant. This 

increase in signaling range but decrease in potency was confirmed in a recent study in which 

the iHHE95K/E95K mouse model was generated (Gao, Hu, et al, 2009). The group performed a 

cell-based binding assay and found that the affinity of IHHE95K for Ptc was roughly 70% that 

of IHHWT, which may explain the decreased potency in IHH short range signaling. 

However, they found that long range signaling of IHHE95K was increased, possibly owing to 

the decreased affinity for Ptc and Hip resulting in increased diffusion of IHHE95K away from 

the IHH producing cells (Gao, Hu, et al, 2009). These two studies help to explain the 

mechanism of the dominant negative effect of the BDA1 mutations, and in the case of 

p.E95K, it is likely a result of decreased receptor binding leading to a disruption of the 

normal concentration gradient of IHH at the growth plate. McLellan et al found that the 

mShh residues equivalent to D100 and El 31 in IHH are also involved in calcium 

coordination, suggesting that the p.DlOON and p.E13 IK mutants may behave in the same 

manner as p.E95K (McLellan, Zheng, et al, 2008). 

5.1.1.2. The p.R128Q mutation 

The p.R128Q IHH BDA1 mutant was similar to IHH*7 in processing and secretion, and 

expression was only slightly less than IHH in the HEK293 cell line. However, the activity 

of IHHR128Q was only a third of IHHWT in the SHH-Light II reporter assay. McLellan et al 

showed that the R128 equivalent residue in Shh (R124) is involved in binding to CDO 

76 



(McLellan, Zheng, et al, 2008). CDO is a positive regulator of Hh signaling (Allen, Tenzen, 

and McMahon, 2007) and decreased CDO binding (due to the positive to neutral charge 

substitution in the p.R128Q mutation) could explain the decreased activity of the IHHRI28Q 

mutant in the SHH-Light II reporter assay. Overall, the p.R128Q mutation results in a 

protein that is produced and secreted at a level similar to wild-type, however it is 

significantly less efficient at binding to its receptors, resulting in decreased potency. 

5.1.1.3. Thep.Tl541mutation 

The p.Tl541IHH BDA1 mutant had very low expression (or intracellular stability) and its 

processing was also less efficient than IHH . However, the activity of IHH was similar 

\X/T \X/T 

to IHH , and relative secretion of the mutant was more efficient than IHHW'. Based on the 

Shh 3D structure, residue T154 in IHH is within a (5-sheet (Liu, Wang, et al, 2006) which 

could potentially be disrupted by the p.Tl 541 mutation. Misfolding as a result of this 

substitution could be the cause for the observed decrease in IHH protein production, and 

could perhaps interfere with the autocleavage reaction. It appears that the p.Tl541 mutation 

interferes with the early steps in IHH biogenesis, resulting in low intracellular levels of the 

mutant protein. Even though it is not physiologically relevant, it is interesting to note that 

what little IHH is produced is secreted efficiently and is as potent as IHH . 

5.1.2. ACFD mutations 

Both ACFD mutations appeared to interfere with many steps during IHH biogenesis. 

Both were expressed at very low levels, suggesting that either mRNA levels are low, or that 
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intracellular protein stability may be low due to misfolding or degradation. The processing 

and activity of both the IHHP46L and IHHV190A mutants were significantly less than IHHWT 

The relative secretion of the p.P46L IHH mutant appeared to be increased compared to 

IHH and resembled the secretion level of the palmitate mutant, IHH . It would have to 

be confirmed in future experiments whether or not this is a result of decreased palmitate 

addition due to the p.P46L substitution (see future directions). Residue P46 is also near the 

Cardin-Weintraub sequence which is important for heparin binding (Cardin, and Weintraub, 

1989; Rubin, Choi, and Segal, 2002). If the p.P46L mutation disrupted HSPG binding, the 

long-range signaling of IHH at the growth plate could be reduced as illustrated in a recent 

paper showing the importance of HSPG and CSPG interactions with IHH at the growth plate 

(Cortes, Baria, and Schwartz, 2009). As stated previously, the p.V190A mutation lies near a 

histidine residue important for zinc coordination, and disruption could result in protein 

instability (Day, Wen, et al, 1999; Hall, Porter, et al, 1995). 

