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Abstract 

Correct number and pattern of digits is determined in a time and concentration-

dependent manner by a gradient of Sonic Hedgehog (SHH) across the anterior-

posterior axis of the embryonic limb bud. Owing to the potent 

morphogenic/mitogenic capabilities of SHH, transcription of the SHH gene in the 

limb is tightly regulated by feedback loops with other signalling pathways and by 

the Zone of Polarising Activity regulatory sequence (ZRS). The ZRS is a long-range, 

cis-regulatory limb-specific enhancer of SHH, and is essential for correct limb SHH 

expression. The Silkie, a polydactylous breed of chicken, possesses a C>A mutation 

in the ZRS, resulting in ectopic SHH expression in the anterior limb and hindlimb-

specific polydactyly. We employ the Silkie mutant to investigate how SHH is 

regulated by the ZRS, and how Hedgehog signalling can modulate SHH expression 

in an autoregulatory manner. We further characterise the effects that the Silkie 

mutation has on subsequent limb development; investigating the dependence of 

increased posterior SHH, increased Hedgehog-dependent growth and necessary 

genotype in both the posterior and anterior limb bud. 

Several fundamental questions regarding SHH during limb development have yet 

to be fully addressed: how much SHH protein is present, and does it form a 

gradient as hypothesised by Wolpert’s Morphogen Gradient Model? By developing 

a standard curve-based method to assess absolute quantities of processed SHH 

protein, N-SHH, we find that the quantity of N-SHH protein increases through limb 

development, and does indeed form a quantifiable gradient across the posterior 

limb. By comparing quantity of N-SHH protein in equivalently staged mouse, rat, 

emu and chicken limbs, we find that there is no significant link between N-SHH 

protein quantity and digit number between mammalian and avian species, and 

investigate how digit number is modulated in the late limb. 

A number of species exhibit reduced numbers of digits, including the wings of the 

emu, cassowary and kiwi. Unlike in mammalian examples of digit loss (i.e. cow, 

pig) the emu wing has delayed and significantly reduced SHH expression. Through 
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sequencing and functional in vivo testing of ZRS sequences of ratite bird species, we 

investigate whether the ZRS has a role in evolutionary digit loss. We also 

demonstrate the aspects of digit loss and Hh signalling are shared with examples of 

mammalian digit loss. 

This thesis presents novel research into multiple aspects of genetic regulation, limb 

development, and evolutionary developmental biology; elucidating both long held 

dogmas and upcoming areas of limb development. 
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1.1 A general introduction to limb development 

1.1.1 Limb structure and description of developmental axes 

The vertebrate limb is one of the most distinct and recognisable structures in nature, 

and the formation of such structures has been of interest for hundreds of years 

(Owen, 1849; Mantell, 1850). The limb is patterned along three axes: using the 

forelimb as an example, the proximal-distal (PD) axis runs from shoulder to digit 

tip, the dorsal-ventral (DV) axis defines the back of the hand from the palm, and the 

anterior-posterior (AP) axis defines the thumb-little finger dimension (Fig.1.1). 

These axes all have coordinated interactions with each other, and these are crucial 

for correct patterning of the limb. 

Three distinct sections along the PD axis characterise the limb (Fig.1.1): the stylopod 

(comprised of the humerus in the forelimb, and the femur in the hindlimb), the 

zeugopod (radius and ulna in forelimb, tibia and fibula in the hindlimb), and the 

autopod (metacarpals and digits in the forelimb, metatarsals and digits in the 

hindlimb).  

The number of digits that form the autopod varies between species; some skink 

species only form two digits (e.g. Hemiergis initialis (Shapiro, 2002)), whilst most 

mammals generate a complement of five digits. Different digit numbers exist even 

between fore- and hindlimbs of the same organism, most notably in the wings and 

legs of birds.  

Mammalian species can have a standard pentadactyl arrangement, or have reduced 

digit number in order to adapt to running (such as the horse) or long-distance 

grazing (such as the camel) (Cooper et al., 2014). Avian species have varying digit 

number, most notably the reduced digits found in the vestigial wings of the emu, 

kiwi and cassowary (Parker et al., 1888). Different digit numbers exist between 

individual species of a single genus, as shown in species of the Hemiergis and Lerista 

skink genera (Greer, 1987; Greer, 1990; Shapiro, 2002). The most commonly used 

mammalian limb development model, the mouse, develops a pentadactyl autopod 
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closely resembling the human hand. The majority of avian species exhibit three 

wing digits, and four leg digits. The chicken wing forms three digits, each with a 

very distinct structure (Fig.1.1). The most anterior digit is short, with only a single 

phalanx. The intermediate digit is formed of two phalanges, and a claw. The most 

posterior digit contains an elongated phalanx with a distal claw. The chicken leg 

forms four digits, each containing a different number of phalanges, with a proximal 

metatarsal (Fig.1.1). The metatarsals later fuse to form the tarsometatarsus, at E17 

(Namba et al., 2010). Digit I contains one phalanx, digit II contains two phalanges, 

digit III contains three, and digit IV contains four phalanges. Thus the identities of 

digits that form in the chicken leg can easily be determined, which can prove useful 

in deducing the results of embryonic manipulations. 
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Figure 1.1: Structures of chicken wing and leg, and co-ordinates of developmental 

axes. The chicken wing autopod (white) forms three ossified digits (1, 2, 3), whereas 

the leg autopod forms four ossified digits (I, II, III, IV). 
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1.1.2 Classical experiments and the discovery of the ZPA 

The greatest leaps in understanding the basis of limb development occurred during 

the twentieth century, most often using the easily manipulated chicken embryo or 

amphibian species as models (Harrison, 1907; Detwiler, 1918; Murray, 1926). Early 

investigations centred largely on grafting undifferentiated limb tissue onto other 

areas of the same embryo, or simply observing the net result of tissue removal 

(Spurling, 1923; Murray, 1926).  Through these experiments the gross structure of 

the embryonic limb bud was deduced: a collection of loosely associated mesoderm 

covered with a sheath of ectoderm. Transplantation of limb bud cells to the chorio-

allantois of chicken embryos resulted in the growth of structures with distinct limb-

like qualities (such as the femur bone) (Murray, 1926). Removal of anterior or 

posterior mesoderm resulted in the failure of anterior, or posterior, structures to 

form, respective of mesoderm removal (Warren, 1934).  

One of the most significant discoveries in limb development occurred in 1948, when 

John Saunders published his findings on the requirement of the apical ectodermal 

ridge (AER) for normal wing development (Saunders, 1948). The AER is a distal 

thickening of the ectodermal layer, and removal of this ridge resulted in the failure 

of distal growth – demonstrating that the AER is essential for limb outgrowth. Soon 

after, upon investigating restricted areas of cell death in the limb bud by placing 

cells of the posterior necrotic zone (PNZ) under the AER, a region of ectopic growth 

was discovered. When left to develop, a fully formed, duplicate array of digits was 

formed – in a mirror image orientation. The graft itself had been comprised of cells 

from the zone of polarising activity (ZPA), and was responsible for the extra digits 

(Fig.1.2A) (Saunders and Gasseling, 1968). The ZPA is responsible for the formation 

and patterning of digits in all vertebrate limbs. Indeed, the grafting of a mouse ZPA 

into the anterior chick wing bud has been shown to induce a full mirror image 

complement of ectopic digits, identical to that of a chick ZPA graft, demonstrating 

the conservation of ZPA action between mammals and birds (Tickle et al., 1976). The 

polarising potential of the ZPA was further defined in subsequent studies where 
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specific numbers of ZPA cells were grafted into the anterior limb, to produce a 

controlled number of supernumerary digits (Tickle, 1981). 

 

1.1.3 Understanding ZPA function 

The ZPA is an example of an organiser tissue: a region of tissue that can influence 

differentiation in surrounding tissue. The ZPA is considered to “organise” digit 

primordia along the AP axis, in a polarised manner that creates the characteristic 

asymmetry of the limb. The ZPA was proposed to be the source of a morphogen 

that drives the polarisation of the developing limb (Wolpert, 1969). The role of a 

morphogen arising from the ZPA in limb patterning was hypothesised to form a 

gradient across the AP axis, with a higher concentration present in the posterior 

limb, gradually lessening towards the anterior. Cells in close proximity to the ZPA 

would be exposed to a higher concentration of morphogen for a longer period of 

time than those located further away from the ZPA. The morphogen gradient model 

is supported by the observed effects of ZPA grafts on surrounding tissue being both 

time and dose dependent (Smith et al., 1978; Smith, 1980; Tickle, 1981). The ZPA 

graft experiments were briefly interpreted as evidence not of a gradient, but of 

intercalation – that local cell-cell communication is directly responsible for 

transducing morphogenic signal across a tissue field (Iten and Murphy, 1980). 

However, a study soon after showed that by co-transplanting a tissue “buffer” along 

with a ZPA graft to the anterior wing, digit duplication still occurred, suggesting 

that the morphogen produced in the ZPA can act over a long range and does not 

necessarily require cell-cell communication (Fig. 1.2D) (Honig, 1981). Whilst the 

morphogen gradient model is widely accepted in the limb development 

community, the presence of a gradient has never been quantitavely demonstrated. 

The identity of the morphogen produced by the ZPA was unknown at the time, and 

was considered to be a freely diffusible compound that may or may not be able to 

act at long range (Summerbell, 1979). An early candidate was retinoic acid (RA) – an 
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organic metabolite of vitamin A. The implantation of filter paper soaked in all-trans 

RA (anion exchange beads are now routinely used) into the anterior wing was 

found to imitate ZPA grafts, with duplications of digits in a mirror image 

orientation (Fig. 1.2C) (Tickle et al., 1982). This was the first time that a single 

compound had been identified to cause mirror image digit duplication, as supposed 

to the preceding grafts of tissue. RA was also found to act in a dose-dependent 

manner, with varying concentrations having different effects on digit number and 

identity. Low concentrations (0.01-0.05mg ml-1) caused the formation of a single 

extra digit, usually of an anterior identity (such as digit 1), whereas higher 

concentrations (1-5mg ml-1) could cause a full complement of extra digits, in a 

mirror image duplication. Surprisingly, very high concentrations (>5mg ml-1) led to 

fewer digits with more posterior identities (such as digit 3), but also the failure of 

the radius to form in the zeugopod (Tickle et al., 1985; Lee and Tickle, 1985). 

Endogenous RA was identified and even quantitated in limb buds, and found that 

the posterior limb contains a 2.6x greater concentration of RA than the anterior 

(Thaller and Eichele, 1987). RA seemed to fit the identity of the morphogen 

produced by the ZPA. RA was later shown not to be the ZPA morphogen but 

instead could initiate ZPA activity, as RA-soaked beads were shown to induce 

ectopic ZPA regions in the anterior wing, and grafts of these induced regions also 

possessed polarising potential (Noji et al., 1991; Wanek et al., 1991). RA has since 

been determined to play a role in establishing the ZPA, as it can induce HOXB8 

expression in the developing wing, which mediates the formation of the ZPA (Lu et 

al., 1997).  

 

1.1.4 Identification of SHH as the ZPA polarising molecule 

The search for a molecule responsible for organising activity in the fruit fly 

Drosophila melanogaster led to the discovery of the hedgehog gene (Nüsslein-Volhard 

and Wieschaus, 1980). The D. melanogaster embryo is formed from segmented units 

which are polarised by the expression of genes including hedgehog (Ingham, 1988). A 
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homologue of the hedgehog protein was hypothesised to fulfil a similar function in 

the chicken limb bud ZPA. A vertebrate homolog was identified in the chicken, 

called Sonic hedgehog (SHH) (Riddle et al., 1993). SHH was found to be the 

morphogen produced by the ZPA, shown experimentally by implanting cells 

infected with an RCAS virus containing the full length chicken SHH cDNA into the 

anterior chick wing (Riddle et al., 1993). The subsequent digit pattern resembled the 

mirror image duplication of digits found upon ZPA grafts, or insertion of RA-

soaked beads (Fig. 1.2D). Implants of SHH-expressing cells in the posterior limb (in 

proximity to the endogenous ZPA) did not alter digit number (Riddle et al., 1993). 

Later experiments involving beads soaked in SHH protein caused the formation of 

extra digits when placed in the anterior wing, and showed the polarising effect of 

SHH on digit number and pattern functions in a time and concentration dependent 

manner (Yang et al., 1997) – in agreement with the morphogen gradient model. 

 

1.1.5 Function of the limb SHH gradient 

The endogenous SHH protein gradient is responsible for determining digit number 

and pattern. In the mouse limb, ZPA cells that express Shh eventually contribute to 

digits 4 and 5, and the posterior edge of digit 3 (Ahn and Joyner, 2004; Harfe et al., 

2004). Different presumptive digit primordia respond to SHH differently – digits 4 

and 5 are formed of direct descendants of ZPA cells, and likely respond to SHH in 

an autocrine manner. Digit 3 depends on a high concentration of SHH in a paracrine 

manner for a long time, and digit 2 is specified by a lower concentration for a 

shorter time (Harfe et al., 2004). The chick leg is believed to possess a similar 

patterning mechanism, as inhibition of Hedgehog (Hh) signalling via cyclopamine 

(see below) results in the loss of the posterior-most digit (chick leg digit IV), which 

requires the greatest concentration and length of exposure to SHH in order to form 

(Scherz et al., 2007). Digit 1 in the mouse forms independently of SHH, as shown by 

the Shh knockout mouse. This mutant lacks all digits bar the most anterior digit, 

suggesting that not all digits require Hh signalling to form (Chiang et al., 2001). The 
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three wing digits in the chicken, and digits II-IV in the leg all require SHH to form, 

as shown by the oligozeugodactyly (ozd) mutant (Smyth Jr et al., 2000; Ros et al., 2003). 

The ozd mutant exhibits lack of SHH expression in the limbs, and as a result there is 

a complete failure of wing digits to develop, and only digit I is formed in the leg 

(Ros et al., 2003). Both the Shh knockout mouse and the ozd mutant also lack 

posterior elements of the zeugopod – the ulna in the forelimb and the fibula in the 

hindlimb do not form, indicative that SHH is required to form other structures in 

the limb asides from digits. 

Digit pattern and identity is dependent on the length of exposure to SHH, and the 

concentration of SHH that digit precursor cells are exposed to during that time. 

Implanting of beads soaked in various concentrations of SHH protein into the 

anterior chick wing developed varying numbers of extra digits, with varying 

identity in a similar manner to the RA (Lee and Tickle, 1985). Beads soaked in low 

concentrations of SHH protein (0.1-2mg ml-1) caused the formation of an extra digit, 

with increased concentrations leading to the formation of digits with more posterior 

identity (Yang et al., 1997). High concentrations (5-16 mg ml-1) caused multiple extra 

digits to form, the majority of which displayed a posterior identity. Removal of 

these beads resulted in changes to the pattern of ectopic digits – removal after 

fifteen hours resulted in the formation of a single ectopic digit 1, whereas removal 

after twenty four hours resulted in the formation of an ectopic digit 2 or 3 (Yang et 

al., 1997). Thus, increasing the time and concentration of SHH exposure increased 

numbers of ectopic digits formed, with progressively posterior identity (first an 

ectopic digit 1, then digit 2, then digit 3). Time-dependent removal of Shh in mice 

demonstrates that the digit number and pattern is determined in a time and 

concentration dependent manner. Early removal results in the loss of a greater 

number of digits than removal at later stages (Zhu et al., 2008). The order of the digit 

loss occurs in a defined manner – in Wt mice, digits condense in the order 4, 2, 5, 3, 

1. Removal of Shh at different time points results in the loss of specific digits in the 

reverse order: firstly digit 3, then 5, 2, and finally 4 (Zhu et al., 2008). These studies 

demonstrate the time-concentration dependent manner of digit patterning in the 
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chicken and mouse. The time-dependent Shh removal study by Zhu et al also 

demonstrated that SHH has two main functions in the limb – to pattern the 

presumptive digit field during early limb development, and subsequently to 

maintain growth after the patterning phase (Zhu et al., 2008). This bi-phasic model 

has been shown to occur in the chick, in the integrated growth-morphogen model 

(Towers et al., 2008). This model combines the morphogen gradient model and 

growth of the limb in a temporal manner, where cells along the AP axis are 

gradually promoted through successive digit identities depending on cumulative 

exposure to ZPA morphogen (Towers et al., 2008). Inhibition of Hh signalling and 

inhibition of growth prevented formation of posterior and anterior digits 

respectively, demonstrating that Hh-dependent growth determines proliferation of 

presumptive digits concurrently as the digit field is being specified by SHH in a 

time and concentration dependent manner (Towers et al., 2008). Thus, SHH is 

responsible for specifying the early digit field, and is simultaneously responsible for 

the proliferation of the digit field. At later stages, the main responsibility is to 

maintain limb growth, until termination of the SHH/GREM/FGF feedback loop (see 

“Molecular biology of limb development” section). 

The posterior-anterior gradient of endogenous SHH is understood to result in two 

opposing gradients of activator and repressor forms of the GLI3 transcription factor 

(Wang et al., 2000) (see “The Hedgehog pathway” section below for greater detail). 

SHH in the posterior limb activates Hh signalling, resulting in the production of GLI 

activator peptide (GLIA). The absence of SHH protein in the anterior limb (and thus 

a lack of HH signalling) results in a retention of GLI repressor (GLIR). The 

distribution of GLIA and GLIR are considered to form opposing gradients due to 

the gradient nature of SHH; a greater concentration of SHH surrounding the ZPA 

results in a greater concentration of GLIA than in the cells immediately anterior. The 

necessity of the GLIR in the formation of normal digit pattern was highlighted by 

the removal of both Shh and Gli3 gene function. Removal of Shh alone results in a 

loss of all digits (bar digit 1) (Chiang et al., 2001). The combined loss of Shh and Gli3 

surprisingly created polydactylous limbs, with no discernable digit identity 
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(Litingtung et al., 2002). Removal of Gli3 results in polydactyly that forms 

independently of Shh, instead due to an expansion of Hand2 and 5’Hox genes (te 

Welscher et al., 2002a).  GLIR in the anterior limb bud serves to repress Hh 

signalling, and restrict SHH to the posterior limb. Thus the finely tuned interactions 

between GLIR and SHH are essential for correct digit number and identity, but are 

unnecessary for digit formation. 
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Figure 1.2: Classical experiments determining the activity of the ZPA. (A) 

Transplantation of a wing ZPA into the anterior of a host wing results in the 

formation of a mirror image digit pattern (after Saunders and Gasseling., 1968). (B) 

Co-insertion of a wing ZPA and additional anterior leg tissue (acting as a tissue 

buffer) results in a mirror image duplication (after (Honig, 1981)) (C) Retinoic acid-

soaked beads inserted into the anterior wing also give rise to ectopic digits (after 

(Tickle et al., 1982)), as do implants of SHH-expressing cells (after Riddle et al., 1993) 

(D). 
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1.1.6 Fate mapping of limb cells 

The chicken embryo has proven to be a vitally important model in sourcing the cells 

in the early limb bud that give rise to each digit. Early attempts involved marking 

small clusters of cells near the AER with carbon, and tracking the progress of 

growth by monitoring the pattern of carbon staining (Saunders, 1948; Starck and 

Searls, 1973; Summerbell, 1976; Bowen et al., 1989). However these experiments 

proved messy and inconsistent; greater insight as to digit contribution was found 

upon removal of certain areas of the AER along the AP axis, and examining 

subsequent digit number and pattern (Rowe and Fallon, 1981; Rowe and Fallon, 

1982). Removal of small areas of the AER caused the underlying prospective digit to 

fail to form, and this facilitated one of the earliest digit fate maps along the AP axis 

of the wing and leg (Rowe and Fallon, 1981). The next advancement in limb fate 

mapping came with the advent of accurately placed fluorescent markers in the 

wings and legs of consistently-staged embryos (Vargesson et al., 1997). The 

combination of fluorescent fate mapping with the expression profiles of various 

HOX genes allowed one to not only track cells contributing to digits, but also to 

witness the dynamic expression of genes that may explain why they develop into a 

specific space and pattern. The same technique was then applied to tracing cells 

along the PD axis of the chick wing, and revealed that the stylopod/zeugopod 

boundary is set up and maintained prior to that of the zeugopod/autopod boundary 

(Sato et al., 2007). 

Fate maps proved an essential component of a study that determined that the 

growth and patterning effects of SHH on the developing wing are extensively 

linked, as shown by digit mapping in response to Hh signalling inhibition (by 

addition of cyclopamine) and by growth inhibition using trichostatin A (TSA) 

(Towers et al., 2008). The most accurate avian digit maps to date have been 

developed by the Tamura and Towers groups, where both used different 

experimental approaches to address the same question – the true identity of digits in 

the embryonic avian wing. Towers et al. used ZPA grafts from GFP-positive 
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transgenic chicken embryos to show that the ZPA cells contribute to cartilage and 

soft tissue of the posterior-most digit in the chicken leg (digit IV), but only 

contribute partially to digit 3 in the wing (soft tissue only) (Towers et al., 2011). 

Tamura et al. arrived at the same conclusion using fluorescent cell labelling of 

various cell populations along the AP axis during the digit patterning phase, and 

found that cells labelled inside the leg ZPA were later detected in digit IV (Fig. 1.3), 

whilst those labelled in the wing ZPA were only partially detected in wing digit 3 

(Tamura et al., 2011). The fate maps developed by Tamura et al. have since been 

further refined. Full maps exist that determine the location of each digit along the 

AP axis of chicken stage 20HH wing and leg buds (Nomura et al., 2014). The three 

digits in the wing are shown to derive from populations of cells restricted to the 

posterior half of the stage 20HH wing. Digits II, III and IV in the leg also derive from 

the posterior half of the stage 20HH leg bud (Fig. 1.3). Digit I in the leg is formed 

from cells that lie in the anterior half of the limb. The expression of PTCH1 in both 

the chick wing and leg buds has long been used to acts as a readout of Hh signalling 

(Pearse et al., 2001). From st.19-24HH, graded PTCH1 expression is confined to the 

posterior half of the limb bud, suggesting that Hh signalling caused by cells 

responding to a gradient of SHH protein from the ZPA is limited to the posterior 

limb (Fig. 1.3). These findings correlate with the fate maps generated by Nomura et 

al, and together suggest that populations of cells along the AP axis are exposed to 

varying levels of SHH. The spatial distribution of SHH protein across the AP axis of 

the posterior limb has been demonstrated (Lewis et al., 2001; Li et al., 2006; Davey et 

al., 2006; Bouldin et al., 2010), but has never been quantitated. Knowledge of 

quantities of SHH protein present across the posterior limb would prove useful in 

understanding the concentrations required for each Hh-dependent digit to form. 
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Figure 1.3: Cell fate mapping of presumptive digits in the chicken leg. Various 

fate maps have deduced the location of cells along the AP axis of the developing leg 

bud that give rise to specific digits (Rowe and Fallon, 1981) (Tamura et al., 2011) 

(Towers et al., 2011; Nomura et al., 2014). Digit IV and presumptive digit V arise 

from SHH-expressing cells in the ZPA (purple). PTCH1 expression (blue), a readout 

of Hh signalling in the limb (Pearse et al., 2001) marks the distribution of Hh-

responsive cells, and demonstrates that digits II-IV require varying concentrations 

and lengths of exposure to SHH to form, unlike digit I which forms independently 

of SHH (Chiang et al., 2001; Ros et al., 2003). Figure adapted from Tamura et al., 

2011, and Nomura et al., 2014). 

 

 

 

 

 

 

 

 



16 

 

1.2 Molecular biology of early limb development 

1.2.1 Limb growth initiation and early patterning 

The formation of the limb requires intricate expression and interaction of many 

genetic pathways (Fig. 1.4). Limb outgrowth begins with the accumulation of 

mesenchymal cells from the lateral plate mesoderm, present as a slight bulge in the 

st.17HH chick embryo (Hamilton and Hamburger, 1951). A recent study has shown 

that cells in the chicken forelimb-presumptive coelomic epithelium undergo 

epithelial-mesenchymal transition (EMT) as early as st.13HH, driven by expression 

of T-box transcription factor 5 (TBX5) and Fibroblast growth factor 10 (FGF10) causing 

the breakdown of the lamina membrane of the coelom epithelium (Gros and Tabin., 

2014). Both TBX5 and FGF10 have been shown to be crucial in further limb bud 

initiation, as TBX5 is able to initiate FGF10 expression in the early limb mesenchyme 

(Ng et al., 2002; Agarwal et al., 2003). FGF10 induces expression of FGF8 in the 

overlying distal AER, which in turn is necessary for the induction of SHH 

expression in the early ZPA (Ohuchi et al., 1997). The initiation of SHH expression is 

also indirectly regulated by retinoic acid – Hoxb8 has been shown to be induced by 

retinoic acid, and lead to formation of the ZPA, whilst ectopic HOXB8 induced in 

the anterior chicken wing by retinoic acid generates ectopic SHH expression 

(Charité et al., 1994; Lu et al., 1997; Stratford et al., 1997). Prior to the formation of 

the ZPA in the early limb, a polarity is set up and maintained across the AP axis by 

the antagonistic relationship between GLI3R and Alx4 in the anterior limb and 

Hand-2 in the posterior limb (Fig. 1.4A) (te Welscher et al., 2002a).  

 

1.2.2 Hox genes in limb patterning 

An intricate organisation of Hox gene expression is required across the limb bud, 

exhibited by the removal of 5’ HoxA and HoxD genes (Fromental-Ramain et al., 1996; 

Zakany et al., 1997; Zakany et al., 2004; Kmita et al., 2005; Tarchini et al., 2006; Sheth 

et al., 2012). HoxD genes have been shown to act in a collinear fashion during the 
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set-up of early limb polarity – initial Hox gene expression occurs due to long-range 

interactions between the ELCR, an enhancer located at the 3’ end of the HoxD 

cluster. Hox genes located closest to the ELCR are expressed first, with successive 

genes expressed in a collinear arrangement (Zakany et al., 2004). A complex of 

HAND2 and HOXD13 bind to the ZRS (a limb-specific enhancer of Shh, see below), 

and are also involved in initiating Shh expression in the posterior limb (Galli et al., 

2010). Upon initiation of Shh expression in the early ZPA, HoxD genes are expressed 

as targets of Hh signalling (via inhibition of GLIR) (te Welscher et al., 2002b). The 

result is a nested expression of HoxD genes in the posterior limb bud, owing to GLI3 

repression in the anterior limb (te Welscher et al., 2002b). The co-linearity of HoxD 

gene expression is reversed, owing to the activity of the global control region (GCR) 

– an enhancer located near the 5’ HoxD genes (Zakany et al., 2004). As a result 5’ 

HoxD genes, such as HoxD13, become more widely expressed throughout the limb 

bud than 3’ HoxD genes, such as HoxD11. The HoxD and 5’ HoxA genes 

subsequently play important roles in specifying the PD axis of the limb, with 

HoxA9/D9 in the stylopod (Fromental-Ramain et al., 1996; Wellik and Capecchi, 

2003), HoxA11/D11 in the zeugopod (Kamiyama et al., 2012), and HoxA13/D13 in the 

autopod (Yokouchi et al., 1991; Fromental-Ramain et al., 1996; Sato et al., 2007). 

 

1.2.3 FGFs in limb outgrowth 

Shortly after identifying SHH in the ZPA, SHH was found to have a positive 

feedback relationship with fibroblast growth factor 4 (FGF4) in the AER (Niswander et 

al., 1994; Laufer et al., 1994). Although many Fgf genes are expressed in the AER 

including Fgf4, 8, 9 and 17 (Sun et al., 2002), Fgf8 alone is capable of forming a 

correct pentadactyl digit pattern (Mariani et al., 2008). The SHH/FGF feedback loop 

is maintained by the up-regulation of Gremlin (a BMP antagonist) by SHH (Fig. 1.4B) 

(Zuniga et al., 1999). Removal of the Gremlin gene results in a breakdown of the 

SHH/GREM/FGF loop, resulting in reduced Fgf4 and Shh expression (Khokha et al., 

2003). The temporal breakdown of this feedback loop is required in order to 
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terminate limb bud outgrowth, achieved by repression of Gremlin by AER FGFs 

(Fig. 1.4C). Subsequently, the distance between the areas of Shh-Gremlin and Fgf-

Gremlin expression increases, leading to a breakdown of the positive feedback 

relationship between these three genes (Verheyden and Sun., 2008). An additional 

element to this model has been suggested, where TBX2 plays a crucial role in 

regulating the expression of Gremlin during limb outgrowth and termination (Farin 

et al., 2013). Tbx2 has been shown to be a target of BMP signalling (Shirai et al., 

2009), and subsequently TBX2 binds to the Gremlin regulatory enhancer in an 

inhibitory capacity (Farin et al., 2013). As AER FGF signalling reaches a threshold, 

GREMLIN inhibition of BMP signalling decreases, leading to an increase of Tbx2 

expression in the posterior limb. TBX2 further decreases Gremlin expression, 

contributing to the regression of the Gremlin expression domain away from the AER 

(Fig. 1.4C). 

 

1.2.4 Post-SHH determination of digit identity 

The digits of the chick leg provide a useful readout of digit identity, as each digit 

contains a unique number of phalanges. The phalanges form from the digital rays in 

a manner that relies upon Indian Hedgehog (Ihh) expression in the digital ray, and 

FGF8 in the AER (Vortkamp et al., 1996; Healy et al., 1999; Sanz-Ezquerro and 

Tickle, 2003; Zhou et al., 2007). Digit identity can be altered after the SHH-

patterning phase, and even after cartilage condensation. Implantation of SHH 

protein-soaked beads close to the digit primordia results in the formation of an 

additional phalanx, altering digit identity (Dahn and Fallon, 2000), whereas 

implantation of FGF8 protein-soaked beads gave rise to an additional phalanx but 

inhibited tip formation, suggesting that FGF expression in the AER is necessary to 

determine phalanx number, but must terminate at the right stage to allow digit tip 

formation (Sanz-Ezquerro and Tickle, 2003). Removal of inter-digitary regions in the 

chick leg affects the identity of the digit primordia immediately anterior. By 

manipulating BMP signalling in the inter-digitary regions, digit identity can be 
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altered (Dahn and Fallon, 2000). BMP signalling may therefore determine digit 

identity downstream of SHH, at a later stage after ZPA activity. Further evidence 

lies at the distal tip of the developing digit primordia – each digit in the chick leg 

has been shown to have a distinct “signature” of SMAD 1/5/8 activity, induced by 

the AER (Fig. 1.4C) (Suzuki et al., 2008). Removal of inter-digitary regions altered 

the SMAD signature of the immediate-anterior digit, resembling that of a more 

anterior digit (i.e. a digit III would exhibit a SMAD signature of a digit II, and 

develop the same number of phalanges as a digit II). These two studies suggest that 

the AP gradient of SHH functions to organise cells along the AP axis to form digit 

primordia in a time and concentration-dependent manner, with finer details of digit 

morphology (i.e. phalangeal number) being determined post-condensation by the 

inter-digital tissue and progressive digit tip. 

Recent studies in the mouse limb have shown that the positions where Sox9 positive 

digital rays form is tightly regulated by a Turing patterning mechanism, whereby an 

intricate activator-inhibitor feedback genetic network restricts the expression of Sox9 

(Sheth et al., 2012; Raspopovic et al., 2014). BMP activity is able to drive the 

expression of Sox9, which in turn inhibits the expression of BMPs. Further positional 

value is determined simultaneously by the mutual repression instilled by Wnt 

signalling in the ectoderm. The net effect is the formation of Sox9-positive digital 

rays in a consistent wavelength across the AP axis of the limb, which is further 

modulated by HoxD13 and AER FGFs to ensure that the correct formation of regular 

digit periodicity is scaled during growth (Raspopovic et al., 2014). 
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Figure 1.4: Interactions of various signalling pathways involved in limb 

development. (A) Initiation of limb outgrowth requires induction of Hoxb8 and 

Fgf10 by retinoic acid and Tbx4/5 respectively, early AP patterning by HAND2/GLIR 

antagonism, and induction of Fgf expression in the AER, which in turn induces Shh 

expression. (B) Outgrowth requires maintenance of the SHH/GREM/FGF feedback 

loop, with BMP signalling acting as a negative regulator. GLIR still maintains AP 

identity. (C) Termination of the SHH/GREM/FGF loop requires inhibition of Gremlin 

by AER FGFs and TBX2. Cartilage rays (purple dashed lines) are denoted identity 

by a unique SMAD1/5/8 signature in the phalanx forming region, modulated by a 

SOX9-BMP-WNT network to ensure consistent digit periodicity across the AP axis. 
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1.3 The Hedgehog pathway 

1.3.1 Roles of Hedgehog signalling in development 

Hh signalling is required for the development of multiple organs, including the 

limb, neural tube, notochord, brain, gut, vasculature, and lungs (Riddle et al., 1993; 

Echelard et al., 1993; Roelink et al., 1994; Martí et al., 1995; Bitgood and McMahon, 

1995; Bellusci et al., 1997; Ramalho-Santos et al., 2000; Dyer et al., 2001; Davey et al., 

2007). One of the most extensively studied roles of Hh signalling is the dorsal-

ventral patterning of the neural tube. SHH expression is induced in the ventral floor 

plate of the neural tube by SHH protein produced in the notochord (Marti et al., 

1995). Cells along the dorsal-ventral axis of the neural tube are exposed to varying 

concentrations of SHH protein produced in the ventral floor plate, akin to the action 

of the ZPA in the limb. Extensive mapping of the ventral neural tube has shown that 

varying concentrations of SHH can induce the expression of a spatio-temporal 

codex of transcription factors which regulate each other via inhibitory feedback 

loops (Dessaud et al., 2007; Balaskas et al., 2012).  For example; progenitor cells of p3 

neurons reside close to the ventral floor plate, and are exposed to a high 

concentration of SHH for a greater length of time than motor neuron progenitors, 

which are distal to p3 progenitors. The p3 progenitors express NKX2.2, which in 

turn repress PAX6 and OLIG2 expression. A greater concentration and length of 

SHH exposure is required to initiate NKX2.2 expression, whereas a lower 

concentration and shorter exposure is required to induce OLIG2 expression. The p3 

progenitors initially express OLIG2, then express NKX2.2 after a set exposure and 

concentration of SHH (Dessaud et al., 2007). The motor neuron progenitors are 

exposed to a lower concentration of SHH for a shorter time, and as such express 

OLIG2 and not NKX2.2. Thus neural progenitors progress through neural identity in 

a manner dependent on the time and concentration-dependent exposure to SHH. 
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1.3.2 Generation and dispersal of ligand 

Three vertebrate Hedgehog homologs have been identified; Sonic, Indian (Ihh), and 

Desert hedgehog (Dhh) (Krauss et al., 1993; Riddle et al., 1993; Echelard et al., 1993). 

Dhh is expressed in the developing gonads, and is required for spermatogenesis 

(Bitgood et al., 1996), and in Schwann cell-dependent nerve ensheathment 

(Parmantier et al., 1999). In addition to endormermal lineages, Ihh is also expressed 

in developing cartilage durikng skeletogenesis (Vortkamp et al., 1996). Shh is 

expressed in the developing notochord and neural tube, regions of the brain, 

brachial arches, and the limb buds (Echelard et al., 1993). It is also expressed in adult 

tissues, maintaining tissue homeostasis (Adolphe et al., 2004).  Each of these 

homologs undergo post-translational processing in order to produce peptides that 

can spread efficiently through tissue (Fig. 1.5). The initial processing involves the 

cleavage of a signal peptide, leaving a ~45kDa precursor protein. The N-terminal 

(N-HH) peptide is then cleaved from the C-terminal (C-HH) peptide in an 

autoproteolytic manner in the endoplasmic reticulum, involving the recruitment of 

cholesterol to facilitate in the nucleophilic attack of a thioester intermediate (Porter 

et al., 1996). As a result, C-HH is separated from N-HH, with the cholesterol moiety 

binding covalently to N-HH. This cholesterol moiety regulates the spread of the 

signalling HH ligand throughout a tissue field by restricting ligand association to 

the hydrophobic cell plasma membrane (Porter et al., 1996; Lewis et al., 2001). 

Accordingly, removal of cholesterol via mouse transgenics results in an increased 

spread of N-SHH throughout the limb bud, resulting in polydactyly (Li et al., 2006). 

The C-terminal is subsequently degraded by the proteasome (Chen et al., 2011).  

The 20kDa N-terminal of the peptide is processed further for signalling, by the 

addition of a palmitic acid moiety which increases signalling potency of the ligand 

(Pepinsky et al., 1998; Chen et al., 2004), facilitated by Skinny hedgehog (SKI), an 

acyltransferase (Chamoun et al., 2001). Upon translocation to the cell plasma 

membrane, it is released from the cell by a number of mechanisms. One of these 

involves a membrane-bound protein called Dispatched-1 (DISP), which together 
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with SCUBE2 assist the release of N-HH from the cell (Tukachinsky et al., 2012). 

Recent evidence has demonstrated that HH protein doesn’t even have to leave the 

cell in order to translocate across a signalling field – using specialised live cell 

imaging and chick embryo manipulations, Sanders et al showed that cells can 

produce long filopodia structures across vast distances of the chick limb 

mesenchyme, with the processed HH protein travelling along these filopodia to 

interact with receptor cells (Sanders et al., 2013). 
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Figure 1.5: Production and modification of Hh signalling ligand. HH ligand is 

translated as a preproprotein, and loses an N-terminal signal peptide upon 

translocation to the endoplasmic reticulum. The remaining 45kDa product is 

cleaved via a thioester intermediate, with the C-terminal degraded by the 

proteasome. Cholesterol and palmitoyl moieties are added to the carboxy and 

amino terminals respectively of the N-terminal HH ligand. Palmitoylation is 

assisted by Skinny hedgehog (SKI). HH-ligand is released from the cell via 

Dispatched protein. 
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1.3.3 Ligand reception and intra-cellular events 

Hh signalling ligand molecules bind to the canonical Hedgehog receptor, Patched 

(PTCH) – a 12-pass transmembrane protein. HH-PTCH binding is facilitated by 

complexes formed of CDO, GAS1 and BOC which increase binding affinity, thus 

regulating the spread of secreted HH molecules across signalling fields (Allen et al., 

2011). In the absence of bound HH ligand, PTCH1 has an inhibitory effect on 

Smoothened (SMO), and prevents the translocation of SMO-containing vesicles to 

the primary cilia of cells (Fig. 1.6A). The exact mechanism of this inhibition is 

unclear, although PTCH1 is known to accumulate at primary cilia in the absence of 

HH ligand, only to translocate out from the cilia upon HH ligand binding (Rohatgi 

et al., 2007). PTCH1 has been proposed to act as not only the receptor for HH ligand, 

but also as membrane-bound sterol pump, owing to the sterol-sensing domain 

located between transmembrane helices 2-6 (Strutt et al., 2001). Oxysterols have 

been shown to bind directly to SMO and activate Hh signalling, and that PTCH may 

act as a pump to remove oxysterols from SMO, inhibiting SMO in the process 

(Corcoran and Scott, 2006; Nachtergaele et al., 2013). PTCH also functions to 

maintain a negative feedback loop with SHH – as Hh signalling is activated upon 

HH ligand binding to PTCH receptor, PTCH is expressed as a target gene (Ingham 

et al., 1991; Johnson et al., 1996; Rahnama et al., 2006; Vokes et al., 2007). This 

negative feedback ensures transcript levels of Gli1 – a transcription factor that 

facilitates expression of Hh target genes, including itself in an autoregulative 

manner (Ruiz i Altaba, 1999) – are tightly regulated to avoid excessive expression of 

Hh target genes. PTCH2, a vertebrate paralogue of PTCH1, also participates in HH 

signalling antagonism in a co-operative manner PTCH1 (Holtz et al., 2013). 

SMO translocation is facilitated by β-arrestin and microtubule interaction (Kovacs et 

al., 2008). SMO in the primary cilia inhibits the role of SUFU in GLI protein 

processing, allowing GLI3 to translocate from the primary cilia into the cytoplasm, 

aided by KIF7 (Kim et al., 2009). SUFU functions to regulate the processing of GLI3 

into either of “activator” or “repressor” forms, which is cilia-independent (Chen et 
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al., 2009). The presence of SMO ensures that GLI3 is maintained as a full length 

“activator” protein, known as GLIA, which translocates into the nucleus and 

induces target gene expression via a zinc-finger DNA-binding domain. Such targets 

include Gli1, Ptch1, various Hox genes, and Hedgehog-dependent growth genes 

including cyclin D and cyclin E (Bonifas et al., 2001; Vokes et al., 2008). In the absence 

of HH ligand, the interaction between SUFU and full length GLI3 is maintained, and 

translocate into the cytoplasm. The C-terminal of GLI3 is phosphorylated by PKA, 

CK1 and GSK3β (Fumoto et al., 2006; Barzi et al., 2010). Phosphorylation induces 

recruitment of the E3 ubiquitin-ligase complex, and the C-terminal becomes 

ubiquitinated (Jia et al., 2005). GLI3 is partially degraded by the proteasome – 

degrading the transcriptional activation domain located in the C-terminal of the 

protein, and retaining transcriptional repressor domain and zinc-finger DNA-

binding domain in the N-terminal (Aza-Blanc et al., 2000). This truncated form of 

GLI3 is known as GLI repressor (GLIR). The retention of the transcriptional 

repressor and DNA-binding domains ensure that target genes are not expressed. 

Two other GLI proteins – GLI1 and GLI2 – act to express Hh target genes alongside 

GLIA. Full length GLI2 protein has a similar structure to full length GLI3 protein, 

and as such can act as a full-length activator, or as a repressor in its truncated form 

(Matise et al., 1998). GLI1 does not possess a transcriptional repressor domain, and 

acts solely as an activator in a semi-redundant role with GLI2 (Bai and Joyner, 2001; 

Bai et al., 2004). 
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Figure 1.6: Vertebrate Hh signalling. (A) In absence of HH ligand, Patched (PTCH) 

maintains an inhibitory effect on Smoothened (SMO) protein, preventing 

translocation to the primary cilia. As a result, GLI3 protein is partially degraded by 

the proteasome, leaving a GLI repressor (GLIR) peptide that contains a 

transcriptional repressor domain, and prevents expression of Hh target genes. (B) 

Binding of HH ligand to PTCH is facilitated by CDO, BOC and GAS1. The 

PTCH/HH ligand complex is endocytosed in a vesicular manner (Chen & Struhl., 

1996), and degraded by the proteasome. Subsequently, inhibition of SMO is 

relieved, allowing SMO to translocate to the primary cilia, assisted by β-arrestin. 

Full length GLI activator (GLIA) translocates into the nucleus, where the GLIA 

transcriptional activator domain facilitates expression of Hh target genes. 
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1.3.4 Manipulation of the Hedgehog pathway via small molecule effectors 

The Hh pathway can be manipulated through small molecule effectors that interact 

with specific proteins involved with Hh signalling. Cyclopamine is a small, steroidal 

alkaloid compound produced by the Veratrum californicum lily plant, which causes 

embryonic cyclopia and holoprosencephaly. The overall effect of cyclopamine is 

antagonistic towards the Hh pathway (Cooper et al., 1998; Incardona et al., 1998). 

Cyclopamine has been shown to bind directly to the extra-cellular side of the hepta-

helical transmembrane bundle of SMO protein, forming hydrogen bonds with the 

helical bundle and inducing structural changes (Chen et al., 2002b; Wang et al., 2013; 

Weierstall et al., 2014).  Interestingly, cyclopamine does not lead to a net removal of 

SMO from the primary cilia, and instead retains SMO in an inactive form (Rohatgi et 

al., 2009; Nachtergaele et al., 2013). Multiple synthetic agonists of Hh signalling have 

been developed, including Smoothened agonist (SAG) (Frank-Kamenetsky et al., 

2002; Mas and Ruiz i Altaba, 2010). SAG is a chlorobenzophene compound that, like 

cyclopamine, binds to the transmembrane hepta-helical bundle of SMO, but unlike 

cyclopamine causes up-regulation of Hh target genes (Chen et al., 2002a). Both 

cyclopamine and SAG bind at the same site of the bundle, with SAG being able to 

compete cyclopamine to bind preferentially (Chen et al., 2002a). SAG functions in a 

dose-dependent manner – such that an excessive concentration of SAG results in the 

down-regulation of Hh target genes in vitro (Chen et al., 2002a). SAG is understood 

to stabilise an active form of SMO in the primary cilia that is insensitive to inhibition 

from PTCH1 (Rohatgi et al., 2009). 

When limb buds are treated with cyclopamine, digits are lost in a progressive 

manner – such that treatments at earlier stages of limb development cause more 

severe changes to digit number and patterning. Early-stage treatments result in the 

loss or pattern change of multiple digits (digits III and IV in the chick leg), whereas 

later-stage treatments near the end of the digit patterning phase (>st.22HH) result in 

minor reductions of the posterior-most digit (e.g. digit IV in the chick leg) (Scherz et 

al., 2007). SHH expression is increased in response to cyclopamine, hypothesised to 
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be caused by ZPA cells responding to the loss of Hh signalling induced by 

cyclopamine by up-regulating SHH expression in an attempt to restore Hh 

signalling (Scherz et al., 2007). Treatment of amputated limb stumps of Xenopus 

froglets with SAG results in rescue of Ptch1, Ptch2 and Gli1 expression and the 

formation of multiple cartilaginous elements with no distinct digit pattern. Shh, 

however, is not induced by SAG in this model (Yakushiji et al., 2009). SAG 

treatment in dogfish embryos led to increased ptch2 expression and caused an 

enlargement of the pectoral fin metapterygium (Sakamoto et al., 2009). Injection of 

SAG into chick leg buds has varying effects depending on the stage of treatment – 

early treatments at st.14HH led to reduction of limb bud size, reduced FGF8 and 

SHH expression, increased GLI1 expression, and lack of distal limb cartilaginous 

elements, whereas late treatments at st.20HH lead to increased limb bud size at 

st.28HH (Zhulyn et al., 2014). 

 

1.4 Genetic regulation of Shh 

1.4.1 Autoregulation of Shh in the limb bud 

Since Shh has the potential to form ectopic digits if expressed ectopically, expression 

needs to be tightly regulated in the developing limb in order to develop a correct 

digit number and pattern. Early studies investigated endogenous expression of Shh 

in response to exogenous treatments. Implantation of beads soaked in high 

concentrations of SHH protein into the posterior chick wing result in a decrease of 

SHH, caused primarily by increased cell death of ZPA cells (Sanz-Ezquerro and 

Tickle., 2000). Cyclopamine, as mentioned above, has been shown to increase Shh 

expression in the ZPA due to perceived loss of Hh signalling (Scherz et al., 2007). 

Implantation of SHH-expressing quail cells into the anterior chick wing can induce 

endogenous SHH expression within 48 hours (Duprez et al., 1999), akin to the 

induction of SHH expression in the ventral floor plate of the neural tube by SHH 

protein from the underlying notochord (Marti et al., 1995). The area of induced SHH 
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expression in the anterior wing lies distal to the implanted cell pellet, similar to the 

insertion of RA-soaked beads (Riddle et al., 1993). The anterior wing tissue retains 

capability to express SHH, as shown by polarising activity maps (Tanaka et al., 

2000). Native central-proximal wing mesenchyme – which does not express SHH 

endogenously - can induce expression of endogenous SHH in the anterior wing 24 

hours post-insertion (Tanaka et al., 2000). Collectively these findings suggest that 

SHH expression is autoregulative - i.e. SHH expression can be controlled as a target 

of Hh signalling. Expression of SHH can be increased in response to inhibition of the 

Hh pathway (Scherz et al., 2007), whilst it can also be decreased upon perception of 

excessive Hh activity in the limb (Sanz-Ezquerro and Tickle., 2000). However, 

endogenous autoregulation of limb Shh expression via Hh signalling, in un-

manipulated circumstances, has not been characterised. 

 

1.4.2 Long-range genetic regulation of Shh via the ZRS 

The Shh gene is regulated by a number of tissue-specific enhancers; as such these are 

able to tightly regulate expression of Shh in areas where Hh signalling is required 

during development. These enhancers are specific for regulating Shh in the sections 

of the developing brain (Jeong et al., 2006), lung-gut epithelium, pharyngeal 

epithelium and oral epithelium (Sagai et al., 2009), and the limb (Sharpe et al., 1999; 

Lettice et al., 2002; Sagai et al., 2005). Of these enhancers, the limb-specific enhancer 

has been the most extensively studied. This regulator of Shh in the ZPA of the 

posterior limb bud was serendipitously discovered in a transgenic screen inserting a 

Hoxb1/human placental alkaline phosphatase (HPAP) segment randomly into the 

mouse genome. One insert resulted in the formation of preaxial polydactyly (PPD) 

in the hindlimbs (thus the mutant name Sasquatch (Ssq)), and caused ectopic 

expression of Shh, Fgf8 and HoxD13 in the anterior limb bud (Sharpe et al., 1999). 

Heterozygous embryos developed PPD exclusively in the hindlimbs (suggesting a 

dominant effect of the Ssq mutation), whilst homozygous mice developed PPD on 

both fore- and hindlimbs. Genetic mapping of the HPAP insert found an insertion 
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site approximately 800kb upstream of the Shh gene, residing within intron 5 of the 

Limb region 1 (Lmbr1) gene (Lettice et al., 2002). Prior to the mapping of the HPAP 

insertion, a 5-6kb deletion resulting in the loss of LMBR1 exon 4 was found to cause 

the autosomal-recessive acheiropodia condition in humans (Ianakiev et al., 2001). 

Acheiropodia results in the complete loss of distal structures in the arms and legs 

exhibited as an absence of hands and feet and reduced length of zeugopodal 

elements. Both of these findings demonstrated that certain non-coding regions of 

Lmbr1 are necessary for limb development. 

The limb-specific enhancer of Shh was dubbed the ZPA-regulatory sequence (ZRS) 

(Lettice et al., 2003). This ~800bp region is a highly conserved sequence, thus an 

alternate name being mammalian and fish conserved sequence 1 (MFCS1) (Sagai et 

al., 2004; Dahn et al., 2007). This region is rich in predicted transcription factor 

binding sites: for example, HAND2 has been shown to bind in vivo to the ZRS in 

complex with HOXD13 (Galli et al., 2010). ETS/ETV transcription factors – small 

helix-turn-helix proteins that recognise a canonical GGA(A/T) binding sites - have 

been characterised to finely regulate Shh expression in different areas of the limb 

(Lettice et al., 2012). The ZRS has been shown to be essential for correct Shh 

expression in the early limb bud, as complete removal of the ZRS results in a loss of 

all limb Shh expression and a limb skeletal pattern identical to the Shh-/- mouse 

(Sagai et al., 2005). Unlike the Shh-/- mouse which is embryonic lethal (Chiang et al., 

1996; Chiang et al., 2001), the transgenic homozygotic embryos survived to birth, 

and were viable – demonstrating that the ZRS is a limb-specific enhancer of Shh. 

Partial deletion of ZRS sequence results in a similar phenotype, as shown in the ozd 

chicken mutant (Ros et al., 2003), which has a phenotype similar to the MFCS1-/- 

mouse (Sagai et al., 2005), and was later found to be due to a ~1600bp deletion in 

intron 5 of the LMBR1 gene, resulting in a ~665bp deletion of the ZRS (Maas et al., 

2011). 

The ZRS has been shown to act in cis with the Shh gene; i.e. a ZRS located on an 

individual allele will only act on a Shh gene located on the same allele (Lettice et al., 
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2002). This was determined in a “cis-trans” test – where crosses using Ssq 

homozygous mice and the Shh-null heterozygotes were established, with following 

progeny containing various combinations of alleles. One genetic outcome was an 

allele that consisted of a Ssq ZRS (i.e. polydactylous) upstream of a Shh-null allele 

(i.e. lack of Shh function). The Shh-null allele negated the polydactylous effects of the 

Ssq ZRS resulting in a mouse with a Wt digit number, showing that the ZRS acts in 

cis upon the Shh locus (Lettice et al., 2002). The ZRS is able to regulate limb-specific 

gene Shh gene expression despite residing almost 1Mb away from the Shh promoter 

(Fig. 1.7). The large distance between the ZRS and Shh loci is overcome by 

alterations in chromosomal architecture to allow physical co-localisation of the ZRS 

and Shh promoter. Conformational changes have been shown to allow long-range 

enhancers to localise to the promoters of target genes; for example, the ZRS and the 

Shh promoter co-localise in limb bud mesenchymal cells that are actively expressing 

Shh, despite being located ~1Mb away from each other (Amano et al., 2009). Precise 

regulation of chromatin conformation changes are required, partly instilled by the 

binding of specific transcriptional complexes to enhancers. Small changes to 

enhancers can lead to ectopic enhancer activity, as shown by the AUS and AC 

mutations in the ZRS that cause an imbalance of activating transcription factors to 

bind in place of factors associated with transcriptional repression (Lettice et al., 

2012). 

 

1.4.3 The role of the ZRS in preaxial polydactyly 

Limb defects represent some of the most common congenital defects in humans, 

with a live-birth incidence rate of 3.8/1000 (Dolk et al., 2010). The most common 

anomalies are upper/lower limb reductions (both skeletal and muscular), club foot, 

syndactyly (fusion of digits) and polydactyly. The formation of extra digits may co-

present with syndactyly (i.e. extra digits may be fused to other digits), known as 

polysyndactyly. Polydactylous digits form either on the side of the autopod next to 

the thumb/big toe (preaxial), or on the side next to the little finger/ little toe 
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(postaxial). Human cases of polydactyly are often resolved through surgical means. 

Both post- and preaxial polydactyly are associated with other syndromes; Bardet-

Biedl syndrome and Meckel syndrome are associated with postaxial polydactyly 

(Salonen, 1984; Green et al., 1989; Castilla et al., 1998), whilst Greig 

cephalopolysyndactyly presents with preaxial polydactyly. The phenotypes 

observed in human patients are recapitulated in the various limb manipulation 

experiments performed in the chick wing. Genetic links between human 

polydactyly and genes involved in embryonic limb development have been 

identified, including GLI3 (Fujioka et al., 2005) and LMBR1 (Heus et al., 1999). Cases 

of human preaxial polydactyly linked to the LMBR1 locus have since been further 

refined to the ZRS; currently there are a large number of individual single 

nucleotide polymorphisms (SNP) located in the ZRS linked to cases of preaxial 

polydactyly in many families world-wide (Fig. 1.7). Similar to the HPAP insertion 

that created the mouse Ssq mutant (Sharpe et al., 1999), a 13bp insert has been 

shown to cause preaxial polydactyly in a Swedish family (Laurell et al., 2012), and 

micro-duplications of the ZRS and surrounding area also cause preaxial polydactyly 

(Lohan et al., 2014).  

 

1.4.4 Polydactyly in multiple species 

Humans are not the only vertebrate species to exhibit polydactyly – cats (Danforth, 

1947), dogs (Prentiss, 1906), chickens (Warren, 1944), mice (Fortuyn, 1939) and 

salamanders (Bishop, 1947) are known to present polydactyly. Hemingway cats are 

arguably the most famous non-human example of polydactyly, named after 

esteemed author Ernest Hemingway, who was gifted a polydactylous cat which 

passed on its polydactylous trait to offspring based in the grounds of the author’s 

house in Florida. These cats present preaxial polydactyly in the form of an 

additional preaxial digit. The genetic cause of this phenotype was found to be an 

A480G SNP in the feline ZRS (Fig. 1.7), which was able to drive ectopic β-

galactosidase activity in a murine LacZ system (Lettice et al., 2008). The mouse has 
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proved an excellent model to study the genetic bases of preaxial polydactyly, and a 

number of polydactylous mice strains exist, including the Hemimelic extra toes (Hx), 

Strong’s Luxoid (lst) and extra toes (Xt) mutants (Strong and Hardy, 1956; Johnson, 

1967; Knudsen and Kochhar, 1981). These mutants present preaxial polydactyly, 

often accompanied with defects in the preaxial zeugopod (radius and tibia). The lst 

mutant has been shown to be caused by mutations in the Alx4 gene (Qu et al., 1998) 

- a gene expressed in the early anterior limb bud that has roles in repressing Hh 

signalling (Panman et al., 2005; Kuijper et al., 2005). As a result, an ectopic ZPA 

forms in the anterior limb, leading to the formation of polydactylous digits (Qu et 

al., 1997). A loss of GLI3 function (and a reduction of Gli3 expression) has been 

shown to be responsible for causing the observed phenotype in the Xt mutant (Hui 

and Joyner, 1993). The Hx mutation was identified as a G554A SNP in the ZRS 

(Lettice et al., 2003), and was subsequently shown to act upon the Shh locus in the 

same cis-regulatory manner as the Ssq mutation (Lettice et al., 2002; Sagai et al., 

2004). 
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Figure 1.7: ZRS mutations associated with preaxial polydacyly. The ZPA 

Regulatory Sequence (ZRS) is a long-range, cis-regulatory, limb-specific enhancer of 

Shh. A number of SNPs, inversions, microduplications and deletions have been 

identified that effect Shh expression in the developing limbs of humans, cats, mice, 

and chickens. 
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Various chicken breeds are known to present preaxial polydactyly, and have been 

studied as a means of observing Mendelian genetics in the animal kingdom 

(Bateson and Saunders, 1902; Punnett, 1929; Hutt, 1949). Arguably the most 

dramatic chicken preaxial polydactyly is found in the talpid mutants. Three talpid 

mutants have been identified, with only talpid2 and talpid3 still in existence. These 

distinctive mutants are characterised by severe polydactyly on the wings and legs; 

with the wings developing a spade-like structure with many distal “tips” (thus the 

name talpid, after the Latin for mole, talpa) and the legs exhibit a large number of 

digits, with no recognisable pattern. They also show a failure of ventral body wall 

closure (similar to gastroschisis in humans), highly reduced bone ossification, 

cyclopia (of varying degrees), and malformations in the blood vessels, beak, and 

vertebral column. Due to the massive haemorrhaging that occurs as a result of the 

failure of body wall closure, these mutants are embryonic lethal. The talpid3 mutant 

has been extensively studied after its serendipitous discovery in 1964 (Ede and 

Kelly, 1964), and has been described as a ciliopathy caused by a truncation of the 

KIAA0586 protein, which is known to associate with the primary cilia of cells 

(Davey et al., 2006). These mutants fail to form primary cilia, leaving tissue 

unresponsive to Hedgehog signalling (Yin et al., 2009). This is shown in the early 

talpid3 limb bud, which expresses SHH in the ZPA, but exhibits highly reduced GLI1 

and PTCH1 expression, with the GLI3 expression domain is expanded towards the 

posterior limb (Lewis et al., 1999). This differs from the talpid2 mutant, which 

exhibits an expansion of PTCH1 and GLI1 towards the anterior limb (Carrucio et al., 

1999). Both mutants, however, maintain expanded expression of FGF4, HOXD13 

and BMP2 (Francis-West et al., 1995; Caruccio et al., 1999). The failure of the talpid3 

limb to form a digit pattern may be explained by the lack of response to the gradient 

of SHH protein from the ZPA, as shown by lack of PTCH1 expression. The lack of 

cilia on limb mesenchymal cells in talpid3 underpins the lack of PTCH1, allowing the 

distribution of SHH protein to migrate further across the limb bud (Davey et al., 

2006). The formation of the digits is unaltered, as both SHH and GLI3 are not 

required to form digits (Litingtung et al., 2002). Whilst the talpid mutants are 
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embryonic lethal, there are a number of viable chicken breeds that regularly exhibit 

PPD. Among these are the Dorking, Houdan, Sultan, and Silkie breeds. These all 

exhibit PPD in the adult hindlimb, with a Wt tri-dactyl wing. The polydactyly 

observed in the Dorking breed is understood to be due to ectopic FGF4 expression in 

the anterior AER, which leads to the formation of an ectopic SHH expressing centre 

and a reduction in ANZ cell death (Bouldin and Harfe, 2009). The cause of the 

ectopic FGF4 expression remains unknown. 

 

1.4.5 The polydactylous Silkie breed 

The Silkie is an ancient chicken breed originating in Asia (Roberts, 1997), with the 

earliest description from Marco Polo during his expedition in the East: “…they have 

a kind of fowls which have no feathers, but hair only, like a cat’s fur” (translated in 

(Yule et al., 1903)). The Silkie is favoured by collectors and breeders due to the 

highly broody nature of the hens, and distinctive phenotype. Silkies possess barbed 

feathers (as described by Marco Polo), turquoise earlobes, and a compact comb 

structure (rose, walnut or pea) that is linked with low sperm motility (Imsland et al., 

2012). The dermis, muscle, and viscera are heavily pigmented and dark in 

appearance. They also exhibit preaxial polydactyly in the feet; most commonly 

manifested as an additional digit 1, but can form up to 6 digits on each foot (Warren, 

1944). A number of mutations have been identified and attributed to the various 

phenotypes observed in the Silkie, including SNPs associated with the inhibitor of 

dermal melanin (Id) and fibromelanosis (Fm) that are believed to be responsible for the 

darkened tissue of the Silkie, along with SNP associated with barbed feathers and 

rose comb (Dorshorst et al., 2010).  A SNP was also identified associated with 

polydactyly (at the Po locus). This SNP mapped to the ZRS, and was found to be 

specific to the Silkie breed as the sequence of the Dorking ZRS is identical to that of 

non-polydactylous Wt chicken breeds, suggesting that the genetic mechanisms of 

developing preaxial polydactyly are inherently different in the Silkie and Dorking 

breeds (Dorshorst et al., 2010; Maas et al., 2011). The Silkie ZRS has been tested 
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functionally in the chicken, using a LacZ reporter system. The Silkie ZRS was able to 

drive β-galactosidase activity in both the posterior (ZPA) and anterior leg bud, 

recapitulating the observed ectopic expression of SHH in the anterior st.26HH leg 

(Maas et al., 2011). This suggests that the Silkie ZRS SNP disrupts the localised 

activity of the ZRS in a negative manner, so that the Silkie ZRS is active in areas 

which have the potential to express SHH (i.e. the anterior limb). 

The anterior Silkie leg develops a region of ectopic SHH at st. 26HH, which is not 

observed in the wing. This is accompanied by an expansion of BMP2 and HOXD13 

expression (Arisawa et al., 2006). The ectopic digits in the anterior leg were shown 

to be ossified in a similar pattern to digits I-IV. The wing displayed a surprising 

phenotype – an ectopic preaxial digit visible from st.32HH, yet no longer present by 

st.37HH (Arisawa et al., 2006). The temporary presence of preaxial digits in the wing 

recapitulated the earlier findings of Barfurth – as described ectopic digits that 

disappear from the wing by eight days of development (Barfurth, 1911; Barfurth, 

1914). The mechanisms involved in this transitory digit formation and subsequent 

loss are unknown.  

We found the Silkie Po locus was fully penetrant for preaxial polydactyly, 

contradicting previous reports of Silkie flocks that had a high percentage, but not 

complete penetrance for ectopic digits (Huang et al., 2006; Dorshorst et al., 2010). 

We showed that whilst the Silkie Po locus may not necessarily cause the formation of 

an extra digit, it can lead to the formation of an extra phalanx in the anterior leg 

digit (polyphalange), considered a variety of polydactyly (Warren, 1944; Dunn et al., 

2011). Indeed, we found that the Slk ZRS C525A SNP was required in order to form 

preaxial polydactyly, as Silkie males that did not possess this mutation at the Po 

locus were not polydactylous, nor were they able to pass on preaxial polydactyly to 

offspring when mated with non-polydactylous WL female birds (Dunn et al., 2011). 

Through assessment of F1 and F2 offspring from Silkie and White leghorn cross, we 

found that each polydactylous embryo possessed at least one copy of the Slk ZRS 

SNP in posterior and anterior tissue, suggesting that both the Wt and Slk ZRS alleles 
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were involved in SHH expression in these two areas of the Silkie leg (Dunn et al., 

2011).  

We also determined that the initiation of ectopic SHH in the anterior Slk leg is 

temporally restricted, initiating at st.25HH and persisting through to st.28HH 

(Dunn et al., 2011). We also found that the size of the ZRS in Slk legs appeared to be 

larger, with a longer period of SHH expression beyond the termination of SHH 

expression at st.26HH, as observed in the non-polydactylous Wt limbs (Dunn et al., 

2011). The changes to ZPA SHH expression suggested that the Slk ZRS SNP has an 

effect on SHH expression not only in the anterior limb, but also in the ZPA. Through 

initial investigation of the contribution of the Wt and Slk ZRS to ZPA SHH 

expression in heterozygotes we found that expression of each allele was not equal, 

with an “imbalance” of expression in favour of the Slk ZRS allele (Dunn et al., 2011). 

 

1.5 Digit loss 

1.5.1 Vestigial limbs and digit loss over evolutionary distances 

Various species are well known for exhibiting vestigial limbs (reduced limb-like 

structures), or even complete loss of limbs. The loss of limb structures is thought to 

occur over vast evolutionary distances, just as the acquisition of limbs (regarding 

the extinct Tiktaalik species as evidence) occurred over the course of millions of 

years (Shubin et al., 2006). Arguably the most famous example of limb loss is that of 

the snakes. Lacking limbs of any substantial structure, certain snake species retain a 

small spur located in place of a hindlimb, often used to assist in mating. The 

molecular basis of serpentine limb loss has been extensively studied. In a similar 

manner to the increased number of thoracic vertebrae found in snakes, differential 

Hox gene expression is understood to be the cause of limb loss in pythons 

(Guerreiro et al., 2013). Python embryos develop small hindlimb buds which 

possess polarising activity yet lack an AER, considered to be responsible for the lack 

of limb bud outgrowth (Cohn and Tickle, 1999).   
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Certain reptilian and amphibian species exhibit limbs with reduced numbers of 

digits. A particularly well studied example is the Hemiergis genus of skinks – a small 

Australian genus comprised of five species. Members of this genus are notable for 

the progressively decreasing number of digits maintained on the fore and 

hindlimbs. H. quadrilineata possesses small limbs with only two digits, whereas H. 

initialis has five digits on each limb. All species, regardless of digit number, form 

stylopodal and zeugopodal elements The loss of digits is thought to be 

advantageous in allowing certain Hemiergis species to burrow into the wet sand that 

forms most of their native habitat, with H. quadralineata able to burrow further than 

H. initialis (Shapiro., 2002). The developmental bases behind these differing 

phenotypes in this genus have been shown to be due to gradual termination of SHH 

expression in the developing limbs. Limbs of H. initialis maintain SHH expression in 

the ZPA until initiation of cartilage condensation (akin to chickens and mice), 

whereas SHH in the limbs of H. quadrilineata terminates far earlier (Shapiro et al., 

2003). The early reduction of SHH in the 2-toed H. quadrilineata may prevent the 

formation of the posterior-most digit, which has been shown to require the greatest 

concentration of SHH and length of SHH exposure in order to form (Ahn and 

Joyner, 2004; Harfe et al., 2004; Scherz et al., 2007). Initiation of SHH of the Hemiergis 

species studied occurred simultaneously, suggesting that the premature loss of SHH 

at later time point is responsible for the reduced digit number. Indeed, cell 

proliferation was reduced and apoptotic cell death increased in H. quadrilineata 

compared to the 5-toed H. initialis (Shapiro et al., 2003). 

Recent studies have investigated the digit loss observed in mammals. Certain 

mammalian species have reduced numbers of digits, such as the horse, camel, pig, 

and cow. A great degree of plasticity exists in the molecular mechanisms underlying 

digit loss in these species (Cooper et al., 2014; Lopez-Rios et al., 2014). Digit loss in 

the three-toed jerboa, horse and camel have been shown to occur in a similar 

manner – genes involved in patterning of the early limb bud (Shh, Ptch1, Gli1 and 

HoxD13) are expressed at levels similar to the mouse limb, with reduction of 

vestigial digits occurring at later stages. Around the time of digit ray primordia 
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formation, Msx2 (a gene linked with apoptosis in the limb bud (Gañan et al., 1998; 

Ferrari et al., 1998; Fernandez-Teran et al., 2006)) expression is increased in the 

tissue distal to the vestigial digits. Fgf8 expression in the AER becomes restricted to 

the growing digits, and expression is lost completely in the AER overlying the 

vestigial digits. The reduction of the vestigial digits occurs via increased apoptosis 

in the tissue surrounding digit primordia (Cooper et al., 2014). Digit loss in the pig 

and cow is understood to occur via a different mechanism, instead occurring at the 

early limb patterning phase, and not accompanied by increased apoptosis (Lopez-

Rios et al., 2014). Expression of Shh in early cow and pig limb buds is similar to that 

of the mouse – however, expression of Ptch1 is reduced (Cooper et al., 2014; Lopez-

Rios et al., 2014). Subsequently, the range of SHH protein is increased in the cow 

limb, leading to increased expression domains of Gli1 and HoxD13. The reduced 

expression of Ptch1 is due to the inactivation of a limb-specific Ptch1 cis-regulatory 

element, caused by the expansion of a microsatellite marker (Lopez-Rios et al., 

2014). Like the horse, camel, and three-toed jerboa, Fgf8 expression is lost over the 

vestigial digits. However this is not accompanied by increased apoptosis. 

Mechanisms of digit loss can vary largely, even across the relatively short 

evolutionary distance observed between the cow and camel. Both the Hemiergis 

genus and bovine species achieve digit loss in a Hh dependent manner, whereas the 

horse, camel and three-toed jerboa achieve similar digit loss in a manner that 

appears to be independent of Hh signalling interruption. 

 

1.5.2 The ratite clade and digit loss 

Species of the ratite group of birds are known primarily for their loss of flight and 

for possessing vestigial wings. The ratite group consists of five distinct living 

species: rheas (Rhea), ostriches (Struthio), cassowaries (Casuarius), emu (one living 

species, Dromaius novaehollandiae) and kiwis (Apteryx) (Fig. 1.8). Extinct species 

include the moa and the elephant bird. The Tinamidae (tinamou) genus is closely 
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related, and collectively the ratites and tinamous are paleognaths, considered the 

most basal clade of birds. Each of these species are dispersed globally, with the kiwi 

endogenous to New Zealand, the emu to Australia, the cassowary to Australia and 

Indonesia, the ostrich to Africa, and the rhea and tinamou species to South America. 

The extinct moa was endogenous to New Zealand, and the elephant bird to 

Madagascar. Recent phylogenetic analysis of living and extinct ratite species has 

clarified that each species is likely to have lost flight individually, after inhabiting its 

unique geographical location (Mitchell et al., 2014). The loss of flight is thought to 

have only occurred as each species occupied an available niche – however, the 

tinamou retained flight and smaller size than the co-habiting rhea because the rhea 

had already occupied the ground-dwelling, large-bodied omnivorous niche 

(Mitchell et al., 2014). The reduced wings of the kiwi, emu and cassowary are 

considered to be a result of selective pressure upon each species adapting to the 

environment to occupy an available niche. 

Whilst tinamous are capable of flight, the ratite species are not, due to large body 

sizes and lack of keel (a large bony extension of the sternum that serves as an anchor 

point for the breast muscles used in flight to attach). Of the ratites, the ostrich and 

the rhea are the only species to possess fully formed tridactyl wings. Whilst these 

wings are not suited for flight, they are instead employed in mating rituals, 

thermoregulation and aiding locomotion. The emu, cassowary and kiwi species all 

possess wings of highly reduced length, with only a single ossified digital element 

in adults (Fig. 1.8). Unlike the rhea and ostrich, these reduced, vestigial wings have 

no known function.  

The molecular basis for digit loss across the ratite clade is poorly understood. Small 

metacarpals condensations are often found fused to the anterior and posterior of the 

proximal ossified metacarpal (Parker, 1888). Analysis of embryonic wings of the 

kiwi suggests that these condensations may be remnants of digital growth, which 

failed to develop (Parker, 1890). The early forelimb buds of the emu, cassowary and 

kiwi are greatly reduced in size compared to the hindlimb buds (Parker, 1890). 
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Detailed studies have shown that the emu wing initially contains four SOX9 

expressing regions that mark the presumptive digital rays, and develops cartilage 

condensations akin to the central digit (the only fully formed digit in adult emus). 

However, these condensations fail to develop prior to ossification (de Bakker et al., 

2013). The expression of SHH is delayed in the emu forelimb, whereas SHH in the 

emu hindlimb is similar to the chicken leg. Even after SHH initiation, transcript 

levels are significantly reduced compared to that of the chick wing (Heppleston., 

2010), and expansion of anterior genes including GLI3 and ALX4 occurs (de Bakker 

et al., 2013). This temporal arrangement of SHH expression differs compared to that 

observed in the Hemiergis species, which exhibit synchronised SHH initiation and 

progressively premature termination of SHH (Shapiro et al., 2003). The subsequent 

digit loss in the emu and Hemiergis species may differ as a result; as the digital rays 

that condense in Hermiergis limbs do not fail to ossify (Shapiro., 2002), whereas the 

digital rays of presumptive digits 5,4 and 2  fail to ossify in the emu (de Bakker et 

al., 2013). The Hemiergis species only produce digital rays that will become ossified 

digits, whereas the emu wing produces cartilage rays that do not ossify, and are 

subsequently lost. The digit loss observed in the ratite clade offer another avenue for 

investigating digit loss across evolutionary distances, and to compare against the 

recent studies of mammalian Hh-dependent and independent digit loss. 
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Figure 1.8: Digit patterns of embryonic and adult limbs. Digit primordia in 

embryonic wing and leg buds, and ossified digits in adult wings and legs of the 

ratite species, the closely related tinamou, and the chicken. Note loss of 

cartilaginous digit primordial from embryonic stages to adults (for example, loss of 

digit V in the adult chicken leg). References from which drawings were based upon: 

adult wings of rhea, ostrich, kiwi and emu (Parker, 1888); adult tinamou wing and 

leg (Maxwell and Larsson, 2007); adult cassowary wing and leg, and adult kiwi leg 

from museum specimens 1995.119.1 and 1995.119.2 (Casuarius unappendiculatus, 

Museum of Scotland) and 1913.48 (Apteryx haastii, Museum of Scotland); embryonic 

ostrich wing and leg (Feduccia and Nowicki, 2002); adult moa leg (Mantell, 1850); 

adult elephant bird leg (Balanoff and Rowe, 2007); adult elephant bird wing 

description (Andrews, 1897); embryonic emu wing and leg (Nagai et al., 2011); 

embryonic rhea, (Maxwell and Larsson, 2009); embryonic kiwi wing and leg 

(Parker, 1890). †, extinct. Illustrations not to scale. 
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1.6 Aims and initial hypotheses 

The aim of this thesis is to investigate how the SHH gene is regulated in the limb, 

both at the cis-regulatory level and as a target of Hedgehog signalling. We aimed to 

characterise the effects that a single SNP within the ZRS has on digit patterning, 

limb growth and Hedgehog signalling using the polydactylous Silkie chicken as a 

model. Furthermore, I aimed to determine the developmental events required for 

the initiation of ectopic SHH, linked explicably with preaxial polydactyly. We also 

aimed to determine if the regulation of SHH has a role in evolutionary digit loss. 

Finally, we aimed to quantitate temporal changes in growth and SHH protein in the 

limbs of multiple species, explore the distribution of SHH protein, and investigate if 

SHH quantity is linked to digit number. 

Each of these aims is described in the following five chapters. For clarity, the 

collective hypotheses of this thesis are listed below: 

 

Hypothesis 1: Cis-regulation of the SHH gene is involved in the autoregulation of 

endogenous SHH expression.  

To investigate this, we have used a specific heterozygous cross of Silkie and White 

Leghorn chickens to track allelic contribution to SHH expression in heterozygote 

polydactylous limbs. In order to investigate the role of the Hedgehog pathway in 

this autoregulation, we have manipulated Hh signalling with a Smoothened 

antagonist.  

 

Hypothesis 2: Preaxial polydactyly in the Silkie leg requires a necessary genotype 

(i.e. C525A ZRS SNP) in the anterior and posterior limb mesenchyme, increased 

SHH protein, and increased Hh-dependent growth at early stages prior to ectopic 

SHH expression. 
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To test our hypotheses, we have manipulated various signalling pathways required 

for limb development, and deduced binding profiles of factors to the area 

surrounding the Silkie SNP site in the ZRS. 

 

Hypothesis 3: SHH protein quantity increases over time, and forms a quantifiable 

gradient in the limb. 

In order to test our hypothesis, we have developed a reproducible method for 

quantitating N-SHH protein in whole, and divided limb buds. This method has 

allowed us to assess limb bud N-SHH protein quantity in a temporal study across 

early limb stages, and determine distribution of SHH protein across the posterior 

limb. 

 

Hypothesis 4: Limb SHH protein quantity varies between mammalian and avian 

species, and is correlated to digit number. 

To test this hypothesis, we quantitated N-SHH protein in multiple mammalian and 

avian species, along with limb bud cell number at morphologically equivalent 

stages. 

 

Hypothesis 5: Mutations in the ZRS may have an effect on SHH expression in the 

vestigial wings of the emu, cassowary and kiwi. 

We have gathered preliminary data with regards to the role of SHH in the 

evolutionary digit loss of the ratite species. To test this hypothesis, we have 

sequenced the ZRS sequences of all ratite species, and functionally tested the emu 

ZRS functionally using a murine LacZ system. We have also attempted to drive 

additional digit formation by exogenous ZPA grafting experiments. 
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Chapter 2 

Methods and Materials 
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2.1 RNA/DNA-based methods 

2.1.1 DNA extraction (blood) 

Approximately 3µl avian blood was used to extract genomic DNA (gDNA), using 

an Illustra Blood Genomic Prep Mini Spin kit (GE Healthcare), as per 

manufacturer’s instructions. Purified gDNA was stored at 4°C until further use. 

 

2.1.2 DNA extraction (tissue) 

Embryonic tissue was homogenised into ~2mm3 pieces in 500µl phosphate buffered 

saline (PBS). 10µl of Proteinase K (Sigma) was added, vortexed briefly, and 

incubated at 56°C overnight. Upon complete sample digestion, 500µl of 

phenol/choloform/isoamyl alcohol (25:24:1, Sigma) was added to the sample, and 

inverted to mix thoroughly. Samples were centrifuged at 12,000 x g for five minutes, 

and supernatant removed to new tubes, containing 500µl isopropanol. Samples 

were incubated at -20°C for an hour to facilitate DNA precipitation. After 

centrifugation at 12,000 x g for thirty minutes, DNA pellets were washed with 75% 

and 95% ethanol (diluted in water), and centrifuged again. Excess ethanol was 

removed, and samples allowed to air-dry at room temperature. DNA was 

resuspended in 100-200µl TE buffer (10mM Tris.HCl (pH 8.0), 1mM EDTA). Purified 

DNA was stored at 4°C until further use. 

 

2.1.3 RNA extraction 

Embryonic tissue was dissected in ice cold PBS. Limb buds were dissected whole, or 

bisected into posterior and anterior halves (for use in allelic imbalance studies). 

Tissue was transferred into 500µl UltraSpec II reagent (Biotix) in Lysing Matrix D 

Fast Prep tubes (MP), and frozen on dry ice. Sample were stored at -80°C until 

further use. To extract nucleic acids, samples were homogenised for 20 seconds, at 
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speed 6, using a FastPrep machine (MP), and transferred immediately to ice. 100µl 

choloroform was added, inverted to mix thoroughly, and incubated on ice for 

fifteen minutes. Samples were then centrifuged at 16,000 x g for fifteen minutes, at 

4°C. Supernatant was removed to new tubes containing 125µl isopropanol, and 10µl 

RNATack (Biotix) was added. After brief vortexing, samples were centrifuged at 

16,000 x g for five minutes, at 4°C. The RNATack pellet (containing nucleic acids) 

was washed with 75% and 95% ethanol, and air dried. Pellets were resuspended in 

20µl TE buffer, and centrifuged as before. Supernatant was transferred to new tubes, 

and stored at -80°C until further use. 

 

2.1.4 cDNA synthesis 

RNA (4µl) was treated with DNAse (Promega) for one hour at 37°C in a 10µl 

reaction, with the reaction halted by the addition of 1µl DNAse STOP solution 

(Promega). RNA concentrations were determined using NanoDrop apparatus. 1µg 

RNA was used as template for cDNA synthesis using a High Capacity cDNA 

Reverse Transcription kit (Applied Biosystems) as per the manufacturer’s 

instructions. Control reactions lacking reverse transcriptase were carried out 

alongside samples. 

 

2.1.5 DNA gel electrophoresis 

Agarose gels (1%-3% w/v) were prepared by dissolving UltraPure Agarose-1000 

(Invitrogen) in 1X TAE (Tris-acetate-EDTA) using a microwave. After brief cooling, 

0.01% (v/v) SYBR Safe DNA Gel Stain (Invitrogen) was added, and mixed gently. 

After setting, gels were transferred to electrophoresis tanks, and submerged in a 

minimal volume of 1xTAE. Samples were mixed with 6X loading buffer (Orange G 

(0.4% w/v) in glycerol (40% v/v) 1xTAE), and loaded onto gels. Gels were typically 
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run at 100V, then visualised using a UV transilluminator, and photographed using a 

gel-doc imaging platform (Kodak).  

 

2.1.6 Polymerase chain reaction (PCR) 

Amplification of specific regions for use in genotyping, RFLP, and RT-PCR was 

carried out using either FastStart Taq polymerase (Roche) or GoTaq polymerase 

(Promega). Reactions were set up to a final 20µl volume, containing 2mM MgCl2, 

0.2mM dNTPs (Roche), 0.5µM primers (forward and reverse), and 1-200ng DNA 

template (reaction made up to final volume in water). DNA was amplified using the 

following touch-down PCR program: 

1. 94°C, 6 minutes, 1 cycle 

2. 94°C, 30 seconds 

3. 60°C, 20 seconds 

4. 72°C, 20 seconds (steps 2, 3, and 4 for 30 cycles) 

5. 72°C, 5 minutes, 1 cycle 

Amplification of products for subsequent use in cloning and sequencing were 

amplified using Q5 Hot Start High Fidelity DNA Polymerase (NEB). Reactions were 

set up to a final 25µl volume, containing 2mM MgCl2, 0.2mM dNTPs (Roche), 

0.05µM primers (forward and reverse), and 20ng DNA template (reaction made up 

to final volume in water). DNA was amplified using the following program: 

1. 98°C, 30 seconds, 1 cycle 

2. 98°C, 5 seconds 

3. 71°C, 60 seconds 

4. 72°C, 20 seconds (steps 2, 3, and 4 for 30 cycles) 

5. 72°C, 2 minutes, 1 cycle 

Aliquots of all amplified samples were run on agarose gels to visualise products, or 

gel purify for later use. Ratite ZRS sequencing samples were sequenced by 

Edinburgh Genomics. 
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2.1.7 Primers 

Single stranded PCR primers were designed using Primer3 software, with an 

annealing temperature as close to 60°C as possible. ZRS genotyping primers were 

designed to span the Slk ZRS SNP site, and SHH genotyping/RFLP primers were 

designed to span the non-synonymous SHH SNP. Primers for use in qPCR were 

designed to span exon-intron boundaries to facilitate detection of gDNA 

contamination in cDNA samples. Primers for use in sequencing the ratite ZRS 

sequences were based upon the chicken genome (ICGSC Galgal 4.0, Nov. 2011, 

UCSC), with subsequent primers for amplification of the whole emu ZRS based 

upon emu ZRS sequencing data (highlighted bases denote HindIII sites). The 

oligonucleotides used in EMSA assays are also included in Table 2.1. 

Amplification 

target 
Purpose  Sequence 

Product 

size 

ZRS, Gg genotyping F GCAGCACTTCCTTAATCACT 149 

ZRS, Gg genotyping R CCCTCATCTTAAAGACACACA 149 

SHH, Gg genotyping/RFLP F CCCACCTGCTCTTTGTGG 427 

SHH, Gg genotyping/RFLP R AGGAGCCGTGAGTACCAATG 427 

SHH, Gg, ex2 qRT-PCR F CCCCAAATTACAACCCTGAC 93 

SHH, Gg, ex3 qRT-PCR R CATTCAGCTTGTCCTTGCAG 93 

PTCH1, Gg, ex3 qRT-PCR F TGGGAAATACAATTCCACCTTC 89 

PTCH1, Gg, ex4 qRT-PCR R TCCAGGAGGACAACATTTCA 89 

LBR Gg qRT-PCR F CTGCAACCGGCCAAGAAA 80 

LBR Gg qRT-PCR R GGTGTGGGTTCCATTTGTCTACA 80 

Wt ZRS, 5’-3’, Btn EMSA  (Btn)AATGAGCTTTCATTGCATG

CTTTCATTCTT 
 

Wt ZRS, 3’-5’, Btn EMSA  (Btn)AATAATGAAAGCATGCAAT

GAAAGCTCATT 
 

Slk ZRS, 5’-3’, Btn EMSA  (Btn)AATGAGCTTTCCTTGCATG

CTTTCATTATT 
 

Slk ZRS, 3’-5’, Btn EMSA  (Btn)AATAATGAAAGCATGCAAT

TAAAGCTACTT 
 

Wt ZRS, 5’-3’ EMSA  AATGAGCTTTCATTGCATGCTTTC

ATTCTT 
 

Wt ZRS, 3’-5’ EMSA  AATAATGAAAGCATGCAATGAAAG

CTCATT 
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Slk ZRS, 5’-3’ EMSA  AATGAGCTTTCCTTGCATGCTTTC

ATTATT 
 

Slk ZRS, 3’-5’ EMSA  AATAATGAAAGCATGCAATTAAAG

CTACTT 
 

ZRS, Gg, Cc, Dn, 

Aa, Am, Sc, Rp 
sequencing F GTAGACCAGGTGGAAGCGAAG 706 

ZRS, Gg, Cc, Dn, 

Aa, Am, Sc, Rp 
sequencing R CAGTGTAGCAACTCTCACCTG 706 

ZRS, Gg, Cc, Dn, 

Aa, Am, Sc, Rp 
sequencing F TGTGTGAGGAAGGCAAGCAT 926 

ZRS, Gg, Cc, Dn, 

Aa, Am, Sc, Rp 
sequencing R TGTGCAGTCCGCGACTTCCT 926 

ZRS, Gg, Cc, Dn, 

Aa, Am, Sc, Rp 
sequencing F CATGCGCGACAGCAACATCC 664 

ZRS, Gg, Cc, Dn, 

Aa, Am, Sc, Rp 
sequencing R GAAAGGTTCCCAGCAGGACT 664 

ZRS, Dn Emu ZRS LacZ F CATGATAAGCTTAGCTGACAAAGA

TGAAGGTGT 
926 

ZRS, Dn Emu ZRS LacZ R CATGATAAGCTTAAGGAAAGGCAA

GCAAAGGG 
926 

Table 2.1: Primers and EMSA oligonucleotides used for genotyping, sequencing, 

qRT-PCR, EMSA, and emu ZRS LacZ reporter construction. Gg, Gallus gallus; Cc, 

Casuarius casuarius; Dn Dromaius novaehollandiae; Aa, Apteryx australis; Am, Apteryx 

mantelli; Sc, Struthio camelus; Rp, Rhea pennata 

 

2.1.8 Restriction fragment length polymorphism analysis (RFLP) and genotyping 

PCR was carried out as described above, using cDNA as template material. An 

aliquot of product was run on a diagnostic agarose 2% gel to ensure correct 

amplification. The remaining product was restricted at 37°C for two hours using 

MseI (for ZRS genotyping) and HphI (For SHH genotyping and allelic imbalance 

studies). Restricted products were run on a 3% resolving agarose gel, and 

photographed using a gel doc and imaging platform (Kodak). Allelic imbalance 

studies were later assessed using densitometric analysis (see below), whereas 

genotyping results could be determined as such: 
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ZRS genotyping: Homozygous (Wt/Wt): 126bp, 12bp and 11bp 

Heterozygous (Wt/Slk: 126bp, 72bp, 54bp, 12bp, 11bp 

Homozygous (Slk/Slk): 72bp, 54bp, 12bp, 11bp 

SHH genotyping: Homozygous (T/T): 203bp, 126bp, 62bp 

   Heterozygous (C/T): 203bp, 188bp, 126bp, 62bp 

   Homozygous (C/C): 203bp, 188bp 

 

2.1.9 Densitometry 

The relative intensities of the 188bp and 126bp bands from the RFLP assays were 

calculated using ImageJ. In order to take into account the different molecular 

weights of the restriction products, band density was normalised to its respective 

weight. The following formula was used to determine relative contribution of each 

allele to total SHH expression: 

(band 1 intensity/bp of band 1) 

((band 1 intensity/bp of band 1) + (band 2 intensity/bp of band 2)) 

 

2.1.10 Quantitative RT-PCR (qRT-PCR) 

qRT-PCR was performed using Brilliant III Ultra-Fast SYBR Green QPCR mix 

(Agilent) along with cDNA in a MX3000 (Stratagene). Samples were prepared in 

triplicate reactions. Standard curves of known concentration of target gene PCR 

product from leg cDNA were prepared in triplicate. The following program was 

used: 

1. 50°C, 2 minutes,  

2. 95°C, 2 minutes 
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3. 95°C, 15 seconds 

4. 60°C, 30 seconds (steps 3 and 4 for 40 cycles) 

5. 95°C, 60 seconds 

6. 60°C, 30 seconds 

7. 95°C, 15 seconds 

Subsequent data was analysed using MX Pro software (Stratagene). Absolute 

quantities of SHH were calculated using standard curves. Relative fold expression 

was calculated by the ΔΔCt method, after normalisation to LBR. 

 

2.1.11 Restriction cloning 

PCR products were separated by DNA gel electrophoresis and purified using a 

PureLink Quick Gel Extraction kit as per the manufacturer’s instructions. Purified 

product and pBGZ40 were then restricted with HindIII for one hour at 37°C, and gel 

purified. To dephosphorylate the HindIII overhangs the linearised pBGZ was 

incubated with shrimp alkaline phosphatase (GE Healthcare) for one hour at 37°C, 

and denatured at 70°C for fifteen minutes. A small aliquot of restricted insert and 

linearised, dephosphorylated vector was run on a 1% agarose gel to assess 

approximate quantities. Ligations were set up in a 4:1 insert to vector ratio with T4 

ligase, and incubated at 16°C for six hours. Ligations were stored at -20°C until 

further use. 

 

2.1.12 Transformation 

Ligations were transformed into XL-10 Ultra-Competent cells (Agilent) as per the 

manufacturer’s instructions. Transformed cells were spread onto LB/AMP/IPTG/X-

Gal plates (Luria broth agar plates supplemented with 1µg ml-1 ampicillin (Sigma), 

0.1mM IPTG (isopropyl β-D-1-thiogalactopyranoside (Sigma), and 40µg ml-1 X-Gal 

(5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (Sigma)) and incubated at 37°C 

overnight. White colonies were selected, and picked into 5ml LB/AMP. 
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2.1.13 Construct purification 

Colonies were grown in 5ml LB/AMP for eight hours at 37°C. Glycerol stocks were 

created from 850µl of the subsequent cell suspension, mixed with 150µl glycerol, 

and stored at -80°C. The remaining culture was added to 250ml LB broth 

supplemented with 1µg ml-1 ampicillin (Sigma), and incubated overnight at 37°C. 

The culture was centrifuged at 8,000 x g to pellet cells. Construct DNA was 

extracted and purified using a PureLink HiPure plasmid Maxi Prep kit (Invitrogen) 

as per the manufacturer’s instructions. Purified construct was stored at -20°C until 

further use. 

 

2.2 Whole mount in situ hybridisation 

2.2.1 Preparation of embryos for in situ hybridisation 

Embryos were dissected into ice-cold PBS, with all vitelline membranes and yolk 

sacs removed. Embryos were transferred into 4% paraformaldehyde (PFA), and 

fixed overnight at 4°C. After two five minute washes with PBS-T (PBS 

supplemented with 0.1% Tween-20), embryos were dehydrated in successive 25%, 

50%, 75% and 100% methanol washes, with three final washes in neat methanol. 

Embryos were then stored in methanol at -20°C until further use. 

 

2.2.2 RNA probe synthesis for in situ hybridisation 

Plasmids containing DNA templates of genes of interest were linearised with 

appropriate restriction enzyme at 37°C for four hours. Enzyme was denatured at 

65°C for 20 minutes. A small aliquot of circular and linearised plasmid was run on 

an agarose gel to ensure linearization. Linearised DNA was precipitated in 

ethanol/sodium acetate overnight at -20°C. DNA was pelleted via centrifugation at 

16,000 x g for 30 minutes, at 4°C. The pellet was washed with 75% ethanol, and air 
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dried. DNA was resuspended in 20µl nuclease-free water. The purified, linearised 

DNA was used as a template to create anti-sense RNA probes, by incubating with 

0.1M DTT, transcription buffer (Roche), DIG-labelled NTPs (Boehringer), RNAse 

inhibitor (Roche) and an appropriate polymerase at 37°C for six hours. Probes were 

purified using G-50 Micro Columns (GE Healthcare) as per the manufacturer’s 

instructions. A small aliquot of the purified probe was run on an agarose gel 

alongside linearised DNA template and circular plasmid to confirm transcription. 

Probes stored at -20°C until further use. 

 

Gene of interest Species Anti-sense restriction/ 

polymerase 

Source 

SHH Gg SalI/SP6 (Roelink et al., 1994) 

PTCH1 Gg SalI/T3 (Marigo et al., 1996a) 

GLI3 Gg XbaI/T7 Philip Beachy 

HOXD13 Gg NotI/T3 ChEST415K15 

HOXA13 Gg NotI/T3 Nelson et al., 1996 

MSX2 Gg Not1/T3 ChEST410J10 

SHH Dn SP6 Guojong Sheng 

SOX5 Gg NotI/T3 ChEST217J6 

Table 2.2: Plasmid templates used in this thesis, with restriction enzymes and 

polymerase for anti-sense mRNA and sources. Gg, Gallus gallus; Dn, Dromaius 

novaehollandiae; Mm, Mus musculus 

 

2.2.3 Whole mount in situ hybridisation 

Embryos were re-hydrated through successive 75%, 50% and 25% methanol washes, 

followed by two washes in PBS-T. Chicken and emu embryos were then incubated 

with proteinase K (1:1000 of 20mg ml-1 stock in PBS-T) for one minute per stage, 

whereas mouse and rat embryos were incubated in proteinase K (1:2000 in PBS-T) 

for approximately thirty minutes at room temperature. Digestion reaction was 

halted with three quick washes of PBS-T. Embryos were then transferred to lockable 

2ml tubes (Eppendorf), and excess PBS was removed. Embryos were then 

surrounded with hybridisation buffer (50% formamide, 5x sodium citrate buffer 

(SSC), 2% blocking powder (Boehringer), 0.1% Triton-X, 0.1% CHAPS, 20µg ml-1 
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yeast tRNA, 5mM EDTA, and 50µg ml-1 heparin, in water) and left to sink to bottom 

of tube. Hybridisation buffer was replaced with fresh, and left to sink again. 