Overall, the in vitro assays to test the biogenesis of mutant IHH shed some light on the 

mechanism of the dominant mutations in BDA1 and the recessive mutations in ACFD. As 

the two conditions follow different inheritance patterns, it is expected that the defect caused 

by the mutations will also be different. The basis of dominant inheritance is that the mutant 

protein interferes in some way with the function of the wild-type protein, resulting in a 

disease phenotype when only one copy of the mutant gene is present. However in a 

recessive condition, the heterozygous carriers of the mutation are phenotypically normal, and 

there is only a disease phenotype when both copies of the gene are mutated. This means that 

the recessive mutations do not confer a dominant negative effect on wild-type function, 

instead they result in a decrease (or total loss) of function of the mutant protein. 
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As expected, the recessive ACFD mutations lead to a protein that is severely 

compromised both in protein levels and activity, consistent with a partial loss-of-function 

mutation. It is evident that the ACFD mutant IHH retains some of its signaling ability, since 

an IHH null mutation would not be expected to be viable based on studies with IHH"" mice 

(St-Jacques, Hammerschmidt, and McMahon, 1999). A few of the dominant BDA1 

mutations lead to decreased processing or signaling, however many of the BDA1 mutants 

performed similar to IHHWT in the in vitro assays. It is likely that the BDA1 mutants confer a 

dominant-negative effect, however further studies will have to be pursued to determine the 

exact mechanism. 

5.2. BDA1 disease model 

The mutations in IHH which result in the autosomal dominant condition BDA1 are likely 

gain-of-function mutations. It is not likely that the disease is caused by haploinsufficiency 

because mice heterozygous for an IHH null mutation are phenotypically normal (Gao, Hu, et 

al, 2009). One question about the BDA1 phenotype is why the middle phalanges of the 

digits are so severely shortened, while other long bones seem relatively unaffected. IHH is 

expressed in the condensation stage of digit formation (Gao, Hu, et al, 2009) and aberrant 

IHH signaling at this stage could lead to the formation of a small cartilage template. Since 

the middle phalanges are the last to ossify (O'Rahilly, and Gardner, 1975) they would be the 

worst affected by the shortened cartilage template (Fitch, 1979). 

Using data from our assays as well as recently published results from other groups, a 

model for BDA1 can be postulated in which the expression level of mutant IHH in the 
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prehypertrophic chondrocytes is decreased (Figure 5.1). Both the mutant and wild-type 

forms of IHH would be secreted and the mutant form would diffuse further than IHH due 

to decreased Hip and Ptc binding (Gao, Hu, et al, 2009; McLellan, Zheng, et al, 2008). Since 

the mutant IHH diffuses further and is less potent, overall there is less IHH signaling at the 

growth plate due to a dilution of the normal concentration gradient. This would result in 

decreased chondrocyte proliferation and cause the decreased bone growth seen in the BDA1 

phenotype. The relatively small size of the growth plates in the digits amplifies the dominant 

negative effect of the BDA1 mutants since the mutant IHH protein can travel beyond the 

boundary of the developing bone (Gao, Hu, et al, 2009). This could result in aberrant 

induction of PTHrP at the periarticular perichondrium and in the interzone between the 

developing phalanges (Gao, Hu, et al, 2009) disrupting the regulation of chondrocyte 

proliferation and differentiation. 

5.3. ACFD disease model 

Based on the results of our assays, the ACFD mutations result in mutant proteins whose 

intracellular levels are low either due to decreased expression or stability. This observation 

is consistent with the fact that ACFD is an autosomal recessive condition, likely caused by a 

mutation that causes a partial loss-of-function. The heterozygous carriers of the ACFD 

mutations appear phenotypically normal, and it was only discovered upon X-ray analysis that 

a few carriers have mild shortening of various phalanges. Significantly decreased levels of 

IHH at the growth plate could be the mechanism for the pathology of ACFD, resulting in 

decreased induction of PTHrP (Figure 5.2). This would lead to an increased rate of 
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Figure 5.1. Increased signaling range of BDA1 mutant IHH. A schematic of the growth 
plate is shown with the ranges of the mutant and wildtype IHH proteins. The BDA1 mutant 
has defective trafficking due to decreased receptor binding resulting in the ablation a the 
concentration gradient, while the IHHWT concentration gradient is maintained. The BDA1 
mutants also have decreased signaling ability, leading to an overall decrease in the induction 
of PTHrP. This combination of decreased IHH and PTHrP signaling would result in 
chondrocytes exiting the proliferation stage prematurely. 
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differentiation of the proliferating chondrocytes into prehypertrophic chondrocytes, which 

could result in premature epiphyseal closure (Hellemans, Coucke, et al, 2003). The cone-

shaped epiphyses seen in the ACFD patients are also indicative of a disruption in the normal 

rate of chondrocyte differentiation/proliferation (Hellemans, Coucke, et al, 2003) as it 

appears that differentiation occurs earlier in the centre of the growth plate. This could be due 

to a reduced concentration gradient of ACFD mutant IHH at the growth plate as a result of 

decreased IHH production by the prehypertrophic chondrocytes. 