Embryos were then incubated in hybridisation buffer overnight at 67.5°C. 

Hybridisation buffer was replaced with 5µl ml-1 probe (diluted in hybridisation 

buffer), pre-warmed to 67.5°C, and left to incubate overnight. Probe was removed 

(and kept), and embryos were stringently washed at 67.5°C with two ten minute 

washes in 2xSSC, then three twenty minute washes in 2xSSC+0.1% CHAPS, and 

finally three twenty minute washes in 0.2xSSC+0.1% CHAPS. Embryos were then 

washed twice in KTBT (50mM Tris.HCl (pH 7.5), 150mM NaCl, 10mM KCl, 1% 

Triton-X) for fifteen minutes each at room temperature. Embryos were blocked in 

blocking buffer (20% heat-inactivated fetal calf serum, 1% Triton-X, in KTBT) for 

four hours, at 4°C. Embryos were incubated at 4°C overnight in 1:1000 mouse anti-

DIG-alkaline phosphatase FAB fragment (Boehringer), diluted in blocking buffer. 

Antibody was removed, and embryos were carefully washed in KTBT, changing 

solution hourly (at least five times). Embryos were then incubated in NTMT 

(100mM Tris.HCl (pH 9.5), 50mM MgCl, 100mM NaCl, and 0.1% Triton-X diluted in 

water) for two fifteen minute washes. Staining was then detected with NBT/BCIP, 

keeping detection reaction in darkness. Reaction was stopped by placing embryos 

into 4% formal saline. After twenty four hours post-detection fixing, background 

staining was removed by incubating embryos in NTET (0.5M NaCl, 10mM Tris.HCl 

(pH 8.0), 0.1% Tween-20, and 5mM EDTA diluted in water). Embryos were then re-

fixed and stored in 4% formal saline until imaging. Embryos were photographed 

using a Leica MZ6 microscope. 

 

2.3 Animal maintenance  

2.3.1 Animals 

Silkie (Slk), White Leghorn (WL), ISA Brown, Roslin Green and talpid3 chicken lines 

were maintained under Home Office License at the Roslin Institute. Silkie and White 
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Leghorn birds were genotyped for the presence of the Slk ZRS SNP, and for the 

synonymous SNP in the SHH gene (using the primers and PCR conditions 

described above). In order to generate Slk/WL embryos, male Silkie birds 

heterozygotic for the Slk ZRS SNP and SHH SNP (CC/AT) were penned with female 

WL birds homozygotic for the Wt ZRS, and heterozygotic for the SHH SNP (CC/CT). 

All eggs were incubated at 37.5°C until necessary stages. Emu eggs were purchased 

from multiple independent breeders across the UK, and incubated at 36°C until 

necessary stages, as determined by Nagai et al. (Nagai et al., 2011). 

Sprague-Dawley rats and CD1 mice were maintained at the Roslin Institute. 

Matings were set up, with detection of vaginal plugs determined as E0.5 of 

embryonic development. 

 

2.3.2 Blood sampling (for use in genotyping) 

Small volumes of blood (~0.1ml) was taken from the brachial vein of adult chickens 

using 1ml syringes (Terumo) equipped with G25 needles (Terumo) (blood extraction 

carried out by Lynn McTeir, Peter Wilson and Ian Dunn as holders of Home Office 

Licenses). Blood was stored in blood storage tubes containing 1M EDTA 

(ethyldiaminetetra-acetic acid, pH 8.0) to prevent clotting. Blood samples were 

stored at 4°C until further use. 

 

2.4 Embryonic manipulations 

2.4.1 General manipulation approaches 

Fertilised Slk/WL eggs were incubated, windowed and staged according to the 

Hamilton-Hamburger embryonic stages (Hamilton and Hamburger., 1951). Vitelline 

membranes were gently removed with surgical forceps, exposing either the fore- or 

hindlimbs. Embryos that received beads, foil implants, tissue grafts or 
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electroporations were surrounded with media (Dulbecco’s modified eagle medium 

(DMEM) supplemented with 10% FCS and 0.5% penicillin/streptomyacin). All eggs 

were resealed with tape, and returned to incubate at 37.5°C until necessary stages. 

As SAG and RA are photosensitive, these manipulated embryos were also covered 

with a small amount of aluminium foil.  

 

2.4.2 HH agonism/antagonism by Smoothened agonist/cyclopamine treatment 

Cyclopamine (Sigma) was dissolved in 45% 2-hydropropyl-β-cyclodextrin (Sigma) 

to a concentration of 1µg ul-1, and Smoothened agonist (SAG, Calbiochem) was 

dissolved in water to a concentration of 0.2µg ul-1. Stage 17HH embryos were used 

in HH-signalling manipulation studies. A small hole was made in the vitelline 

membrane directly above the hindlimbs, and 5µl of cyclopamine (45% 2-

hydropropyl-β-cyclodextrin as a carrier control) or 5µl of SAG (water as a carrier 

control) was pipetted carefully into the hole, surrounding the embryo with 

compound.  

 

2.4.3 Barrier implantation 

Small slits were prepared in the leg mesenchyme of stage 20HH embryos (between 

somites 29-30) using fine tungsten needles. Tungsten foil (0.025mm thickness (Alfa 

Aesar)) was implanted into these slits. Control embryos received a slit, but had no 

foil inserted. After foil insertion, embryos were surrounded with media. 

 

2.4.4 Anion exchange bead preparation 

AG1-X2 anion exchange beads (Bio-Rad) were soaked in 2N formic acid for two 

hours. Beads were carefully brought up to pH 5.5 with multiple water washes. 
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Beads were then dried at 37°C overnight, and sealed in a small container until 

further use. 

 

2.4.5 Bead implantation 

SU5402 (Sigma) was prepared to a concentration of 10mM in DMSO, trichostatin A 

(TSA, Sigma)) was prepared to a concentration of 1µg ul-1 in DMSO, and all-trans 

retinoic acid (RA, Sigma) was prepared to a 1µg ul-1 concentration in DMSO. 

Prepared AG1-X2 beads were soaked in SU5402, TSA, RA, or DMSO (for control 

bead implants) for one hour, in darkness, at room temperature. Beads were washed 

twice in media. Small slits were prepared between the AER and mesenchyme of 

limb mesenchyme of st.20HH chick embryos with fine tungsten needles, and beads 

were carefully inserted. After bead insertion, embryos were surrounded with media. 

 

2.4.6 GFP-expressing tissue grafts 

Hindlimbs from stage 20HH Roslin Green (GFP-expressing) were dissected into 

media. Ectoderm was removed after ten minute incubation with 10x trypsin (Sigma) 

using fine tungsten needles. Meanwhile, host limb tissue was prepared by creating 

small holes in the posterior forelimbs with fine tungsten needles. Small (~0.1mm) 

pieces of ZPA tissue were prepared, and inserted into host tissue. Due to the low 

survivability of manipulated emu embryos, grafts were left to anneal for four hours 

at 37.5°C. Meanwhile, stage 20HH ISA Brown surrogate embryos were prepared by 

removing forelimb buds with fine tungsten needles. Forelimb buds (with GFP 

grafts) were removed, and pinned onto the ISA Brown surrogate hosts using NiCr 

wire (0.02mm (Scientific Wire Company)). As controls, forelimb buds that received 

no tissue graft were pinned onto surrogate embryos. 
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2.4.7 Fluorescent labelling of embryonic vasculature 

E10-12 chick embryos were windowed, with outer membranes carefully removed to 

expose the extra-embryonic blood vessels. A 0.02mg ml-1 solution of fluorescein 

Sambucus nigra (elderberry) bark lectin was prepared in PBS with a small volume of 

1% Fast Green dye (Sigma) added to visualise injection. A small volume of the lectin 

solution was injected into a vitelline vein by a pulled glass capillary. A couple of 

drops of PBS were added, the egg taped sealed and returned to incubate for 15 

minutes. Embryos were dissected into ice-cold PBS, and fixed in PFA for two hours 

on ice. After graded dehydration to neat methanol, embryos were cleared in benzyl 

alcohol-benzyl benzoate. Fluorescent staining of vasculature was photographed 

using a Leica MZFLIII microscope. 

 

2.4.8 Cell death staining 

Vitelline membranes were removed, and embryos were surrounded with a 1:5000 

solution of Nile Blue A (Sigma) in PBS. Embryos were incubated at 37.5°C for 15 

minutes. Embryos were dissected into ice-cold PBS, washed for fifteen minutes in 

PBS, and then photographed using a Leica MZ6 microscope. For LysoTracker 

staining, embryos were incubated in 5µM LysoTracker in PBS for 1 hour, washed in 

PBS, and fixed in 4% PFA overnight at 4°C. Embryos were then dehydrated into 

100% methanol, and visualised using a Leica MZFLIII microscope. 

 

2.4.9 Cartilage staining 

Day 10-14 chicken embryos were decapitated, and dissected in ice-cold PBS. 

Embryos were eviscerated, and fixed in 5% trichloroacetic acid (TCA) overnight, at 

room temperature. Embryos were washed in 70% ethanol/1% hydrochloric acid 

twice for five minutes, and then incubated in 0.1% alcian green (diluted in 70% 

ethanol/1% hydrochloric acid) for up to a week. Stain was removed, and embryos 
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were washed with 70% ethanol/1% hydrochloric acid, changing washes hourly. 

Embryos were then dehydrated in successive 80%, 90% and 100% ethanol washes, 

and incubated in neat ethanol overnight to ensure dehydration. Embryos were 

cleared in methyl salicylate, and cartilage photographed using a Leica MZ6 

microscope. 

 

2.4.10 Murine pro-nuclear injection and LacZ detection 

EmuZRS-LacZ construct was inserted into mouse blastocysts via pro-nuclear 

injection. This was carried out by Laura Lettice and Paul Devenny (MRC Human 

Genetics Unit, MRC IGMM, University of Edinburgh). E10.5-11.5 embryos were 

dissected free from yolk sacs and vitteline membranes in ice-cold PBS, and fixed for 

two hours at 4°C in 4% PFA. After two quick washes with PBS, embryos were 

washed three time in detergent wash (2mM MgCl2, 0.1% sodium deoxycholate, 

0.05% bovine serum albumin, 0.02% NP-40, in PBS) for twenty minutes each wash. 

Embryos were stained in X-gal detection solution (5mM potassium 

hexacyanoferrate (II), 5mM potassium hexacyanoferrate (III) and 300 μg ml-1 X-Gal 

(Sigma) in detergent wash) overnight at 37°C. Staining solution was removed, and 

embryos washed with PBS, before fixation in 4% PFA. Embryos were photographed 

using a Leica MZ6 microscope. 

 

2.5 Protein-based methods 

2.5.1 Mesenchymal cell number quantitation 

Limb buds from chicken, emu, rat and mouse embryos were carefully dissected 

flank tissue into ice-cold DMEM media. Limbs were incubated in 10x trypsin on ice 

until ectoderm could easily be removed after transferring into DMEM 

supplemented with 10% FCS to inactivate trypsin. Ectoderm was removed using 

fine tungsten needles, with great care to avoid disrupting mesenchymal tissue. Limb 
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mesenchyme tissue was gently transferred into 100µl DMEM using a pipette, and a 

single cell suspension was created by tituration. 50µl of cell suspension was used to 

determine cell number using NucleoCounter cassettes and NucleoCounter 

apparatus (Sartorius) according to the manufacturer’s instructions. 

 

2.5.2 Total protein quantitation 

Whole limb buds were dissected into ice-cold PBS, and transferred into 20µl RIPA 

lysis buffer (Fisher) supplemented with protease inhibitors (Roche), Tissue was 

homogenised by tituration, and briefly centrifuged. Protein concentration was 

determined using a DC Protein Assay kit (Bio-Rad), according to the manufacturer’s 

instructions. 

 

2.5.3 Quantitation of SHH protein 

Whole limb buds were dissected into ice-cold PBS, and transferred into 20µl RIPA 

lysis buffer (Fisher) supplemented with protease inhibitors (Roche) and snap frozen. 

Tissue was disrupted by sonication using Misonix XL 2020 apparatus (intensity 7, 30 

seconds on, 30 seconds off (on ice) at 4°C). Linear standard curves were generated 

using recombinant mouse SHH N-terminus protein (R&D Systems), at 1.0, 0.8, 0.6, 

0.4, 0.2, 0.1 and 0 ng μl-1. After brief centrifugation, the total volumes of samples 

were mixed with reducing agent (Invitrogen) and NuPAGE 4x Sample buffer 

(Invitrogen), and incubated at 70°C for ten minutes. Samples were immediately 

returned to ice. Samples were loaded as individual limbs per lane, ensuring that all 

sample is carefully loaded with no spill over. Proteins were separated by 

electrophoresis in 1x MES buffer (Invitrogen) using pre-cast 12% midi gels 

(Invitrogen) under reducing conditions, alongside standard curves. Protein was 

transferred to PVDF membrane using iBlot® apparatus (Invitrogen) using program 3 

for 6 minutes. Membranes were transferred into 120ml Sterilin tubes, and blocked in 
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7ml Odyssey Blocking Buffer (Licor), incubated with 1:100 rabbit anti-SHH H-160 

(Santa Cruz) and 1:2500 mouse anti-γ-tubulin (Sigma) at 4°C overnight. Primary 

antibody was removed, and membrane washed three times with TBS-T (Tris-

buffered saline supplemented with 0.1% Tween-20). Membranes were then 

incubated with goat anti-rabbit 680CW (Licor) and goat anti-mouse 800CW (Licor) 

in darkness, for one hour. Membranes were washed four times in TBS-T, and once 

in TBS to remove detergent. Membranes were dried between filter paper, and signal 

detected using an Odyssey Infrared Imager (Licor) at 84µm. Bands corresponding to 

N-SHH were quantitated using absorbance readings generated from standard curve 

via Image Studio software (Licor).  

 

2.5.4 Electrophoretic mobility shift assays (EMSA) 

Nuclear protein was extracted from st.24HH Slk/WL leg tissue using the NE-PER 

Nuclear and Cytoplasmic Extraction kit (Thermo) as per the manufacturer’s 

instructions. Concentration of nuclear protein was determined using a DC Protein 

Assay kit (Bio-Rad), according to the manufacturer’s instructions. 5’ biotin labelled 

30bp oligonucleotides (Sigma) were annealed in 50mM NaCl/1x TE buffer to create 

a 1pM stock of double-stranded DNA probe. Equimolar concentration of sense and 

anti-sense oligo were incubated in annealing buffer at 95°C, and temperature 

gradually decreased by 1°C per minute.  Working concentrations of probe (10fmol 

µl-1) were created by diluting stock in water. Nuclear extract (3µg) was incubated 

with 1µg poly dI.dC (Thermo) as a non-specific competitor, in binding buffer 

(20mM HEPES (pH 7.5), 50mM KCl, 1mM DTT, 0.5mM MgCl2 in water) on ice. Un-

labelled competitor probe and rabbit anti-HOXA13 (AbCam) was added (if 

required), and left to incubate for ten minutes on ice. 10fmol biotin-labelled probe 

was added, and incubated on ice for a further twenty minutes. Control reactions 

without nuclear protein, or minus labelled probe were prepared alongside samples. 

Meanwhile, a 6% native polyacrymalide gel (Invitrogen) was equilibrated in 0.5x 

TBE (tris-borate EDTA) and pre-run at 100V at 4°C for one hour. Prior to loading, 
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1μl of 30% Ficoll (Sigma) was added to each sample as a density agent. 1μl of 6% 

bromophenol blue was added to the control reactions to help determine rate of 

electrophoresis. Samples were loaded, and run at 100V for ~1.5 hours. DNA:protein 

was transferred onto positively charged Hybond+ nylon membrane (Amersham) by 

full-wet electrophoretic transfer in 0.5x TBE. DNA was cross-linked to membrane 

using the “Autolink” function on a Stratalink 2400 (Stratagene). Membrane was 

blocked and detected using a Chemiluminescent Nucleic Acid Detection module 

(Thermo) according to the manufacturer’s instructions. Membranes were detected 

using BioMax MS film (Kodak) and a SRX-101A film processor (Konica-Minolta). 

 

2.6 In silico analyses 

2.6.1 Transcription factor binding site (TFBS) predictions 

ZRS sequences were analysed for predicted TFBS using MatInspector (Cartharius et 

al., 2005) and UNIProbe (Newburger and Bulyk., 2009). 

 

2.6.2 Sequence alignments 

Nucleotide alignments were carried out using MUSCLE software (Edgar., 2004) and 

displayed using Jalview software. 

 

2.6.3 Phylogenetic analysis 

Maximum-likelihood phylogenetic trees were constructed using MUSCLE 

alignments in PhyMl software (Dereeper et al., 2008), with a bootstrap value of 500. 

Phylograms were created using TreeDyn software (Chevenet et al., 2006). 
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2.6.4 Statistical Analysis 

Standard deviation, standard error of the mean, and standard error were calculated 

in Excel 2010. Standard error was calculated as a ±95% confidence limit of the 

standard deviation. Statistical significance was calculated using ANOVA analysis 

and un-paired, two tailed Student’s t-tests. 

 

2.6.5 Limb dimension measurements 

Limb buds were photographed using a Leica MZ6 microscope. Total limb bud area 

(for st.21HH limbs) and autopod area (for st.30HH limbs) was measured using the 

“Perimeter” function of ImageJ, with limb area calculated in program. Axial 

distances were measured using the the “Straight” function in ImageJ, with length 

calculated in program. 

 

2.6.6 Accession numbers 

Below are the accession numbers for genomes assemblies/scaffolds used in this 

thesis: 

Accessed via UCSC Genome Database: 

Mouse (Mus musculus): GRCm38/mm10 (Dec 2011) 

Rat (Rattus norvegicus): RGSC 5.0/rn5 (Mar 2012) 

Chicken (Gallus gallus): ICGSC Gallus_gallus-4.0 (Nov 2011) 

Turkey (Meleagris gallopovo): TGC Turkey_2.01/melGal1 (Dec 2009) 

Zebra finch (Taeniopygia guttata): WashU taeGut324/taeGut2 (Feb 2013) 

Medium ground finch (Geospiza fortis): GeoFor_1.0/GeoFor1 (Apr 2012)  
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Budgerigar (Melopsittacus undulates): WUSTL v6.3/melUnd1 (Sep 2011) 

 

Accessed via Ensembl Genome Browser: 

Duck (Anas platyrnchos domestica): BGI_duck_1.0 (Feb 2010) 

Flycatcher (Fidecula albicollis): INSDC FicAlb_1.4 (Jan 2012) 

Dromaius novaehollandiae SHH mRNA, partial (Nomura et al., 2011) (GenBank ID: 

HQ336496.1) 

 

Accessed via NCBI: 

Saker falcon (Falco cherrug): scaffold20_1_404 (AKMU01075227) 

Peregrine falcon (Falco peregrinus): scaffold42_1_688 (AKMT01034670) 

Danish tumbler (Columba livia): contig14114 (AKCR01014114) 

Scarlet macaw: (Ara macao): s_1_1_contig185130 (AMXX01185128) 

Puerto Rican Amazon parrot: (Amazona vittata): contig-832000208 (AOCU01248487) 

Ground tit: (Pseudopodoces humilis): scaffold35_25 (ANZD01005473) 

White-throated sparrow (Zonotrichia albicholis): Zonotrichia_albicollis-1.0.1-2.188 

(ARWJ01001001) 

Atlantic canary (Serinus canaria): 9388 (CAVT010009388) 

Hooded crow (Corvus corvix corvix): contig09361 (JPSR01009361) 

Golden eagle (Aquila chrysaetos Canadensis): contigkmer70-min200.2286043_12 

(JDSB01116846) 

Yellow-throated sandgrouse (Pterocles guttaralis): contig40758 (JMFR01040758) 
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Bobwhite quail (Colinus virginianus): 

NorthernBobwhite_ScaffoldedDeNovo_contig_328 (AWGT01000328) 

 

Accessed via BGI Bird Phylogenomic Project database: 

Rifleman (Acanthisitta chloris): scaffold13615_Acanthisitta_chloris (JJRS01059200) 

Bar-tailed trogon (Apaloderma vittatum): scaffold15123_Apaloderma_vittatum 

(JMFV01036904) 

Emperor penguin (Aptenodytes forsteri): Scaffold21_Aptenodytes_forsteri 905374 

(JMFQ01050120) 

Crowned crane (Balearica regulorum gibbericeps): 

scaffold9561_Balearica_regulorum_gibbericeps (JJRR01013687) 

Javan rhinoceros hornbill (Buceros rhinoceros silvestris): 

scaffold10573_Buceros_rhinoceros_silvestris (JMFK01058731) 

Anna’s hummingbird: (Calypte anna): scaffold174_Calypte_anna (JJRV01038321) 

Red-legged seriema (Cariama cristata): scaffold11775_Cariama_cristata 

(JJRQ01058450) 

Turkey vulture (Cathartes aura): scaffold15181_Cathartes_aura (JMFT01019614) 

Chimney swift (Chaetura pelagica): scaffold17_Chaetura_pelagica 

Killdeer (Charadrius vociferus): scaffold255_Charadrius_vociferus (JMFX02041701) 

MacQueen’s bustard (Chlamydotis macqueenii): scaffold9751_Chlamydotis_undulata 

(JMFJ01017549) 

Speckled mousebird (Colius striatus): scaffold4217_Colius_striatus (JJRP01072528) 
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Domestic pigeon (Columba livia): scaffold82_Columba_livia 33.8 (AKCR01014114) 

American crow (Corvus brachyrhynchos): scaffold52_Corvus_brachyrhynchos 

(JMFN01022186) 

Common cuckoo (Cuculus canorus): scaffold202_Cuculus_canorus (JNOX01022901) 

Little egret (Egretta garzetta): scaffold633_Egretta_garzetta (JJRC01031217) 

Sunbittern (Eurypyga helias): scaffold16458_Eurypyga_helias (JJRO01084010) 

Northern fulmar (Fulmarus glacialis): scaffold9408_Fulmarus_glacialis 

(JJRN01090326) 

Red-throated loon (Gavia stellate): scaffold22369_Gavia_stellata (JJRM01091046) 

White-tailed eagle (Haliaeetus albicilla): scaffold2400_Haliaeetus_albicilla 

(JJRL01005591) 

Cuckoo roller (Leptosomus discolour): scaffold11039_Leptosomus_discolor 

(JJRK01098118) 

Gold-collared manakin (Manacus vitellinus): scaffold94_Manacus_vitellinus 

(JMFM02020527) 

Northern Carmine bee-eater: (Merops nubicus): scaffold6791_Merops_nubicus 

(JJRJ01013341) 

Brown mesite (Mesitornis unicolor): scaffold11656_Mesitornis_unicolor 

(JJRI01067007) 

Kea (Nestor notabilis): scaffold29936_Nestor_notabilis (JJRH01061101) 

Crested ibis (Nipponia Nippon): Scaffold1_Nipponia_nippon 8493074 

(JMFH01008852) 

 

Hoatzin (Opisthocomus hoazin): scaffold110_Ophisthocomus_hoazin (JMFL01018732) 
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Dalmatian pelican (Pelecanus crispus): scaffold1640_Pelecanus_crispus 

(JJRG01002995) 

White-tailed tropicbird (Phaethon lepturus): scaffold13754_Phaethon_lepturus 

(JJRF01058845) 

Great black cormorant (Phalacrocorax carbo): scaffold22731_Phalacrocorax_carbo 

(JMFI01021818) 

 

Caribbean flamingo (Phoenicopterus ruber): scaffold157_Phoenicopterus_ruber 

(JJRE01095842) 

Downy woodpecker (Picoides pubescens): scaffold43_Picoides_pubescens 

(JJRU01035494) 

Great-crested grebe (Podiceps cristatus): scaffold27649_Podiceps_cristatus 

(JMFS01109812) 

Adelie penguin (Pygoscelis adeliae): Scaffold123_Pygoscelis_adeliae 3866158 

(JMFP01055880) 

Angola turaco (Tauraco erythrolophus): scaffold22226_Tauraco_erythrolophus 

(JNOY01081639) 

Barn owl (Tyto alba): scaffold6193_Tyto_alba (JJRD01049553) 

Nightjar (Antrostomus carolinensis): scaffold34913_Antrostomus_carolinensis 

(JMFU01041087) 

Bald eagle (Haliaeetus leucocephalus): Scaffold66_Haliaeetus_leucocephalus 2507257 

2575020 (JPRR01000464) 

White-throated tinamou (Tinamus guttatus): scaffold3249_Tinamus_guttatus 

(JMFW02072818) 



71 

 

 

 

 

 

 

 

 

 

Chapter 3 

Cis-regulation of the SHH gene is involved in the 

autoregulation of endogenous SHH expression 

 

 

 

 

 

 

 

 

 



72 

 

3.1 Introduction 

Correct temporal and spatial expression of SHH is necessary during embryonic 

development and in the maintenance of homeostasis in adult tissues. Ectopic SHH 

expression in the developing limb leads to polydactyly (Lettice et al., 2002), whereas 

reduction or absence of SHH expression can lead to loss of distal limb structures 

(Chiang et al., 1996). In adult tissues, ectopic Hh signalling can induce various forms 

of cancer. In 2012, an Hh-signalling antagonist called Vismodegib was approved by 

the FDA for use in treating basal cell carcinoma (FDA, 2012). Vismodegib inhibits 

the Hh pathway by interacting with SMO in an antagonistic manner similar to 

cyclopamine (Rudin et al., 2009; Von Hoff et al., 2009). Whilst basal cell carcinoma is 

Hh-ligand independent, other cancers such as pancreatic adenocarcinoma are Hh 

ligand dependent, and are accompanied by increased SHH expression that drives 

increased Hh signalling (Thayer et al., 2003). Recent trials of Vismodegib in the 

treatment of pancreatic adenocarcinoma have proved unsuccessful, with no 

significant changes in response or patient survival (Sarris et al., 2013). Thus a 

thorough understanding of the mechanisms of SHH regulation is required not only 

for studying embryonic development, but also for the development and suitable 

application of new therapies for Hh-dependent cancers. 

  

Multiple genetic mechanisms are involved to correctly regulate SHH expression in 

the developing limb. Genetic feedback loops are able to establish and maintain SHH 

expression, such as the SHH/GREM/FGF positive feedback loop that exists between 

the AER and mesenchyme of the developing limb (Niswander et al., 1994; Laufer et 

al., 1994; Zuniga et al., 1999). Long range cis-regulatory enhancers of SHH have been 

well studied, including tissue-specific enhancers regulating SHH transcription in the 

developing larynx, neural tube and limb (Sharpe et al., 1999; Jeong et al., 2006; Sagai 

et al., 2009). SHH expression has also been shown to be autoregulative; whereby 

SHH protein can induce novel expression of SHH in nearby tissue, or can modulate 

expression of SHH in order to maintain a constant concentration of SHH (Sanz-
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Ezquerro and Tickle, 2000). Autoregulation is perhaps the least well studied genetic 

regulatory mechanism of SHH, yet detailed understanding of autoregulation is 

critical to understand the full control of SHH expression in developmental and 

pathological contexts. 

 

3.1.1 Autoregulation of SHH in developmental systems 

During development, SHH signalling can drive secondary domains of SHH 

expression in a positive feedback manner. SHH protein in one area of tissue can 

induce novel SHH expression in another area. The early chick notochord expresses 

SHH, and SHH peptide is necessary to initiate SHH expression in the nearby ventral 

floor plate of the neural tube, leading to correct patterning of neuronal subtypes 

across the ventral neural tube (Marti et al., 1995; Ericson et al., 1996). This has been 

replicated by the implantation of SHH protein-soaked beads into neural tube 

explants, which results in the induction of SHH expression in surrounding cells 

(Marti et al., 1995).  

In the limb, SHH autoregulation has been observed upon manipulations involving 

implantation of SHH-expressing quail QT6 cells into the anterior chick wing 

induced ectopic SHH in the host tissue after a period of 48 hours (Duprez et al., 

1999). The quail-specific staining of nuclei by QCPN allowed Duprez et al. to 

differentiate implanted quail cells from host chick mesenchyme, and show that SHH 

protein produced by the QT6 cell implant was able to induce ectopic SHH 

expression in the native host tissue (Duprez et al., 1999). In a study investigating the 

origins of polarising cells contributing to limb development, Tanaka et al., grafted 

mesenchyme from multiple areas of the chick wing bud under the AER of a host 

wing, and assessed polarising activity by observing induction of ectopic SHH in 

host mesenchyme (Tanaka et al., 2000). Grafts of mesenchyme from the central-

proximal area and ZPA were able to induce the formation of ectopic digits, whereas 

only central-proximal mesenchyme induced SHH expression in host anterior 
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mesenchyme after 24 hours, with SHH expression limited entirely to the ZPA 

mesenchyme grafts (Tanaka et al., 2000). Immunohistochemistry of SHH protein in 

early limb buds has shown that SHH is distributed across the posterior half of the 

limb (Lewis et al., 2001; Li et al., 2006; Davey et al., 2006; Bouldin et al., 2010). In 

accordance with the findings of Tanaka et al, PTCH1 expression – considered a 

readout of Hh signalling - is limited to the posterior half of st.20HH wings (Pearse et 

al., 2001). These findings suggest that SHH protein is present in the central-proximal 

mesenchyme grafts performed by Tanaka et al., and that the SHH protein contained 

within is likely the cause of secondary SHH induction.  

 

3.1.2 Mechanisms of SHH autoregulation in the limb 

Expression of SHH in the ZPA needs to be tightly regulated in order to achieve 

correct digit number and pattern, and autoregulation plays a crucial role in ensuring 

correct phenotype. Implantation of ZPA grafts, RA, SHH-expressing cells, or SHH 

protein-soaked beads into the posterior limb does not induce ectopic postaxial digits 

(Tickle et al., 1975; Tickle et al., 1985; Riddle et al., 1993; Chang et al., 1994). This 

suggests that the ZPA has a mechanism of buffering SHH expression in order 

prevent excess SHH in the digit forming region. In a study investigating this 

buffering system, San-Ezquerro and Tickle inserted SHH protein-soaked beads into 

the posterior wings of st.20HH chick embryos, immediately proximal to the ZPA. 

They found decreased endogenous SHH expression, accompanied by increased 

apoptotic cell death in the PNZ (San-Ezquerro and Tickle., 2000). This suggested 

that the size of the ZPA, and consequently net SHH expression could be 

autoregulated by the limb by increasing cell death within the ZPA upon detection of 

excessive SHH protein (San-Ezquerro and Tickle., 2000).  

In a study investigating whether Hh signalling was active in the AER, Bouldin et al. 

found that insertion of a SHH protein-soaked bead immediately anterior of the ZPA 

increased mesenchymal PTCH1 expression, but reduced AER FGF8 and FGF4 
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expression. Total AER length was significantly reduced, which was hypothesised by 

the authors to be a buffering mechanism to reduce ZPA SHH expression (Bouldin et 

al., 2010). By removing Hh signalling exclusively from the AER by genetically 

removing Smo using a murine Msx2-Cre system, the authors found that ZPA Shh 

was increased and prolonged past E12.5, increased mesenchymal Grem1 expression, 

and extended Fgf4 expression in the AER (Bouldin et al., 2010). Their findings 

suggest that Hh signalling in the AER is necessary to regulate posterior AER length, 

which subsequently modulates ZPA Shh expression by altering the 

SHH/GREM/FGF feedback loop. A decrease in Hh signalling causes the AER to 

increase in length, and an increase in posterior AER Fgf4 expression. Conversely, 

excessive Hh signalling causes the AER to regress away from the ZPA, reducing 

ZPA Shh expression (Bouldin et al., 2010). This study, along with others (Scherz et 

al., 2007; Benazet et al., 2009; Bouldin et al., 2010) demonstrates that the 

SHH/GREM/FGF feedback loop plays a critical role in limb Shh autoregulation. 

SHH expression in the limb bud can be modulated by the Hh pathway. By 

investigating the roles of concentration and length of SHH exposure in digit 

patterning, Scherz et al. inhibited Hh signalling in chick embryos using 

cyclopamine. Addition of cyclopamine at early limb stages (st.17-20HH) resulted in 

the loss of posterior digits, but increased SHH expression in st.22HH limb buds 

(Scherz et al., 2007). Conversely PTCH1 and GLI1 expression was significantly 

reduced within 2 hours of cyclopamine addition, indicative of Hh pathway 

inhibition. The authors hypothesised that the increased SHH expression may be a 

response of the limb detecting a decrease in Hh signalling, and that the increase in 

SHH expression is in order to restore Hh signalling across the limb (Scherz et al., 

2007).  

These studies suggest that cell death, modulation of Hh signalling, and fine tuning 

the SHH/GREM/FGF feedback loop all have roles in autoregulation of SHH 

expression in the limb. 
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3.1.3 The role of the ZRS in SHH autoregulation 

There is currently no data available on how long-range cis-regulation via the ZRS 

contributes to SHH autoregulation. Furthermore, previous approaches to study 

SHH autoregulation have involved limb bud manipulation (Tanaka et al., 2000; 

Sanz-Ezquerro and Tickle, 2000; Scherz et al., 2007; Bouldin et al., 2010). 

Autoregulation of endogenous limb SHH, in un-manipulated circumstances has not 

yet been observed.  

An initial approach to determine the role of the ZRS in native SHH autoregulation 

was to tag alleles in heterozygote embryos so that SHH protein produced from each 

allele could be differentiated by a uniquely coloured fluorescent tag. However the 

addition of a GFP tag at the N-terminal SHH product has been reported to reduce 

the efficiency of SHH protein modification, resulting in homozygous embryonic 

lethality due to reduced Hh signalling (Chamberlain et al., 2008). The small size of 

the fully processed SHH signalling N-terminal peptide is another consideration, as 

attachment of a fluorescent protein tag would likely result in migratory issues 

across the limb.  

In order to investigate the role of the ZRS in native SHH autoregulation, we 

employed the polydactylous Slk chicken. This mutant possesses a dominant C>A 

SNP in the ZRS resulting in increased and prolonged ZPA SHH expression, and 

ectopic anterior SHH expression at st.25HH (Dunn et al., 2011). We had previously 

generated Slk embryos which possessed an allele containing a Wt ZRS and a Wt 

SHH gene, and an allele containing a Slk ZRS and a synonymous SNP within the 

SHH gene (Fig.3.1). We used these embryos to determine that the Slk ZRS acts in cis 

upon the SHH locus, using a method similar to that described in Lettice et al (2002).  

The synonymous SHH SNP allowed us to track expression from each allele, using 

an RFLP-based assay to determine relative allelic contribution to SHH expression in 

a direct time series. Initial investigation of the ectopic anterior SHH expression in 

heterozygotic embryos showed that copies of SHH transcripts were produced from 
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the Slk and Wt ZRS alleles, suggesting that the Wt allele had a role in the 

establishment of ectopic SHH, despite not possessing the Slk ZRS SNP (Dunn et al., 

2011). However this was not assessed in a quantitative manner, so we could not 

determine whether the presence of Wt transcripts was significant. We only 

investigated ectopic anterior SHH using this assay at one developmental stage, so 

we did not know precisely when SHH expression from the Wt allele was initiated. 

Our Slk crosses allowed us investigate the dynamics of SHH expression in the ZPA, 

whilst the anterior Slk leg serves as chance to investigate dynamics of ectopic SHH 

expression.  

We then manipulated the Hh pathway, in order to decipher how regulation from 

the ZRS and Hh signalling combine to modulate SHH expression, through 

observing allelic contribution to the SHH expression response. Our findings 

elucidate the mechanisms by which SHH autoregulation in the limb can be achieved 

through dynamic changes in the long-range regulation of SHH by the ZRS. 

 

 

 

Part of the allelic imbalance data (comprising part of Fig.3.3) was published in: 

Dunn, I C., Paton, I R., Clelland, A K., Sebastian, S., Johnson, E J., McTeir, L., 

Windsor, D., Sherman, A., Sang, H., Burt, D W., Tickle, C., Davey, M G. (2011) The 

chicken polydactyly (Po) locus causes allelic imbalance and ectopic expression of 

Shh during limb development. Developmental Dynamics 240 (5) 1163-72. 

The majority of this work is published: Johnson, E J., Neely, D M., Dunn, I C., 

Davey, M G. (2014) Direct functional consequences of ZRS enhancer mutation 

combine with secondary long range SHH signalling effects to cause preaxial 

polydactyly. Developmental Biology 392 (2) 209-220. 
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3.2 Results 

3.2.1 The Slk ZRS SNP perturbs allelic contribution to ZPA SHH 

We established crosses of male Silkie (Slk) birds with female White leghorn (WL) birds 

(Fig.3.1). The male Slk were heterozygous for both the Slk ZRS SNP (C525A) and the 

synonymous SHH SNP (C993T). The female White leghorn birds were homozygous 

for Wt ZRS, and heterozygous for the synonymous SHH SNP. This cross generated 

embryos that were either homozygous for the Wt ZRS (WtT/WtC), or heterozygous 

for the Slk ZRS (SlkT/WtC) (Fig.3.1). These embryos were heterozygous for the SHH 

SNP (Fig.3.1). The embryos that possessed a Slk ZRS allele expressed ectopic 

anterior SHH expression at st.25HH, and later developed PPD (Fig.3.1) (Johnson et 

al., 2014). Embryos that were homozygous for the Wt ZRS did not develop ectopic 

SHH, and subsequently did not develop PPD (Fig.3.1). For simplification, the 

embryonic genotypes mentioned here will are hereafter referred to as the following: 

WtT/WtC = Wt/Wt, and SlkT/ WtC = Slk/Wt. 
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Figure 3.1: Silkie/White leghorn crosses used to assess allelic contribution to SHH. 

Female WL birds homozygous for the Wt ZRS and heterozygous for a synonymous 

SNP within the SHH gene (C993T, purple) were mated with male polydactylous Slk 

birds with a Slk ZRS and the SHH SNP on one allele, and a Wt ZRS and Wt SHH on 

the other allele. The resulting offspring were either non polydactylous, and 

possessed the synonymous SHH SNP on one allele (Wt/Wt), or polydactylous, and 

possessed the synonymous SHH SNP on one allele (Slk/Wt). 
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In order to assess allelic contribution to SHH, we dissected hindlimbs from Wt/Wt 

and Slk/Wt embryos. Limbs between st.17-23HH were dissected as whole limb buds 

as ectopic SHH in Slk/Wt embryos does not occur until st.25HH (Dunn et al., 2011). 

St.24-27HH limbs were further dissected into posterior and anterior halves, in order 

to analyse ZPA SHH and ectopic anterior SHH expression separately. The Slk ZRS 

SNP creates an additional MseI restriction site (Fig.3.2). This site was used to 

genotype embryos from gDNA. To assess relative allelic SHH expression, RNA was 

extracted and RT-PCR was performed. SHH was PCR amplified from cDNA, and 

subsequently restricted with HphI (Fig.3.2). The synonymous SHH SNP creates an 

additional restriction site for HphI, which allowed us to differentiate the allele 

carrying the SHH SNP from the other allele (Fig.3.2). Gel electrophoresis of 

restricted PCR product yields a band representative of each allele, with the Wt SHH 

locus (C) represented by a 188bp band, and the SHH synonymous SNP locus (T) 

represented by a 126bp band. The relative intensity of these bands is calculated by 

densitometry (Fig.3.2). The relative intensity of each band is used to calculate 

relative contribution of each allele to SHH expression, as a percentage of total. For 

example; at st.17HH in a Wt/Wt hindlimb each allele contributed 50% of total SHH 

expression in the early ZPA (Fig.3.3A). In a Slk/Wt hindlimb at st.17HH, the Slk ZRS 

allele may contribute 60% of total SHH expression, with the remaining 40% from the 

Wt ZRS allele (Fig.3.3B). 

We assessed contribution of each allele to hindlimb SHH expression in Wt/Wt 

embryos. Genomic DNA from posterior tissue was used as a control to test the PCR 

amplification and RFLP assays, and also to show that amplification was equal from 

both alleles from a genomic template. As the ZRS acts in a limb-specific manner 

(Lettice et al., 2002; Sagai et al., 2005), cDNA from neck tissue (containing SHH 

expression in the notochord and neural tube) was used an internal control, to 

demonstrate that SHH expression should be equal from both alleles in non-limb 

tissue.  Densitometry of the RFLP products confirmed that expression each of the 

alleles was equal in gDNA and neck cDNA (Fig.3.3A,B; AP.1).  
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Expression of ZPA SHH occurs almost equally from each allele in Wt/Wt embryos 

from st.17HH-st.25HH, fluctuating occasionally to 60/40% between the two alleles 

(Fig.3.3A and 3.3C, green and yellow series). The general pattern displays equal 

contribution, which is as expected as each allele contains a Wt ZRS.  

We then performed the same analysis on ZPA SHH expression in Slk/Wt hindlimbs. 

Unlike the expression profile found in the Wt/Wt leg ZPA, the predominant allele is 

the Slk ZRS allele (Fig. 3.3B and 3.3C, red and blue series; AP.1). The general pattern 

showed that the Slk ZRS allele contributes the greatest relative SHH expression 

during ZPA SHH expression between stages 17 to 25HH. The allelic imbalance was 

not constant across the time series, as fluctuations of allelic contribution were 

observed: the imbalance observed was as high as ~85% from the Slk ZRS allele at 

st.17HH, and was as low as ~65% at st.18HH (Fig. 3.3C).  
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Figure 3.2: Restriction sites and schematic of the RFLP assay. (A) The Slk ZRS SNP 

(red A) creates a novel MseI restriction site, and the synonymous SHH SNP (purple 

T) creates an additional HphI restriction site. (B) Schematic of RFLP assay to 

determine relative allelic contribution. SHH expressing areas were dissected, 

followed by RT-PCR to amplify SHH from cDNA. Restriction of RT-PCR product 

with HphI produces a band corresponding to SHH expressed from each allele. 

Intensity of each band is determined by densitometry to give a relative contribution 

to SHH expression.  
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Figure 3.3: RFLP and ZPA allelic SHH expression profile. (A, B) Examples of data 

generated from RFLP assays used to determine relative allelic contribution to SHH 

expression, in Wt/Wt (A) and Slk/Wt (B) leg ZPA at stages 17, 21, and 24HH. (B’) An 

example of densitometric analysis performed. (C) Allelic profile of leg ZPA SHH 

expression from st.17-25HH in Wt/Wt embryos (green and yellow series) and Slk/Wt 

embryos (red and blue series). Wt/Wt demonstrates almost equal expression from 

each allele during ZPA SHH expression, whereas the majority of ZPA SHH 

expression in Slk/Slk legs occurs from the mutant Slk ZRS SNP allele. Adapted from 

Johnson et al., 2014 (supplementary data). Bars = s.e.m, n≥3 for each stage and 

genotype. See AP.1 for raw data. 



84 

 

The ZPA is larger in Slk hindlimbs, with a prolonged period of SHH expression 

beyond st.26HH (Dunn et al., 2011). We hypothesised the increase of SHH 

expression may be occurring from the Slk ZRS allele, and that the lower percentage 

contribution of the Wt ZRS allele suggests that quantitative SHH expression from 

the Wt ZRS is reduced. 

As the RFLP analysis was limited to providing data on relative allelic contribution 

to SHH expression, we quantitated SHH mRNA from the same samples used for 

RFLP by absolute qRT-PCR. We chose an absolute method over a relative ΔCt-based 

method as we needed to assign the relative percentage data of the RFLP assays to an 

absolute SHH mRNA value. To achieve absolute quantitation, we ran qRT-PCR of 

samples alongside a standard curve of amplified SHH PCR product at known molar 

concentrations, ranging from 3.7nM to 3.7x10—6 nM. This approach allowed us to 

determine if the relative changes in allelic contribution are linked to a quantitative 

increase or decrease from each allele (AP.2).  

Quantitation of absolute SHH mRNA in Wt/Wt and Slk/Wt hindlimbs shows that 

SHH expression increases between st.17-22HH, and then decreases between st.22-

25HH (Fig.3.4D). The data demonstrates that a single Slk ZRS allele leads to a 

significant increase of SHH expression. At st.17HH, we found a ~5.5 fold increase of 

SHH in hindlimbs of Slk/Wt compared to Wt/Wt (Fig.3.4A, P<0.05). By st.22HH, we 

found a ~3.4 fold increase of SHH (Fig.3.4B, P<0.05), and at st.25HH we found a ~2.4 

fold increase (Fig.3.4C, P<0.05). The general trend suggests that the difference in 

SHH expression between the Wt/Wt and Slk/Wt genotypes decreases as the limb 

develops, with the greatest difference occurring at st.17HH. As SHH expression is 

initiated in the early limb at this stage (Riddle et al., 1993), this suggests that the Slk 

ZRS allele has the greatest effect on early SHH expression.  

By combining this data with the RFLP data we determined the contribution of each 

allele in a quantitative manner, and also investigate if expression is reduced from 

one allele in response to increased expression from another allele (AP.2). SHH 

expression in Wt/Wt limbs occurs equally from both alleles, with each allele 
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responsible for an equal quantity of SHH mRNA from st.17-25HH (Fig.3.4D, green 

and yellow series). In Slk/Wt limbs, the Wt ZRS allele is responsible for a similar 

quantity of SHH mRNA as the alleles in the Wt/Wt genotype (Fig.3.4D, compare 

blue series with green and yellow series). The Slk ZRS allele however is responsible 

for a greater quantity of SHH mRNA, and appears to be solely responsible for the 

increase in ZPA SHH expression across the three observed stages (Fig.3.4D, red 

series). 
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Figure 3.4: Quantitation of total SHH mRNA, and allelic contribution across 

stages 17, 22 and 25HH. The Slk/Wt leg produces more SHH mRNA than the Wt/Wt 

equivalent at st.17HH (A), st.22HH (B) and st.25HH (C). *P<0.05 for all stages. (D) 

The combination of the absolute qRT-PCR data and RFLP data allows us to decipher 

the contribution of each allele to SHH expression in a quantitative manner. In Slk/Wt 

embryos, SHH is mostly expressed from the Slk ZRS allele (red series) compared to 

the Wt allele (blue series). Wt/Wt embryos expresses SHH equally from each allele. 

(D) adapted from Johnson et al., 2014. Bars = s.e.m, n>4 for each stage and genotype. 

See AP.2 for raw data. 
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3.2.2 Ectopic SHH in the Slk/Wt anterior leg is expressed from the Slk and Wt ZRS 

alleles 

The Slk leg develops ectopic SHH expression in anterior mesenchyme from st.25HH, 

which we previously found was expressed from both Slk and Wt ZRS alleles (Dunn 

et al., 2011). We characterised this allelic contribution further using the RFLP assay 

across a time series from st.25-27HH in Slk/Wt embryos. Initial expression occurred 

only from the Slk ZRS allele with no contribution from the Wt allele (Fig.3.5A,B), 

demonstrating that the Slk ZRS SNP drives initial ectopic expression. Subsequently, 

expression from the Wt allele was detected within 1.5-2 hours (Fig.3.5A). At 

st.27HH, when ectopic SHH expression appears strongest by in situ hybridisation 

(Dunn et al., 2011); both the Wt and Slk ZRS alleles contribute equally to ectopic 

SHH (Fig. 3.5B; AP.3). This suggests that whilst initial ectopic expression is only 

from the Slk ZRS allele, expression from the Wt ZRS allele is induced soon after in 

an autoregulative manner, with both alleles contributing to total SHH within 1.5-2 

hours of initiation.  
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Figure 3.5: RFLP and Slk anterior ectopic SHH expression profile. (A) Examples of 

data generated from RFLP assays, with contribution of Wt ZRS allele occurring only 

after st.25HH (arrow heads). (B) Allelic profile of anterior ectopic SHH expression 

showing initial SHH expression occurs only from the Slk ZRS allele, with 

contribution from the Wt ZRS allele within half a HH stage (~1.5-2 hours). (B) 

adapted from Johnson et al., 2014 (supplementary data). “25+” = late st. 25HH, 

distinct from st.26HH. Bars = s.e.m, n≥3 for each stage. See AP.3 for raw data. 
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3.2.3 Hh signalling inhibition increases early expression of SHH, and negates 

allelic imbalance 

Inhibition of Hh signalling has been shown to cause an increase in ZPA SHH 

expression in chicken limbs, in an autoregulative response to a loss of Hh signal 

transduction (Scherz et al., 2007). To investigate whether SHH autoregulation via 

the Hh pathway occurred via increased expression from a particular allele, we used 

cyclopamine to inhibit Hh signalling in st.17HH Slk/Wt embryos. We determined 

the SHH allelic expression profile upon cyclopamine treatment, examining 

expression at st.19HH. In Slk/Wt legs at st.19HH, expression of SHH is mostly from 

the Slk ZRS allele (~65%) (Fig.3.6A). Cyclopamine treatment at st.17HH leads to an 

equal contribution of each allele at st.19HH (Fig.3.6A; AP.4). SHH expression in the 

ZPA was increased upon Hh signalling inhibition as assessed by in situ 

hybridisation and qRT-PCR at st.19HH, approximately 8 hours post addition of 

cyclopamine (Fig.3.6B; AP.4). Therefore inhibition of Hh signalling drives 

expression of SHH from both alleles equally, regardless of genotype, as an attempt 

to restore Hh signalling in the posterior limb. 
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Figure 3.6: Inhibition of Hh signalling prevents allelic imbalance and increases 

SHH expression. (A) Addition of cyclopamine at st.17HH prevents allelic imbalance 

when assessed at st.19HH, causing both alleles in Slk/Wt embryos to be expressed 

equally. *P<0.005. (B) Expression of SHH increases in response to inhibition of Hh 

signalling, as shown by whole mount in situ hybridisation and qRT-PCR at st.19HH. 

**P<0.0005. Bars = s.e.m, n≥3 for each stage. Scale = 0.5mm. Adapted from Johnson et 

al., 2014 (supplementary data). See AP.4 for raw data. 
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3.3 Discussion 

The limb is able to buffer SHH levels in an autoregulative manner in order to 

produce a correct number of digits with correct pattern.  Previous studies have 

shown that this can be achieved by modulation of ZPA cell death (Sanz-Ezquerro 

and Tickle, 2000), AER regression away from the ZPA (Bouldin et al., 2010), and by 

increasing SHH expression in response to Hh pathway inhibition (Scherz et al., 

2007). These studies have relied on embryo manipulations to increase SHH protein 

(via bead implants) or Hh inhibition (via cyclopamine treatment). The role of the 

ZRS in endogenous SHH autoregulation in un-manipulated circumstances had not 

yet been described.  

The data presented in here represents the first demonstration of limb SHH 

autoregulation at the allelic level. Taken together, the initiation of Wt allelic 

contribution to net ectopic SHH expression in the anterior Slk/Wt leg within 1.5 

hours of the Slk allele, and the response to Hh inhibition upon cyclopamine 

treatment within 6-8 hours suggests that autoregulation of SHH expression occurs 

swiftly in both the posterior and anterior limb.  

 

3.3.1 The ZRS is involved in autoregulation of SHH expression 

By examining contribution of each allele to ZPA SHH in a time series, we found that 

the Slk ZRS allele contributed more to relative SHH expression than the Wt ZRS 

allele, with a gradually increasing input from the Wt allele (Fig.3.2C), initially 

suggesting that the Slk ZRS allele may have a dominant effect over the Wt allele 

(acting in trans). The net effect would be a lower quantity of SHH mRNA produced 

from the Wt ZRS allele in an attempt to decrease total SHH mRNA. This would have 

agreed with the previous studies of SHH autoregulation whereby the limb is able to 

reduce SHH expression upon detecting an increased level of SHH protein (Sanz-

Ezquerro and Tickle, 2000; Bouldin et al., 2010). 
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However when we quantitated the overall expression of SHH via qRT-PCR and 

combined the relative RFLP data, we found that at stages 17, 22 and 25HH there was 

no significant decrease in SHH expression from the Wt ZRS (Fig.3.4D, blue series). 

The increase in total ZPA SHH expression (Fig.3.3A) occurred solely from the Slk 

ZRS allele. This suggests that the Slk ZRS allele does not have a dominant trans 

effect over the Wt allele, and that the Wt allele is functioning at a rate comparable to 

each of the alleles in the Wt/Wt embryo (Fig.3.4D; compare blue series to green and 

yellow series). Our quantitative analysis of the allelic contribution to SHH 

expression demonstrates that in un-manipulated circumstances, the ZRS plays a 

significant role in the autoregulation of SHH in the ZPA. Expression from the Wt 

ZRS allele in Slk/Wt embryos is not increased in the ZPA, but neither is it decreased 

in response to increased expression from the Slk ZRS allele. Thus the ZRS may not 

have a role in inter-allelic trans SHH autoregulation in the ZPA. Expression from the 

Slk ZRS allele, however, is significantly increased due to the presence of the Slk ZRS 

SNP, demonstrating that the ZRS has a role on cis SHH autoregulation.  

 

3.3.2 The dynamics of SHH regulation differ in the posterior and anterior limb 

As the ZPA is the regular area of limb SHH expression (Riddle et al., 1993), the Wt 

ZRS allele in Slk/Wt limbs is meant to be active in this area. We used the ectopic 

anterior SHH domain in Slk/Wt legs to investigate the contribution of the Slk and Wt 

ZRS alleles to ectopic SHH expression. Initial hypotheses predicted that expression 

would only be from the mutant Slk ZRS allele. We have previously reported, 

however, that there were copies of SHH mRNA present in the anterior leg expressed 

from the Wt allele (Dunn et al., 2011). When we quantified the relative contribution 

of the Slk and Wt alleles to SHH expression, we found that the initial ectopic 

expression at st.25HH is solely from the mutant Slk ZRS allele (Fig.3.5A, B). 

However the Wt ZRS allele contributes to ectopic SHH expression within 1.5-2 hours 

(Fig.3.5A, B). The initiation of expression from the Wt allele in an ectopic area of 

SHH expression demonstrates that once ectopic SHH expression is initiated from an 
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allele containing a mutation (such as the Slk ZRS SNP), the other allele is employed 

soon after regardless of genotype in order to maintain ectopic expression.  

 

The observed differences between SHH regulation in the ZPA and anterior ectopic 

SHH suggest that the ZRS may have different effects on SHH regulation in the 

posterior and anterior limb. In the posterior we found that SHH mRNA produced 

from the Wt allele in Slk/Wt limbs was unchanged, whilst the Slk allele was 

completely responsible for the increase in SHH expression (Fig.3.4). This suggests 

that the expression from the Wt allele is tightly regulated upon increased SHH 

expression from the Slk allele as an attempt to regulate SHH expression, since the Slk 

ZRS allele lacks full regulation. In the anterior limb we found that initial expression 

is from a non-regulated Slk ZRS allele, and SHH expression rapidly autoregulates 

itself in areas of ectopic signalling (Fig.3.5), and that this autoregulation can occur at 

the allelic level in order to maintain ectopic expression. The regulation of the Wt 

ZRS allele in the anterior limb differs from the posterior, as SHH is not canonically 

expressed in the anterior limb mesenchyme. Thus the same regulative mechanisms 

required to regulate SHH in the ZPA may not be present in the anterior limb, and as 

such SHH is able to sustain expression in an autoregulative manner from both the 

Slk and Wt ZRS alleles (Fig.3.7). 
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Figure 3.7: Variations in SHH regulation between the posterior and anterior 

Slk/Wt hindlimb. In the posterior hindlimb, SHH expression from the Wt ZRS allele 

is tightly regulated, resulting in expression similar to Wt/Wt hindlimbs. Expression 

from the Slk ZRS allele is increased due to reduced regulation caused by the Slk ZRS 

SNP. In the anterior hindlimb, ectopic SHH expression is initiated from the Slk ZRS 

allele. Within 1.5-2 hours expression from the Wt ZRS allele occurs in an 

autoregulative manner caused by the initial expression from the Slk ZRS allele, in an 

attempt to maintain SHH in the anterior limb. 
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3.3.3 The ZRS can be bypassed upon inhibition of Hh signalling 

By manipulating the activity of the Hh signalling pathway via cyclopamine in our 

Slk/Wt embryos, we were able to witness the combined actions of the ZRS and the 

Hh pathway in SHH autoregulation. Cyclopamine treatment at st.17HH increased 

ZPA SHH expression in st.19HH legs (Fig.3.6B). This has been reported previously 

as a response to the sudden lack of Hh signalling in the limb, and SHH expression is 

increased in order to reinitiate Hh signalling required for digit patterning (Scherz et 

al., 2007). Data from the Scherz et al study and our data presented here show that 

the Hh pathway has a role in SHH autoregulation. 

We were able to monitor the contribution of each ZRS allele to SHH, allowing us to 

observe the role of the ZRS in response to Hh signalling inhibition. The allelic 

imbalance in favour of the Slk ZRS allele was negated upon cyclopamine treatment, 

with both alleles contributing equally (Fig.3.6A). The ablation of allelic imbalance 

upon cyclopamine treatment suggests that the limb attempts to restore Hh 

signalling by increasing expression of SHH and does this from each allele equally, 

regardless of genotype. Such a response demonstrates that Hh signalling is able to 

modulate expression of its own ligand, and that this autoregulation occurs swiftly 

after Hh signalling inhibition (6-8 hours post-cyclopamine treatment). Cyclopamine 

treatment can lead to a down-regulation of PTCH1 within 2 hours (Scherz et al., 

2007), suggesting that this autoregulation may be occurring prior to the point where 

we examined SHH allelic contribution. Thus it is likely that in response to a loss in 

Hh signalling, cis-regulatory regulation of SHH may essentially be bypassed in an 

attempt to restore Hh signalling throughout the limb. 

 

3.3.4 Inhibition of Hh signalling may have unseen oncogenic consequences 

Our findings have relevance beyond understanding SHH autoregulation in the 

developing limb. Our cyclopamine data shows a significant increase in SHH 

expression in response to Hh signalling inhibition (Fig.3.6). By investigating the role 
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of tissue specific cis-regulatory enhancers during the limb response to cyclopamine 

treatment, we now know that any genetic regulation from a SHH regulatory region 

may be bypassed in order to rescue Hh signalling. The mechanism of cyclopamine 

in Hh signalling antagonism is very similar to that of Vismodegib. Owing to the 

similar mechanisms of action, it may be likely that Vismodegib treatment, if used 

incorrectly, could also induce increased SHH expression in adult tissues. This could 

present an issue for the treatment of Hh ligand-dependent cancers such as 

pancreatic adenocarcinoma. Recent trials have shown that the use of Vismodegib in 

the treatment of pancreatic adenocarcinoma had no beneficial effect on tumour 

regression or increasing patient survivability (Sarris et al., 2013). If SHH expression 

is increased in pancreatic tissue in response to Vismodegib treatment, the increase in 

SHH expression may persist beyond the efficient period of Vismodegib action. The 

antagonism of the Hh pathway instilled by Vismodegib could subside before SHH 

expression is reduced to normal levels, resulting in a net increase of Hh signalling 

throughout a given tissue. As basal cell carcinoma is a Hh ligand independent 

cancer that is associated with mutations in SMO and PTCH1 (Hahn et al., 1996; 

Johnson et al., 1996), modulation of Hh ligand expression is irrelevant. Our findings 

suggest that Vismodegib could greatly affect Hh ligand-dependent cancers. This is 

further compounded by the likelihood of co-presentation through carcinogenic 

metastasis – if a patient develops one form of cancer that is Hh ligand independent, 

and later develops cancer in a secondary tissue that may be Hh ligand dependent, 

treatment using Vismodegib could prove counter-productive.  

These results demonstrate that endogenous SHH expression can be regulated by the 

combination of Hh pathway modulation and ZRS activity in vivo. The role of the 

ZRS in SHH autoregulation appears to differ in the ZPA and anterior mesenchyme, 

whereby autoregulation at the allelic level assists in the maintenance of ectopic SHH 

expression. 
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Chapter 4 

The effects of the Slk C525A ZRS SNP on limb development 

and digit patterning 

 

 

 

 

 

 

 

 

 



98 

 

4.1 Introduction 

In Chapter 3, we employed the polydactylous Slk mutant to investigate 

autoregulation of SHH in the limb. Here, we will describe the effects that the Slk 

ZRS SNP and subsequent increases in posterior and anterior SHH expression have 

on limb development. 

 

Our previous study investigated how a single mutation within the ZRS can have 

effects on SHH transcription and subsequent effects on limb development. We 

found altered growth and digit patterning across the AP axis, and the ectopic 

expression of several Hh target genes including FGF4, PTCH1, GLI1 and VEGFD 

(performed by Allyson Clelland; Dunn et al., 2011). We also found that the 

expression of SHH in the ZPA was increased, and persisted beyond the termination 

of expression at st.26HH found in the Wt hindlimb (performed by Lynn McTeir; 

Dunn et al., 2011). We demonstrated that the early Slk anterior mesenchyme is 

required to form preaxial polydactyly by replacing the Slk anterior limb with a GFP-

expressing anterior tissue graft, demonstrating that the Slk ZRS SNP must be 

present in the anterior in order initiate ectopic SHH, and that the Slk posterior limb 

alone is insufficient to drive preaxial polydactyly (Dunn et al., 2011).  

Together these results led us to hypothesise that the Slk ZRS SNP is required in both 

the early posterior and anterior limb, and that an increase of posterior SHH 

expression may also be required to form preaxial polydactyly. The dependence of 

ectopic anterior SHH on the posterior limb will be investigated experimentally in 

this chapter. 

 

4.1.1 The role of the anterior necrotic zone in preaxial polydactyly 

In the Dorking breed, ectopic anterior FGF4 reduces the size of the anterior necrotic 

zone (ANZ), which was hypothesised by the authors to lead to a net increase in 
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potential digit primordia in the anterior mesenchyme (Bouldin and Harfe, 2009). 

Upon inhibition of Hh signalling by cyclopamine treatment, ectopic Hh signalling in 

the anterior was prevented, and cell death was reduced. Expression of FGF4 

persisted, with subsequent preaxial polydactyly in E10 embryos. However 

inhibition of FGF signalling via SU5402 bead implants increased cell death, and 

prevented preaxial polydactyly – demonstrating that FGF signalling, and not Hh 

signalling, is essential for preaxial polydactyly in the Dorking breed (Bouldin and 

Harfe, 2009). Thus cell death in the anterior limb is an indirect regulator of digit 

number in the anterior digit region, which is reduced in the hindlimbs of both the 

Dorking (Bouldin and Harfe, 2009) and the Slk (Dunn et al., 2011) breeds. Recent 

work has shown that the temporal differences in the formation of the anterior 

necrotic zone and AER regression between the wing and leg in the chick embryo 

may explain why the chick wing has fewer digits (Nomura et al., 2014). These 

findings may explain why preaxial polydactyly is not observed in the adult Dorking 

and Slk wings. 

We will also investigate differences in ANZ apoptosis between the wing and leg in 

the Slk embryo in order to understand the nature of hindlimb specific Slk preaxial 

polydactyly.  

 

4.1.2 Transcription factor binding and the ZRS 

Mutations in the ZRS have been shown to affect the binding of specific transcription 

factors. A recent study showed that the ETS family of transcription factors instil 

different effects on Shh transcriptional regulation. ETV4/ETV5 act to repress Shh 

expression in the anterior mesenchyme, whilst an ETS:GABPα complex acts to 

maintain Shh expression in the ZPA. Through a careful balance of ETS binding, the 

size and localisation of the ZPA can be carefully regulated (Lettice et al., 2012). Two 

human families, dubbed AUS and AC, have been shown to possess single point 

mutations in the ZRS that cause preaxial polydactyly (Gurnett et al., 2007). The 
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authors of this study also presented two SNPs present within the AUS and AC 

human families, and showed that these SNPs alter the local binding capability of 

transcription factors to the ZRS. Each SNP ablates the binding of ETV4/ETV5, 

allowing an ETS:GABPα complex to bind ectopically, resulting in misregulated Shh 

expression in the ZPA and anterior mesenchyme (Lettice et al., 2012). Thus 

transcription factor binding must be tightly regulated in order to maintain correct 

Shh expression in the limb. 

Initial in silico predictions suggested that the Slk ZRS C525A SNP may cause an 

additional transcription factor to bind to the ZRS, with possible candidates 

including MSX1 and PRRX2 (Dorshorst et al., 2010). Both of these factors contain a 

homeobox DNA-binding domain. The C525A Slk ZRS SNP creates a small AT-rich 

region, indicative of a canonical homeobox binding site (Georges et al., 2010). 5’Hox 

genes are necessary to induce early ZPA Shh expression (Zakany et al., 2004), and 

have been shown to interact in vivo with the ZRS; HOXD13 can form a complex with 

HAND2 which interacts with the ZRS by binding to specific E-box sites (Galli et al., 

2010). In addition HOX5 proteins and PZLF are known to co-interact to regulate Shh 

expression, and genetic removal of Plzf increases posterior Shh expression and 

induces ectopic Shh in the anterior limb (Xu et al., 2013). Thus HOX-containing 

complexes could potentially bind to the Slk ZRS SNP site. Whether the Slk ZRS SNP 

alters transcription factor binding, by creating or ablating a binding site, has yet to 

be experimentally determined. 

 

4.1.3 The hypothetical requisites of Slk PPD 

We have shown that the Slk ZRS SNP is both required and fully dominant for PPD 

in the Slk leg (Dunn et al., 2011). The molecular mechanism behind Slk PPD is 

achieved through the initiation of ectopic anterior SHH expression, although the full 

requisites have yet to be determined or tested experimentally. 
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In this chapter we investigate the hypothesis that three specific conditions are 

required to form PPD in the Slk leg: 

1. The Slk ZRS SNP is required in both the anterior and posterior tissue 

2. There is increased SHH protein in the early posterior limb, which is required 

to initiate ectopic SHH in the anterior mesenchyme. 

3. There is increased Hh-dependent growth in the early limb bud 

The cumulative effects of all these requirements are necessary for Slk PPD, and each 

of these requirements will be tested experimentally. 

 

 

 

The majority of this work is published: Johnson, E J., Neely, D M., Dunn, I C., 

Davey, M G. (2014) Direct functional consequences of ZRS enhancer mutation 

combine with secondary long range SHH signalling effects to cause preaxial 

polydactyly. Developmental Biology 392 (2) 209-220. 
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4.2 Results 

4.2.1 Continuity between the anterior and posterior limb mesenchyme is required 

to Slk PPD 

We had previously demonstrated that the posterior limb bud is required for the 

initiation of anterior ectopic SHH expression, determined by the removal of the 

hindlimb ZPA at various stages (Dunn et al., 2011). Removal of the ZPA prior to 

st.22HH prevented anterior ectopic SHH and preaxial polydactyly, whereas removal 

of ZPA tissue after st.22HH did not prevent ectopic SHH (Dunn et al., 2011). One 

caveat with this approach was that the surgical ablation disrupted not only 

mesenchymal interaction between the anterior and posterior halves of the limb, but 

also disrupted the AER between these two limb bud halves. Thus we were not able 

to differentiate whether mesenchymal or AER-dependent tissue continuity was 

required for preaxial polydactyly.  

We sought to refine this experimental approach by interrupting the anterior and 

posterior limb mesenchyme and leaving the AER intact, to show that a diffusible 

signal from the posterior mesenchyme was required for the induction of ectopic 

anterior SHH. Classical studies have used this approach, and found that the 

placement of a tantalum foil barrier into the limb mesenchyme along various points 

of the AP axis had varying results on digit patterning. Summerbell found that a foil 

barrier inserted nearer to the anterior wing in line with somite 17 resulted in the loss 

of anterior wing digits, whilst barrier insertion in line with somites 18/19 resulted in 

the loss of posterior digits (Summerbell, 1979). 

We prepared small slits in the mesenchyme of st.20HH Wt/Wt and Slk/Wt 

hindlimbs, in line with somites 28/29 (Fig.4.1), ensuring that the AER remained 

intact. A small barrier of tantalum foil was inserted to act as a physical barrier 

between the anterior and posterior mesenchyme. Control limbs did not receive a 

barrier. 
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Assessment of digit number at day 10 showed that the control manipulations did 

not alter digit number in either genotype (Fig.4.1A, C). Insertion of a foil barrier the 

patterning of digits in the hindlimbs of both genotypes (n=5/6) (Fig.4.1B, D), and 

prevented the formation of ectopic digits in the Slk/Wt hindlimb (n=3) (Fig.4.1D). We 

assessed expression of ectopic anterior SHH in Slk/Wt hindlimbs in control and 

experimental circumstances. Control manipulations did not prevent ectopic anterior 

SHH expression (n=3/3) (Fig.4.1E), concurrent with the formation of preaxial 

polydactyly. The insertion of a barrier prevented the expression of SHH in the 

anterior Slk/Wt hindlimb at st.26HH (n=2/2) (Fig.4.1F). Due to the delicate nature of 

the manipulation performed and the physical stresses involved during the whole 

mount in situ hybridisation protocol, limbs were often highly damaged upon 

detection of SHH transcripts. As such the posterior limb was lost during this 

procedure, leaving only the anterior tissue intact. Thus determination of the effect of 

barrier insertion on posterior SHH expression was not determined. 

These results demonstrate that a diffusible signal in the early posterior mesenchyme 

is required for the induction of ectopic anterior SHH expression in the Slk/Wt leg. 
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Figure 4.1: Barrier insertion prevents ectopic anterior SHH and PPD. Control 

manipulations (cut in between somites 29-30, with no foil inserted) caused no 

change in digit number in Wt/Wt (A) and Slk/Wt (C) embryos. Insertion of a foil 

barrier resulted in the loss of posterior digits in Wt/Wt legs by E10 (B). Foil implants 

prevented ectopic digit formation in Slk/Wt legs, but these embryos were more 

likely to retain posterior digits (D). Control manipulations did not prevent ectopic 

anterior SHH expression at st.26HH (E, arrow), whereas foil insertion prevented 

ectopic SHH expression in st.26HH anterior mesenchyme (F). Due to the fragility of 

the manipulated limbs, posterior tissue was lost during the in situ hybridisation 

protocol. Scale = 0.5mm. Adapted from Johnson et al., 2014. 
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4.2.2 Increased SHH mRNA leads to increased SHH protein in Slk/Wt hindlimbs  

We had previously shown that the Slk leg had an increased expression domain of 

posterior GLI1 at st.20HH, a target gene of Hh signalling, demonstrating that a 

greater quantity of the limb bud is exposed to SHH protein at early stages of limb 

development (Dunn et al., 2011). We had also demonstrated that the size of the Slk 

ZPA from st.24HH appears larger than the Wt ZPA (Dunn et al., 2011). These 

findings suggest that levels of SHH protein are increased in the Slk hindlimb, and 

that SHH may be the diffusible factor necessary to induce ectopic anterior SHH 

expression. 

In Chapter 3 we showed that the posterior Slk/Wt limb has increased levels of SHH 

mRNA compared to Wt/Wt hindlimbs at stages 17, 22 and 25HH (Fig.3.4A, B, C). To 

determine whether the increase in SHH expression lead to an increase in SHH 

protein, we performed Western blot analysis on whole st.21HH and st.24HH 

hindlimbs of Wt/Wt and Slk/Wt embryos. Hindlimbs of each genotype (n=4) were 

dissected whole, and loaded onto denaturing SDS gels as a whole limb bud per lane. 

Relative quantitation of SHH was achieved by normalising SHH to a housekeeping 

protein, γ-tubulin. 

At st.21HH, we found a 1.6 fold increase in SHH protein in Slk/Wt compared to 

Wt/Wt hindlimbs (Fig.4.2A), and a 1.4 fold increase at st.24HH (Fig.4.2B). These 

results suggest that there is increased SHH protein present in the Slk/Wt leg during 

the digit patterning phase (st.17-22HH) and after, in the post-patterning growth 

phase (st.22-26HH). These findings correlate with the increase in SHH mRNA 

assessed by whole mount in situ hybridisation (Dunn et al., 2011) and by qRT-PCR 

(Fig.3.4A, B, C). The increase in SHH is likely responsible for the increased range of 

GLI1 expression previously observed in early st.20HH Slk hindlimbs (Dunn et al., 

2011). 
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Figure 4.2: Quantitation of SHH protein in st.21 and 24HH hindlimbs. (A) 

Increased SHH protein is present during the digit patterning phase in st.21HH legs; 

a 1.6 fold increase over Wt/Wt. (B) This increase in SHH protein continues into later 

limb development, past the digit patterning phase, as shown by a 1.4 fold increase 

over Wt/Wt legs at st.24HH. Bars = s.e.m, n=4 for each stage and genotype. P<0.0005. 
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4.2.3 Inhibition of Hh signalling prevents anterior ectopic expression of SHH 

Removal of the ZPA in pre-st.22HH Slk leg buds prevented ectopic SHH and PPD 

(Dunn et al., 2011). The foil implants (Fig.4.1) had shown that a diffusible signal 

from the posterior mesenchyme was required in order to initiate ectopic SHH 

expression in the anterior Slk/Wt limb. We had also found an increase in SHH 

protein in the posterior limb at early stages of limb development, suggesting that 

SHH may be this “diffusible factor”.  We decided to investigate whether Hh 

signalling in the posterior limb is required to initiate ectopic anterior SHH. Previous 

studies have demonstrated that cyclopamine treatment in st.18-21HH chick 

embryos leads to the loss of posterior digits (Davey et al., 2006; Scherz et al., 2007). 

We therefore inhibited Hh signalling in st.17HH Slk/Wt and Wt/Wt embryos with 

cyclopamine. 

Treatment with carrier solution had no effect on SHH expression or digit number in 

Wt/Wt and Slk/Wt embryos (Fig.4.3A, C, E, G). Treatment with cyclopamine 

prevented ectopic anterior SHH expression in Slk/Wt legs (Fig.4.3F), and 

subsequently ectopic digit formation was prevented in 13/16 embryos (Fig.4.3H). 

Posterior SHH was lost in 3/3 Wt/Wt embryos, coupled with a reduced limb area 

(Fig.4.3B). Subsequently 7/14 Wt/Wt limbs failed to develop digit IV (Fig.4.3D), as 

previously reported (Scherz et al., 2007). In Slk/Wt legs posterior SHH expression is 

maintained (Fig.4.3F) and 13/16 embryos formed a digit IV. The loss of ectopic digits 

in the Slk/Wt leg upon early cyclopamine treatment suggests that posterior SHH 

from the ZPA is required in early limb development to form ectopic SHH at later 

stages. The maintenance of digit IV in the Slk/Wt leg is most likely due to the 

increased SHH expression present in the Slk/Wt ZPA, which unlike the 

cyclopamine-treated Wt/Wt limb is able to provide enough SHH protein to form 

digit IV. 
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Figure 4.3: Cyclopamine prevents anterior ectopic SHH expression in the Slk leg. 

Addition of 5µg cyclopamine at st.17HH reduced ZPA SHH expression in st.26HH 

Wt/Wt embryos compared to carrier controls (A, B). Posterior leg digits (digit IV) 

were lost in day 10 Wt/Wt limbs (D). Ectopic anterior SHH expression in st.26HH 

Slk/Wt embryos was prevented by the inhibition of early Hh signalling, whilst 

posterior ZPA SHH remained (F). Preaxial polydactylous digits were prevented, 

whilst posterior digits formed (H). Scale = 0.5mm. Adapted from Johnson et al., 

2014. 
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4.2.4 Retinoic acid induces ectopic SHH earlier in the Slk/Wt wing 

 In our previous study, we grafted GFP-expressing anterior leg mesenchyme onto 

posterior Slk legs and determined that the posterior Slk leg is not sufficient to induce 

ectopic anterior SHH or preaxial polydactyly in Wt tissue (Dunn et al., 2011). This 

told us that the Slk ZRS SNP is essential in both the posterior and anterior 

mesenchyme in order to induce preaxial polydactyly. Whilst ectopic SHH is 

observed in the anterior Slk leg, the anterior Slk wing does not express ectopic SHH 

(Arisawa et al., 2006; Dunn et al., 2011). Therefore the Slk anterior Slk wing serves as 

an area to investigate induction of ectopic SHH expression under manipulation. 

We implanted beads soaked in 1mg ml-1 all-trans retinoic acid (RA) into loops made 

between the anterior mesenchyme and the AER of st.20HH Slk/Wt and Wt/Wt 

embryos. RA treatment has been shown previously to induce SHH expression after 

24 hours (Riddle et al., 1993). We assessed SHH expression after 21 hours by whole 

mount in situ hybridisation. Whilst we could not detect ectopic SHH expression in 

Wt/Wt wings (Fig4.4A, A’, n=5), we were able to detect SHH mRNA in Slk/Wt wings 

(Fig4.4B, B’, arrows, n=6). After 26 hours RA exposure, we were able to detect 

ectopic SHH in the anterior wings of both genotypes (Fig.4.4 C, D; Wt/Wt n=8, 

Slk/Wt n=6). Mirror-image digit duplications were found in both genotypes after 10 

days incubation (Fig.4.4E, F). This shows that the presence of a Slk ZRS SNP in the 

anterior mesenchyme leads to faster induction of SHH expression under 

manipulation. 
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Figure 4.4: Application of retinoic acid (RA) induces ectopic SHH earlier in the 

anterior Slk wing. Insertion of RA-soaked beads into anterior wings induced 

ectopic SHH within 21 hours in Slk/Wt wings (B, B’, arrows), whereas no ectopic 

expression was detectable in Wt/Wt wings after 21 hours (A, A’). Ectopic SHH is 

present in the wings of both genotypes after 26 hours (C, D), and as a result both 

genotypes produce identical digit patterns after 10 days (E, F). Scale = 0.5mm. 

Adapted from Johnson et al., 2014. 
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4.2.5 Hh signalling over-activation prevents ectopic SHH and PTCH1 expression 

in the Slk/Wt leg. 

Through our limb manipulations in previous work (Dunn et al., 2011) and in this 

thesis, we have demonstrated that the Slk ZRS SNP is required in both posterior and 

anterior limb mesenchyme to form preaxial polydactyly. The RA treatments showed 

that ectopic SHH can be induced in anterior wing mesenchyme containing a Slk ZRS 

SNP at an earlier point than in Wt/Wt wings (Fig.4.4). 

We then sought to investigate whether ectopic SHH could be induced in the Wt 

wing or leg anterior mesenchyme by direct activation of the Hh pathway, in a 

similar manner that RA has been shown to (Riddle et al., 1993). We also intended to 

investigate whether direct activation of the Hh pathway could induce ectopic SHH 

in the anterior Slk leg upon early ZPA removal, as another means of demonstrating 

the necessity of Hh signalling in the posterior mesenchyme in PPD formation. 

However due to the low number of Slk/Wt and Wt/Wt embryos produced from the 

Silkie/White Leghorn cross, we were not able to perform these experiments. 

To directly activate Hh signalling in limb mesenchyme we used Smoothened 

agonist (SAG), a small water-soluble compound that is able to activate Hh signalling 

regardless of Hh ligand binding to PTCH (Frank-Kamenetsky et al., 2002). Previous 

studies had used SAG to observe the effects of Hh pathway activation in cell 

culture-based assays to investigate the effects of Hh signalling activation on down-

stream target gene expression (Chen et al., 2002a) and in embryonic stem cell 

differentiation (Danjo et al., 2011). One study had used SAG to investigate fin 

development in dogfish, and found that ectopic Hh signalling activation increased 

Ptc2 expression and led to increased cartilage width of proximal fin structures 

(Sakamoto et al., 2009).  

SAG had not been previously used on chick embryos in ovo at the time these 

experiments were performed (April-June 2012), so there was no relevant data on 

suitable concentrations to use. We created a dose curve to determine a suitable 
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concentration of SAG to use in ovo using st.17HH ISA Brown chick embryos (Table 

3.1). We used concentrations of SAG ranging from 0.1µg µl-1 to 2µg µl-1. The highest 

dose used resulted in embryonic death accompanied with a failure of closure of the 

ventral body wall, similar to severe forms of gastroschisis. The lowest dose had no 

apparent effect on limb structure, with no polydactylous digits on fore- or 

hindlimbs, similar to the water controls. A 5µg dose was able to induce extra 

anterior digits in both wings, along with a failure of midline closure seen at the 

highest dose. However, these embryos were alive at time of dissection at E10. Doses 

of 1µg and 2µg per embryos had similar effects, as both were able to induce the 

formation of extra digits (Table 3.1).  
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SAG concentration Embryo Result at E10 

H2O control 1 No change in limb structure 

 2 No change in limb structure 

 3 No change in limb structure 

0.1µg µl-1 (Σ=0.5μg) 1 DEAD 

 2 No change in limb structure 

 3 No change in limb structure 

0.2µg µl-1 (Σ=1.0μg) 1 DEAD 

 2 No change in limb structure 

 3 Extra DII in left leg 

0.5µg µl-1 (Σ=2.5μg) 1 Extra DI in both legs 

 2 Extra D1 in both wings, extra DI in right leg 

 3 DEAD 

1.0µg µl-1 (Σ=5.0μg) 1 DEAD 

 2 Extra D1 in both wings, no midline closure 

 3 Extra D1 in both wings, no midline closure 

2.0µg µl-1 (Σ=10.0μg) 1 DEAD, no midline closure 

 2 DEAD, no midline closure 

 3 DEAD, no midline closure 

 

 

Table 4.1: Dose curve study to determine suitable concentrations of SAG to use in 

Slk PPD studies. St.17HH ISA Brown chick embryos were dosed with 5µl of 

varying concentrations of SAG, ranging from 0.1µg µl-1 to 2.0µg µl-1. Survival and 

changes to digit pattern was assessed at E10. The highest dose used was lethal, 

whereas the lowest dose used did not have any noticeable effect on digit pattern. 
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For the following studies using Slk/Wt and Wt/Wt embryos, we decided upon using 

a 1µg dose per embryo in order to increase likelihood of survival, yet also affect 

digit patterning. We performed initial experiments with 1µg SAG per embryo and 

assessed digit number and pattern at E10, and SHH and PTCH1 expression at 

st.27HH (Fig.4.5, 4.6). An increased size of limb field is noticeable in SAG-treated 

Wt/Wt and Slk/Wt limbs, accompanied by an extension of anterior mesenchyme in 

the leg (Fig.4.5M, O). We assessed SHH expression by whole mount in situ 

hybridisation at st.27HH. Posterior ZPA SHH expression was retained upon SAG 

treatment in Wt/Wt (n=3/3) and Slk/Wt (n=5/5) legs and wings (Fig.4.5E, G, M, O; 

asterisks). No ectopic SHH expression was detected in anterior mesenchyme in the 

wings or legs of Wt/Wt embryos (n=3/3) (Fig.4.5E, M), nor did any ectopic digits 

form (n=6/6) (Fig.4.5F, N). Ectopic SHH expression in the Slk/Wt anterior leg was 

present in water treated embryos (Fig.4.5 K), but was absent in the SAG-treated legs 

(n=4/5) (Fig.4.5O). Subsequently ectopic digits formed in water treated control legs 

(Fig.4.5L), but did not form in SAG-treated legs (n=9/12) (Fig.4.5P). Surprisingly 

SAG induced ectopic SHH expression in the anterior mesenchyme of Slk/Wt wings 

(n=3/5) (Fig.4.5G, arrow), which is not present in the wings of water-treated controls 

(Fig.4.5C). This ectopic SHH is accompanied by the formation of an additional digit 

1 (n=4/12) (Fig.4.5H).  
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Figure 4.5: Over-active Hh signalling prevents ectopic SHH in the Slk wing and 

leg. Addition of 1µg Smoothened agonist (SAG) does not induce ectopic SHH 

expression at st.27HH or lead to PPD in Wt/Wt wings or legs (E, F, M, N), compared 

to water controls (A, B, I, J). SAG treatment prevents ectopic SHH in the st.27HH 

anterior Slk/Wt leg (O) and subsequently PPD does not occur (P). Ectopic SHH at 

st.27HH and PPD occur upon SAG treatment in Slk/Wt wings (G, H). Scale = 0.5mm. 

Adapted from Johnson et al., 2014. 
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Expression of PTCH1 after early SAG treatment was determined at st.27HH by 

whole mount in situ hybridisation. At this stage, expression of IHH is present in the 

developing digital and zeugopodal cartilage; with PTCH1 expression in the 

surrounding tissue (Vortkamp et al., 1996). This PTCH1 expression is observed in 

our in situ analysis in Wt/Wt and Slk/Wt legs (Fig.4.6). In water controls, PTCH1 is 

absent in the anterior mesenchyme of Wt/Wt embryos (Fig.4.6A, E), and ectopic 

PTCH1 was present in the anterior Slk/Wt wing and leg (Fig.4.6B, B’ arrows, F). 

Addition of SAG at st.17HH did not induce ectopic anterior PTCH1 in the wings or 

legs of st.27HH Wt/Wt embryos (4/4) (Fig.4.6C, G). However ectopic PTCH1 in the 

anterior Slk/Wt leg was prevented (n=1) (Fig.4.6H), whilst ectopic PTCH1 expression 

was present in the anterior Slk/Wt wing accompanied by a distinctive increase of 

growth (n=1) (Fig.4.6D). The expression pattern of PTCH1 is restricted to the outer 

mesenchyme of the ectopic growth, with the majority localised to the proximal side 

(Fig.4.6B’, arrows). This expression co-localises with the SAG-induced ectopic SHH 

in the Slk/Wt wing, which is also restricted to the proximal mesenchyme (Fig.4.6G, 

arrow).  

The potential of the anterior Slk/Wt wing to express ectopic SHH upon SAG-induced 

activation of Hh signalling shows that expression of SHH can be initiated by Hh 

signalling. Both inhibition and over-activation of the Hh pathway can modulate 

expression of SHH.  

 



117 

 

 

 

Figure 4.6: SAG treatment reduces ectopic PTCH1 expression in the Slk wing and 

leg. Treatment of Wt/Wt embryos with 1µg SAG does not induce ectopic PTCH1 

expression in st.27HH wings or legs, compared to water controls (A, C, E, G). 

Ectopic PTCH1 present in anterior mesenchyme of water-treated st.27HH Slk/Wt 

wings (B, B’, arrows). SAG induces increased growth and ectopic PTCH1 expression 

in the st.27HH anterior Slk/Wt wing (D, D’ arrows), and reduces PTCH1 expression 

in the st.27HH anterior Slk leg (H). Scale = 0.5mm. Adapted from Johnson et al., 2014 

(supplementary data). 
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4.2.6 The Slk ZRS SNP causes increased tissue growth in the early and late limb 

bud 

SHH serves not only as a morphogen in the limb bud, but also as a mitogen (Towers 

et al., 2008; Zhu et al., 2008). The Growth/Morphogen model incorporates both the 

morphogenic and mitogenic capabilities of SHH in the developing limb, whereby 

digit number and pattern is determined in a sequential manner in the growing limb 

(Towers et al., 2008). We previously adapted this model to incorporate the increased 

ZPA SHH expression and growth in the early Slk limb bud, which contribute to the 

formation of ectopic anterior SHH (Dunn et al., 2011). 

We sought to determine if the increased SHH protein in the early posterior Slk limb 

causes an increase in growth. St.21HH limb buds were carefully dissected, and we 

measured the area of hindlimbs of Wt/Wt and Slk/Wt embryos. We found a 1.2 fold 

increase in limb bud area in Slk/Wt limbs (Fig.4.7A; Wt/Wt n=6, Slk/Wt n=18, P<0.05), 

demonstrating an increase in limb bud size. We then assessed total protein levels in 

the same limb buds by a colorimetric protein concentration assay, and found a 1.3 

fold increase in total protein in Slk/Wt limbs compared to Wt/Wt (Fig.4.7B; Wt/Wt 

n=6, Slk/Wt n=18, P<0.05). Since we had previously loaded whole individual limbs in 

individual lanes when assessing SHH protein levels in st.21HH and st.24HH limb 

buds (Fig.4.2A, B), we then used the signal values of γ-tubulin as a proxy for levels 

of an individual structural protein. We detected a 1.3 fold increase in Slk/Wt limbs 

compared to Wt/Wt (Fig.4.7C; n=4 for both genotypes, P<0.00005), demonstrating 

that structural protein levels were also increased in the Slk/Wt limb due to larger 

limb size. 

Polydactylous limbs in murine and avian preaxial polydactyly models are 

associated with increased growth in the anterior limb bud at later, post digit 

patterning stages (Hui and Joyner, 1993; Sharpe et al., 1999; Masuya et al., 2007; 

Bouldin and Harfe, 2009), including the limbs of the Slk chicken (Arisawa et al., 

2006; Dunn et al., 2011). We assessed the area of the autopod in st.30HH Slk/Wt and 

Wt/Wt limbs (Fig.4.7E), and found a 1.5 fold increase in autopod area in Slk/Wt limbs 
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(Fig.4.7D; Wt/Wt n=4, Slk/Wt n=8, P<0.0005). This increase in growth is mostly due to 

the formation of ectopic digit(s) in the anterior limb. 

These results show that the increased levels of SHH protein in the early limb 

increase early limb bud growth, which is retained at later stages of limb 

development. 
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Figure 4.7: The Slk ZRS SNP increases limb growth. St.21HH Slk/Wt legs have a 

greater area (A; Wt/Wt n=6, Slk/Wt n=18, P<0.05), greater total protein content (B; 

Wt/Wt n=6, Slk/Wt n=18, P<0.05), and greater levels of γ-tubulin (C; n=4 both 

genotypes, P<0.00005) than Wt/Wt legs. Autopod area is significantly increased in 

Slk/Wt legs compared to Wt/Wt legs (D; Wt/Wt n=4, Slk/Wt n=8, P<0.0005) due to the 

ectopic tissue growth in the anterior limb (E). Bars = s.e.m. 
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4.2.7 Apoptosis is significantly reduced in the Slk leg anterior necrotic zone and 

maintained in the Slk wing. 

The chick limb bud has two distinct areas of programmed cell death in the anterior 

(ANZ) and posterior (PNZ) limb. Recent work has shown that the ANZ in the chick 

wing forms earlier than the ANZ located in the chick leg, resulting in the regression 

of the anterior AER away from potential digit forming mesenchyme leaving no 

room for the anterior-most digit to form (Nomura et al., 2014). This was 

hypothesised by the authors of this study to be an explanation for the difference in 

digit number between the chicken wing and leg (Nomura et al., 2014). 

Previous reports have shown that the wings of certain breeds temporarily form a 

small “nubbin” of cartilaginous tissue anterior to digit 1, which is absent in adult 

birds (Barfurth et al., 1914). The embryonic Slk wing has been reported to possess 

such a structure (Arisawa et al., 2006; Robb and Delany, 2012). Inspection of this 

transient cartilaginous element showed that it is first present at st.32HH, and is 

visible until st.37HH where it is no longer detectable (Arisawa et al., 2006). The 

mechanism by which this transient structure is lost is currently unknown, but it is 

likely that cell death in this region plays a key role. Cell death in the anterior Slk leg 

is reduced (Dunn et al., 2011). However we did not address cell death in the anterior 

Slk wing. We measured the area of the ANZ in both the wings and legs of st.26HH 

Wt/Wt and Slk/Wt embryos to determine any difference in ANZ size. In agreement 

with our previously published findings, we found a significant 3.1 fold decrease in 

the size of the ANZ in Slk/Wt legs compared to Wt/Wt leg (Fig.4.8C, D, E; Wt/Wt n=6, 

Slk/Wt n=16, P<0.0000005). This decrease in ANZ size suggests that apoptosis in this 

region of the Slk/Wt leg is reduced. 

We then investigated the size of the ANZ in st.26HH Wt/Wt and Slk/Wt wings. Nile 

Blue sulphate staining showed that cell death in the Slk/Wt anterior wing and leg is 

maintained. However, quantitation of the ANZ area showed a significant 1.31 fold 

decrease in ANZ size in the Slk/Wt wing ANZ compared to the Wt/Wt (Fig.4.8A, B, 

E; Wt/Wt n=6, Slk/Wt n=16, P<0.05). To determine whether the decrease in Slk/Wt 
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ANZ size was more significant in the wing or leg, we compared the difference of 

wing ANZ size between the Slk/Wt and Wt/Wt with the difference in leg ANZ size. 

By comparing ANZ reduction in this manner we found that the decrease in leg ANZ 

size is greater than that of the decreased wing ANZ size (Fig.4.8A, B, E; Wt/Wt n=6, 

Slk/Wt n=16, P<0.000000005). This shows that Slk/Wt wing still maintains a 

significant level of cell death, and may explain why the Slk wing does not develop 

permanent polydactyly. 
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Figure 4.8: ANZ cell death is reduced in Slk/Wt legs, but maintained in Slk/Wt 

wings. (A-D) Assessment of apoptosis by Nile Blue sulphate staining in st.26HH 

limbs shows ANZ cell death is reduced in the Slk/Wt leg and wing compared to 

Wt/Wt embryos (Wt/Wt n=6, Slk/Wt n=16). (E) Measurement of ANZ area shows that 

cell death is drastically reduced in the anterior Slk/Wt leg, whilst the Slk/Wt anterior 

wing still maintains a significant level of cell death. Scale = 0.25mm. Bars = s.e.m, * 

P<0.05, ** P<0.00000005. Adapted from Johnson et al., 2014 (supplementary data). 
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4.2.8 Induction of PPD in the Slk leg is dependent on increased SHH/FGF/GREM 

feedback and growth. 