5.4. Conclusions and future directions 

The in vitro characterization of a panel of BDA1 and ACFD mutations gave some insight 

into the molecular basis of the pathogenesis of both skeletal dysplasias. The recessive 

condition ACFD may be caused by partial loss-of-function mutations which result in low 

levels of IHH at the growth plate. What little ACFD mutant IHH is produced is also less 

active than IHH^, resulting in significant decrease of IHH signaling at the growth plate. 

The result is a skeletal dysplasia with a variety of defects in many of the long bones of the 

upper and lower limbs. 

The autosomal dominant condition BDA1 is likely caused by a gain-of-function of the 

mutant IHH protein, resulting in aberrant IHH signaling at the growth plate. The majority of 

BDA1 mutants showed no defects in processing, secretion, or activity in our in vitro assays. 

However, all BDA1 mutants had decreased expression compared to IHHWT, possibly due to 

decreased intracellular stability or misfolding because of the disruptive amino acid 

substitutions. 
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Figure 5.2. Decreased production and stability of ACFD mutant IHH. A schematic of 
the growth plate is shown illustrating the severe defect in ACFD mutant IHH production. 
Decreased expression and processing of the mutant IHH would result in very little functional 
protein in the growth plate. This would lead to reduced induction of PTHrP and 
proliferation. A decreased rate of proliferation coupled with an increased rate of 
differentiation could lead to premature epiphyseal closure and result in a shortening of the 
bones. 
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No specific dominant negative effect was determined in the cell-based activity assay. 

However, the co-culture system eliminates the requirement for secretion or multimerization 

of the IHH constructs, so future experiments could address this issue. Gel filtration of 

conditioned media could be used to separate the secreted IHH monomers and multimers. 

This method can be used to compare the ability of the individual IHH mutants to 

multimerize, and could also be used to test the activity of the purified monomer and 

multimer fractions (Chen, Li, et al, 2004). Analysis of conditioned media from cells 

co-expressing IHH™1 and one of each of the BDA1 mutants could determine if the mutant 

interferes with the ability of IHHWT to multimerize, and could also test the activity of the 

heterogeneous mutant/WT multimers. 

Defective multimerization could be caused by a lack of addition of cholesterol or 

palmitate during IHH processing. The efficiency of lipid modification of the ACFD and 

BDA1 mutants could be tested by incubating the HEK293 cells stably expressing the IHH 

constructs with tritiated palmitate or cholesterol. The incorporation of the tritiated lipid 

would be determined by western blot analysis of immunoprecipitated IHH from the cell 

lysates, followed by exposure of an autoradiograph (Chen, Li, et al, 2004; Singh, Tokhunts, 

et al, 2009). The HEK293 cells stably expressing the lipid mutant constructs would be useful 

as negative controls for these experiments. 

As stated previously, recent evidence suggests that the range of certain BDA1 IHH 

mutants is increased due to decreased Hip and Ptc binding, and the potency of the mutants is 

decreased due to decreased Ptc, CDO, and Gasl binding (Gao, Hu, et al, 2009; McLellan, 

Zheng, et al, 2008). Our in vitro assays confirm that two of the BDA1 mutants have 

decreased potency in a short-range signaling assay, likely due to the disrupted receptor 

binding described in those studies. The dominant negative effects of the BDA1 mutants 
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were not seen in our assays but may be elucidated if future experiments are designed to 

analyze long-range signaling. To date, no other group has attempted to characterize the 

ACFD mutations, and our in vitro assays suggest that the recessive condition is in fact due to 

a partial loss-of-function of mutant IHH, resulting in decreased IHH signaling at the growth 

plate. 

Overall, the in vitro assays have provided some insight into the molecular mechanism 

behind the skeletal dysplasias BDA1 and ACFD. The ACFD mutations appear to interfere 

early on in IHH biogenesis, resulting in very little production of functional IHH-N. The 

BDA1 mutations introduce defects later on in IHH biogenesis by interfering with the ability 

of mutant IHH to activate the signaling cascade. Further studies are needed to determine the 

lipid modification of the mutants, which would have implications on the multimerization and 

long-range signaling capacity of the mutants at the growth plate. 
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