The domain of FGF4 expression is increased anteriorly in the AER, and that the 

mesenchymal expression of SHH and GREMLIN1 are also increased (Dunn et al., 

2011). This suggests that each component of the SHH/GREM/FGF feedback loop is 

increased in the Slk limb. Our cyclopamine data presented in this thesis shows that 

ZPA SHH expression in st.26HH Slk/Wt limbs is not fully prevented upon Hh 

antagonism (Fig.4.3), suggesting that the SHH/GREM/FGF feedback loop may not 

be completely interrupted. 

To investigate whether the SHH/GREM/FGF feedback loop is necessary to induce 

preaxial polydactyly, we locally inhibited FGF signalling at st.20HH using beads 

soaked in SU5402, an FGF receptor inhibitor (Mohammadi et al., 1997). We first 

inserted beads soaked in either DMSO or 10mM SU5402 into small holes between 

the anterior hindlimb mesenchyme and the anterior AER (Fig.4.9A-H). We assessed 

SHH expression by whole mount in situ hybridisation. DMSO beads – when placed 

into the anterior or posterior limb - had no effect on SHH expression or digit 

number in each genotype (Fig.4.9A-D, I-L). SU5402 beads placed in the anterior limb 

resulted in localised reduction of tissue growth in the surrounding tissue (Fig.4.9E, 

G). Posterior SHH expression was unaffected in both genotypes (Fig.4.9E, G, n=4/4), 

whilst anterior ectopic SHH expression was no longer observed in Slk/Wt limbs 

(Fig.4.9G, n=2/2). Assessment of digit number at E10 showed that anterior digits I 

and II were lost in Wt/Wt limbs (Fig.4.9F, n=4/4). Anterior digits were lost in the 

Slk/Wt genotype, and ectopic digits did not form (Fig.4.9H, n=4/4).  

We found that SU5402 likely prevents cell proliferation in surrounding tissue, 

resulting in loss of growth and no ectopic anterior SHH expression. Due to this 

finding, we then repeated the experiment, except we placed SU5402 beads in the 

posterior limb, distal to the ZPA and adjacent to the posterior AER. Upon 

assessment of SHH expression at st.26HH, SHH in the ZPA was retained in most 

embryos of both genotypes (Fig.4.9M, O, n=7/9). Slk/Wt limbs did not expresses 
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ectopic SHH in the anterior limb (Fig.4.9O, n=2/2). Digit number at E10 was reduced 

in both genotypes, as digits III and IV failed to form (Fig.4.9N, P, n=9/11). Ectopic 

digit formation was prevented in Slk/Wt limbs, whilst leaving digits I and II 

unaffected (Fig.4.9P, n=4/5). 

These results demonstrate that inhibition of FGF signalling and growth in the 

posterior limb can prevent ectopic SHH expression and preaxial polydactyly in the 

anterior limb, demonstrating that the SHH/GREM/FGF feedback loop and increases 

in early limb growth are required.  
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Figure 4.9: Inhibition of FGF signalling prevents ectopic anterior SHH and 

prevents preaxial polydactyly. Insertion of DMSO-soaked beads into the anterior 

limb (under the anterior/distal AER) (A-D) and the posterior limb (distal to the ZPA 

and immediately proximal to the posterior AER) (I-L) did not alter st.26HH SHH 

expression or digit number in each genotype (arrows in C and K pointing to ectopic 

SHH in Slk/Wt). Insertion of SU5402-soaked beads into the anterior limb caused the 

loss of digits I and II in Wt/Wt limbs (F), whereas Slk/Wt limbs lost digit 1 and 

ectopic digits (H). Ectopic SHH was prevented in Slk/Wt limbs at st.26HH (G), 

whereas both genotypes retained posterior SHH expression (E, G, asterisks). 

Insertion of SU5402-soaked beads into the posterior limb caused the loss of digits I 

and II in both genotypes (N, P), with the further loss of ectopic digits in Slk/Wt limbs 

(P). Minimal posterior SHH expression is retained in both genotypes at st.26HH (M, 

O, asterisks), whereas ectopic anterior SHH is prevented in Slk/Wt limbs (O). Scale = 

0.5mm. Adapted from Johnson et al., 2014. 
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4.2.9 Increased Hh-dependent growth is required for preaxial polydactyly in the 

Slk leg 

The inhibition of FGFR by SU5402 demonstrated the necessity of the 

SHH/GREM/FGF feedback loop and tissue growth in Slk preaxial polydactyly. We 

sought to further investigate the role that increased growth in the early posterior 

limb has on the formation of ectopic SHH in the anterior limb. To achieve this we 

used trichostatin A (TSA), a histone deactylase inhibitor, to inhibit cell proliferation 

in localised areas of the early limb. TSA has been used in previous studies, whereby 

implantation of TSA-soaked beads into the limb mesenchyme resulted in digit loss 

and reduced ZPA SHH expression (Towers et al., 2008; Zhao et al., 2009b; Towers et 

al., 2011).  

Beads soaked in DMSO or 1mg ml-1 TSA were inserted into the posterior limb 

mesenchyme, proximal to the ZPA, of st.20HH Slk/Wt and Wt/Wt embryos. The 

DMSO beads did not affect ZPA SHH expression, and did not alter digit number in 

each genotype (Fig.4.10A-D). TSA treatment resulted in the loss of posterior digits 

III and IV in Wt/Wt limbs (Fig.4.10F, n=9/11), whereas these digits were usually 

retained in the Slk/Wt limbs (n=13/14), with only one limb losing digit IV 

(Fig.4.10H). However most TSA-treated Slk/Wt limbs did not form ectopic digits 

(Fig.4.10H, n=11/14). Expression of SHH in the ZPA was lost in Wt/Wt limbs after 24 

hours (Fig.4.10E), whereas expression was retained in the Slk/Wt limb (Fig.4.10, G, 

asterisk). These loss of SHH in Wt/Wt limbs is in accordance with previous studies, 

where SHH was also lost after 24 hours (Towers et al., 2008). The reduction, but not 

complete loss of SHH expression in the Slk/Wt limb is likely due to the increased 

SHH expression observed due to the Slk ZRS SNP (Fig.3.4). This would also explain 

why the Slk/Wt was more likely to retain digits III and IV than the Wt/Wt limb. 

These results demonstrate that the increased Hh-dependent growth in the early 

posterior Slk/Wt limb is necessary for subsequent preaxial polydactyly. 
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Figure 4.10: Local inhibition of posterior growth prevents ectopic anterior digit 

formation. Insertion of control DMSO-soaked beads into the posterior limb, 

proximal to the ZPA did not alter posterior SHH expression or digit number in 

Wt/Wt (A, B) or Slk/Wt embryos (C, D). Insertion of TSA-soaked beads ablated 

posterior SHH expression in Wt/Wt limbs (E), whilst the Slk/Wt limb retains minimal 

SHH expression (G). Posterior digits III and IV are lost in Wt/Wt legs (F) Slk/Wt legs 

retained a greater number of posterior digits, but lost ectopic anterior digits (H). 

Scale = 0.5mm. Adapted from Johnson et al., 2014. 
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4.2.10 The Slk ZRS SNP affects transcription factor binding 

Our characterisation of the Slk/Wt hindlimb, and the investigations of the requisites 

for anterior ectopic SHH expression and preaxial polydactyly have focused on 

changes in gene expression patterns and growth in the limb. Despite previously 

reported in silico searches to identify differential binding of nuclear proteins to the 

Slk ZRS SNP site, the nature of transcription factor binding at the Slk SNP site 

remains unresolved. 

We sought to determine whether transcription factor binding was affected at the Slk 

ZRS SNP site. If transcription factor binding were to be affected by the Slk ZRS SNP, 

gene expression of a candidate factor would be found in the posterior hindlimb 

from st.17HH, and in the anterior hindlimb at 25HH, when ectopic anterior SHH is 

first observed in the Slk leg. The Slk C>A SNP creates a small AT rich region, 

indicative of a canonical homeobox binding site (Georges et al., 2010). We 

interrogated the UniProbe TFBS database (Newburger and Bulyk, 2009) to 

determine in silico if a homeobox containing protein may interact with the Slk ZRS. 

We searched a small 24bp region surrounding the Slk SNP site (Fig.4.11). When we 

ran the Wt ZRS through UniProbe only a few suggested transcription factors were 

identified, including NSY-7, Hbp1 and PF14_0633 (Fig.4.11). None of these genes 

have been studied in the context of limb development, and have not been reported 

to be expressed in the developing limb. 

We then ran the Slk ZRS through UniProbe. A large number of homeobox 

containing proteins were identified in the prediction results, including many that 

are not expressed in the limb. A number of hits are expressed in the posterior 

chicken hindlimb from st.17HH and in the anterior at st.25HH, including PRRX1, 

PRRX2 (Geisha database, (Bell et al., 2004)), MSX2 (Fernandez-Teran et al., 2006), 

LMBX1B (Prin et al., 2004), HOXA6, HOXD11, HOXA11, and HOXA13 (Nelson et 

al., 1996) (Fig.4.11).  
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Figure 4.11: UniProbe TFBS prediction results surrounding the Slk ZRS SNP site. 

The Slk C525A SNP creates many predicted TFBS, mostly homeobox-containing 

proteins. 
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Upon closer inspection of the ZRS region immediately flanking the Slk ZRS SNP, we 

found that the SNP creates a small TAAT box similar to the core binding site 

required for HOXA13 binding (Knosp et al., 2007). We investigated HOXA13 

expression and compared with HOXD13 expression in Wt/Wt and Slk/Wt hindlimbs 

at st.23HH and st.25HH by whole mount in situ hybridisation. We also investigated 

the expression pattern of PBX3b, a co-factor known to associate with HOX proteins 

to assist in targeted HOX:DNA interactions (Capellini et al., 2006; Coy and Borycki, 

2010). We also compared expression of these three genes in the hindlimbs of 

homozygous talpid3 mutant embryos in order to determine whether gene expression 

of the three genes above is Hh responsive, as the limb buds of these embryos are not 

able to respond to Hh signalling due to a loss in GLI3R function (Francis-West et al., 

1995; Davey et al., 2006). 

At st.23HH, HOXA13 expression is localised to the distal-posterior limb 

mesenchyme in all three genotypes (Fig.4.12A-C). Expression of HOXA13, HOXD13 

and PBX3b in the talpid3 hindlimb is symmetrical across the distal limb, with 

unilateral expression across the AP axis (Fig.4.12C, F, I, L, O, R), demonstrating that 

these three genes are Hh responsive. HOXA13 expression is extended towards the 

anterior in st.23HH Slk/Wt limbs compared to Wt/Wt (Fig.4.12A, B; compare 

arrows). By st.25HH, expression of HOXA13 is found across the entire autopod 

region, including the area of anterior ectopic SHH expression in the Slk/Wt hindlimb 

(Fig.4.12D, E; arrows). HOXD13 expression follows a similar pattern to HOXA13, 

except that expression of HOXD13 is not as far towards the anterior limb at st.23HH 

or st.25HH (Fig.4.12, compare G, H, J, K to A, B, D, E). We had previously shown 

that HOXD13 is only expressed in the Slk hindlimb secondary to the induction of 

ectopic anterior SHH (Dunn et al., 2011). Our HOXD13 expression patterns 

recapitulate the data in our previous study, with HOXD13 not expressed in the most 

anterior mesenchyme at st.25HH (Fig.4.12J, K; arrows). Finally, we examined 

expression of PBX3b, which we found localised to the proximal-central mesenchyme 

in st.23HH hindlimbs (Fig.4.12M, N). Expression at st.25HH is maintained mostly in 

the proximal mesenchyme, with weak expression located in the anterior 
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mesenchyme approximately in the location of ectopic SHH in Slk/Wt (Fig.4.12P, Q; 

arrows). Comparison of the HOXA13 and PBX3b expression patterns at st.25HH 

shows a small area of co-localisation in the anterior limb, including the area of 

ectopic SHH in the Slk/Wt leg (Fig.4.12, compare E to Q; arrows). The expression 

pattern of HOXA13, along with the similarity of the core HOXA13 binding site to 

the TAAT box created by the Slk ZRS SNP suggest that HOXA13 may be a candidate 

for interacting with the Slk ZRS allele. The co-localisation of PBX3b and HOXA13 

expression in the anterior limb suggest that PBX3b may interact with HOXA13 

when interacting with the Slk ZRS. 
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Figure 4.12: Expression patterns of possible ZRS interacting proteins in the 

hindlimb. HOXA13 (A-F), HOXD13 (G-L) and PBX3b (M-R) expression patterns 

were assessed in Wt/Wt, Slk/Wt and talpid3 embryos at st.23 and 25HH. HOXA13 and 

HOXD13 expression expands from the distal-posterior limb towards the anterior 

limb throughout limb development, with extended anterior expression Slk/Wt limbs 

(compare arrows in B, E to A, D for HOXA13; compare arrows in G, J to H, K for 

HOXD13). St.25HH Slk/Wt HOXD13 expression does not spread as far anteriorly as 

HOXA13 (compared arrows in K to E). PBX3b is expressed in the anterior leg in 

Wt/Wt and Slk/Wt embryos (M, N, P, Q, arrows). Expression of these three genes is 

uniform across the AP axis of talpid3 limbs (C, F, I, L, O, R). Scale = 0.5mm. Adapted 

from Johnson et al., 2014. 
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To determine if transcription factor binding is altered by the Slk ZRS SNP, we 

performed EMSA analysis. Nuclear protein was extracted from pooled st.24HH 

anterior and posterior hindlimbs of Slk/Wt hindlimbs, and incubated with 10fmol 

24bp 5’ biotin-labelled DNA probes (see Methods and Material for Wt and Slk probe 

sequences). Firstly, we compared the binding profiles of nuclear protein extracted 

from anterior and posterior mesenchyme, against Wt and Slk DNA probes. Both the 

Wt and Slk labelled probes were able to pull down a series of bands, suggesting 

DNA:protein interactions with the 24bp probes (Fig.4.13A). Comparison with free 

DNA and nuclear extract only controls show that these bands may represent 

genuine DNA:protein interactions. We compared the binding profiles of Wt and Slk 

DNA probes. The Wt probe produced a small group of bands with similar weight 

(Fig.4.13A, “1”), and another lower band (Fig.4.13A, “2”). The Slk probe produced a 

similar binding profile to the Wt probe, as well as a band exclusive to the Slk probe 

(Fig.4.13A, “3”). This suggests that an additional protein may bind to the Slk ZRS 

SNP site. We then repeated the assay by incubating 10fmol Slk labelled DNA probe 

with x100, x200, x400 and x1000 concentrations of un-labelled Slk DNA probe. We 

were able to compete all bands with a x1000 concentration of un-labelled DNA, and 

bands 1 and 2 were sufficiently competed upon addition of x200 un-labelled DNA 

(Fig.4.13B).  

We sought to identify difference in binding affinity between Wt and Slk DNA. We 

repeated the competition assay, except we competed labelled Wt and Slk DNA with 

x5, 10x and 20x concentrations of un-labelled Wt DNA.  Upon addition of  x20 un-

labelled DNA, group “1” was fully competed in Wt labelled probe, whereas group 

“1” remained in Slk labelled probes, suggesting that the proteins responsible for 

group”1” have a higher affinity to the Wt ZRS than the Slk ZRS (Fig.4.13C). Band 3 

in the labelled Slk probe remained unchanged when competed with un-labelled Wt 

DNA, suggesting that band “3” represents a genuine DNA:protein interaction 

(Fig.4.13C). The competition assays suggest that the three bands produced by the 

labelled Slk DNA were genuine DNA:protein interactions, and that band “3” may 

represent a protein binding directly to the Slk ZRS SNP.  



135 

 

We then sought to determine if HOXA13 binds to the ZRS in vitro, and if it was 

responsible for the Slk-exclusive band “3”. To achieve this we performed a 

supershift EMSA using a rabbit anti-HOXA13 antibody. If HOXA13 interacts with 

the DNA probe, the responsible band would either “shift” up the lane due to the 

higher molecular weight of the antibody:protein:DNA complex, or the responsible 

band would disappear due to disruption of a DNA:protein interaction caused by the 

antibody binding to the DNA-interacting region of the target protein. Upon addition 

of anti-HOXA13 antibody to reactions containing either labelled Wt or Slk DNA 

probes, we found that band “3” was unchanged in the Slk probe (Fig.4.13D). Group 

“1” was competed upon antibody addition, with a reduction in band visibility 

caused by interference of the DNA:protein interaction by the antibody (Fig.4.13D). 

These results suggest that HOXA13 may interact with both the Wt and Slk ZRS in 

vitro, but does not cause the presence of band “3”. As such, the identity of the 

protein(s) responsible for band “3” produced by labelled Slk DNA remains 

undetermined. 
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Figure 4.13: Nuclear protein binding profiles to the Wt and Slk ZRS. (A) The Slk 

SNP produces a Slk exclusive binding profile, in the form of band 3. Nuclear 

proteins from anterior and posterior limb halves produce identical binding profiles. 

(B) Bands 1-3 can be competed by x100, x200 and x1000 concentrations of un-

labelled DNA. (C) Competition assays of un-labelled Wt and Slk DNA against 

labelled Slk DNA. 20x un-labelled Wt DNA can compete band 1, whereas 20X un-

labelled Slk DNA does not compete band 1. (D) Incubation with an anti-HOXA13 

antibody competes band 1 in Wt and Slk DNA. FD = free DNA probe, NE = nuclear 

extract, NS = non-specific. Adapted from Johnson et al., 2014. 
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4.2.11 Ectopic digit formation is delayed relative to canonical digits 

Due to the relatively late induction of ectopic SHH in the anterior leg at st.25HH 

compared to the expression of SHH in the ZPA at st.17HH, the ectopic digits are 

specified sometime after digits I-IV. 

We investigated this delay in ectopic digit formation by determining the expression 

pattern of SOX5 – a transcription factor expressed initially in the developing digital 

rays, with later expression limited to the developing pharangeal joints and digit tips 

(Smits et al., 2001; Chimal-Monroy et al., 2003). In st.29HH Wt/Wt hindlimbs, SOX5 

is expressed in the digital rays of digits I to IV, with later expression limited to the 

digit tips at st.32HH (Fig.4.14A, C). We then examined SOX5 expression in Slk/Wt 

hindlimbs. At st.29, SOX5 was detected in the digit rays of digits I to IV, similar to 

the Wt/Wt hindlimbs. However SOX5 expression is absent from the enlarged area of 

tissue growth caused by the ectopic SHH (Fig.4.14B, arrow). By st.32HH SOX5 

expression is detectable, and is expressed throughout the ectopic digital ray, whilst 

SOX5 is limited to the distal digit tip in digits I-IV (Fig.4.14D). The delayed 

expression of SOX5 in the anterior mesenchyme of Slk/Wt hindlimbs suggests that 

the formation of ectopic digits is delayed compared to digits I-IV. 

After digit rays have fully condensed and separated due to interdigital apoptosis, 

ossification occurs in order to form bone. In the chicken hindlimb digits, ossification 

occurs at approximately st.36HH. The first areas of the digits to ossify are the 

hypertrophic region of cartilage elements, located in the central regions of the 

phalanges (Erlebacher et al., 1995; Casanova et al., 2012). We used alizarin red to 

detect areas of ossification in the digits of Slk/Wt hindlimbs. At st.36HH ossification 

is detectable in the phalanges of all digits, including the ectopic digits in the anterior 

limb (Fig.4.14E). The ectopic digit formed in Fig.4.14D is an ectopic digit II, as 

shown by the two proximal phalanges similar to the canonical digit II. Comparing 

the ossification of the ectopic digit to digit I or digit II shows that ossification is not 

as extensive (Fig.4.14E, arrows). This suggests that the delay in ectopic digit 

formation results in a delay in digit ossification, relative to the canonical digits. 
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Figure 4.14: Formation of ectopic digits in Slk legs is delayed compared to 

orthodox digits. SOX5 expression is detectable in digit rays I, II, III and IV in Wt/Wt 

(A) and Slk/Wt (B) limbs at st.29HH. At this stage, SOX5 expression is not detectable 

in the tissue that will form ectopic digits in Slk/Wt limbs (B, arrow). By st.32HH, 

SOX5 is expressed in the digit tips, and is detectable in the digit tips of all orthodox 

digits in Wt/Wt (C) and Slk/Wt (D) limbs, as are ectopic digits in the latter (D). 

Ossification is delayed in Slk/Wt ectopic digits, as shown by reduced alizarin red 

staining in ectopic digits compared to nearby orthodox digits (E, F, arrows). Scale = 

0.5mm. 
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4.2.12 Ectopic digits in the Slk leg are fully vascularised 

A number of genes are ectopically expressed in the st.27HH anterior Slk leg 

secondary to ectopic SHH, including VEGFD, a growth factor that drives the 

development of blood vessels. The ectopic domain of VEGFD suggested that the 

area of increased growth in the anterior Slk hindlimb would become vascularised.  

We determined the vascularisation pattern of ectopic digits in order to determine 

the localisation of blood vessels that supply the preaxial ectopic digit. We injected a 

solution of a fluorescently labelled Sambucus nigra (elderberry) bark lectin into 

vitelline veins of E12 Wt/Wt and Slk/Wt embryos in order to visualise vasculature 

surrounding the digits. In Wt/Wt embryos, vasculature is restricted to the soft tissue 

surrounding the phalanges and can be detected leading up to the proximal digit tip 

(Fig.4.15A). In digit I, the main blood vessels are the arteria digit peroferans primi and 

the vena digiti pedis primi (Yasuda, 2002), and these can be seen in digit I of the Wt/Wt 

hindlimb (Fig.4.15B, arrow). The vasculature in Slk/Wt hindlimbs is similar to that of 

the Wt/Wt hindlimb, with the exception of a fully vascularised ectopic digit 

(Fig.4.15B). Closer inspection shows that the blood vessels that supply the ectopic 

digits are branched from the main vessels that supply digit I (Fig.4.15D, arrow). The 

ectopic digit is supplied by a full capillary network supplied by the arteria digit 

peroferans primi and the vena digiti pedis primi from digit I (Fig.4.15E, arrows).  
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Figure 4.15: Ectopic digits are fully vascularised. Vasculature in st.38HH Wt/Wt (A) 

and Slk/Wt (B) legs. Digit I is supplied by the arteria digiti perofrans pedis primi (digit I 

artery) and the vena digiti pedis primi (digit I vein) (C, D, arrows). Ectopic digits in 

Slk/Wt limbs are supplied by these blood vessels, and develop extensive capillary 

networks (E, arrow heads). Scale = 0.5mm. 
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4.3 Discussion 

Our findings from our previous study opened up avenues of investigation to 

determine how posterior tissue is able to directly affect anterior tissue in the Slk 

limb. We concluded that several areas warranted further investigation; including 

the roles of SHH/FGF/GREM feedback, reductions in cell death, increased growth, 

and increased posterior SHH expression. The data presented here investigates the 

factors mentioned above, and the hypotheses stated in the chapter introduction 

described three requisites for Slk preaxial polydactyly: the presence of the Slk ZRS 

SNP in both the early posterior and anterior limb bud; increased early posterior 

SHH expression; and increased Hh-dependent growth in the early limb. 

  

4.3.1 Increased posterior SHH expression is required to induce ectopic anterior 

SHH 

By blocking the posterior limb from the anterior limb at st.20HH, we were able to 

prevent ectopic SHH and preaxial polydactyly in the later anterior limb (Fig.4.1). 

Through tissue removal manipulations we had shown that Slk posterior limb 

mesenchyme was required for preaxial polydactyly (Dunn et al., 2011), but this 

approach did not take into account the tissue damage inflicted by such a drastic 

manipulation - the trauma associated with such a large tissue removal could have 

been responsible for the lack of preaxial polydactyly. The insertion of a foil barrier 

into the limb mesenchyme conserves the limb bud shape and AER continuity, whilst 

still separating the posterior and anterior mesenchyme. We were able to 

demonstrate that a diffusible factor produced in the posterior is required to induce 

ectopic SHH in the anterior limb.  

The increased area of GLI1 expression in the st.20HH Slk hindlimb and enlarged 

ZPA suggested that SHH may be the diffusible factor produced in the posterior to 

induce ectopic anterior SHH. When we quantified SHH protein in Slk/Wt hindlimbs 

by Western blot, we found that there was a significant increase in SHH protein 
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during the digit patterning phase at st.21HH (Fig.4.2A). This increase was persistent 

past the digit patterning phase, as we had assessed SHH protein at st.24HH, a stage 

prior to ectopic SHH expression (Fig.4.2B). The increase in SHH protein is 

concurrent with the increase in SHH mRNA detected by qRT-PCR (Fig.3.4). 

Coupled with the anteriorly expanded FGF4 domains in the Slk AER (Dunn et al., 

2011), this suggests that the Slk/Wt hindlimb is unable to buffer increased posterior 

SHH expression via an AER regression mechanism (Bouldin et al., 2010).  

 

We inhibited Hh signalling with cyclopamine, which prevented ectopic SHH 

expression at st.25HH, and prevented ectopic preaxial digit formation (Fig.4.3). We 

also found that the Slk/Wt genotype was more likely to retain digits I-IV. 

Cyclopamine treatment at st.17HH may not have a long-lasting inhibitory effect on 

Hh signalling. The half-life of cyclopamine has been shown experimentally to be 

approximately 4 hours in adult murine models where doses were delivered orally 

or intravenously (Lipinski et al., 2008), suggesting that the efficacy of cyclopamine 

may reduce significantly in ovo after a similar time period. Twelve hours after 

treatment (st.19-20HH), digit primordia are still being determined by posterior Hh 

signalling. The effective activity of cyclopamine may be significantly diminished by 

this point, allowing a small window of recovered Hh signalling. Due to the 

increased SHH expression (Fig.3.4) and SHH protein (Fig.4.2) in the Slk/Wt 

hindlimb, the Slk/Wt genotype may be more likely to rescue digit IV than Wt/Wt 

hindlimbs. 

 

4.3.2 Over-activation of the Hh pathway prevented ectopic anterior SHH 

The addition of SAG prevented ectopic SHH and PTCH1 in the anterior Slk/Wt leg 

(Fig.4.5O and Fig.4.6H respectively). SHH is known to autoregulate itself in the 

posterior limb by increasing cell death (Sanz-Ezquerro and Tickle, 2000), or by 

shifting the AER away from the ZPA (Bouldin et al., 2010) in circumstances where 
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excessive posterior SHH protein is present. By over-activating Hh signalling in 

tissue that is already expressing ectopic SHH, the anterior mesenchyme may be 

attempting a similar method of SHH autoregulation. Upon our analysis of SHH 

expression, we initially hypothesised that this was achieved by increased PTCH1 

expression, which may increase internalisation of ectopic SHH protein and 

preventing ectopic SHH expression by the negative feedback effect of PTCH1 on Hh 

target genes. When we analysed PTCH1 expression at st.27HH, the anterior ectopic 

expression area usually present in Slk legs (Fig.4.6F) (Dunn et al., 2011) was 

prevented, suggesting that another method of autoregulation is employed in the Slk 

anterior leg mesenchyme upon SAG treatment. Excess concentrations of SAG are 

known to inhibit Hh signalling (Chen et al., 2002a). The concentration of SAG used 

in our study (330µM) may occupy all available SMO molecules in the anterior 

Slk/Wt leg mesenchyme. The net result is an inhibition of Hh signalling in the 

anterior Slk/Wt leg, leading to a loss of ectopic PTCH1 expression. Ectopic SHH 

expression is also lost, as the cells in the anterior mesenchyme interpret the addition 

of SAG as excessive Hh signalling, and so expression of SHH is prevented. In future 

investigations, it would be pertinent to investigate the actions of lower 

concentrations of SAG in Slk/Wt limbs. 

Another explanation may be due to the increased expression of Hh target genes in 

the Slk/Wt leg, including PTCH1. Application of SAG has been shown to increase 

Ptch1 expression in mice (Frank-Kamenetsky et al., 2002). Treatment of early chick 

embryos with SAG has been shown to increase GLI1 in limb buds, extending the 

GLI1 expression domain into the anterior limb, suggesting a decreased GLI3 

expression domain (Zhulyn et al., 2014). Like GLI1, PTCH1 is up-regulated by Hh 

signalling (Pearse et al., 2001; Vokes et al., 2008). If PTCH1 expression is increased in 

the early limb bud, then the diffusion dynamics of SHH protein from the ZPA may 

be altered (Fig.4.16.B). An increase of PTCH1 receptor at cell membranes would lead 

to an increased internalisation of SHH protein, restricting the progression of SHH 

across the posterior limb. The addition of SAG to st.17HH embryos increased the 

size of the st.27HH limb bud, most noticeably across the AP axis of the leg 
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(Fig.2.8M, O). The anterior of Wt/Wt and Slk/Wt legs displays an increased region of 

growth, resulting in hindlimbs shaped like axes. Yet the anterior mesenchyme in 

Wt/Wt and Slk/Wt legs does not express ectopic SHH or PTCH1. The combination of 

increased growth across the limb, and the increased internalisation of SHH ligand 

by PTCH1 may explain the loss of ectopic SHH and PPD in the SAG-treated Slk/Wt 

leg (Fig.4.16.C). In order to determine if such a mechanism is occurring, expression 

of PTCH1 soon after SAG treatment should be investigated in future studies, along 

with changes in GLI3 expression and post-translational processing to investigate 

effects on repression of Hh signalling. 
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Figure 4.16: Hypothesised mechanisms of SAG on PTCH1 and growth in the 

Slk/Wt hindlimb. (A) Hh signalling in the early limb (purple gradient, arrow) is 

required for ectopic SHH expression in the anterior limb (star). Addition of SAG to 

the early limb prevents ectopic SHH, through up-regulation of PTCH1 (B), or a 

combination of increased PTCH1 expression and growth moving the responsive 

cells in the anterior away from the posterior gradient (C). 
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4.3.3 Preaxial polydactyly in the Slk/Wt wing upon ectopic Hh pathway activation 

Unlike the Slk leg, the Slk wing has been reported to not express ectopic anterior 

SHH (Arisawa et al., 2006; Dunn et al., 2011). However the transient formation of an 

ectopic digit in the Slk wing has been described in classical studies (Barfurth, 1911; 

Barfurth, 1914) and modern studies (Arisawa et al., 2006), suggesting that ectopic 

Hh signalling may be transiently present in the Slk wing. Whilst we could not detect 

ectopic SHH expression in the st.27HH Slk wing in un-manipulated embryos 

(Fig.4.5I), we were able to detected low levels of PTCH1 (Fig.4.6B, B’, arrows). This 

suggests that the anterior Slk wing does have active ectopic Hh signalling, using 

PTCH1 acting as a readout (Pearse et al., 2001). The level of ectopic anterior PTCH1 

is lower than the extensive ectopic PTCH1 observed in the anterior Slk/Wt leg 

(compare Fig.4.6B to F). Since Hh signalling serves morphogenic and mitogenic 

roles in the limb (Towers et al., 2008; Zhu et al., 2008), the differences in ectopic 

anterior PTCH1 levels between the wing and leg suggest that ectopic growth is 

greater in the anterior leg than in the wing.  

The surprising effects of SAG on the anterior Slk/Wt wing differ from those 

observed in the leg. The results from the SAG experiments suggest that expression 

of ectopic SHH in the Slk/Wt wing is initiated as a response to artificial activation of 

Hh signalling (Fig.4.6G). However there is the possibility that ectopic SHH is 

regularly expressed at low levels in the un-manipulated anterior Slk/Wt wing, but 

has not been reported due to limitations of detection by whole mount in situ 

hybridisation. Even if this is the case, the addition of SAG demonstrates that the 

anterior limb mesenchyme increases expression of SHH in order to maintain a 

suitable SHH/PTCH1 ratio. The addition of SAG not only increased PTCH1 

expression in the anterior Slk/Wt wing (Fig.4.6D, D’), but also increased localised 

growth, presenting commonly as additional anterior process (Fig.4.5G, Fig.4.6D, D’). 

SAG is able to up-regulate Hh target genes, including those related to tissue growth 

such as N-MYC and CYCLIND1/D2 (Towers et al., 2008). The net increase in growth 

may be sufficient to counteract the increased apoptosis observed in the wing ANZ, 
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allowing a sufficient area for ectopic SHH and increased PTCH1. The formation of 

this ectopic process may be required to form ectopic digits that persist through the 

transient phase described by Barfurth, which is not usually present in the Slk wing 

(Barfurth, 1911; Barfurth, 1914). Further studies will warrant investigation in 

changes in cell proliferation and ANZ cell death, and the roles that these have in 

SAG-induced polydactyly. 

 

4.3.4 The Slk/Wt wing is more responsive to exogenous SHH-inducing signals 

We used the anterior Slk/Wt wing to study the effect of the Slk ZRS SNP on the 

induction of ectopic SHH by artificial means. RA-soaked beads induced ectopic SHH 

at an earlier stage in Slk/Wt wings compared to Wt/Wt wings (Fig.4.4). We used this 

result to determine that the Slk ZRS SNP leaves tissue more susceptible to ectopic 

SHH expression. However as we were able to detect PTCH1 Expression in the un-

manipulated Slk/Wt wing (Fig.4.6B, B’), this suggests that Hh signalling may already 

be active in this tissue. A redeeming point is that we assessed PTCH1 expression in 

Slk/Wt wings at st.27HH, far later than the 21 hour time point we investigated with 

the RA-bead implants, which were approximately st.23HH (Fig.4.4). Since ectopic 

anterior SHH is only detectable in the Slk/Wt leg from st.25HH, it is unlikely that 

ectopic Hh signalling is present in the anterior Slk/Wt wing at st.23HH.  

 

4.3.5 Ectopic SHH increases tissue growth and decreases cell death. 

We have shown that the increase in SHH expression in the Slk/Wt hindlimb ZPA 

leads to increased growth in the early and late hindlimb (Fig.4.7). As a result, cell 

death in the ANZ is significantly reduced (Fig.4.8C-E). The reduction in cell death in 

the anterior mesenchyme is likely a requirement of Slk preaxial polydactyly, and 

may explain why preaxial polydactyly is not present in the wings of adult Slk birds. 

Whilst ANZ size is significantly reduced in the Slk/Wt forelimb compared to the 
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Wt/Wt forelimb, the reduction is not as extensive as observed in the hindlimb ANZ 

(Fig.4.8E). A recent study showed that the ANZ forms earlier in the wing compared 

to the leg, and is of a larger size compared to the leg ANZ during the digit 

patterning phase (st.17-22) (Nomura et al., 2014). The increased cell death in the 

anterior wing leads to a regression of the AER away from the anterior-distal 

mesenchyme, reducing the width of the digit forming field and thus the number of 

potential digits (Nomura et al., 2014). This suggests that whilst Hh signalling may 

be active at a low level in the Slk/Wt wing (Fig.4.6B, B’), the levels of increased Hh-

dependent growth may not be great enough to surpass apoptosis in this area. A 

transient ectopic digit may form, but with a basal, anterior identity such as an 

additional digit 1 (Arisawa et al., 2006). This transient digit may succumb to 

apoptosis at a later stage. The exact mechanism behind this digit loss has yet to be 

assessed, and represents an opportunity to understand digit loss in other species 

(see Chapter 7). 

 

We tested our hypothesis that the increased growth in the early limb bud was 

required for Slk preaxial polydactyly by application of SU5402 and TSA. We used 

SU5402 with the intention of blocking FGF signalling by inhibiting FGFR 

(Mohammadi et al., 1997). The application of SU5402 to developing limb buds has 

been shown previously to increase cell death in a localised manner (Bouldin et al., 

2009). By inhibiting growth in the anterior or posterior early hindlimb, ectopic SHH 

expression and preaxial polydactyly was prevented (Fig.4.9, Fig.4.10). The 

implantation of a bead will only directly affect surrounding tissue. Implantation of a 

bead soaked in SU5402 into the anterior hindlimb caused the loss of digits I and II, 

as well as any ectopic preaxial digits (Fig.4.9G, H). This loss is mostly likely as a 

direct result of localised loss of tissue. Implantation of a bead soaked in either 

SU5402 or TSA into the posterior hindlimb caused the loss of digits III and IV 

(Fig.4.9O, P; Fig.4.10H). The loss of the posterior digits is likely due to the loss of 

tissue growth, but the loss of ectopic digits in the anterior limb is not a direct result 
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of localised tissue growth (summarised in Fig.4.17). The posterior TSA bead 

implants demonstrate that growth in the posterior tissue is required for ectopic SHH 

expression in the anterior mesenchyme, whilst the posterior SU5402 beads suggest 

that increased SHH/FGF/GREM feedback is required in the early posterior limb. In 

future studies, the role of cell death in localised tissue loss and prevention of 

anterior ectopic SHH upon SU5402 or TSA treatment should be investigated, along 

with the expression patterns of PTCH1, GLI1, and GLI3 to elucidate localised 

changes in HH signalling throughout the affected limb 
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Figure 4.17: Summary of SU5402 and TSA bead implants. (A) Implantation of a 

bead soaked in SU5402 into the anterior st.20HH Slk/Wt hindlimb resulted in the 

loss of digits I and II, and any anterior preaxial polydactyly digits (red text), 

whereas insertion of a SU5402 or TSA soaked bead into the posterior hindlimb (B) 

resulted in the loss of digits III and IV, and any anterior preaxial polydactyly digits. 

Lost digits shown in black, with crosses through identities. 
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4.3.6 Transcription factor binding is altered at the Slk SNP site 

We have attempted to establish whether the Slk ZRS SNP alters transcription factor 

binding. Our in silico analyses suggested that a plethora of homeobox-containing 

transcription factors have the potential to bind to the small AT rich region created 

by the SNP (Fig.4.11). To refine our search for possible candidate transcription 

factors, we looked for factors that are expressed in the posterior hindlimb from 

st.17HH, as we were able to detect quantifiable increases in SHH mRNA at this 

stage (Fig.3.4) and allelic imbalance (Fig.3.3). We had previously demonstrated that 

ectopic expression of SHH is only detectable from st.25HH (Dunn et al., 2011), so we 

determined that a candidate factor must be expressed in the anterior hindlimb 

mesenchyme at st.25HH. The spatio-temporal expression pattern of HOXA13 

matched our requirements, as determined by whole mount in situ hybridisation 

(Fig.4.12A-F). HOXD13 also matched our criteria (Fig.4.12G-L), and has been shown 

to bind to the ZRS in a complex with HAND2 (Galli et al., 2010). However the 

expression of HOXD13 in the anterior Slk/Wt mesenchyme is secondary to ectopic 

SHH (Dunn et al., 2011). We also investigated the expression of PBX3b; a TALE-

containing protein that has been shown to act as a co-factor in HOX:DNA 

interactions (Capellini et al., 2006; Coy and Borycki, 2010). Transcripts of PBX3b 

were detected in the anterior mesenchyme, in the area of ectopic SHH formation, co-

localising with HOXA13 expression. The co-localisation of HOXA13 and PBX3b with 

ectopic SHH in the anterior leg suggested that HOXA13 may bind to the ZRS, 

assisted by PBX3b. 

 

We determined the nuclear protein binding profiles of the Wt and Slk ZRS via 

EMSA (Fig.4.13). Initial analyses demonstrated that the Slk ZRS SNP alters the 

binding profile of nuclear proteins, as shown by an additional band (Fig.4.13A, band 

“3”). This suggested that an additional protein complex binds around the Slk SNP 

site, and coupled with the in silico analysis suggested that the factor responsible 

could contain HOXA13. To confirm this we performed super shift EMSA with an 
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anti-HOXA13 antibody. Surprisingly we found that band “1”, and not band “3” was 

affected (Fig.4.13D), suggesting that HOXA13 may interact with both the Wt and Slk 

ZRS. We investigated the possibility that HOXA13 binding affinity may be affected 

by the Slk ZRS SNP, by competing labelled Wt or Slk DNA with varying 

concentrations of un-labelled Wt DNA. Our results suggest that the Slk ZRS SNP 

may reduce the binding efficiency of HOXA13 (Fig.4.13D). The identity of the 

protein complex causing band “3” has yet to be determined. One approach would 

be a DNA:protein pull down assay, with a coupled liquid chromatography-mass 

spectroscopy approach to identify the components of the responsible complex. 

There a number of caveats with our EMSA approach. Firstly, we used nuclear 

extract to determine that HOXA13 may interact with the ZRS. Use of an in vitro 

translated, full length chicken HOXA13 protein would’ve directly allowed us to 

confirm HOXA13 can bind to the ZRS in vitro. A different approach would be 

performing an ELISA, plate-based assay, such as a DNA-protein interaction ELISA 

(DPI-ELISA) (Brand et al., 2013), which would allow quantitative measurement in 

binding affinity between the Wt and Slk ZRS. Secondly, the nature of the EMSA 

technique is purely in vitro. Chromatin immuno-precipitation (ChIP) against 

HOXA13 in Slk/Wt and Wt/Wt hindlimb material would be the ideal way to 

investigate HOXA13:ZRS interaction in vivo. However anti-HOX protein antibodies 

can be pan-specific, and recognise multiple HOX proteins due to the high levels of 

homology (Ladam and Sagerström, 2014; Merabet and Dard, 2014). As such it could 

prove difficult to demonstrate in vivo binding of HOXA13 to the chicken ZRS. The 

binding dynamics at the Slk ZRS SNP site have yet to be fully determined. 

 

4.3.7 Ectopic digit formation is delayed compared to canonical digits  

Expression of SOX5, a marker of cartilage condensation, was delayed in the anterior 

Slk/Wt hindlimb compared to the rays of expression in the canonical digits 

(Fig.4.14B). The delay is likely due to the temporal delay between SHH expression in 
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the ZPA and the anterior mesenchyme, approximately 2.5 days. Digit progenitors of 

digit I-IV have been exposed to SHH for 2.5 days by the time ectopic expression of 

SHH is detected in the anterior limb. Specification of ectopic digits can only occur 

after st.25HH, and likely occurs within a window of time between st.25-30/31HH – 

approximately 2.5 days. The delay in digit development is continued during 

phalangeal ossification, as we found that the ossification rings around the central 

hypertrophic region of the proximal phalanx were reduced in size at st.38HH 

compared to digit I (Fig.4.14E, F). Thus the relative delay in ectopic anterior SHH 

expression results in delayed ectopic digit formation. One caveat with our 

investigation here is our choice of cartilage marker. An earlier marker of cartilage in 

digit rays is SOX9 (Healy et al., 1999), which has been shown to induce expression 

of SOX5 and SOX6 (Smits et al., 2001). SOX9 expression may be more likely to 

visualise the earliest formation of ectopic digits. 

 

4.3.8 Ectopic digits are fully vascularised 

We found that ectopic digits are fully vascularised, by a capillary network from 

central blood vessels that supply digit I (Fig.4.15). This finding has potential use 

beyond our understanding of the developmental basis of preaxial polydactyly. In 

treatment of human preaxial polydactyly cases, commonly ectopic digits are 

removed by surgery. Preclinical assessments of preaxial polydactyly involve 

analysis of bone structure via X-ray, in order to give surgeons a detailed image of 

bone structure contributing of preaxial polydactyly. However little can be 

determined about the location of tendons, cartilage or vasculature, all of which may 

be present in or around ectopic digits. Only during surgery can the surgeon 

visualise vasculature, and often has to reassess a suitable strategy to remove ectopic 

digits. By understanding the general patterns of vasculogenesis supplying ectopic 

digits, a surgeon may have more pre-surgery information to plan a suitable tissue 

removal strategy. The work presented here warrants further investigation, and we 
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are currently investigating musculature, tendon and nerve formation in models of 

preaxial polydactyly. 

 

4.3.9 Model of the three requisites for PPD in the Slk leg 

Throughout this chapter we have investigated the necessary circumstances required 

to initiate ectopic anterior SHH expression in the Slk hindlimb, leading to PPD. Our 

results show that Slk PPD is dependent on the Slk ZRS mutation, increased early 

limb bud growth, and increased SHH expression. These requisites are compiled into 

an overall model for ectopic SHH induction (Fig.4.18).  

In the Wt hindlimb, SHH expression (Fig.4.18, red) in the early ZPA begins at 

st.17HH, and forms part of the SHH/FGF/GREM feedback loop to maintain 

expression. The mitogenic properties of SHH maintain growth across the limb bud 

(Fig.4.18, green arrows). In the Slk hindlimb, the Slk ZRS SNP causes an increase in 

SHH expression in the early ZPA. This increased SHH expression is maintained 

throughout expression, and leads to increased growth in the early limb bud. 

Expression of FGF4 (Fig.4.18, blue) is extended into the anterior AER, and by stage 

25HH is located in the anterior-proximal AER. Ectopic SHH is initiated by altered 

transcription factor binding to the Slk ZRS, and autoregulates itself in order to 

maintain expression. The ectopic SHH and FGF4 form a de novo SHH/FGF/GREM 

feedback loop, further stabilising ectopic SHH which leads to the formation of 

ectopic, patterned digits. 

Aspects of this model can be applied to other PPD mutants; such as the increased 

expression of FGF4 in the AER is found in multiple mutants (Qu et al., 1997; Kuijper 

et al., 2005; Bouldin and Harfe, 2009; Butterfield et al., 2009; Kozhemyakina et al., 

2014). However the temporal aspect of ectopic SHH in the Slk hindlimb has only 

been fully described in this mutant (Dunn et al., 2011; Johnson et al., 2014). PPD in 

the AUS and AC human families is caused by altered binding of ETS/ETV 

transcription factors, which are expressed in the posterior and anterior limb at the 
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same time as ectopic anterior Shh (Lettice et al., 2012). The expression of Ets2 factor 

has been shown to follow a posterior to anterior progression (Ristevski et al., 2002). 

Whether this progression plays a role in a temporal determination of ectopic Shh in 

the AUS and AC human cases of PPD has yet to be determined.  

 

The data presented in this chapter represents a thorough characterisation of the 

molecular mechanisms required to form preaxial polydactyly in the Slk chicken 

breed. Many aspects of our findings will have relevance beyond cases of avian SHH-

dependent polydactyly; such as the requirement of the posterior limb for preaxial 

polydactyly, and the requirement of secondary genetic feedback loops after the 

initial mutation event to maintain ectopic gene expression. The data also highlights 

the variety of mechanisms that give rise to polydactylous phenotypes, as the 

temporal aspect of ectopic SHH expression in the anterior limb has only been 

observed in the Slk preaxial polydactyly mutant thus far. Although multiple cases of 

preaxial polydactyly have been shown to be caused by closely related mutations 

within the ZRS, the mechanisms by which the phenotype develops can vary greatly. 
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Figure 4.18: Model depicting the requirements of Slk ZRS genotype, increased 

Hh-dependent growth and increased posterior SHH for the induction of ectopic 

SHH in Slk PPD. (A) In Wt limbs a FGF/SHH feedback loop forms to ensure correct 

spatio-temporal expression of SHH (red) and FGF4 (blue), with steady Hh-

dependent growth (green) in the early limb. (B) Increased SHH expression caused 

by the Slk ZRS SNP (red arrow) at st.17HH initiates an increase in SHH protein in 

the posterior limb, resulting in increased Hh-dependent growth. This increases 

FGF4 expression, boosting the SHH/FGF feedback loop. By st.25HH ectopic SHH 

occurs due to the Slk ZRS SNP (1), forming a de novo SHH/FGF feedback loop (2). 

Adapted from Johnson et al., 2014. 
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Chapter 5 

Quantitation of mesenchymal cell number and N-SHH protein 

in the chicken hindlimb 
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5.1 Introduction 

5.1.1 Early growth of the limb bud 

Growth is an essential component in the formation of a fully formed limb, 

demonstrated by a reduced limb with reduced digit number upon pharmaceutical 

inhibition of growth (Towers et al., 2008). Even before a visible limb bud forms from 

the body wall of the embryo, growth of the limb bud has already begun. Growth 

factors from the body wall are necessary to induce early limb formation (Ohuchi et 

al., 1997), as demonstrated by the formation of complete, ectopic limbs upon 

addition of FGF-soaked beads into the pre-stage 17HH trunk (Cohn et al., 1995). The 

early limb bud arises from the lateral plate mesoderm (Stephens et al., 1992). Searl 

and Janners demonstrated that cell proliferation is elevated in the nascent limb buds 

compared to the surrounding flank tissue (Searl and Janners, 1971); a finding later 

recapitulated by Gros and Tabin as they demonstrated that epithelial-mesenchymal 

transition of cells in the somatopleural lateral plate mesoderm give rise to a small 

population of cells in the pre-st.17HH limb bud (Gros and Tabin, 2014). Thus cell 

recruitment occurs before the external limb bud is visible, with early limb 

mesenchyme generated between stages 16-17HH. 

The chick hindlimbs first become visible at st.17HH, present as thin outgrowths 

along the caudal body wall (Hamilton and Hamburger, 1951). The size of the 

hindlimb increases during the early stages of limb development and throughout the 

duration of ZPA SHH expression. The increases in growth are required for the 

progression of digit progenitor cells to differentiate into chondrocytes and form the 

rudimental digital rays (Towers et al., 2008; Zhu et al., 2008).  A reduction in the 

space available across the AP axis results in the failure of digital rays to form 

(Towers et al., 2008), whilst an increased area permits the formations of increased 

numbers of digits under the right conditions (see Chapter 4) (Litingtung et al., 2002; 

Dunn et al., 2011; Sheth et al., 2012; Johnson et al., 2014). Thus growth of the 

developing limb must be strictly regulated to form a correct pattern of digits. 
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5.1.2 Quantitation of cell population in the developing limb 

Julian Lewis presented the first quantitative data on cell number in the limb bud 

throughout early development, in order to develop a model of cell fate in the early 

chick wing in a marking and surgery-free manner (Lewis., 1975). Although his 

model was derived to trace the distal parts of the early wing bud during 

development, he was able to deduce data on cell number throughout the limb 

during development. Furthermore his formula permitted him to determine the 

number of cell cycles involved at the wing bud tip by calculating the number of 

times a distinct population of cell doubles in number, approximately 3.8 times 

between st.19-25HH (Lewis., 1975). With mathematical and computational 

modelling of limb development being employed to study multiple aspects of limb 

development (Bénazet et al., 2009; Probst et al., 2011; Badugu et al., 2012; Sheth et al., 

2012; Raspopovic et al., 2014; Woolley et al., 2014), quantitative data on cell number 

as a readout for quantitative changes in growth may prove essential in the 

development of more sophisticated models of limb development. However since 

Lewis’ study in 1975, no other quantitative data on limb bud cell number has been 

reported. 

 

5.1.3 Concentrations of SHH required during the digit patterning phase 

A long held cornerstone of limb development is the formation of a gradient across 

the AP axis of the early limb bud in order to form a pattern of digits (Wolpert, 1969). 

Numerous genetic studies have demonstrated the existence and necessity of a 

gradient of SHH (Ahn and Joyner, 2004; Harfe et al., 2004; Bouldin et al., 2010). 

Immuno-histochemical approaches, cell reporter assays and Western blots have 

been used to show that N-SHH distribution is restricted to the posterior half of the 

limb bud (Bumcrot et al., 1995; Marti et al., 1995; López-Martínez et al., 1995; Lewis 

et al., 2001; Zeng et al., 2001; Gritli-Linde et al., 2001; Li et al., 2006; Davey et al., 

2006; Bouldin et al., 2010; Lopez-Rios et al., 2014). No study has yet produced 
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quantitative data with regards to the quantity of N-SHH present in and immediately 

surrounding the ZPA compared to the distal apex of the limb. 

SHH patterns early digit progenitor cells along the AP axis whilst simultaneously 

ensuring the growth of the limb bud. Both patterning and growth are interlinked, 

whereby the mitogenic capability of SHH is essential for a correct number and 

pattern of digits (Towers et al., 2008; Zhu et al., 2008). Digit number and pattern is 

determined between stages 17-22HH in the chicken embryo, as determined by 

inhibition of Hh signalling (Scherz et al., 2007) and removal of ZPA tissue (Pagan et 

al., 1996; Dunn et al., 2011). The number and identity of digits is both dependent on 

time and concentration-dependent of exposure to SHH protein, demonstrated in the 

chicken wing bud by the timed application of SHH protein-soaked beads (Yang et 

al., 1997). Tissue grafts of neural tube explant are able to induce the formation of 

extra wing digits, with a consistent pattern similar to endogenous digit 2 (Wagner et 

al., 1990), which has subsequently been shown to contain ~4nM SHH (Ribes et al., 

2010). The concentrations used in these studies have been used as relative 

concentrations of SHH necessary to determine each wing digit: 2nM for digit 1, 4nM 

for digit 2, and 8nM for digit 3. Recently these values were used to create a 

mathematical model of SHH during digit specification and growth, whereby an 

increasing concentration of SHH is required across the digit progenitor field in 

order to specify digit number and identity in the chicken wing and leg (Woolley et 

al., 2014).  

In this study we determine the absolute quantity of N-SHH ligand throughout the 

limb bud. Furthermore, we confirm that N-SHH forms a quantifiable gradient 

across the posterior half of the st.21HH limb. This will prove essential in 

demonstrating that digit progenitors in the early limb are exposed to varying levels 

of N-SHH, a key aspect of the morphogen gradient model of digit patterning. Our 

quantitative data on endogenous SHH protein during the digit patterning phase 

will prove essential for the development of more sophisticated mathematical models 

of digit pattern/number determination. 
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5.1.4 The role of SHH after the digit patterning phase 

SHH is expressed in the ZPA beyond st.22HH, and persists until st.26HH in the 

hindlimb. Beyond the digit patterning phase, SHH maintains activity as a mitogen, 

and functions to expand the digit field. Removal of Shh in a Cre-mediated 

transgenic murine model in the post-patterning expansion phase resulted in 

increased cell death in the limb mesenchyme and reduced digit number, 

demonstrating the requirement of SHH in the posterior limb for digital 

development (Zhu et al., 2008). Conversely, GLI3R in the anterior limb acts to 

negatively regulate cell proliferation by keeping cells within the S phase of the cell 

cycle, and driving anterior digit progenitors to differentiate into digit rays by BMP-

induced chondrogenesis (Lopez-Rios et al., 2012). Thus SHH has a role in regulating 

digit number, patterning, and limb growth during and after the digit patterning 

phase. Despite the wealth of knowledge regarding the temporal aspects of SHH 

during the post-patterning expansion phase, no quantitative data on SHH protein 

during this phase has been reported.  

 

 

In this chapter, we quantitate cell number and N-SHH protein during the digit 

pattering phase (st.17-22HH) and the post-patterning expansion phase (st.22-25HH). 

We also quantitated both cell number and N-SHH protein distribution across the AP 

axis during the digit patterning phase, using the st.21HH chicken hindlimb as a 

model. 

 

This work is currently being prepared for submission, with Megan Davey as 

corresponding author. 
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5.2 Results 

5.2.1 Growth of the limb bud is exponential, with a linear growth rate 

We sought to determine cell number and growth rate in the developing chicken 

hindlimb bud. To achieve this, ISA Brown chicken embryos were incubated until 

stages 17, 19, 21, 23 and 25HH. Embryos were carefully staged according to the 

descriptions of each stage described by Hamilton and Hamburger, including somite 

number, body curvature, brachial arch number, eye size, and limb size (Hamilton 

and Hamburger, 1951). Representative embryos at each stage used in this study are 

shown in Fig.5.1. Whole hindlimbs were carefully removed from the body flank, 

and a single cell suspension was created in DMEM media. Total number of 

mesenchymal cells was determined using propidium iodide based cell counting 

(NucleoCounter, Sartorius).  

We determined mesenchymal cell number in chick hindlimbs at alternative stages 

from st.17-25HH. The general trend is an increase in cell number as development 

progresses, with significant increases between stages (Fig.5.2; AP.5). Cell number 

varied between each embryo measured, most notably at stages 23HH and 25HH 

(Fig.5.2A) due to the greater cell number. The increase in cell number is exponential, 

as shown by the log cell number across the stages investigated (Fig.5.2B). This 

corresponds with the exponential growth described in previous studies (Gros et al., 

2010; Kim et al., 2011). 

By calculating growth rate between the stages investigated, we were able to 

determine if the growth rate is linear from st.17-25HH. To achieve this, the cell 

number values for st.17HH and st.25HH were used as start and end points, with a 

linear growth rate model created by calculate the percentage increase of cell number 

in stage increments. However due to the occasionally ambiguous nature of 

Hamilton-Hamburger staging, stages are represented as “windows” time. For 

example, st.17HH is reached after 58-62 hours of incubation at 37°C (Hamburger 

and Hamilton., 1951). We used the median point of each stage to model our data on; 
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i.e. st.17HH was set at 60 hours post incubation). A linear growth rate model of 2.5% 

cell increase per hour was determined (Fig.5.2C, blue series). We compared our 

experimental data to the linear model, and found that the experimental data fitted 

with the exception of st.23HH which deviated from the linear model (Fig.5.2C, 

compare red series to blue series). Thus limb bud cell number increases 

exponentially at a linear rate of ~2.5% per hour. 
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Figure 5.1: Expression of SHH in chicken hindlimbs between stages 17-27HH. (A-

F) SHH mRNA is detectable throughout the neural tube, brain, pharyngeal arches, 

frontonasal prominences, hindgut, and limb buds. (A’, A’’-F’) Focus on the 

developing hindlimb shows SHH mRNA present between stages 17-25HH, 

terminated by st.27HH. Scale = 0.25mm. 
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Figure 5.2: Quantitation of mesenchyme cell number and growth rate in the 

chicken hindlimb. (A) Quantitation of mesenchymal cells in ISA Brown chicken 

legs, ranging from st.17 to 25HH. (B) Log cell number shows limb bud growth 

increases exponentially. (C) Limb bud growth rate is fairly linear, with a ~50% 

increase in cell number per stage. Actual data (red series) matches closely with a 

simulated 50% per stage growth rate model. Bars = s.e. n<4 for each stage. 

*P<0.00005, **P<0.000005, ***P<0.0000005. See AP.5 for raw data. 
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We used the limb cell data to calculate the number of times the cell population 

doubles, as a proxy for the number of cell cycles occurring between st.17-25HH. In 

order to achieve this, we first calculated the square root of the relative increase in 

cell number between two given stages. For example, between st.17HH and st.19HH, 

then number of cells increases 2.35 fold. Assuming an even mitotic index 

throughout the limb between these stages, we used the square root of this value to 

determine the number of times cell number doubled between st.17HH and st.19HH, 

which was 1.53 times. We calculated the number of times the cell population 

doubles between each time point, and found that on average the number of cells 

doubles once every 1.43 HH stages (Fig.5.3). Julian Lewis calculated cell population 

doubling through his derivation, and found that the population of cells doubled 

once every 1.5 HH stages (Lewis, 1975). Both our data and Lewis’ data produced 

close values for doubling of cell number, demonstrating that the number of cell 

cycles that occur within a single HH stage is likely between 0.66-0.75. 

We also calculated the number of cell cycles occurring between st.17-25HH. We 

found that there are ~4.1 cell cycles between st.17HH and st.25HH. Lewis had 

previously determined that between stages 19HH and 25HH, the number of times 

the cell population doubles in the wing is approximately 3.7 times (Lewis, 1975), 

which is close to our estimations. Thus estimations based on whole limb bud cell 

data (our data) are comparable to estimations based on cell numbers in sections of 

limb buds (Lewis, 1975). 
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Figure 5.3: Quantitation of mesenchyme cell cycle number between st.17-25HH. 

(A) Data obtained for changes in cell number (mean cell no. and log cell values 

presented in Fig.5.2), two-stage increases in cell number and population doublings, 

and average population doubling length. (B) Cell cycle number remains constant 

between each two-stage window, with an estimated 4.1 cell cycles occurring 

between st.17-25HH. Bars = s.e. 
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5.2.2 Establishment of an assay to quantitate limb bud N-SHH 

To determine if the steady increase in SHH expression is recapitulated by increased 

levels of SHH protein, we established a quantitative method for evaluating total 

SHH protein content in st.17-25HH chicken hindlimbs. We created standard curves 

of known concentrations of recombinant mouse N-SHH. We developed standard 

curves of various ranges in order to find a suitable range to compare samples 

against. Our first standard curve featured a very broad range of concentrations, 

ranging from 0.01pg to 100ng of N-SHH. In our initial attempts, we were only able 

to detect N-SHH ranging from 100ng to 1ng (Fig.5.4A). The detection limits of the 

100ng and 10ng concentrations were too high, resulting in saturation (Fig.5.4A, 

white areas). This saturation greatly affected quantitation, as over-saturated bands 

are automatically assumed as “infinite” in ImageStudio quantitation software. As 

such, saturation must be avoided in order to form a reliable standard curve and for 

consistent quantitation. When we compared the standard curve to st.17HH and 

st.23HH hindlimbs ran on the same gel, the limb samples contained significantly 

less than 100ng and 10ng (Fig.5.4A). 

We assessed the transfer of protein from the gel to the PVDF membranes by staining 

the post-transfer gel with Coomassie Blue to detect un-transferred protein. Most 

concentrations of the standard curve were not detectable by Coomassie Blue, with 

the exception of the 100ng concentration which had not fully transferred (Fig.5.4B, 

arrows). Thus the concentrations of N-SHH most similar to the in vivo N-SHH 

quantities were successfully transferred onto PVDF membrane. 

 

Our first standard curve attempt demonstrated that in vivo N-SHH quantities 

resided between 1-10ng. However at this point we realised a major caveat in our 

approach. Limb samples had been prepared for Western blot by tissue disruption 

using a hand-held homogeniser. The introduction of a homogeniser into our sample 

could result in a loss of N-SHH, which could significantly affect subsequent 
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quantitation. We altered our sample preparation protocol, and subsequently 

prepared samples by sonication at 4°C (see Methods and Material for details), 

removing the hand-held tissue homogenisation step completely. We also realised 

that the concentrations of N-SHH used in the standard curves must be prepared 

fresh for each gel, and that dilutions could not be freeze-thawed due to degradation 

of protein. 

We further optimised our standard curve by creating a range of concentrations of N-

SHH between 0.1-8.0ng. All points of this range were detectable (Fig.5.4C). 

However when compared to st.17HH and st.23HH hindlimbs ran on the same gel, 

the limb samples were found to be within the 0.1-1.0ng range (Fig.5.4C). Subsequent 

standard curves were created within this range (Fig.5.5), and have been used 

successfully to quantitate limb bud N-SHH (Fig.5.7, Fig.5.10). 
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Figure 5.4: Determination of a suitable standard curve range. (A) Initial standard 

curves were generated ranging from 100ng to 0.01pg of N-SHH. St.17HH and 

st.23HH chicken hindlimbs were within the 1-10ng range. (B) Coomassie Blue 

staining of gels post-transfer show that most of the concentrations on standard 

curve are transferred, with the exception of the 100ng band (arrows). mw = 

molecular weight marker (C) Refinement of sample preparation and the standard 

curve range indicated that limb bud quantity of N-SHH resides between 0.1ng-1ng. 
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Figure 5.5: Establishment of N-SHH standard curves. To determine absolute 

quantity of N-SHH in samples, linear standard curves of known concentration of 

recombinant N-terminal SHH protein were run alongside samples. Densitometry of 

the known N-SHH values were generated, and used to calculate N-SHH quantity in 

samples. 

 

 

 



172 

 

The primary antibody we chose to use (sc-9024) has been shown to recognise the 

palmitoylated/cholesterol modified signalling peptides of SHH, IHH, and DHH 

(Niemann et al., 2003; Russell et al., 2007). DHH expression is localised exclusively 

to the Sertoli cells in the developing male gonads and is required for 

spermatogenesis, and is not expressed in the limb bud (Bitgood et al., 1996). IHH is 

expressed in condensing cartilage of the developing limb (Vortkamp et al., 1996), 

and could possibly contribute to our quantitation of N-SHH. To prevent this, we 

chose st.25HH as our end point. This stage was chosen in order to avoid the initial 

expression of IHH, which occurs in the central tibia and fibula at st.26HH 

(Vortkamp et al., 1996; Vortkamp et al., 1998). 

As we were using a mouse recombinant N-SHH protein to form our standard 

curves against which we were comparing chicken limb samples, we compared the 

protein sequences of mouse and chicken SHH. The complete SHH amino acid 

sequences were 83.13% identical (Fig.5.6). However the regions recognised by the 

sc-9024 antibody (amino acids 41-200 in human SHH protein) within the N-SHH 

peptide are 100% conserved between mouse and chick (Fig.5.6, red box). Thus the 

antibody should recognise both the mouse recombinant protein used for the 

standard curves, and the N-SHH in the chicken samples. 

A similar comparison of SHH peptide sequences is presented in Chapter 6; 

comparing the SHH peptide sequence of the emu, rat, chicken, and mouse, to 

determine of the antibody is suitable for detecting N-SHH in these species (Fig.6.5). 

 

 

 

 

 



173 

 

 

F
ig

u
re

 5
.6

: 
A

li
g

n
m

en
t 

o
f 

m
o

u
se

 a
n

d
 c

h
ic

k
 S

H
H

 p
ro

te
in

 s
eq

u
en

ce
s.

 T
h

e 
to

ta
l 

m
o

u
se

 a
n

d
 c

h
ic

k
en

 S
H

H
 c

o
d

in
g

 s
eq

u
en

ce
s 

sh
ar

e 

83
.1

3%
 i

d
en

ti
ty

. 
T

h
e 

re
g

io
n

 o
f 

se
q

u
en

ce
 t

h
at

 g
iv

es
 r

is
e 

to
 t

h
e 

ep
it

o
p

e 
re

co
g

n
is

ed
 b

y
 t

h
e 

sc
-9

02
4 

an
ti

b
o

d
y

 (
am

in
o

 a
ci

d
s 

41
-2

00
) 

is
 

10
0%

 i
d

en
ti

ca
l 

(r
ed

 b
o

x
).

 



174 

 

5.2.3 Quantity of SHH protein increases during st.17-25HH 

Expression of SHH in the chick hindlimb is initiated st.17HH, with increasing 

expression levels until termination at stage 26HH (Riddle et al., 1993; Dunn et al., 

2011). The expression of PTCH1, a Hh target gene used as a readout of Hh signalling 

(Pearse et al., 2001) increases between st17-25HH, suggesting that levels of Hh 

signalling are increasing during this period. 

Individual limb buds were run on denaturing gels alongside standard curves 

ranging from 0.1-1.0ng N-SHH, with quantitation of limb bud N-SHH calculated by 

comparing samples to the standard curves. Densitometric analysis (performed using 

ImageStudio) calculated the intensity of each N-SHH band in the standard curve 

and sample set, to give a quantity of N-SHH in each sample (Fig.5.7). 

We quantified N-SHH protein in st.17, 19, 21, 23 and 25HH chicken hindlimbs. The 

standard curves we established were able to encompass N-SHH quantity in the 

limbs of all stages investigated (Fig.5.7A). The general trend depicts an increase in 

N-SHH content as the limb bud increases in size, with significant increases between 

the stages observed (Fig.5.7B). We found that a st.17HH chicken hindlimb contains 

on average 20pg N-SHH, which more than doubles at st.19HH to 57pg. By st.21HH, 

we found an average of 227pg N-SHH peptide. A st.23HH hindlimb contains 391pg, 

and by st.25HH the average quantity increases to 642pg. This finding fits with 

mathematical modelling of SHH in the developing chick hindlimb, whereby the 

ZPA is predicted to produce an increasing quantity of SHH over time (Woolley et 

al., 2014). The increase in N-SHH protein, unlike the increase in mesenchymal cell 

number, is not exponential.  
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Figure 5.7: N-SHH quantity increases throughout limb development. (A) Example 

of a Western blot of st.17, 19, 21, 23 and 25HH hindlimbs to detect SHH (red) and γ-

tubulin (green). Note N-SHH standard curve on left of image. (B) Quantitation of N-

SHH shows a steady increase in N-SHH quantity. Red diamonds represent 

quantites of N-SHH calculated from individual limb buds. (C) When fitted to a 

linear increase model, quantity of N-SHH does not follow a linear progression, most 

noticeably at st.21HH. Bars = s.e. n>5 for each stage. *P<0.005, **P<0.0000005, 

***P<0.00000005. 
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We then normalised the N-SHH quantity data to cell number. This allowed us to 

calculate the quantity of N-SHH per cell in the limb bud, in order to find if the 

increase in N-SHH protein is proportional to the increase of limb growth. We also 

wanted to investigate the rate of increase between st.17-25HH. The general 

relationship is an hourly linear increase between stages 17-25HH (Fig.5.8). However 

a noticeable increase above the linear relationship is observed at st.21HH. 

Regression analysis (performed by Helen Brown, The Roslin Institute) shows that 

there is a significant positive relationship between quantity of N-SHH and cell 

number. The same analysis also shows that the data at st.21HH is significantly 

above this the regression slope. Thus N-SHH protein in each limb is approximately 

correlated to limb bud size, with the exception at st.21HH. 
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Figure 5.8: Changes in N-SHH quantity throughout limb growth. Normalisation of 

N-SHH quantity to mesenchymal cell number in st.17-25HH chicken hindlimbs. A 

general increase in N-SHH per cell is observed, with the exception of st.21HH where 

a sudden increase is observed. Bars = combined s.e. from cell number data and N-

SHH quantitation data. 
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5.2.4 N-SHH forms a quantifiable gradient across the posterior limb 

We then determined the quantities of N-SHH protein in specific areas of the limb 

bud. We chose the st.21HH chicken hindlimb as our model for this investigation, as 

mouse limbs are significantly smaller in size and would prove more challenging to 

dissect consistently and quantify very low amounts of N-SHH (see Chapter 6). The 

chicken hindlimb can easily be dissected into smaller regular sized sections, which 

can be assisted by the boundaries created by somites 26-32 (Fig.5.9). We divided the 

hindlimb into four quarters, approximately 300µm thick across the AP axis (Fig.5.9). 

For each embryo, one hindlimb was dissected whole, and the other was carefully 

divided. This allowed us to compare each section, or the sum of the four sections to 

the whole limb bud to assess if any cells or N-SHH protein was lost during the 

dissection. 

Cell number was determined in each of these sections, and compared to the whole 

limb. The sum of the four sections was almost equal to the whole contralateral limb 

bud, demonstrating that minimal numbers of cells were lost during the dissections. 

Section “A”, containing the ZPA, contains approximately 22% of the total limb bud 

cells (Fig.5.9). Section “B” contains 29%, “C” contains 31%, and “D” contains 18% of 

cells in the st.21HH chick hindlimb (Fig.5.9). The distribution in cell number 

approximately recapitulates the shape of the limb when viewed dorsally, as sections 

“B” and “C” represent the majority of the limb bud area. 
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Figure 5.9: Quantitation of mesenchyme cell number in approximate quarters 

along the AP axis of the st.21HH chick hindlimb. Diagram of dissections made to 

quantitate mesenchyme cell number and SHH protein content across the AP axis. 

Cell number in each quarter is not equal, with the majority of limb mesenchymal 

cells located between somites 28-30. Bars = s.e. 
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We then used the standard curve technique to determine the quantity of N-SHH 

across the limb bud. Each section was run alongside a whole limb bud; with N-SHH 

quantities determined using the standard curves.  N-SHH was detectable in the 

whole limb bud, as well as sections “A” and “B” – both of which form the posterior 

half of the limb bud (Fig.5.10A). No N-SHH was detectable in sections “C” and “D”, 

which comprise the anterior half of the limb (Fig.5.10A). Detection of γ-tubulin in all 

sections shows that samples were loaded, even in the sections where N-SHH is not 

detectable. Quantitation shows that the whole limb bud contains ~260pg of N-SHH, 

whilst section “A” contains ~225ng, and section “B” contains ~36pg on average 

(Fig5.10B). The sum of N-SHH quantitated in each section closely matches the 

quantity found in whole limbs, demonstrating that minimal N-SHH is lost during 

sample dissection and preparation for Western blot. 

We then normalised the quantity of N-SHH to cell number in each section, in order 

to determine the relative concentration of N-SHH in each quarter of the limb bud. 

Whilst section “A” contains only 22% of total limb bud cells, it contains ~89% of the 

total N-SHH (Fig.5.10C). The remaining ~11% of limb N-SHH is located within 

section “B”, which contains 29% of total cell number (Fig.5.10C). As N-SHH was not 

detected in either section “C” or “D”, the anterior limb likely does not contain 

quantifiable levels of N-SHH. PTCH1 expression is exclusively found in the 

posterior limb, in sections “A” and “B” (Fig.5.10D). These results show that the total 

quantity of N-SHH within the posterior limb bud is not evenly distributed, and that 

a source-sink gradient of N-SHH is formed. 
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Figure 5.10: N-SHH forms a quantifiable gradient in the posterior st.21HH 

chicken hindlimb. (A) Example of a Western blot of A-D quarters in st.21HH 

hindlimbs to detect SHH (red) and γ-tubulin (green). N-SHH is detectable in whole 

limbs (W), and posterior quarters A and B (arrows). Note N-SHH standard curve on 

left of image. (B) Quantitation of N-SHH in each quarter shows that there is a 

distinct difference in N-SHH present in A and B, and that the sum of N-SHH in A 

and B equal quantity in the whole limb. Bars = s.e. (C) Normalisation of N-SHH 

quantity to cell number in each quarter shows that whilst A contains only 22% of 

cells in the limb, it contains 89% of total N-SHH. Bars = combined s.e. from cell 

number data and N-SHH quantitation data. n=6. *P<0.05, **P<0.005, ***P<0.0000005. 

(D) Expression of PTCH1 determined by in situ hybridisation is only found in 

sections A and B, and not in C or D. Scale = 0.25mm. 
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5.3 Discussion 

Early studies on limb development focussed on the requirements of specific tissues 

to form a limb, such as the discovery of the AER (Saunders, 1948) and the ZPA 

(Saunders and Gasseling, 1968). Studies of the different tissues in limb development 

dominated the field of limb development until the late 1980’s, where the 

development of genetic manipulation techniques shifted focus onto studying 

specific genes and the network of interactions between them. Whilst this shift has 

been essential for understanding limb development, a few fundamental questions 

remain unexplored; how many cells are present in a limb bud, what are the rates of 

limb growth, and what are the in vivo quantities of proteins essential for limb 

development. 

The data presented in this chapter represents the first quantitative data with regards 

to the number and distribution of mesenchymal cells within the developing limb, 

and also the first quantitative data describing the absolute quantity of N-SHH. 

Whilst the methods and techniques involved can be optimised in the future, this 

data should prove desirable for the development of mathematical and in silico 

models of digit patterning. 

 

5.3.1 Calculation of cell cycle length during early chicken hindlimb development  

Lewis calculated the total number of cells present in whole chicken forelimb buds, 

or in certain areas, such as the area within 300µm of the st.25HH forelimb tip 

(Lewis, 1975). Lewis estimated that the cell population in the chick wing doubles 

every 1.5 HH stages, so that between st.18HH and st.28HH the number of cells 

doubles at least 6.6 times (Lewis, 1975). Using our quantitative cell number data we 

calculated that the population of mesenchymal cells in the chicken hindlimb 

doubles 4.13 times between stages 17HH and 25HH. When compared to the number 

of Hamilton-Hamburger stages required for each population doubling event, we 

found that the population doubles once every 1.43 HH stages (Fig.5.3) - a similar 
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value to the 1.5 HH duration calculated by Lewis. By extension, cell number doubles 

0.715 times in a single Hamilton-Hamburger stage, similar to the 0.666 times 

calculated by Lewis. 

By modelling our cell number data against a model of an increasing, linear growth 

rate, we show that the number of mesenchymal cells throughout the limb bud 

increases at a linear rate, approximately 2.5% per hour. One exception may be the 

cell number quantitated at st.23HH, which deviates slightly from the linear model 

(Fig.5.2C). The observable increase in limb size between stages 21 and 23HH 

(Fig.5.1; compare C’ to D’) might explain this slight deviation, as this represents the 

beginning of the post-digit patterning expansion phase (Zhu et al., 2008). 

A conversion of Hamilton-Hamburger stages to approximate length in hours 

suggests that the number of mesenchymal cells doubles every 12 hours. Various 

studies have deduced the average cell cycle length in the mesenchyme of the 

developing chick limb bud, ranging from 6-13.5 hours (Cairns, 1966; Janners and 

Searls, 1966; Hornbruch and Wolpert, 1970; Searls and Janners, 1971; Cooke and 

Summerbell, 1980; Vargesson et al., 1997; Cooper et al., 2011). Our estimation of a 12 

hour cell cycle lies within the established range. However our data represents the 

total number of cells throughout the entire hindlimb bud, and does not specifically 

track a small, localised population of cells. Our cell number quantitation is 

essentially one dimensional – all mesenchymal cells throughout the limb are 

quantitated, with the only dimension being time (also a constant). As such the 

mitotic index is assumed to be equal across the entire limb, which is known not to 

be the case - mesenchymal cells in the posterior limb have an increased rate of entry 

into S phase (Cooke and Summerbell., 1980). Thus our calculation of cell cycle 

length represents an average across the entire limb bud. 
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5.3.2 Pre-st.17HH limb growth rate 

Our data between st.17-25HH appears to show the second phase of sigmoidal 

growth, the exponential phase. This suggests that cell growth rate is at maximum 

potential during these stages, in agreement with volumetric analyses between stages 

23HH and 34HH that demonstrated an exponential increase in limb bud volume 

between st.23-30HH, followed by a loss in volume as a result of inter-digitary 

apoptosis (Kim et al., 2011). Our data does not shed light on the growth rate of the 

pre-st.17HH limb. The general dynamics of embryonic tissue maturation follow a 

sigmoidal curve (Ricklefs, 2010), unlike the growth of the blastomere post-

fertilisation which is instantly exponential.  The limb bud mesenchyme does not 

form from a single cell; instead it is formed from a single cell layer of the 

somatopleural lateral plate mesoderm which undergoes epithelial-mesenchymal 

transition to form the limb bud mesenchyme (Gros and Tabin, 2014). Thus it is likely 

that the very early limb bud is formed from a small pool of mesenchymal cells. The 

migration of cells having undergone epithelial-mesenchymal transition may require 

a brief period of acclimatisation, during which these cells can respond to growth 

factors such as mesenchymal WNT5a (Wyngaarden et al., 2010; Gros et al., 2010), or 

FGF8 in the nascent AER (Ohuchi et al., 1997). Growth from a small pool of cells, in 

response to growth factors implies a small lag phase of growth prior to st.17HH 

(Fig.5.11). Quantitation of cell number by the technique we used may prove 

exceptionally difficult due to the small tissue size, and would require multiple cell 

number quantitations between st.15-17HH to fully characterise growth rate. 
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Figure 5.11: Growth rates in the pre- and early limb bud. Prior to st.16HH, cells 

within the epithelial somatopleure do not undergo epithelial-mesenchymal 

transition and no limb growth occurs. Between st.16-17HH, cells migrate into the 

area underneath the presumptive limb ectoderm, and begin to multiply in number 

as a response to growth factors. By stage 17HH mesenchymal cell number increases 

exponentially, through to stage 25HH. 
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5.3.3 Quantity of N-SHH protein increases between stages 17-25HH 

Digit number and pattern is specified in a time and concentration dependent 

manner upon exposure to SHH (Yang et al., 1997). The length of exposure to SHH 

required for each digit to form in the chicken hindlimb has been determined (Scherz 

et al., 2007; Towers et al., 2011). The concentration of SHH required for each leg digit 

are based on inferred values from bead implants and grafting experiments assessing 

is number and pattern of ectopic digit formation (Wagner et al., 1990; Yang et al., 

1997), and have not addressed the concentrations of endogenous SHH protein.  

By developing a standard curve-based method, we have quantitated N-SHH ligand 

in whole limb buds. We quantitated N-SHH in the hindlimbs of ISA Brown chicken 

embryos between stages 17-25HH, encompassing the whole digit patterning phase 

between stages 17-22HH, and most of the SHH-dependent expansion phase 

between stages 23-26HH. The general trend is that quantity of N-SHH protein 

increases during these stages (Fig.5.7A, B), recapitulating expression of SHH 

between stages 17-23HH (Fig.5.1). The data at st.25HH does not appear to directly 

relate to the expression of SHH by whole mount in situ hybridisation (Fig.5.1E, E’) or 

even the number of SHH mRNA copies (Fig.3.4). As SHH expression terminates in 

the chicken hindlimb at st.26HH (Dunn et al., 2011), expression of SHH is likely 

decreasing by st.25HH as a result of the breakdown of the FGF/SHH/GREM 

feedback loop (Verheyden and Sun, 2008). SHH expression in the chicken hindlimb 

is still robust at st.24HH, a single stage before quantitation for N-SHH at st.25HH 

(Dunn et al., 2011). Perhaps N-SHH produced at st.24HH could be contributing to 

the quantitation at st.25HH. Processed N-SHH has a serum half-life of 

approximately 37 minutes in Chinese hamster ovary cell culture (Guy, 2000). 

However a recent study has shown that N-SHH can be distributed across the 

posterior limb via a network of filopodia, with N-SHH passed between the filopodia 

and primary cilia of neighbouring and distant cells. Live imaging analysis 

demonstrated that N-SHH can migrate along the whole length of individual 

filopodia, taking approximately 14 minutes to reach the filopodia tip (Sanders et al., 
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2013). This suggests that the half-life of N-SHH in the limb bud may be significantly 

greater than that observed in cell culture, and may allow a proportion of N-SHH 

produced in the limb between st.24HH and late st24HH to contribute to the 

quantitation at st.25HH. Since it is only possible to quantitate N-SHH at specific 

stages in limb development, our data represent static points during development, 

and cannot represent real-time changes in N-SHH quantity. Future quantitative 

studies may benefit from multiple quantitation events at time points between 

individual stages, perhaps even hourly, in order to fully characterise changes in 

production of an mRNA or protein of interest. 

 

The variability of N-SHH quantity between equivalently staged limb buds is 

consistent. Such consistency suggests that the level of N-SHH present in the limb 

bud is tightly regulated. The transcription, translation and post-translational 

modification steps in N-SHH production are heavily regulated in order to create a 

suitable gradient of N-SHH across the posterior limb bud for digit number and 

patterning (Bumcrot et al., 1995; Marti et al., 1995; López-Martínez et al., 1995; 

Masuya et al., 1997; Yang et al., 1997; Litingtung et al., 2002; Amano et al., 2009). We 

found greater variability in N-SHH quantity at stage 25HH, likely due to the 

difficulty in preparing such a large amount of protein for a single well in the gel 

electrophoresis step. Future analysis could remove the electrophoresis step 

completely, and instead adopt a mass spectroscopy-based approach (Vogel and 

Marcotte, 2012) or a reverse phase protein microarray (Spurrier et al., 2008) coupled 

with the standard curves we established in this study. Such techniques would not 

only remove the requirement of electrophoresis, but would also allow more than 

twelve samples to be compared to multiple standard curves simultaneously. Also 

these techniques may prove more sensitive than the quantitative Western approach 

we developed, allowing for greater accuracy in protein quantitation. 
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5.3.4 Quantity of N-SHH in relation to limb bud growth 

We plotted the rate of increase of N-SHH production against a linear increase model 

of 7.13% per hour, and found that the production of N-SHH does not increase at a 

linear rate, nor is the increase exponential between each stage studied (Fig.5.7C). At 

stages 17-19HH, the increase in N-SHH appears linear. The quantity of N-SHH at 

st.21HH and st.23HH was significantly above the linear increase model, suggesting 

that the limb bud produces greater N-SHH near the end of the digit patterning 

phase and at the beginning of the post-patterning expansion phase. By normalising 

the quantity of N-SHH to mesenchymal cell number, we found a general linear 

increase in N-SHH with growth, with the notable exception at st.21HH (Fig.5.8). 

This suggests that the quantity of N-SHH is significantly increased relative to limb 

bud size. Stage 21HH is near the end of the digit patterning phase (Scherz et al., 

2007; Towers et al., 2008; Zhu et al., 2008; Towers et al., 2011). SHH is still required 

for limb development beyond the digit patterning phase, in a mitogenic capacity to 

increase the range of the digit progenitor field across the AP axis (Towers et al., 

2008). Thus the sudden increase in N-SHH may be necessary to mark the end of the 

digit patterning phase by suddenly increasing the dispersal of digit progenitors 

across the AP axis. By st.23HH, the quantity of N-SHH is more proportional to the 

size of the limb bud (Fig.5.8). This suggests that the sudden increase in N-SHH 

observed at st.21HH is not required during the whole post-patterning expansion 

phase, and may only be necessary to drive the initial exponential limb growth in the 

expansion phase. 

The increase in post-patterning limb bud size is necessary to produce a normal 

number of digits, which require a suitable amount of interdigital space. Removal of 

Shh in the post-patterning expansion phase results in a loss of digits, due to the 

reduced area across the AP axis in which digits can form, and increased 

mesenchymal cell death (Zhu et al., 2008). A recent study highlighted the necessity 

of the interdigital space in the determination of where digit condensations rays 

form, as a finely tuned balance of Wnt and BMP activity restrict expression of Sox9 
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to the digital rays (Raspopovic et al., 2014). FGFs and HoxD13, target genes of SHH 

(Niswander et al., 1994; Laufer et al., 1994; te Welscher et al., 2002b) regulate the 

scale of the limb to maintain a correct digit number and spacing. It is likely that Shh 

in the post-patterning expansion phase plays an indirect role in regulating the scale 

of the limb, by inducing and maintaining the expression of FGFs and Hox genes so 

that they can modulate scale beyond the termination of Shh expression (Chen et al., 

2004). 

 

5.3.5 The gradient of N-SHH is quantifiable 

Through quantitation of N-SHH in sectioned quarters of the chick hindlimb bud, we 

show that the distribution of N-SHH is not linear across the posterior half of the 

limb, and forms a quantifiable gradient (Fig.5.10). Approximately 86% of the total 

N-SHH quantity is located in the most posterior quarter of the limb, with the 

remaining 15% located immediately anterior (Fig.5.10.B). When normalised to cell 

number to assess the relative proportion of N-SHH in each quarter, the most 

posterior section contains roughly 89% of the total concentration of N-SHH 

(Fig.5.10.C). Our data agrees with multiple previous studies regarding the location 

of N-SHH (see Introduction to this chapter); including the restricted expression of 

PTCH1 to the posterior limb as a direct readout of Hh signalling (Fig.5.10.D) (Pearse 

et al., 2001), and the spatial restriction of N-SHH diffusion due to the C-terminal 

cholesterol moiety (Li et al., 2006). 

When combined with cell fate data, approximately 89% of total N-SHH is located in 

the area of the limb surrounding the progenitors for digit IV, whilst ~11% is located 

within the AP region encompassing the progenitors of digits III and II (Fig.5.12) 

(Vargesson et al., 1997; Towers et al., 2011; Tamura et al., 2011; Nomura et al., 2014). 

We could not detect any N-SHH in the tissue encompassing the progenitor pool for 

digit I, located beyond the apex of the limb (Nomura et al., 2014). Digit I has been 

shown to form independently of N-SHH (Chiang et al., 2001; Ros et al., 2003), and 
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nor is it formed from any ZPA SHH expressing cells (Harfe et al., 2004; Towers et al., 

2011). Digits III and II are formed as a result of paracrine Hh signalling in a time and 

concentration-dependent manner, with digit III progenitor exposed to a greater 

concentration of N-SHH for a longer period of time than the progenitor cells of digit 

II (Yang et al., 1997; Scherz et al., 2007). Digit IV is formed entirely from ZPA SHH 

expressing cells (Towers et al., 2011). Cells that form the ZPA are actually less 

responsive to N-SHH than non-ZPA cells that do not express SHH, as shown by 

GLI1 expression in the late chicken wing (Marigo et al., 1996) and Gli1-driven LacZ 

reporter activity in the late mouse limb (Ahn and Joyner., 2004). Whilst the majority 

of N-SHH is located in the posterior limb surrounding the ZPA, it is likely that only 

a small fraction is necessary to form digit IV. Instead, the length of exposure to N-

SHH in an autocrine fashion is most crucial. 

 

The quantitative data here confirms that N-SHH is distributed as a gradient across 

the posterior limb. However, the data only describes the distribution of N-SHH 

across the AP axis, and does not take into account any differences across the PD 

axis. Fate mapping has shown that the digits form from a small area of cells located 

within approximately 250-300µm of the distal apex of the limb (Vargesson et al., 

1997; Sato et al., 2007; Nomura et al., 2014). SHH is necessary to form not only the 

digits, but also the metatarsals fibula in the chicken hindlimb (Ros et al., 2003). As 

our quantitation does not consider the PD axis, the data here does not represent 

accurate values of N-SHH quantity located within the digit forming field of cells. 

We are currently assessing quantity of N-SHH within the digit forming region, and 

within the region that gives rise to the fibula. 

We studied the quantitative distribution of N-SHH at a single stage, st.21HH. Our 

analysis of N-SHH quantity in multiple stages (Fig.5.7) told us that st.21HH has an 

elevated relative concentration of N-SHH compared to stages 17, 19, 23 and 25HH 

(Fig.5.8). Thus the distribution of N-SHH may be affected near the end of the 

patterning phase as the limb produces a greater quantity of N-SHH in order to 
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expand the digit forming field. It would be pertinent to examine the quantitative 

distribution of N-SHH at earlier and later stages, such as st.20HH in the middle of 

the digit patterning phase, and st.23HH in the middle of the post-patterning 

expansion phase. 

 

5.3.6 Experimental caveats 

Our analysis only examined mesenchymal cell number. To assess cell number in the 

ectoderm, the average number of cells within a given area of ectoderm could be 

calculated via tissue sectioning. Our study has shown a suitable correlation between 

total mesenchymal cell counting and sectioning-based approaches (Lewis, 1975). 

The number of cell layers, and the approximate number of ectoderm cells per unit 

area could then be calculated in the style of Todt and Fallon (Todt and Fallon, 1984). 

This could then be applied across the total surface area of the limb to determine cell 

number in the ectoderm. This method would mean taking multiple sections across 

the proximal-distal axis of multiple limb buds at the five stages studies, as ectoderm 

width varies across this axis, exemplified by the ectodermal thickening of the AER. 

Another caveat with our approach is that the quantitation of cell number only takes 

into account limb mesenchyme, whereas our quantitation of N-SHH is across all 

limb bud cells, including the ectoderm. N-SHH has been shown to migrate across 

the posterior limb via both the mesenchyme and the overlying dorsal ectoderm, 

including the AER, resulting in active Hh signalling (Bouldin et al., 2010). Future 

analysis could hopefully quantitate N-SHH quantity in both the mesenchyme and 

ectoderm, hopefully shedding light on the distribution of N-SHH between the 

mesenchyme and ectoderm. 
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Figure 5.12: Model of N-SHH distribution and digit precursor location. Precursor 

cells of digit IV encounter ~89% of total N-SHH, whereas precursor cells of digits III 

and II are exposed to ~11% total N-SHH at stage 21HH. 
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Chapter 6 

Investigating a correlation of N-SHH quantity to digit number 

using multiple species 
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6.1 Introduction 

In Chapter 5 we developed a method to quantitate absolute quantities of the 

processed form of the SHH ligand, N-SHH, from the hindlimbs of stage 17-25HH 

ISA Brown chicken embryos. We also quantitated the number of mesenchymal cells 

during these stages. Our data allowed us to examine the changes in growth, growth 

rate, cell cycle, N-SHH quantity and dispersal of N-SHH across the AP axis. 

In this chapter, we extend the use of these techniques to investigate whether the 

number of fully formed digits is correlated directly to specific concentrations of N-

SHH in the early limb. One example is whether a limb bud that eventually forms 

five digits contains a greater concentration of N-SHH than a limb bud that will form 

three digits. We will use model organisms with varying numbers of digits; ranging 

from the mouse and rat with five digits in the fore- and hindlimb, to the chicken 

with three digits in the forelimb and four digits in the hindlimb (Fig.6.1). We will 

also employ the emu, which retain only a single digit in adulthood forelimb, and the 

polydactylous Silkie chicken discussed in Chapters 3 and 4. 

 

6.1.1 Evolution of the pentadactyl limb 

Fossil remains of Devonian tetrapods exhibit limbs with more than five digits, such 

as Acanthostega which formed eight digits (Coates and Clack, 1990) and Icthyostega 

which formed seven digits in the hindlimb (Jarvik, 1996). The number of digits 

found in these early tetrapods is considered to be an adaptation for aquatic 

locomotion by increasing paddle area, whilst also retaining a rudimentary wrist 

joint first identified in Tiktaalik (Shubin et al., 2006). The pentadactyl arrangement 

observed in most modern tetrapods is considered to have arisen once, in the early 

amphibians (Laurin, 1998). The reduction of multiple digits to the pentadactyl 

arrangement is intrinsically linked to the stabilisation of the zeugopod and 

carpals/tarsals. The Tulerpeton is one of the earliest known tetrapods to have a 

stabilised radius and ulna, and displays a reduced number of digits (six) compared 
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to Acanthostega (Lebedev and Coates, 1995).  Subsequent tetrapods such as 

Greererpeton (Coates, 1993) and Westlothiana (Smithson et al., 1993) are then 

considered to have lost another digit, forming the stabilised pentadactyl 

arrangement that is evident in modern species. 

Genetic studies in the mouse have elucidated how the pentadactyl arrangement is 

conserved during limb development. Removal of Shh gene function results in the 

loss of all digits with the exception of digit 1 (Chiang et al., 2001), whereas the 

removal of Shh and Gli3 simultaneously leads to polydactylous limbs with a loss of 

digit identity (Litingtung et al., 2002). Thus the interaction between SHH and GLI3 

repressor are essential for the regulation of digit number and identity in the 

pentadactyl limb. Recent work has shown that the removal of Hox gene clusters in 

mice with a progressive loss of Gli3 produces limbs with up to 14 digits with no 

discernible identity (Sheth et al., 2012). These distinct phenotypes have been likened 

by the authors to the limbs of modern cartilaginous fish, which produce multiple 

digital rays in their fins, with little Hox input (Dahn et al., 2007). Thus the regulation 

of polarity across the early limb AP axis, coupled with regulated patterning of digits 

across this axis via a finely tuned Turing patterning mechanism is considered to 

play a key role in the pentadactyl arrangement. 

 

6.1.2 A correlation between SHH and digit number 

There is clear evidence for a correlation of SHH quantity and digit number. 

Removal of Shh function in mice results in the loss of digits 2-5 in the mouse 

(Chiang et al., 2001; Litingtung et al., 2002), with a similar phenotype in the chicken 

ozd mutant where digits II-IV in the leg and all wing digits are lost due to a large 

deletion of the ZRS (Ros et al., 2003; Maas et al., 2011). There are a number of species 

which naturally exhibit reduced digit number.  

Mammalian ungulate species such as the camel, horse, pig, cow and three-toed 

jerboa all exhibit a reduced number of digits from the pentadactyl arrangement. The 
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loss of digits is considered an evolutionary adaption, such as the three-toed jerboa 

which develops five forelimb digits and three hindlimb digits as an adaptation to its 

distinctive bipedal “hopping” locomotion (Cooper, 2011). A recent study of digit 

loss in the jerboa and ungulates showed that digits can be lost after the digit 

patterning phase, mediated by localised changes in cell death (Cooper et al., 2014). 

The authors of this study found that similar mechanisms of digit loss determined 

digit loss in the camel and horse, even and odd-toed ungulate respectively (Cooper 

et al., 2014). Thus some mammalian species may specify a pentadactyl arrangement 

of digit primordia, with certain digits lost post-patterning.  

The adult pig retains four digits, with the loss of digit 1 (Sears et al., 2011), as does 

the cow. Yet the loss of digits in these two species does not involve localised cell 

death. Instead these two species have reduced response to the gradient of SHH, due 

to mutations within a limb-specific long-range cis-regulatory element of Ptch1 

(Lopez-Rios et al., 2014). As a result, asymmetry is lost in the early cow and pig limb 

bud, resulting in a reduction in the size of digit 1. Thus digit number can be reduced 

in via multiple mechanisms, even between closely related species. 

 

Many reptilian species exhibit a reduction in digit number, including species of the 

Anomalopus, Coeranoscincus (Greer and Cogger, 1985), Lerista (Greer, 1987; Greer, 

1990), Hemiergis (Shapiro., 2002) (Shapiro et al., 2003) and Bachia (Kohlsdorf and 

Wagner, 2006) genera. Of these, the molecular mechanisms responsible for 

reduction in digit number have only been deduced in the Hemiergis. This genus 

consists of four species which have varying numbers of digits; H. quadralineata (2 

digits), H. peronii (either 3 digits or 4 digits), and H. initialis (5 digits) (Shapiro et al., 

2002). All of these species express SHH in the early limb, with progressive 

termination of SHH expression in species with reduced digit number. The two-toed 

species, H. quadralineata, exhibits premature termination of SHH compared to that of 

H. initalis which expresses SHH for a longer period. The result is a reduced area for 

posterior and anterior digits to form, and they are progressively lost as a result 
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(Shapiro et al., 2003). Thus small changes in a single mechanism can alter digit 

number. 

 

6.1.3 Digit primordia and neonate digit number 

The mouse and rat form five digit primordia during limb development, all of which 

are retained into adulthood (Fig.6.1). The same cannot be said of avian species, such 

as the chicken and emu. The chicken is considered to form five digit primordia in 

both the forelimb and hindlimb (Welten et al., 2005) (Fig.6.1). Whilst the five 

hindlimb digit primordia can be detected through expression of SOX9, the presence 

of digit 1 primordia in the chicken wing is far less visible, and has been identified 

due to a lack of vascularisation characteristic of cartilage condensation and through 

peanut agglutinin staining (Kundrát et al., 2002) (Larsson and Wagner, 2002). The 

emu leg is also considered to form five digit primordia, whereas the wing may only 

form three, due to a delay in SHH expression and growth (de Bakker et al., 2013) 

(Fig.6.1). The adult emu leg retains three digits, whereas the wing retains a single 

digit. We had previously classified this digit as a digit 2, as the digital rays 1 and 3 

surrounding it appear to be lost during development (Chapter 8) (Fig.6.1). This 

classification was recently postulated in an independent study, confirming our 

annotation of digit identity (de Bakker et al., 2013). Thus there can be discrepancies 

between the number of digit primordia formed in early limb development and the 

number of digits retained into adulthood. 

 

A reduction in the quantity of SHH results in the formation of fewer digits, in 

mammalian, avian and reptilian species. Whilst specific example of digit loss have 

been explored, a direct quantitative comparison of SHH between pentadactyl limbs 

and limbs with reduced numbers of digits has never been performed. Here, we aim 

to determine if there is a correlation between the concentration of N-SHH and digit 

number, in examples of evolutionary digit loss and polydactyly. 
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Figure 6.1: Adult digit number in mammalian and avian species. Both the mouse 

and rat develop five digits in the embryonic fore- and hindlimb, which are retained 

in neonates and adults. The emu wing develops three digital rays and only retains a 

single ossified digit post-hatch. The emu leg forms five digital rays, and retains 

digits II, III, and IV. The chicken wing develops four digital rays, and retains digits 

1, 2, and 3; whilst the leg develops five digital rays and retains four digits post-

hatch. Illustrations not to scale. 
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6.2 Results 

6.2.1 Choice of lines and hybrids 

We chose to use the Sprague-Dawley rat as our representative rat line due to the 

common use as a laboratory model, and the availability of this rat line at The Roslin 

Institute for behavioural studies. The CD1 mouse line was used as this line is 

routinely used in the Davey lab. The ISA Brown hybrid line was used as our 

representative chicken line due to its use in published limb developmental studies 

e.g. (Towers et al., 2011; Dunn et al., 2011; Chinnaiya et al., 2014). We also used the 

non-polyactylous Slk/WL and polydactylous Slk/WL chicken crosses in this 

investigation, as a comparison of mesenchymal cell number and N-SHH quantity in 

another chicken hybrid with a normal number of hindlimb digits, and a hybrid with 

preaxial polydactyly (see Chapters 3 and 4). We also employed the emu, due to a 

reduced digit number in the forelimb and hindlimb compared to the chicken.  

 

6.2.2 Equivalent staging of mammalian and avian embryos 

In order to compare limb buds of mammalian and avian species in a quantitative 

manner, we needed to ensure that our primary material from each species was of 

equivalent embryonic stage. From our experience in the assessment of N-SHH 

quantity in chicken hindlimbs, very early stages of limb development, such as st.17-

19HH in the chick could prove challenging to consistently dissect. Whilst older 

stages, such as chick st.23-25HH do not present such an issue, the size of the limb 

bud could prove a problem during gel electrophoresis. Thus we decided to compare 

rat, mouse, chicken and emu limb buds at st.21HH and equivalent. At this stage the 

size of the limb bud at this stage is optimal for quantitation of N-SHH, due to the 

relatively high concentration of SHH expression and processed N-SHH ligand 

(Fig.5.1; Fig.5.7; Fig.5.8) (Lewis et al., 2001). In addition the emu does not form a 

forelimb until st.20HH (Nagai et al., 2011) due to temporal differences in fore- and 

hindlimb growth. Therefore st.21HH would allow more consistent dissections of the 
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emu forelimb. The hindlimb buds of rat and mouse embryos are noticeably smaller 

than chicken limb buds (Fig6.2, Fig.6.4), but E10.5 allowed us enough primary 

material to determine quantity of mesenchymal cell number and N-SHH and in 

addition has been the focus of numerous studies in the roles of Shh in limb 

development. We and other previously have shown that these stages of limb 

development are during the SHH-dependent patterning phase. As such, 

quantitation of mesenchymal cell number and N-SHH could prove useful to others 

in the development of mathematical models, or general understanding of the limb 

bud. 

 

To determine an equivalent stage in these species, we used published material on 

the comparisons of embryonic development (Schneider and Norton, 1979; Nagai et 

al., 2011) along with physical landmarks to identify equivalent stages. Such land 

marks include the rostral curvature, tail bud formation, segmentation of the brain 

vesicles, looping of the heart, and pharyngeal arch formation (Fig.6.2). Somite 

number was not used as a physical marker, as the emu exhibits an extension of the 

trunk compared to an equivalently staged chick embryo (Nagai et al., 2011). We 

settled on the following embryonic stages of each species: CD1 mouse E10.5dpc, 

Theiler st.17 (Theiler, 1989), Sprague-Dawley rat E12.5dpc, Witschi st.25 (Witschi, 

1962), ISA Brown chicken E3.5, Hamilton-Hamburger st.21 (Hamburger and 

Hamilton, 1951), emu E8.5, Hamilton-Hamburger equivalent st.21 (Hamburger and 

Hamilton, 1951; Nagai et al., 2011). 
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Figure 6.2: Similarly staged mouse, rat, chicken and emu embryos. CD1 mouse 

(E10.5, Theiler st.17), Sprague-Dawley rat (E12.5, Witschi st.25), ISA Brown chicken 

(E3.5, st.21HH) and emu (E8.5, st.21HH equivalent). Embryos staged to equivalent 

stages based upon comparative studies (Schneider and Norton., 1979) (Nagai et al., 

2011), and on multiple physical landmarks (see main text). Note variability among 

species in total embryonic size and limb bud size. Scale = 1mm. 
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6.2.3 Mesenchymal cell number varies significantly between mammalian and 

avian species 

We determined the number of mesenchymal cells in the limb buds of different 

species; using carefully dissected limb buds (see Chapter 5 and Methods & 

Materials). We found that the rat, mouse, emu, ISA Brown chicken, and 

polydactylous Slk/WL  have significant differences in mesenchymal cell number 

between the forelimb and hindlimb (Fig.6.3A; AP.6). 

The mammalian limb buds contained a significantly greater number of 

mesenchymal cells in the forelimb compared to the hindlimb whereas avian limb 

buds displayed an inverse pattern, where the hindlimb contained significantly more 

mesenchymal cells than the forelimb (Fig.6.3A). Rat and mouse forelimbs both 

contain similar numbers of mesenchymal cells, and both pattern five digits. The 

hindlimbs also form five digits, yet there are significant differences in cell number 

compared to the forelimb in each species. This is most likely due to the temporal 

differences observed in the initiation of limb bud outgrowth, as the mouse forelimb 

is first visible from E9.5, whereas the hindlimb is first visible from E10.  

In the chicken embryo both limb buds first become visible from the body wall at 

st.17HH, with the hindlimb bud larger than the forelimb by st.20HH (Hamilton and 

Hamburger., 1951). The emu represents the most significant difference, as the 

hindlimb contains more mesenchyme than any other limb measured, whilst the 

forelimb at st.21HH is similar to that of the mouse (circa 50,000 cells) (Fig.6.3A). 

Analysis of mesenchymal cell number in the forelimbs of the different chicken 

hybrids (ISA Brown, non-polydactylous Slk/WL and polydactylous Slk/WL) shows 

no significant difference between the three genotypes, as determined by a one-way 

ANOVA test (P=0.49). There is a significant difference in mesenchymal cell number 

in the hindlimbs of these three genotypes (one-way ANOVA, P<0.005). To 

determine where this significance resided, individual Student’s t-tests were 

performed; there is significant difference between the hindlimbs of the ISA Brown 
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and non-polydactylous embryos (P<0.005), and also between the two Slk/WL 

genotypes (P<0.005) (Fig.6.3A). There is no significant difference between the 

hindlimbs of the ISA Brown or polydactylous Slk/WL. We have previously 

demonstrated that the Slk ZRS SNP causes increased Hh-dependent growth in the 

st.21HH hindlimb (Chapter 4) (Johnson et al., 2014), thus explaining the significant 

difference in hindlimb cell number between the non-polydactylous and 

polydactylous Slk/WL genotypes.  

By comparing the average mesenchymal cell number in limb buds that form five, 

four, or three digits, there are significant differences between all limb types (one-

way ANOVA, P<0.005) (Fig.6.3B). 

 

 

 

 

 

 

 

 



204 

 

 

 

Figure 6.3: Mesenchymal cell number in fore- and hindlimbs of similarly staged 

mammalian and avian embryos. (A) Quantity of mesenchymal cells varies 

significantly between fore- and hindlimb, and across species and avian hybrids. (B) 

Average values of mesenchymal cell number in avian (average of chicken breeds) 

and mammalian (average of rat and mouse) limbs. Bars = s.e. rat n=16, mouse n=7, 

emu n=5, ISA Brown n=10, Slk/WL non-poly n=8, Slk/WL poly n=8. *P<0.005, 

**P<0.0005, ***P<0.00005, ****P<0.0000005. See AP.6 for raw data. 
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6.2.4 Limb bud length recapitulates mesenchymal cell number 

To determine that the quantitation of mesenchymal cell number was an accurate 

value for the determination of limb size, we measured the PD axis of the fore- and 

hindlimbs of mouse and rat embryos as an approximation of size (Fig.6.4.A, B). The 

length of the limb bud PD axis in the rat is significantly larger than that of the 

mouse, in both the fore- and hindlimb (Fig.6.4.C). We then compared the PD axis 

length to the rest of the embryo; and to achieve this we measured a non-limb 

dimension. We chose the distance between the telencephalon-diencephalon 

boundary and the mesencephalon-metencephalon boundary (TD-MM distance), as 

viewed from the dorsal axis (Fig.6.4). This distance was chosen as it represented an 

easily identifiable and constant landmark in all embryos, and the size of the head is 

highly regulated throughout development. When the limb bud PD length was 

normalised to the TD-MM distance, we found that the both the fore- and hindlimbs 

in mouse embryos are proportionally larger than those found in rat embryos 

(Fig.6.4.D). Although direct comparison of rat and mouse limb buds shows that rat 

limb buds are longer along the PD axis, the mouse has proportionally longer limb 

buds relative to the whole embryo. 

The data here demonstrates that our mesenchymal cell number data represents an 

accurate measurement of limb size, with the differences observed between different 

limb buds recapitulated in limb bud length. 
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Figure 6.4: Limb bud length recapitulates mesenchymal cell number. (A, B) 

Comparison of a Sprague-Dawley rat embryo (left) and a CD1 mouse embryo 

(mouse) at equivalent stages. The length of the PD axis from the proximal base to 

the distal apex of the limb bud was measured (insets), along with the distance 

between the telencephalon-diencephalon boundary and the mesencephalon-

metencephalon boundary (TD-MM distance). Scale = 0.25mm. (C) A comparison of 

PD length in fore- and hindlimbs of rat and mice embryos. (D) Comparison of limb 

bud length to the length of the TD-MM distance demonstrates that mouse embryos 

have proportionally larger limb buds than rat embryos. Bars = s.e. n=30 (mouse), 

n=16 (rat). * P<0.0005. 
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6.2.5 Determination of N-SHH ligand quantity in multiple species 

To determine if there are any quantitative differences in N-SHH quantity between 

fore- and hindlimb and different species, we employed our standard curve-based 

quantitation assay that we had developed (Chapter 5). To determine whether we 

could use the same antibody to quantitate N-SHH in rat and emu limbs, the N-SHH 

ligand peptide sequences were aligned using MUSCLE software (Edgar, 2004). 

Sequences for mouse, chicken, and rat SHH were available online from Ensembl, 

and the emu SHH cDNA was sourced from a previous study (Genbank: 

HQ336496.1) (Nagai et al., 2011). However the available emu SHH cDNA sequence 

contains exons 1 and 2 only; exon 3 has not been sequenced. This meant that the last 

thirteen amino acids of the emu epitope region recognised by the sc-9024 antibody 

are currently unknown. 

Comparison of the mouse, rat, chicken, and available emu SHH peptide sequences 

showed 100% sequence conservation in the epitope region between the four species 

(Fig.6.5, red box). There is slight variance in the remainder of the N-terminal of the 

N-SHH ligand, with the mouse and rat possessing an isoleucine residue at position 

33 compared to a phenylalanine in the chicken and emu (Fig.6.5). Both of these 

residues are non-polar, and would likely be substitutional due to similar physical 

properties. Furthermore this residue site lies just beyond the epitope region (Fig.6.5, 

red box), and would likely not interfere with antibody binding. 
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6.2.6 Quantity of N-SHH varies significantly between limbs with different digit 

numbers 

We compared the quantities of N-SHH ligand in limbs that eventually form varying 

numbers of digits. Similar to the mesenchymal cell number quantitation data, we 

found significant differences between limb buds (Fig.6.6). The general trend shows 

that avian limb buds contain a greater quantity of N-SHH than mammalian limb 

buds (Fig.6.6B). 

 In rat embryos, we found ~87pg and ~40pg of N-SHH in the fore- and hindlimb 

respectively, which were similar to the quantities detected in mouse limb buds 

(~80pg in forelimbs, ~40pg in hindlimbs) (Fig.6.6A). We could not detect any N-SHH 

in the st.21HH emu wing (Fig.6.6A), in accordance with the absence of SHH 

expression at this stage as determined by whole mount in situ hybridisation (de 

Bakker et al., 2013) and qRT-PCR (Heppleston., 2010) (see Chapter 8 for more details 

on SHH expression in emu limbs). We detected ~195pg N-SHH in the emu leg, 

although the calculated quantities varied significantly, and compared to four-toed 

chicken hindlimbs appeared to be lower, although this cannot be proven 

statistically. In Chapter 4 we showed that the Slk ZRS SNP causes a 1.45-fold 

increase in SHH protein in the st.21HH Slk/WL hindlimb (Fig.4.2A) (Johnson et al., 

2014). Our quantitative analysis here recapitulates that finding, as we found a 1.35 

fold increase in N-SHH quantity in polydactylous Slk/WL hindlimbs compared to 

the non-polydactylous genotype (Fig.6.6B). We were unable to find significant 

differences between the fore- and hindlimbs of polydactylous Slk/WL embryos, 

likely due to the increased expression of SHH found in the fore- and hindlimbs of 

this genotype as determined by whole mount in situ hybridisation (Dunn et al., 

2011). 

By comparing the average N-SHH quantity in limb buds that form five, four, or 

three digits, there are significant differences between all limb types (one-way 

ANOVA, P<0.005) (Fig.6.6C). 
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Figure 6.6: N-SHH quantity varies between fore- and hindlimb, between species, 

and between hybrids. (A) Individual limb buds were assessed for N-SHH quantity 

against standard curves. (B) The quantity of N-SHH ligand varies between 

mammalian and avian limb buds, and between different hybrids with the same digit 

pattern (ISA Brown and non-poly Slk/WL). (C) Average quantities of N-SHH are 

significantly higher in avian limbs (ISA Brown and non-poly Slk/WL) compared to 

mammalian limbs (mouse and rat). Bars = s.e. rat n=5, mouse n=5, emu n=5, ISA 

Brown n=6 (wing) n=14 (leg), non-poly Slk/WL n=7, poly Slk/WL n=7. *P<0.005, 

**P<0.0005 
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6.2.7 Correlation between limb bud N-SHH concentration and digit number 

Our initial hypothesis was that there is a correlation between the limb bud 

concentrations of N-SHH and digit number in neonate and adult organisms. To test 

this we normalised our quantitative N-SHH data to our mesenchymal cell number 

data, in order to calculate the relative concentration of N-SHH in the limb (Fig.6.7A). 

Regression analysis (performed by Helen Brown, The Roslin Institute) determined 

that the there was no significant difference between the different limb buds, with 

the exception of the polydactylous Slk/WL which is an outlier due to increased SHH 

expression caused by the Slk ZRS SNP (Chapters 3 and 4). This is due to the 

increased expression of SHH caused by the ZRS SNP (as discussed in Chapters 3 

and 4).  

Despite the significant differences in mesenchymal cell number (Fig.3B) and N-SHH 

quantity (Fig.6.6C), the overall relative concentration of N-SHH in the limb remains 

consistent, even in limb buds that will eventually form five, four, or three digits. A 

consistent concentration is maintained in limb buds despite fore/hindlimb 

differences. For example, the concentration of N-SHH is similar between the mouse 

forelimb and hindlimb, despite the temporal difference in outgrowth (Fig.6.7A, B). 

Thus it appears that it is unlikely that the quantity of N-SHH has a direct bearing on 

the number of digits in the adult animal, in un-manipulated circumstances, across 

evolutionary distances (Fig.6.7B). Any differences in digit number may from after 

the digit patterning phase, as a result of post-patterning digit loss. 
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Figure 6.7: Relative concentration of N-SHH in the limb is not related to neonate 

digit number. (A) Normalisation of N-SHH quantity to mesenchymal cell number 

shows that there is no significant correlation between N-SHH per limb and neonate 

digit number in mammalian and avian species. (B) The limb bud N-SHH 

concentration does not have a direct correlation to the eventual digit number. Bars = 

combined s.e.m from N-SHH quantitation and cell number data. 
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6.3 Discussion 

The chicken and mouse embryo have been used extensively as models for vertebrate 

limb development, with the former used in studies requiring surgical manipulation, 

and the latter used pre-dominantly in genetic studies. The differences in the 

patterning of digits between these two species has been documented (for review, 

Towers and Tickle, 2009). Both species rely on the gradient of SHH protein 

produced across the AP axis of the autopod to form a correct number and pattern of 

digits (Chiang et al., 2001; Litingtung et al., 2002; Harfe et al., 2004; Scherz et al., 

2007; Towers et al., 2008; Zhu et al., 2008; Towers et al., 2011; Tamura et al., 2011).  

The data presented here represents the first direct quantitative comparison of 

mesenchymal cell number and N-SHH ligand in fore- and hindlimbs of mouse, rat, 

chicken, and emu embryos. Whilst we have found that the size, scale, and N-SHH 

content varies significantly between these species, the relative concentration of limb 

N-SHH is conserved and not correlated to neonate digit number. We suggest 

instead that the number of digit primordia specified is likely consistent between 

avian and mammalian species, with digit number modified during the condensation 

of digital rays. 

 

6.3.1 Limb bud size and scale varies between species 

The use of equivalently staged mouse, rat, chicken and emu embryos has allowed us 

to demonstrate that there significant differences in the sizes of limb buds in 

mammalian and avian species. We have shown that rat limb buds are significantly 

larger than the mouse limb buds when measured along the PD axis (Fig.6.4). When 

compared to the overall embryo, the rat has a proportionally smaller limb bud than 

the mouse (Fig.6.4D), demonstrating that the scale of an individual organ may not 

fit within the scale of the rest of the embryo, and that the relative scale of the 

embryonic limb can vary significantly between closely related species.  
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Despite the differences in limb bud scale relative to the rest of the embryo, our 

quantitation of relative N-SHH concentration in the limb shows that limbs from 

within the same embryo maintain similar concentrations of N-SHH (Fig.6.7). Thus 

the scale of digit primordia determination in the limb is independent of the rest of 

the embryo.  

We also found quantitative size differences between the fore- and hindlimb (Fig.6.3). 

In the mouse and rat, these differences can be explained by the twelve hour delay 

between forelimb and hindlimb outgrowth. For example the mouse forelimb is 

significantly larger than the hindlimb at E10.5 (Fig.6.3). Yet both the fore- and 

hindlimb maintain similar concentrations of N-SHH (Fig.6.7). This suggests that 

differences in forelimb and hindlimb size at the same stage do not affect the 

specification of digit primordia, and is scalable within the same embryo. 

 

6.3.2 Patterning of digit primordia is scalable 

Both the ISA Brown and non-polydactylous Slk/WL hybrids possess three digits in 

the adult wing and four in the adult leg. Quantitation of mesenchymal cell number 

demonstrated significant differences in hindlimb buds of ISA Brown and non-

polydactylous Slk/WL (Fig.6.3). This implies that the st.21HH hindlimb of the ISA 

Brown is significantly larger. However quantitation of the relative concentration of 

N-SHH demonstrates that despite the differences in size, they both contain a similar 

relative concentration of N-SHH (Fig.6.7A). This suggests that a consistent digit 

pattern and number can be achieved in limb buds of different sizes within the same 

species, and that the patterning of digit primordia by a gradient of N-SHH is 

scalable.   

One of the main purposes of SHH in limb development is to create a polarised 

region in the early limb bud so that a basal number of digit progenitors can be 

specified in the posterior-distal limb. These progenitors are distributed across the 

AP axis in a manner dependent on growth (Zhu et al., 2008; Towers et al., 2008) and 
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regulation of digit/non-digit boundary by an intricate BMP-SOX9-WNT Turing 

patterning system mediated by HoxD13 and AER Fgf expression (Raspopovic et al., 

2014). A consistent concentration of N-SHH during the determination of digit 

primordia number would provide a pentadactyl base line which is then acted upon 

differently in different limb buds. For example, the complete pentadactyl 

arrangement of digit primordia are evenly distributed across the AP axis, allowing 

each digit enough tissue space to develop into a fully formed digit. However in the 

chicken wing, the distribution of digit primordia across the same axis is not 

symmetrical due to proliferative differences (Cooke and Summerbell, 1980). This 

means that certain digit primordia do not receive enough physical space to develop 

into fully formed digits, as shown by fate mapping of digit 1 in the chicken wing 

(Nomura et al., 2014). A reduction in limb bud area caused by the genetic removal of 

n-myc in mice results in digit fusions (Ota et al., 2007), whereas an expansion of the 

limb bud field by inducing ectopic n-myc activity causes polydactyly (ten Berge et 

al., 2008). Future studies could investigate how changes in limb size in the post-SHH 

patterning phase may affect the scale of digit patterning by a Turing mechanism. 

 

6.3.3 Consistent N-SHH concentration implies consistent digit progenitor number 

The concentration of SHH affects the number of digit progenitors that form. 

Inhibition of Hh signalling in <st.22HH embryos reduces the number of digits in the 

wing and leg, with later addition having no effect on digit number (Scherz et al., 

2007). It is likely that the inhibition of Hh signalling prior to st.22HH affects the 

number of digit progenitors specified by SHH. By examining the relative 

concentrations of N-SHH in the limb buds of the multiple species investigated, we 

found that the concentration of N-SHH is similar for all species (Fig.6.7A, B). One 

exception is the st.21HH emu wing bud, which at this stage does not express SHH 

(Heppleston, 2010). Five distinct rays of Sox9 expression are found within the mouse 

(Wright et al., 1995), rat (Liska et al., 2010), chicken (Healy et al., 1999; Welten et al., 

2005), and in the emu hindlimb (de Bakker et al., 2013). Species of the Hemiergis 
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genus exhibit varying numbers of digits, ranging from two to five (Shapiro, 2002). 

Digit number in this genus is determined by the length of Shh expression, whereby 

all species express Shh in the early limb bud during the digit patterning phase, with 

progressive loss of expression in species which exhibit reduced numbers of digits 

(Shapiro et al., 2003). Thus all species form five digit progenitors during the early 

patterning phase, regardless of neonate digit number. It is only in the post-

patterning expansion phase that digits are lost. 

Our data combined with the previous findings described above suggests that the 

mouse, rat, chick, and emu hindlimb all develop five distinct populations of digit 

progenitors during the SHH-dependent digit patterning phase. The emu wing 

remains unclear, as there are only four distinct SOX9-positive digital rays found 

upon whole mount in situ hybridisation (de Bakker et al., 2013). However the 

growth of the emu wing, as we will discuss in Chapter 8, is delayed compared to the 

hindlimb and is significantly reduced in size (Fig.6.2, Fig 6.3). 

 

The data presented in this chapter describes the first quantitation of both 

mesenchymal cell number and N-SHH ligand, and therefore concentration of N-

SHH in the limb buds of mammalian and avian species. Despite differences in cell 

number, the scale of the limb, and absolute quantities of N-SHH, the overall 

concentration of N-SHH remains fairly consistent across mammalian and avian 

limbs, despite the varying numbers of digits that eventually form. As mentioned in 

Chapter 5, the methodology can be improved in future studies, including creating a 

temporal scale of cell number and N-SHH quantity in the mouse hindlimb to 

compare to that of the chicken hindlimb (Chapter 5).  
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Chapter 7 

Digit loss in the chicken hindlimb 
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7.1 Introduction 

In Chapter 6, we found no significant correlation between limb bud concentration of 

N-SHH and neonate digit number across evolutionary distances (Fig.6.7). We 

concluded that a basal pentadactyl arrangement of digit primordia is specified by a 

consistent concentration of N-SHH. Here, we investigate the hypothesis digit 

number can be refined after the SHH-dependent patterning phase, with certain 

digits lost in the post-SHH expansion phase. 

 

7.1.1 Digit reduction from the pentadactyl Bauplan 

Whilst large number of modern tetrapods exhibit pentadactyly, multiple species 

deviate from this arrangement. Well-known examples are birds; the majority of 

modern adult avian species have three wing digits and four leg digits. Most avian 

species have been shown to form five SOX9-positive digital rays, of which only 

three in the forelimb and four in the hindlimb form digits present in neonates 

(Welten et al., 2005; de Bakker et al., 2013). Notable exceptions include the ratite 

clade of paleognath birds, which will be discussed further in Chapter 8. 

Mammalian species are also able to curtail digit number. Detailed analysis of the 

loss of digits in the three-toed jerboa, camel, and horse shows that five Sox9-positive 

digital rays are formed in both the fore- and hindlimb, but digital rays 1 and 5 are 

truncated to small metatarsals retained in the proximal autopod (Cooper et al., 

2014). The reduction of digital rays 1 and 5 is due to an increase in cell death 

surrounding these elements, preceded by extended distal Msx2 expression. 

Furthermore, expression of Fgf8 in the overlying AER is restricted to the 

proliferating digits, and is not expressed distal to metatarsals 1 and 5 (Cooper et al., 

2014). Thus cell death plays a crucial role in the reduction of digit number. 
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7.1.2 Digit/metatarsal V in the chicken hindlimb 

Mapping of chondrogenesis by autoradiography in the chicken hindlimb performed 

by Hinchcliffe described a transient cartilaginous element posterior to digit IV, 

which manifested at late st.26HH and was still visible by st.30HH (Hinchcliffe, 

1977). It forms along the AP axis in line with digital rays I-IV, immediately posterior 

to the fourth digital ray, but is not retained in line with these digits and is later 

associated with the proximal fourth metatarsal (Fig.7.1). This element was 

designated as a fifth metatarsal; which has been retained in some subsequent 

studies (Muller, 1989) and redefined as a fifth digit in others (Burke and Feduccia, 

1997; de Bakker et al., 2013). This structure does not form a functional digit in the 

neonate or adult chicken, and the exact contribution of this structure to the 

tarsometatarsus is currently unknown. Accordingly we will hereafter refer to it as 

condensation V. Due to the formation of digits and metatarsals from SOX9-

expressing rays in the autopod, we hereafter refer to the combined formation of 

digits and metatarsals as digital rays. 

 

7.1.3 The fate of condensation V 

Hinchcliffe’s mapping study describes the formation of condensation V, and tracks 

its location until st.34HH when it is no longer detectable. The schematic illustrations 

of his autoradiographs describe a fusion of condensation V to the fourth metatarsal, 

occurring at st.34HH (E7) (Hinchliffe, 1977). However fusion of these two elements 

was not described in detail, and was not represented in his autoradiographs. Whole-

mount cartilage staining use alcian green or alcian blue demonstrates condensation 

V can still be observed in un-manipulated limbs past E7, separate from the fourth 

metatarsal at E10 (e.g. this study, (McGowan, 1985; Towers et al., 2008; Namba et al., 

2010; Tamura et al., 2011; de Bakker et al., 2013)). As Hinchcliffe’s mapping was 

based on the uptake of radioactive sulphate on longitudinal sections, condensation 

V could have been lost due to its small size from st.34HH. In this study we use a 
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whole-mount alcian green-based method to assess the fate of condensation V in a 

precise temporal manner, to resolve discrepancies between classical mapping 

studies and subsequent studies. 

The location and size of condensation V in the mid-term embryonic hindlimb is 

similar to the tarsal elements that form in between the distal tibia and the proximal 

metatarsals. These tarsal elements are crucial in the formation of the intertarsal joint 

(Fig.6.1). In the chicken hindlimb, three tarsal bones form: the tibiale, the fibulare, 

and the distal tarsal. The tibiale and fibulare both ossify at E17 in ovo (McGowan, 

1985), and fuse together approximately 55 days post-hatch (Hogg, 1982). This 

element then fuses to the distal tibia at ~100 days post-hatch contributing to the 

condyles, whilst the distal tarsus fuses to the proximal metatarsus simultaneously to 

form part of the intercotylar emminence (Hogg, 1982). The centre of metatarsals II, 

III and IV begin to ossify at E9 and fuse together to provide structural strength at 

E17 (Namba et al., 2010) (Fig.6.1). Since condensation V is not visible post-hatch, it 

fuses to fourth metatarsal in ovo, as described by Hinchcliffe (Hinchcliffe, 1977). 

However there is currently no data regarding the fate of condensation V after 

st.34HH. We focus on this element up to E13, in order to determine the contribution 

of condensation V to the tarsometarsus. 

 

In this chapter, we further characterise the formation, localisation and regression of 

condensation V. Coupled with data from fate mapping studies; we show that it 

forms in sequence and with consistent periodicity with the other digital rays, 

confirming its identity as a basal, reduced metatarsal. We also provide evidence for 

role of cell death preventing the distal growth of condensation V, as well as a fusion 

event involving the proximal fourth metatarsal. 

David Neely performed the cyclopamine experiments, and took pictures of the E10 

limbs, which I further analysed for condensation V (Fig.7.4). This work is being 

prepared for submission, with David Neely and Megan Davey as co-authors.  



221 

 

 

 

Figure 7.1: Contributions of the tarsal and metatarsal elements to the chicken 

intertarsal joint. Blue arrows represent the fusions of various elements occurring in 

ovo (metatarsals II, III and IV (Namba et al., 2010)), whereas red arrows represent 

post-hatch fusion events. Elements not to scale. 
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7.2 Results 

7.2.1 The chicken leg forms a transient digit-like structure posterior to digit IV 

We tracked the condensation of digital rays in the chicken hindlimb by staining 

condensing cartilage with alcian green across a precise temporal range. The first 

digit to condense was digit IV, followed within half a stage by digit III (Fig.7.2A). By 

st.26.5HH, we found a small, thin ray of cartilage condensing posterior to digit IV 

which extended slightly in proximal-distal length up until st.28HH (Fig. 7.2A, B, 

arrows). This ray forms at approximately the same time as that of digit II. By 

st.29HH the growth of this posterior ray ceases. Whilst the canonical digits I-IV 

further condense and segment into metatarsals and phalanges, condensation V is 

retained in close proximity to the proximal fourth metatarsal and retains maintains 

a spherical structure distinct from the proximal metatarsal of digit IV (Fig. 7.2A, 

arrows between stages 30-36HH). 

Classical mapping studies determined that condensation V fused to the fourth 

metatarsal by st.34HH (Hinchcliffe, 1977). Our data here finds that condensation V 

remains as an independent element past st.34HH, implying fusion occurs at a later 

stage. 
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Figure 7.2: Transient formation and regression of condensation V in the chicken 

hindlimb. (A) Alcian green cartilage staining shows a transient digital ray that 

forms posterior to digit IV, hypothesised to be the anlagen of digit V which is 

retained at the proximal base of the fourth metatarsal. (B-D) Closer inspection 

shows condensation V forms at st.26.5HH (arrows), with continued condensation at 

st.27HH. Scale = 0.25mm. 
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7.2.2 Condensation V forms with a periodicity consistent with digital rays I-IV 

We assessed the periodicity of the condensing digital rays in the chicken hindlimb 

in a similar manner performed previously (Sheth et al., 2012). Relative intensities of 

cartilage staining were calculated within a 50µm range from the proximal 

metatarsal using Image J (Fig. 7.3, yellow lines). The length of the arc created across 

the proximal autopod was kept constant to allow alignment of each digital ray 

throughout limb development. Measurements at the distal digital rays would likely 

produce wavelengths of varying interdigital distance due to the un-symmetrical 

pattern of growth across the AP axis of the distal autopod.  

Clear peaks can be seen in the subsequent intensity plots, representing the 

condensing digital rays. Digital rays III and IV are first detected followed by small 

peaks representing digital ray II and condensation V within half a stage (Fig. 7.3A, 

B). By st.29HH the phalanges of digits II, III, and IV are visible, with significant 

intensities detected (Fig. 7.3E). The last digital ray to form, digital ray I, is visible by 

st.29HH (Fig.7.3E). Thus the order of digital ray condensation is IV, III, II, V, I.  

The distance between the peaks represents the interdigital distance, and is constant 

across the proximal digit region. The formation of condensation V fits within the 

general periodic wavelength across the proximal digital field, suggesting that 

condensation V is formed in sequence with the other digital rays as a presumptive 

metatarsal. 
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Figure 7.3: Periodicity between distal autopod condensations is consistent. Digital 

ray condensations in the chicken hindlimb exhibit a consistent periodicity, as 

measured from the proximal digit ray. Scale = 0.25mm 
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7.2.3 Formation of condensation V is dependent on Hh signalling 

The most recent fate maps have identified that the cells in the ZPA contribute to all 

of digit IV in the chicken hindlimb (Vargesson et al., 1997; Towers et al., 2011; 

Tamura et al., 2011; Nomura et al., 2014; Chinnaiya et al., 2014). Labelling of the 

proximal ZPA shows a contribution to the tissue posterior and to the proximal 

aspect of digit IV at st.30HH (Tamura et al., 2011; Nomura et al., 2014). This marks 

the approximate location of condensation V at st.30HH (Fig.7.2A), and suggests that 

condensation V may form from SHH-expressing cells in the ZPA. 

To investigate this hypothesis, we inhibited Hh signalling in st.17HH ISA Brown 

embryos with cyclopamine, and assessed digital and metatarsal formation at E10. 

Control embryos treated with carrier solution did not lose any digits, and retained 

condensation V (Fig.7.4A, A’, arrowhead). Addition of cyclopamine prevented the 

formation of digit IV and condensation V (Fig.7.4B, B’ n=20/34), and in two cases 

prevented the formation of condensation V whilst digit IV formed successfully 

(Fig.7.4C, C’ n=2/34). Thus condensation V requires Hh signalling in order to form, 

and may require a greater exposure to SHH compared to digit IV in order to form. 
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Figure 7.4: Hh signalling inhibition prevents the formation of condensation V. (A, 

A’) Control limbs form a full complement of digits, along with condensation V 

(arrowhead). (B, B’) Cyclopamine prevented the formation of digit IV and 

condensation V in 20/34 limbs. (C, C’) In 2/34 limbs, condensation V was lost whilst 

digit IV developed. Scale = 0.5mm 
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7.2.4 Apoptosis is temporarily associated with the regression of condensation V 

Cell death plays a crucial role in limb development, both the patterning of digit 

primordia (Sanz-Ezquerro and Tickle, 2000) and in the removal of interdigital tissue 

to separate the digits (Saunders, 1966; Zou and Niswander, 1995; Gañan et al., 1998). 

Localised change in apoptosis has recently been shown to be a key mechanism in 

the reduction digit numbers in some mammalian artiodactyl species, such as the 

horse, three-toed jerboa, and camel, where condensed digital rays are associated 

with increased cell death immediately distal to reduced digital rays (Cooper et al., 

2014). 

To investigate if cell death is associated with the reduction of condensation V, we 

assessed areas of cell death in the chicken hindlimb. At st.25.5HH, the only area of 

detectable cell death was the anterior necrotic zone (Fig. 7.5A’), anterior to the distal 

radius (Fig. 7.5A’’). By st.28HH, cell death was detectable in both the anterior and 

posterior limb bud. In the posterior, cell death appears to be in the tissue 

immediately posterior to condensation V (Fig. 7.5B’), towards which the 

condensation is orientated (Fig. 7.5B’’, arrowhead). The orientation of condensation 

V is consistent with the radial orientation of metatarsals I-IV (Seki et al., 2012). At 

st.30HH the only detectable cell death is in the posterior necrotic zone (Fig.7.5C’), no 

longer in proximity to condensation V (Fig.7.5C’’, arrowhead). The temporary 

association of cell death with the tissue distal to condensation V suggests that cell 

death plays a role in preventing the continued growth of condensation V into a fully 

formed metatarsal, without directly affecting the growth of condensation V. 
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Figure 7.5: Apoptosis is temporarily associated with the regression of 

condensation V. (A) At st.25.5HH, cell death is only detected in the ANZ (A’), 

residing anterior to the distal radius (A’’). (B) By st.28HH, cell death can be detected 

in both the ANZ and PNZ (B’), with the distal terminal of condensation V orientated 

towards the PNZ (B’’, arrow). (C) By st.30HH, cell death is only located in the PNZ 

(C’), and is not associated with condensation V (C’’, arrowhead). Scale = 0.25mm. 
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7.2.5 Condensation V fuses with the proximal fourth metatarsal at st.37HH 

Hinchcliffe described condensation V fusing with the fourth metatarsal at st.34HH 

(Hinchcliffe, 1977). Having monitored the condensation and relative regression 

condensation V compared to digits I-IV, we tracked condensation V further to assess 

the fate of this structure. By st.36HH, condensation V is still observable as a distinct 

element closely associated with the proximal fourth metatarsal (Fig. 7.2A, arrow at 

st.36HH). By st.37HH the appearance of condensation V is less distinct (Fig. 7.6A, 

arrow), and appears to be lost altogether by st.38HH (Fig. 7.6B, arrow) and st.39HH 

(Fig. 7.6C, arrow). Other tarsal elements are known to form in the early limb bud 

which later fuse together to form a basal commune (Romanoff, 1960). Condensation 

V appears to remain as an individual element later into development compared to 

the tarsals (Fig. 7.6A, arrows), and later fuses with the proximal fourth metatarsal 

(Fig. 7.6D, E, arrows). The fused condensation V appears to contribute to the 

thickening intertarsal joint (Fig. 7.6B, C, arrows). Inspection of the adult ossified 

tarsometatarsum indicates that condensation V may contribute to the lateral cotyle, 

a crucial structure in the formation of the intertarsal joint in association with the 

tibiotarsus bone (Vaughan, 1876) (Fig. 7.6F, red). Thus the fusion of condensation V 

occurs in ovo, prior to the fusions of metatarsals II, III and IV at E17 (Namba et al., 

2010), and does not fuse post-hatch like the fusions of the tarsal elements to the 

distal tibia and proximal metatarsus (Hogg, 1982). 
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Figure 7.6: Condensation V is retained at the proximal fourth metatarsal. (A) At 

st.37HH, the transient structure of condensation V associates with the proximal-

posterior fourth metatarsal, and is eventually absorbed into the metatarsal (B, C). 

(D, E) Magnification of digit V assimilation, fusing to the fourth metatarsal. (F) 

Illustration of the proximal adult tarsometatarsum bone (dorsal aspect), with the 

contribution of condensation V to the lateral cotyle (red). Illustration based on 

(Yasuda, 2002) Scale = 0.25mm. 
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7.3 Discussion 

In the mouse and rat five digit primordia develop into five ossified, functional 

digits. The chicken leg forms five digit-like condensations, with only digits I-IV 

retained in the adult. The fifth condensation has long been hypothesised to have a 

digit-like identity, but is not retained in the adult chicken leg (Hinchcliffe, 1977; 

Burke and Feduccia, 1997; de Bakker et al., 2013). Here we have shown that the 

periodicity of this cartilage condensation fits within the average wavelength of 

metatarsals I-IV across the autopod (Fig.7.3) and therefore this condensation is 

likely metatarsal V, in agreement with the original description by Hinchcliffe 

(Hinchcliffe, 1977). Whilst the fate of this element has been reported previously, we 

provide visual evidence that condensation V fuses to the proximal fourth 

metatarsal. We also found discrepancies between classical mapping (Hinchcliffe, 

1977) and our study regarding the timing of this fusion event. Whilst Hinchcliffe 

proposed these two elements fuse at st.34HH (E7), we find that this fusion occurs at 

st.37HH (E11), four days later than the classical study. We also find that 

condensation is dependent on Hh signalling in order to form (Fig.7.4). These 

findings further elucidate the temporal aspects of limb structure formation, and 

provide further understanding on the regression of autopod elements as a form of 

digit loss. 

 

7.3.1 Condensation V is dependent on ZPA Hh signalling 

We found that condensation V is dependent on Hh signalling from the ZPA to form 

(Fig.7.4). In the majority of cases digit IV, metatarsal IV and condensation V were 

lost together (Fig.7.4B, n=20/34). We also recorded two instances where only 

condensation V was lost (Fig.7.4C, n=2/34), suggesting that condensation V may 

require a longer exposure to SHH to form compared to digit IV. This finding is in 

agreement with mouse studies, where digit V has been shown to require a longer 

exposure to SHH in order to develop (Ahn and Joyner, 2004; Harfe et al., 2004). The 
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chicken ozd mutant provides further evidence, as condensation V does not appear to 

form in this mutant due to a lack of limb-specific SHH expression (Ros et al., 2003; 

Maas et al., 2011). Combined with fate mapping studies (Towers et al., 2011; Tamura 

et al., 2011; Nomura et al., 2014), our data suggests that condensation V is derived 

from the proximal ZPA. Detailed fate mapping using GFP-positive grafts of 

proximal ZPA could be performed to demonstrate an origin from SHH-expressing 

cells. 

 

7.3.2 Condensation V forms in sequence with the other digital rays 

Previous analysis of condensation V has suggested that it forms separately from the 

other digital rays (Muller, 1991). By assessing the condensation sequence of the 

digital rays across a precise temporal range, we show that condensation V forms 

within the digital ray sequence, at approximately the same time as the second 

digital ray (Fig.7.3). 

 The consistent periodicity we observed between the five condensations in the 

chicken hindlimb suggests that a Wnt/Sox9/BMP Turing patterning mechanism 

similar to that described in the mouse limb may function in the chicken hindlimb, 

independently of direct SHH involvement (Raspopovic et al., 2014). Unlike the 

mouse, the fifth digital ray (condensation V) is not retained, and recedes to later fuse 

with the fourth metatarsal (Hinchcliffe, 1977) (Fig.7.6). 

 

7.3.3 Condensation V forms after digital ray IV, as found in mouse limbs 

The digital rays form in the order IV, II, II, V, I. This order of formation is consistent 

with that described by Hinchliffe (Hinchcliffe, 1977). The almost simultaneous 

condensation of digital rays II and V (Fig.7.3) suggests that the formation of digital 

rays in the chicken hindlimb employ similar aspects of digital ray formation in the 

mouse. Digits in the mouse limb are formed in order 4, 2, 3, 5, 1 (Zhu et al., 2008). 
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One interpretation of this order suggests that ZPA descendants form digit 4 at the 

same time that digit 2 is specified by a low level of paracrine SHH signalling 

(Towers and Tickle, 2009).  

In the chicken hindlimb, digit IV likely forms from ZPA cells as a result of autocrine 

SHH signalling, with digits III and II specified by paracrine signalling in a similar 

mechanism to mouse digit specification (Scherz et al., 2007; Towers et al., 2011). We 

observed that digital rays III and IV form in close succession, as did II and V 

(Fig.7.3). In comparison to mouse digital ray formation, these findings could be 

applied to the formation of digital ray II and condensation V, whereby a low level of 

paracrine SHH signalling could specify digital ray II at the same time that proximal 

ZPA cells form condensation V after a long exposure to SHH in an autocrine 

manner (Fig.7.7). This is further supported by reduced GLI1 expression in the 

chicken ZPA (Marigo et al., 1996b) and mouse ZPA (Ahn and Joyner, 2004), 

suggesting that a greater length of SHH exposure is required to form digits 4 and 5 

in the mouse limb, and form digital ray IV and condensation V in the chick 

hindlimb. Like the mouse digital rays 4 and 5, our data suggests that condensation 

V forms subsequently to digital ray IV (Fig.7.7). 
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Figure 7.7: Formation of digital rays in the mouse limb and chick hindlimb. (A) 

Mouse digital rays 4 and 2 are specified first, by autocrine and paracrine SHH 

signalling, followed by 5 and 3 (Zhu et al., 2008). (B) In the chicken hindlimb, digital 

ray IV forms first, followed swiftly by digital ray III in autocrine and paracrine 

manners respectively. Digital rays II and V are formed in quick succession. Most 

notably, digital ray 4 in the mouse and IV in the chick form before digital ray 5 and 

condensation V respectively. Note the AER does not cover the proximal ZPA in the 

chicken hindlimb (Tamura et al., 2011). 
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7.3.4 A novel mechanism of limb element loss 

Previous studies have shown that expression of Fgf8 in the AER is required for the 

survival of digital rays (Gañan et al., 1998; Lewandoski et al., 2000; Cooper et al., 

2014; Lopez-Rios et al., 2014) and for the determination of phalangeal number in 

association with Wnts and BMPs (Sanz-Ezquerro and Tickle, 2003). Fate mapping 

has shown that condensation V arises from progenitor cells located in the proximal 

ZPA (Tamura et al., 2011; Nomura et al., 2014). Expression of FGF8 is not detected in 

the ectoderm overlying condensation V, as the AER does not extend past the distal 

ZPA (Tamura et al., 2011). The mouse, which retains five digits, develops an AER 

that completely covers the ZPA, with Fgf8 expression overlying presumptive digit V 

progenitors (Lewandoski et al., 2000; Tamura et al., 2011) (Fig.7.7). Thus 

condensation V does not have distal source of FGF signalling to drive growth, 

despite forming from SHH-expressing cells of the ZPA.  

The location of condensation V lends another clue as to why it does not form a distal 

structure. Reduction of growth in the limb bud either during or after the SHH-

patterning phase leads a narrower space in the digit forming field, causing a 

reduction in digit number (Towers et al., 2008; Zhu et al., 2008). A recent study has 

demonstrated that the number of digits formed in the wing is likely due to a 

reduction in tissue area in the anterior chicken forelimb, caused by temporal 

differences in ANZ formation and regression of the AER from the anterior 

mesenchyme, thus leaving no physical space for a digit to form (Nomura et al., 

2014). The orientation of condensation V in the hindlimb between stages 26.5-

st.28HH points the distal end towards the most posterior edge of the limb bud, 

directly towards the posterior necrotic zone (Fig.7.4B-D). Reduced space, coupled 

with cell death in the nearby tissue (Fig.7.4) and lack of overlying FGF signalling  

(Tamura et al., 2011) may explain why condensation V does not develop into a fifth 

digit. 
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7.3.5 The role of a reduced digit in avian species 

The majority of ankle bones in the avian ankle become fused, and this has been 

proposed to increase strength in the typical digitigrade posture found in avian 

species (Proctor and Lynch, 1993). Condensation V appears to contribute to the 

posterior cotyla lateralis; one of the small socket-like regions that comprises the 

intertarsal joint (Vaughan, 1876; Yasuda, 2002). The lateral and medial cotyles 

interact with the lateral and medial condyles on the distal tibiotarsal bone, forming 

a rudimentary ball and socket joint (Adams and Crabtree, 2012). The contribution of 

condensation V to the lateral cotyle may be required for the formation of the rim of 

the lateral socket, or possibly aid attachment of the lateral collateral ligament, which 

connects the lateral distal tibiotarsus and the lateral proximal tarsometatarsus. One 

possible role for the contribution of condensation V could be due to the bipedal, 

digitigrade posture of birds. The contribution of condensation V may increase the 

strength of the intertarsal joint, allowing greater stability during rest or locomotion, 

or has been described in multiple bird species may allow the ankle joint to lock 

securely in place, providing stability during monopedal rest and thermoregulation 

(Steen and Steen, 1965; Randler, 2007; Schaller et al., 2009). Further studies would be 

necessary to deduce the molecular mechanisms behind the cartilage fusion event at 

E11; such as investigating the localisation of adhesion proteins between 

condensation V and metatarsal IV during the fusion event. 
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Chapter 8 

The role of SHH in emu forelimb digit loss 
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8.1 Introduction 

In Chapter 6 we quantitated mesenchymal cell number in the fore- and hindlimbs of 

st.21HH equivalent emu embryos, and found the st.21HH emu forelimb to be ~7.5 

fold smaller than the hindlimb (Fig.6.3). Unlike the emu hindlimb, we could not 

detect any N-SHH protein in the forelimb (Fig.6.6). This suggests that the expression 

of SHH is reduced in the emu forelimb bud. Here we investigate the expression of 

SHH in the emu forelimb, and assess the role that the emu ZRS has in the regulation 

of SHH. We also investigate possible mechanisms underlying the loss of specific 

digital rays in the post-SHH emu forelimb, and propose a molecular mechanism 

behind emu wing digit loss. 

 

8.1.1 Embryonic development of the emu forelimb 

The chicken embryo has been used almost exclusively as model for avian limb 

development. Recent studies have recruited the emu as a model to study 

gastrulation, digit loss, and sternum reduction (Heppleston, 2010; Nagai et al., 2011; 

Bickley, 2013; de Bakker et al., 2013). The embryonic development of the emu has 

been characterised, and directly compared to the Hamilton-Hamburger stages using 

in determining chicken embryonic development (Hamburger and Hamilton, 1951; 

Nagai et al., 2011).  

The temporal delay of forelimb initiation in the emu has been described in classical 

studies, and has also been described in embryonic kiwi species (Parker, 1888; 

Parker, 1892; Pycraft, 1900). Whilst the hindlimb emerges from the body wall at a 

comparable stage to the chicken hindlimb, initiation of forelimb growth occurs three 

days later, at st.21HH (Nagai et al., 2011). Expression of TBX5, which is essential for 

the initiation of forelimb development (Agarwal et al., 2003), is delayed in the emu 

forelimb-presumptive region (Bickley, 2013). This delay likely plays a crucial role in 

the emu forelimb phenotype, as subsequent growth is also affected. The st.21HH 
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emu forelimb is smaller than the chicken equivalent, and is significantly smaller 

than the emu hindlimb (Fig.6.3). 

At later stages the emu forelimb forms a narrow autopod, which is accompanied by 

a reduced rate of cellular proliferation (Heppleston, 2010).  Analysis of digital SOX9 

expression and cartilage condensation shows that the emu forelimb develops 

multiple digital rays across a relatively narrow AP axis, of which the most anterior 

and posterior are subsequently lost, leaving only the central digital ray to form a 

single digit (de Bakker et al., 2013). The loss of these digital rays is considered to be 

due to a reduction of tissue space across the AP axis, restricting the growth of the 

anterior and posterior digital rays (Heppleston, 2010). The molecular mechanisms 

undermining the reduced growth of the emu forelimb and the loss of anterior and 

posterior digital rays have not yet been determined. 

 

8.1.2 Regulation of SHH expression in the emu forelimb bud 

Quantitative analysis of SHH mRNA in the emu forelimb demonstrates that the 

expression of SHH is significantly lower than in the equivalently staged chicken 

forelimb (Heppleston, 2010). Inhibition of Hh signalling in experimental 

circumstances in the early chicken forelimb bud causes the loss of posterior digits, 

due to an abruption of digit progenitor specification and Hh-dependent 

proliferation (Scherz et al., 2007; Towers et al., 2011). The reduced expression of 

SHH in the emu wing suggests that the number of digit primordia specified is 

reduced. Examination of digital ray number in the pre-cartilage emu forelimb 

demonstrates a maximum of four SOX9-positive digital rays, compared to five 

found in the forelimbs of equivalently staged ostriches and chickens (Welten et al., 

2005; de Bakker et al., 2013). Furthermore, the expansion and proliferation of these 

rays across the AP axis of the autopod is likely curtailed due to reduced Hh-

dependent growth, as observed in TSA-treated chicken forelimbs (Towers et al., 
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2008; Towers et al., 2011) and genetic removal of late Shh in the mouse (Zhu et al., 

2008). 

The reduction in SHH expression observed in the emu forelimb suggests that the cis-

regulation of the SHH gene may be affected. The chicken ozd mutant lacks any 

expression in the limbs, caused by a deletion of the majority of the ZRS (Ros et al., 

2003; Maas et al., 2011). Deletions of the mouse 3’ ZRS reduce Shh expression, 

resulting in narrower limb buds that subsequently develop 2-3 Hh-dependent digits 

(Lettice et al., 2014). In these 3’ ZRS deletions, the forelimb appears to be more 

affected than the hindlimb, as expression of Shh and Ptch1 is lost in the forelimb, 

whilst maintained at a minimal level in the hindlimb (Lettice et al., 2014). Thus 

changes within the ZRS are able to reduce SHH expression, with digit loss as a 

result. Furthermore, mutation within the ZRS leads to varying severity between the 

fore- and hindlimb. 

 

In this chapter, we sequence the ZRS of the emu, along with the other paleognath 

species, and functionally test the emu ZRS to observe regulatory activity in the early 

and late limb bud. The data presented in this chapter is part of an ongoing study 

into the role of the ZRS in the formation of the emu forelimb. Thus many aspects of 

this study are still being resolved, which will be discussed in the sections below. 

This study involves international collaboration between multiple groups, with data 

submitted collectively for publication in the near future. 

 

Laura Lettice and Paul Devenney (MRC Human Genetics Unit, University of 

Edinburgh) supplied us with the pBGZ reporter construct, performed the murine 

pro-nuclear injection, and provided images of the mouse ZRS-pBGZ LacZ activity in 

the E11.0 embryo (Fig.8.8.7E, F). 
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8.2 Results 

8.2.1 Digital rays are lost in the emu wing and leg 

We assessed the number of digital elements that form in the emu forelimb and 

hindlimb by alcian green staining. Previous reports have identified up to four 

cartilage digital rays in the E15 emu forelimb autopod, of which the majority recede 

to leave a single, central ossified digit in the adult in the position of digit 2 (de 

Bakker et al., 2013). By comparing digital rays in the chicken wing (Fig.8.1A) to the 

emu emu (Fig8.1B) at equivalent stages to chicken E11, the decreased number of 

digital rays in the emu wing is apparent, with only a single ray present, identified as 

a digit 2. The small digital rays in positions 1 and 3, which are visible in the E15 emu 

wing (de Bakker et al., 2013), have receded by E21 (Fig.8.1B). The chicken leg at E11 

maintains four digital rays, with visible separation of the phalanges (Fig.8.1C). 

Previous reports have shown up to five cartilaginous digital rays in the E15 emu 

hindlimb autopod, similar to the chicken (de Bakker et al., 2013). By E21, the emu 

leg displays only three digital rays, identified as digits 2, 3, and 4, (Fig.8.1D). 
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Figure 8.1: Cartilage stains of chicken and emu limbs. Three digits are observed in 

the chicken wing (A), whilst only one is found in the emu wing (B). Four distinct 

digits are found in the chicken hindlimb (C). The emu leg develops thee digits (D). 

Scale = 1mm. 
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8.2.2 Receding digital rays in the chicken and emu are associated with distal 

MSX2 expression 

MSX2 is expressed in the interdigital regions of chicken and mouse limb buds, and 

is highly associated with cell death in these regions (Fernandez-Teran et al., 2006). 

Recent investigations into the molecular mechanisms underlying mammalian digit 

loss demonstrated that Msx2 is expressed not only in the interdigital regions, but 

immediately distal to the receding digital rays found in limbs of the three-toed 

jerboa, camel, and horse (Cooper et al., 2014). 

We assessed the expression of MSX2 in chicken and emu limbs by whole-mount in 

situ hybridisation. In accordance with previous studies, robust MSX2 expression 

was detected in the interdigital regions in the fore- and hindlimbs of both species 

(Fig.8.2). We also found MSX2 expression in the mesenchyme immediately distal to 

the receding digital element 1 in the chicken forelimb (Fig.8.2A, asterisk). In the emu 

forelimb, increased MSX2 expression was found in distal to digital rays 1 and 3 

(Fig.8.2B, asterisks) compared to digital ray 2, which is retained as a fully formed 

digit in the adult bird.  

In the chicken hindlimb digital elements I-IV are all retained in the adult limb, with 

condensation V receding to fuse with the proximal fourth metatarsal (Chapter 7). 

We could not find any MSX2 expression distal to condensation V at this stage 

(Fig.8.2C), as condensation V is associated with the proximal fourth metatarsal by 

E6.5 (st.31HH) (Fig.7.2). In the emu hindlimb, we found MSX2 expression distal to 

the receding digital elements I and V (Fig.8.2D, asterisks), suggesting that these 

digital elements are lost in a similar manner to those found in the forelimb. 
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Figure 8.2: Expression of MSX2 in chicken and emu limbs. MSX2 is expressed in 

the interdigital area associated with apoptosis. Note expression distal to the reduced 

digital elements in the chicken forelimb (A, asterisk), emu forelimb (B, asterisks) and 

emu hindlimb (D, asterisks). Scale = 1mm. 
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8.2.3 Expression of SHH is absent in the early emu forelimb 

A reduction of Hh signalling leads to the formation of smaller limbs (Scherz et al., 

2007; Bruce et al., 2010). The reduced size of the emu forelimb in comparison to the 

chicken forelimb (Fig.6.3) suggested that SHH expression may be altered. We 

assessed the expression of SHH in the st.21HH emu by whole-mount in situ 

hybridisation. Expression could be seen in the brachial arches, foregut, neural tube, 

and notochord (Fig.8.3A), and in the hindlimb ZPA (Fig.8.3B, arrow). We could not 

detect any expression in the forelimb at this stage, in agreement with previous 

studies (de Bakker et al., 2013). The absence of forelimb SHH expression is further 

confirmed in Chapter 6, where we were unable to detect any N-SHH protein in the 

forelimb, and variable quantities in the hindlimb (Fig.6.6) 
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Figure 8.3: Expression of emu SHH in emu limb buds. Whole-mount SHH 

expression (A), with expression in the hindlimb (B), and absent in the forelimb (C). 

Scale = 0.25mm. 
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8.2.4 A number of ratite-specific base changes are present in the ZRS 

The reduced SHH expression in the early emu forelimb suggested that the 

regulation of SHH transcription may be altered in the emu forelimb. In Chapters 3 

and 4, we characterised the effects that a single base change within the ZRS can have 

on the regulation of SHH expression in the limb, leading to ectopic SHH expression 

and preaxial polydactyly in the Slk chicken. We extended this logic to investigate 

whether there are any changes within the ZRS of the emu that may explain why 

SHH expression is delayed in the forelimb. 

We sequenced the ZRS from emu genomic DNA. We also sequenced the ZRS 

sequences from the genomic DNA of multiple ratite species, including Darwin’s 

rhea (Rhea pennata pennata), Southern cassowary (Casuarius casuarius), ostrich 

(Struthio camelus), and two species of kiwi (Southern brown kiwi (Apteryx australis) 

and North Island brown kiwi (Apteryx mantelli). We isolated the ZRS sequence of a 

single tinamou species, Tinamus guttatus, from the BGI Avian Genome database. 

Alignment of the ZRS sequences with the chicken ZRS displays a high degree of 

conservation, at ~97% between all species (Fig.8.4). Unlike the ozd mutant, we did 

not find any substantial deletion within any of the paleognath ZRS sequences. We 

compared the ZRS sequences of birds that retain three fully formed wing digits into 

adulthood – the chicken, tinamou, ostrich, and rhea - with the species that form 

vestigial wings with only a single ossified digit – the emu, cassowary, and kiwi. This 

led us to identify a single A47C base change that is present exclusively in the emu 

and cassowary ZRS (Fig.8.4). This is the only base change exclusive to the emu and 

cassowary. There are two base changes that are exclusive to the kiwi species, a 

C552T base change, and a G669A base change (Fig.8.4). We chose to limit our 

investigations to this A47C base change found in the emu and cassowary, as the 

emu is a more suitable embryological model than the cassowary and kiwi. 
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8.2.5 The A47C base change is only found in the emu and cassowary ZRS 

We compared the ZRS sequence surrounding the A47C base change site in all 

available avian genomes. ZRS sequences were isolated from over 60 different avian 

species. These included ZRS sequences from our own genomic sequencing (emu, 

ostrich, cassowary, and rhea) and online genomic databases, including the UCSC 

Genome Browser, Ensembl Genome Browser, and the BGI Avian Genome database 

(see Methods and Materials for accession numbers). Alignment of avian ZRS 

sequences demonstrates that the A47C base change is exclusive to the emu and 

cassowary (Fig.8.5A).  

The ZRS has been shown to host multiple binding sites for transcription factors 

(Zhao et al., 2009a; Galli et al., 2010; Lettice et al., 2012). We used in silico prediction 

software to investigate whether the A47C base change may disrupt a transcription 

factor binding site, or produce a novel binding site. Multiple homeobox-containing 

transcription factors were predicted to bind around position 47 in the chicken 

sequence, including 5’ HOX proteins and members of the Iroquis class of 

transcription factors IRX2, IRX3 and IRX5 (Fig.8.5B). The A47C base change is 

predicted to disrupt the binding of IRX2, IRX3 and IRX5, whilst leaving the nearby 

5’ HOX binding sites unchanged (Fig.8.5C). 
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Figure 8.5: Comparison of the 5’ end of the avian ZRS and predicted TFBS around 

the A47C base change. (A) The candidate A47C base change is only found within 

the emu and cassowary sequence (red box), and not within any other available 

avian ZRS (see Methods & Materials for accession numbers). (B, C) UniProbe 

transcription factor binding prediction around the site suggests that the binding of 

Iroqois factors may be altered in the emu and cassowary exclusively. 
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8.2.6 The emu and cassowary ZRS evolved separately from the kiwi ZRS 

We sought to determine if the ZRS sequence could be used to recapitulate avian 

phylogenetic studies. Multiple studies using mitochondrial and nuclear datasets set 

the paleognath species apart from the neognath species (Gibb et al., 2007; Jetz et al., 

2012; Haddrath and Baker, 2012). Recent phylogenetic analysis of modern and 

extinct paleognath mitochondrial genomes suggests that each of the ratite species 

lost flight independently after flight-dependent dispersal (Mitchell et al., 2014).  

We performed phylogenetic analysis on the ZRS sequences of the modern 

paleognath and neognath species. By constructing a maximum-likelihood 

phylogenetic tree, we found that the ZRS-based phylogenetic arragement is loosely 

comparable to phylogenetic trees created from larger datasets (Fig.8.6). The 

paleognath species are separated from the neognaths. Furthermore the Galloanserae 

order (chicken, turkey, and quails) is separated from the neoaves, denoted by a high 

support value (1.0/1.0) (Fig.8.6). Within the neoave species, the ZRS is sufficient to 

deduce the Passeriforme, Accipitriforme, and Falconiforme orders (Fig.8.6). 

In agreement with previous analyses of paleognath phylogeny, we found that the 

ostrich represented the most basal member of this clade (Fig.8.6) (Johnston, 2011; 

Mitchell et al., 2014). Analysis of ratite species that possess vestigial wings – the 

emu, cassowary, and kiwi – shows that the kiwi species are separate from the emu 

and cassowary. Most phylogenetic analysis suggests that the kiwi species are closely 

related to the emu and cassowary species (Harshman et al., 2008; Phillips et al., 

2010). Our analysis of the ZRS shows that the emu and cassowary are grouped as 

sister taxa, as are the two kiwi species we sequenced (Fig.8.6). The distance between 

the kiwis and the emu/cassowary lineage demonstrates that the ZRS in these species 

evolved independently. This explains why the A47C base change is not found 

within the kiwi ZRS, and concordantly explains why the C552T and G669A base 

changes are not found in the emu and cassowary (Fig.8.4, Fig.8.6). The relatively 

high support values for the branching of the emu and cassowary from the other 

paleognaths (0.78/1.0) lends confidence towards this phylogenetic arrangement. 
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Figure 8.6: Maximum-likelihood phylogram of avian ZRS sequences. The 

paleognath species are separate from the neognath species. The separation of the 

kiwi species from the emu and cassowary suggests that the kiwi ZRS evolved 

separately from the emu and cassowary. Support values in red (bootstrap limit = 

500). Scale = branch lengths (number of changes per site). 
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8.2.7 The emu ZRS functions in the early and late limb 

We sought to determine if the emu ZRS is functional in the early limb bud. To 

achieve this, we inserted a 926bp fragment of emu LMBR1 intron 5 containing the 

complete emu ZRS into a pBGZ40 LacZ reporter construct (Yee and Rigby., 1993)  

that has been used extensively in previous studies to determine the activity of 

various SNPs within the ZRS (Lettice et al., 2003) (Lettice et al., 2012) (Fig 8.7). 

The emu ZRS-LacZ reporter construct was inserted into mouse blastocysts via pro-

nuclear injection (performed by Laura Lettice and Paul Devenney, MRC Human 

Genetics Unit, MRC IGMM, University of Edinburgh). We assessed the activity of 

the emu ZRS at an early murine limb bud stage, E10.5 (Fig.8.7A, B), and a later limb 

bud stage, E11.5 (Fig.8.7C, D) by staining with X-gal. Analysis at E10.5 shows 

activity in the posterior of both the fore- and hindlimb, in the same location as the 

ZPA (Fig.8.7A, B). At E11.5, there is a visible increase in the size of the activity 

domain, recapitulating mouse Shh expression (Lettice et al., 2003). The pattern of 

activity is similar to that observed when a mouse ZRS is inserted into the same 

pBGZ40 construct (Fig.8.7E, F, images provided by Laura Lettice., MRC Human 

Genetics Unit).  These results suggest that the emu ZRS is functional in both the 

early and late limb bud. 
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Figure 8.7: Activity of the emu ZRS in a murine reporter system. The design of the 

LacZ reporter construct used to assess activity of the emu ZRS. The emu ZRS is able 

to drive LacZ activity in the early forelimb (A) and hindlimb (B), and in the late 

forelimb (C) and hindlimb (D). Comparison of the mouse ZRS in the same construct 

shows similar levels of activity in the forelimb (E) and hindlimb (F). Table depicts 

total number of embryos gained and number with detectable LacZ activity. Scale = 

0.25mm. Images in E and F provided (and used with permission) by Laura Lettice, 

MRC Human Genetics Unit. 
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8.2.8 The emu wing is refractive to Hh signalling. 

Previous studies have shown that inhibition of Hh signalling results in the loss of 

digits (Scherz et al., 2007). Furthermore, inhibition of growth in the early limb 

prevents the formation of anterior digits (Towers et al., 2008; Towers et al., 2011). As 

the emu wing exhibits a reduced expression of SHH and reduced growth (Fig.8.3, 

(Heppleston, 2010; de Bakker et al., 2013), we investigated whether digital rays 1 

and 3 could be driven to form digits by increasing Hh signalling in the early emu 

forelimb bud. 

To achieve this we grafted ZPA tissue from st.20HH Roslin Green chicken embryos, 

which express GFP ubiquitously (McGrew et al., 2004) into the posterior region of 

st.21HH emu forelimbs. The GFP tissue allowed us to visualise the contribution of 

the tissue itself to the developing emu forelimb. We incubated the emu embryos to 

st.38HH equivalent (E25), in order to assess the number of digits that formed in the 

forelimb. Due to the high mortality rate, we were unable to assess the digit number 

by cartilage staining. To bypass this, we removed the whole emu forelimb and 

grafted it onto a non-GFP st.20HH chicken host, in place of the endogenous 

forelimb. This increased the number of grafts that survived to E10, and we were able 

to assess the number of digits that formed. 

Control grafts consisting of a st.21HH emu forelimb onto a st.20HH chicken host 

formed a normal emu forelimb (Fig.8.8A, B), with a central digit 2 present, flanked 

by the receding digital rays 1 and 3 (Fig.8.8C, n=2). Addition of GFP-positive ZPA 

tissue shows contribution of the grafted tissue to the posterior emu forelimb 

(Fig.8.8D, E), but does not drive the formation of any fully formed digits from 

digital rays 1 and 3 (Fig.8.8F, n=3). This suggests that the emu forelimb mesenchyme 

has a reduced response to an exogenous source of SHH, and may be refractory to 

Hh signalling.  
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Figure 8.8: Emu forelimb tissue appears to be refractive to exogenous ZPA tissue. 

Grafted st.21HH emu wing buds onto chick hosts form complete emu wings (A, B) 

with three digital rays visible (C). Addition of a GFP-positive chicken ZPA to the 

emu wing grafts does not causes any additional digit rays to form, despite 

contributing to the wing structure (D, E, F). h = humerus, r = radius, u = ulna, d1 = 

digital ray 1, d2 = digital ray 2, d3 = digital ray 3. Scale = 1mm. 
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8.3 Discussion 

Deciphering the molecular mechanisms behind digit loss is an up-coming field in 

developmental biology, furthering our understanding of how digit number can be 

determined during and after the SHH-dependent patterning phase. The data 

presented in this chapter furthers our understanding of how digit loss mechanisms 

are likely shared between mammalian and avian species. We also present novel 

genomic sequencing data in the emu, cassowary, rhea, and two species of kiwi. The 

Analysis of the ZRS within these species has allowed us to propose a hypothesis 

regarding the vestigiality of the forelimb in the emu, cassowary and kiwi, which is 

discussed below. We provide evidence that Hh signalling in the emu forelimb 

mesenchyme may be impaired, likening a similar mechanism of digital ray loss akin 

to the cow and pig (Lopez-Rios et al., 2014). Finally, we propose a hypothesis 

regarding the molecular evolution underlying the modern emu forelimb phenotype. 

 

8.3.1 A common molecular mechanism in mammalian and avian digit loss 

We identified three visible digital rays in the emu forelimb (Fig.8.1B), of which the 

first and third recede, leaving the second digital ray to from a fully formed digit. 

This number of rays differs from previous accounts, which have proposed up to 

four digital rays form in the emu forelimb (de Bakker et al., 2013). One explanation 

is that we assessed the number of digital rays at E15, whereas the assessment shown 

in de Bakker et al may represent a slightly older embryo, which may have formed a 

fourth digital ray posterior to digital ray 3 (de Bakker et al., 2013). Multiple studies 

have shown that members of the ratite clade form multiple digital rays which are 

subsequently lost. This has been described not only in the emu forelimb 

(Heppleston, 2010; de Bakker et al., 2013)  but also in the ostrich hindlimb (Feduccia 

and Nowicki, 2002; de Bakker et al., 2013). Thus the loss of digital elements is not 

restricted to the emu forelimb, and suggests a common molecular mechanism. 
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The detection of MSX2 expression distal to the receding digital elements in the 

chicken forelimb and emu limbs suggest that a similar mechanism of digital ray 

reduction described in specific mammalian species may be responsible for the loss 

of digital rays in the emu. In the three-toed jerboa, camel, and horse, Msx2 is 

expressed in the mesenchyme immediately distal to the receding digits (Cooper et 

al., 2014). Expression of Msx2 is highly associated with regions of apoptosis in the 

developing limb (Marazzi et al., 1997; Ferrari et al., 1998; Fernandez-Teran et al., 

2006). Indeed apoptosis is detected in and around the digital rays that recede in the 

three-toed jerboa, camel, and horse (Cooper et al., 2014). We are currently 

investigating the distribution of apoptotic cell death within the emu forelimb, and 

whether this plays a fundamental role in the reduction of digital rays. 

 

8.3.2 Regulation of SHH in the emu forelimb 

We found that the expression of SHH was absent in the st.21HH emu forelimb, as 

detected by whole-mount in situ hybridisation (Fig.8.3C). This agrees with our 

protein data, where we could not detect any N-SHH protein within the emu 

forelimb (Chapter 6). We hypothesised that this may be due to a mutation within 

the ZRS. The ozd mutant lacks limb-specific SHH expression as a result of a 1.6kb 

deletion within intron 5 of LMBR1, deleting all but 135bp of the 5’ ZRS (Maas et al., 

2011). We sequenced the emu ZRS, along with the ZRS in the cassowary, rhea, 

ostrich, and Apteryx australis and Apteryx mantelli, two species of kiwi. There is no 

substantial ZRS deletion in these species. Instead we found a single A>C base 

change exclusive to the emu and cassowary. Both of these species are very closely 

related, and reside within Australia and south Indonesia. We expected to find this 

base change in the kiwi ZRS, as this species also has a vestigial wing with a single 

digit. However the A47C base change is not present in the kiwi, and instead we 

found two other, kiwi specific base changes (Fig 8.4). This suggests that the kiwi, a 

bird endogenous to New Zealand, developed base changes within the ZRS 



261 

 

independently of the emu and cassowary, likely due to the large distance between 

Australia and New Zealand, approximately 1500km. 

Our in silico predictions suggested that the A47C base change interrupts the binding 

of IRX2, 3, and 5 (Fig.8.5B, C). Analysis of chicken IRX gene expression shows that 

IRX2 is expressed in the early anterior forelimb (GEISHA; Bell et al., 2004), with 

IRX2, IRX3, and IRX6, the chicken homologue of mouse Irx5 expressed in the later 

limb bud (McDonald et al., 2010). None of these genes appear to be expressed in the 

posterior limb. Recent analysis of Irx function in the mouse limb has demonstrated 

that Irx3/5 form an integral part of early AP axis specification, which are negatively 

regulated by Hh signalling (Li et al., 2014). Furthermore, no interactions between 

IRX proteins and the ZRS have been reported. Thus it is unlikely that IRX2, 3, and 5 

interact with the ZRS in the posterior limb, due to lack of posterior expression and 

negative association with Hh signalling. 

We tested the functional capability of the emu ZRS using a murine LacZ reporter 

system. This system has been used extensively to assess activity of mouse, human, 

and feline ZRS sequences, often investigating the effects SNPs associated with 

preaxial polydactyly have on the spatial activity of the ZRS in the posterior and 

ectopic anterior regions of the limb bud (Lettice et al., 2003; Lettice et al., 2008; 

Furniss et al., 2008; Lettice et al., 2012; Lettice et al., 2014). The data in Fig.8.7 

represents the first time that an avian ZRS sequence has been used in pBGZ LacZ 

reporter construct. The spatial distribution of X-gal staining is similar to the mouse 

ZRS, suggesting that the emu ZRS is functional in the early and late fore- and 

hindlimb. However there are certain caveats to consider. Whilst this construct has 

proved highly successful in studies regarding ectopic ZRS activity, it may not 

represent an accurate depiction of the interaction between the emu ZRS and the 

SHH promoter in vivo. Analysis of the ZRS and Shh promoter in mouse limb 

mesenchyme has demonstrated that these two loci co-localise in cells expressing 

Shh, significantly reducing the physical distance between them (Amano et al., 2009). 

The pBGZ construct relies on an inserted regulatory sequence acting upon a 
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minimal human β-globin promoter to drive expression from the LacZ gene (Yee and 

Rigby, 1993). Studies using chicken ZRS sequences have reported a lack of activity 

between the chicken ZRS and mouse Shh promoter in reporter assays, and only find 

ZPA-specific LacZ expression when using a combination of the chicken ZRS and 

chicken SHH promoter (Maas et al., 2011). A possible explanation we make here is 

that there may be differences in the array of transcription factors that act upon the 

ZRS between the mouse and chicken. We are further investigating the activity of the 

emu ZRS in ovo, with our collaborator Takayuki Suzuki (Nagoya University). 

 

8.3.3 Phylogenetic analysis of the avian ZRS 

Previous phylogenetic analysis of the ZRS has demonstrated a high degree of 

conservation between mammals, aves, and reptiles, separating mammalian species 

from the reptilian and avian species (Sagai et al., 2004). Our phylogenetic analysis 

focussed exclusively on avian species, and is the first phylogenetic analysis between 

paleognaths and neognaths using ZRS sequence data (Fig.8.6). The high 

conservation level of >97% between avian species allowed phylogenetic analysis 

comparable to analyses carried out using mitochondrial genomic and composite 

nuclear genomic datasets (Gibb et al., 2007; Jetz et al., 2012; Haddrath and Baker, 

2012; Yuri et al., 2013; Kimball et al., 2013). The ZRS alone was able to separate the 

paleognath species from the neognaths, with segregation of the Galloanserae from 

the neoaves (Fig.8.6).  

However there are significant differences in the arrangement of neoaves in our ZRS-

based dataset compared to other analyses. Whilst our data was able to separate the 

Passeriforme, Accipitriforme, and Falconiforme orders (Fig.8.6), the order of 

divergence does not resemble trees based on larger datasets as Passeriformes are 

considered amongst the most modern of neoave species (Yuri et al., 2013; Kimball et 

al., 2013). Within the paleognath superorder, we found the emu and cassowary to be 

more basal, with the closely related kiwi separated significantly compared to other 



263 

 

datasets (Cooper et al., 2001; Mitchell et al., 2014). The ZRS alone, whilst able to 

separate superorders and orders, is not sufficient to determine the phylogenetic 

arrangement of orders and species within. 

Despite limitations in our ZRS data in the construction of large-scale phylogenetic 

trees, we have been able to determine that the ZRS within the emu and cassowary 

species are more closely related than the ZRS found within the two kiwi species 

(Fig.8.6). Recent phylogenetic analysis using a combination of mitochondrial and 

nuclear data demonstrated that ratite species were likely distributed across the 

southern hemisphere by ancestors capable of flight (Mitchell et al., 2014). Our data 

fits with this finding, and suggests that the emu and cassowary ZRS evolved 

separately from the kiwi ZRS. 

 

8.3.4 Hh signalling in the emu forelimb mesenchyme 

The reduced expression of SHH in the early emu forelimb suggested a possible 

mechanism for the reduced numbers of digits. Digit number is determined in 

members of the Hemiergis skink genus by a progressive termination of Shh 

expression, with species that form fewer digits terminating Shh expression earlier 

than those that form more digits (Shapiro et al., 2003). A crucial aspect of this 

mechanism is the timing of termination. All Hemiergis species maintain Shh 

expression during early limb development, where digit primordia are considered to 

specified by SHH (Yang et al., 1997; Zhu et al., 2008). The termination of Shh 

expression occurs after the enumeration of digit primordia, during the SHH-

dependent expansion phase (Shapiro et al., 2003). Expression of SHH in the emu 

wing appears to follow an inverse pattern. Expression is reduced in the early wing, 

during the stages at which the enumeration of digit primordia by SHH should be 

occurring (Fig.8.3C) (Heppleston, 2010; de Bakker et al., 2013). At later stages, 

expression of SHH has been reported by others to increase, although not at a level 

comparable to the equivalent chicken forelimb (Heppleston, 2010; de Bakker et al., 
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2013). This suggests that the digit primordia are specified in a short length of time, 

and that the expansion of these primordia is reduced due to a relatively lower 

expression of SHH compared to the chicken forelimb. 

We attempted to increase Hh signalling in the early emu forelimb by implanting 

ZPA tissue from st.20HH GFP-expressing chicken forelimbs (Fig.8.8). We then 

assessed the number of digits that formed by E25. Despite multiple attempts and 

optimisation of the grafting technique using chicken hosts, we were unable to rescue 

growth from digital rays 1 and 3 (Fig.8.8F, n=3). The presence of GFP-positive tissue 

demonstrated that the grafts were not lost during growth, and formed part of the 

posterior edge of the wing similar to previous reports using similar grafts (Towers 

et al., 2011; Chinnaiya et al., 2014). A recent study has identified mutations within a 

limb-specific, cis-regulatory enhancer of Ptch1 that causes a reduced response to N-

SHH in the limb buds of cows and pigs (Lopez-Rios et al., 2014). The failure of ZPA 

grafts to drive the proliferation of digital rays in the emu forelimb suggests that a 

similar attenuated response to N-SHH may be present in the emu forelimb 

mesenchyme.  

As part of our ongoing investigations into this hypothesis, my supervisor Megan 

Davey has inserted N-SHH soaked beads into the early posterior emu forelimb. 

Insertion into the anterior emu hindlimb causes polydactyly, whilst insertion into 

the posterior forelimb does not cause any change in digit number. Direct activation 

of Hh signalling using SAG drives the proliferation of a digital ray, forming an 

additional digit in the emu forelimb. Thus the emu forelimb may have a reduced 

response at the ligand reception level, which can be bypassed by activating Hh 

signalling independently of PTCH1. 

 

8.3.5 The role of other genes in the emu forelimb phenotype 

Whilst our investigation into emu digit loss has focussed extensively on the 

regulation of SHH expression, it is likely that other factors have played crucial roles 
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in the evolution of the emu forelimb. The delayed initiation of forelimb growth has 

been shown to be preceded by a delayed expression of TBX5 (Bickley, 2013). It is 

unlikely that changes within the TBX5 coding sequence undermine this delay, as the 

emu eventually forms a forelimb. Further evidence comes from a recent study that 

demonstrated that the extinct moa possessed a fully functional TBX5 coding 

sequence (Huynen et al., 2014). Thus changes in the regulation of TBX5 expression 

likely play a role in ratite forelimb vestigiality, with varying severity between 

species. Another recent study has identified a limb-specific cis-regulatory enhancer 

of mouse Tbx5, residing within intron 2 of the Tbx5 gene (Minguillon et al., 2012). 

The moa had no distal wing structure, suggesting minimal (if any) TBX5 expression, 

compared to the emu which has delayed TBX5 expression (Bickley, 2013). 

The delay in forelimb outgrowth may predetermine a lower expression level of SHH 

in the subsequent ZPA. Thus the delayed initiation may cause a reduced growth 

rate, leading to the formation of a small digit forming field further compounded by 

reduced SHH expression Combined with a reduced Hh signalling response (Fig.8.8), 

the net result is a restricted separation of digit progenitors across the AP axis, 

reducing the number of digital rays that form, and reducing the likelihood of an 

early digital ray proliferating into a fully formed digit. The embryonic emu forelimb 

phenotype can be recapitulated in the chicken embryo upon addition of valproic 

acid, which reduces the growth of the forelimb across all axes and results in 

oligodactyly resembling the emu forelimb autopod (Whitsel et al., 2002). 

 

8.3.6 The evolutionary sequence of regulatory changes involved in emu forelimb 

development is semi-redundant 

Our data has shown that the ZRS evolved separately in the ratite genera, most 

noticeably in kiwi, emu and cassowary, recapitulating recent Paleognath 

phylogenetic analysis (Mitchell et al., 2014). We also demonstrate that the emu 

forelimb mesenchyme has a reduced response to N-SHH ligand, which has recently 
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been described in bovine and swine digit loss (Lopez-Rios et al., 2014). Coupled 

with previous studies into the molecular mechanisms behind emu forelimb digit 

loss, our data demonstrates the difficulty in assessing the precise order of 

evolutionary events that determine a phenotype. Whilst it is likely that Hh 

signalling and the cis-regulation of TBX5 and SHH may be altered in the emu 

forelimb, we cannot determine which of these events occurred first in the ancestral 

emu. We know that the ratite species were distributed across the post-Gondwanan 

earth by flighted dispersal from flight-capable ancestors, which then lost flight due 

to environmental adaptation and natural selection (Mitchell et al., 2014). However, 

we cannot determine whether the ZRS changed before, or after changes in TBX5 

expression. Furthermore, we cannot determine whether the base changes within the 

ZRS precede the reduced Hh response in the emu forelimb mesenchyme, or vice 

versa. We can determine that these changes were not selected against in the kiwi, 

emu, and cassowary lineages, as these species no longer needed functional wings. 

Subsequently these mutations accumulated, and were passed down through the 

lineage as they did not directly affect mortality. Thus we propose that a series of 

molecular changes in key aspects of limb development likely act together to drive 

the emu forelimb phenotype; and occurred in a semi-redundant order after the post-

Gondwanan continental split, 100-130 million years ago. 
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9.1 Final discussion 

9.1.1 Ramifications of SHH autoregulation in chemotherapeutic contexts 

Numerous studies have determined the precise regulatory mechanisms required for 

the controlled expression of SHH in developmental and oncogenic contexts. The 

data presented in Chapter 3 demonstrates that the ZRS is an intrinsic element in 

endogenous SHH autoregulation, yet can be bypassed rapidly upon inhibition of the 

Hh pathway by increasing the expression of SHH in attempt to restore functional 

signalling. These findings have reaches beyond limb development, and demonstrate 

how small pharmo-molecular compounds similar to cyclopamine may have unseen 

of target consequences in Hh-dependent cancers. Subsequent to the publishing of 

this data (Johnson et al., 2014), a recent study has demonstrated this effect first-hand 

in cases of pancreatic ductal adenocarcinoma, where treatment using Hh signalling 

inhibition via Vismodegib accelerated the rate of oncogenic progression in murine 

models (Lee et al., 2014). Thus the regulation of SHH expression in response to Hh 

signalling modulation in chemotherapeutic contexts represents an important area of 

research, and further understanding of the cellular response to our current (and 

future) chemotherapy regimens that target Hh signalling could hopefully increase 

the survival rates of patients with Hh-ligand dependent and independent cancers. 

 

9.1.2 Quantitative in vivo data for use in models of limb development and 

gradient formation 

The limb bud has long been recognised as a suitable organ for use in modelling 

embryonic growth and morphogenesis. The earliest digital models of limb 

development relied on geometric changes and isolated variations in cellular 

proliferation to create 2D models (Ede and Law, 1969; Lewis, 1975). Advancements 

in molecular biology have helped identify the complex genetic regulations that 

drive and control limb bud outgrowth. Recent studies are further building upon 

growth-based models by factoring in spatio-temporal information regarding the 
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expression of key genes that determine morphology and tissue differentiation, 

allowing sophisticated 3D models that describe changes in growth regulated by 

changes in cellular proliferation, orientation, and gene expression  (Boehm et al., 

2010; Wyngaarden et al., 2010; Gros et al., 2010; Probst et al., 2011; Badugu et al., 

2012; Sheth et al., 2012; Raspopovic et al., 2014). An area for future development of 

these 3D models is to include quantitative in vivo data on as many aspects of limb 

development as possible. One example would be to include in vivo data on cell 

number, such as our data presented in Chapter 5, as current models rely on 

arbitrary cell quantities when modelling the growth of the limb bud.  

The descriptions genes involved in limb development rely heavily on whole-mount 

in situ hybridisation data, and do not consider quantitative changes over time. 

Furthermore, the expression profiles of genes are used as proxies for the translated 

protein product. Our quantitative data regarding the concentration of N-SHH in the 

developing chicken hindlimb could be used as a quantitative representation of in 

vivo protein changes. Refined quantitation of proteins crucial to limb development 

could prove essential for the progression of in silico modelling studies. 

 

The modelling of protein gradients in developmental contexts represents an 

emerging and exciting field in developmental biology. The detection and relative 

quantitation of proteins that form gradients has mostly relied on measuring 

fluorescence intensity in arbitrary units along a given axis (Ibañes et al., 2006; 

Wartlick et al., 2011). Our data in Chapter 5 demonstrates that N-SHH is distributed 

across the posterior limb in a quantifiable gradient, and provides quantitative data 

at given points across the AP axis. The substitution of quantitative data in place of 

arbitrary units could provide valuable information of how a protein gradient can 

drive variable differentiation of cell populations along the gradient.  

Whilst the concentrations of N-SHH required to form different neuronal subtypes in 

the ventral neural tube have been carefully identified in explant assays (Dessaud et 
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al., 2007; Ribes et al., 2010; Balaskas et al., 2012), the relative concentrations of N-

SHH to form digits in the chicken limb have relied on inferred concentrations from 

grafting or bead implant experiments (Wagner et al., 1990; Yang et al., 1997; Woolley 

et al., 2014). We hope that future refinement of our data in Chapter 5 can be used to 

directly determine the quantity of N-SHH that each distinct population of digit 

progenitors needs to be exposed to in order to form a distinct digit. 

 

9.1.3 A conserved embryonic limb plan is not necessarily maintained in neonate 

digit number 

Our data demonstrates that the mechanisms for specifying a basal number of digit 

primordia is conserved between mammalian and avian species, which is then acted 

upon to reduce digit number to suit environmental demands. Despite the great 

variability observed between the genomes of vertebrate species, the molecular 

mechanisms required to pattern embryonic tissues are highly conserved in 

quantitative terms and route of action. In the developing limb, coding and 

regulatory sequences can vary greatly in conservation. For example, the ZRS is 

highly conserved, with ~88% conservation between the chicken and human (Sagai et 

al., 2004), whereas the recently discovered Ptch1 limb regulatory module is 

significantly less conserved (Lopez-Rios et al., 2014). Our data in Chapter 4 

demonstrates that even though the ZRS is highly conserved, single base mutations 

within the ZRS can be acted upon with great variability depending on the base 

sequence, recruiting different transcriptions factors to activate or repress SHH 

expression in ectopic areas of the limb (Zhao et al., 2009a; Galli et al., 2010; Lettice et 

al., 2012; Xu et al., 2013; Johnson et al., 2014). 

The formation of developmental axes across the limb are strictly regulated by 

genetic feedback loops (Niswander et al., 1994; Laufer et al., 1994; Parr and 

McMahon, 1995; Zuniga et al., 1999; Bénazet et al., 2009), with digit number and 

pattern specified by graded SHH signalling and Turing patterning mechanisms 
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(Yang et al., 1997; Ahn and Joyner, 2004; Harfe et al., 2004; Scherz et al., 2007; 

Towers et al., 2008; Zhu et al., 2008; Sheth et al., 2012; Raspopovic et al., 2014). The 

net result is a system that specifies a default pentadactyl arrangement of digit 

primordia evenly distributed across the distal-posterior limb bud, which is 

expanded through growth (Ahn and Joyner, 2004; Harfe et al., 2004; Towers et al., 

2008; Zhu et al., 2008; Raspopovic et al., 2014). The quantitative data in Chapters 5 

and 6 further clarify this evolutionary stand point, demonstrating that the 

concentration of N-SHH during the phase of digit primordia specification and 

enumeration is consistent between multiple species. Whilst the molecular 

mechanisms behind digit primordia enumeration show little variation between 

species, a recent study into digit loss in bovine species has demonstrated that a loss 

of AP asymmetry can act as a prelude to digit loss (Lopez-Rios et al., 2014). Our 

attempts in Chapter 8 to drive the proliferation of anterior and posterior digital rays 

in the emu forelimb suggests that Hh signalling may be affected, in a similar 

manner to bovine limbs. Thus a small amount of variation during the digit 

primordia specification phase is present amongst different species. 

The numbers of digits that form from the pentadactyl baseline can be modulated in 

a multitude of ways. Abrogation of overlying AER Fgf expression and increased 

apoptosis are defined mechanisms demonstrated in certain mammalian species 

(Cooper et al., 2014), and our data suggests that similar mechanisms may function in 

the emu fore- and hindlimb. In Chapter 7 we proposed a novel mechanism of digit 

loss, whereby digital rays are retained past the primordia specification phase and 

contribute to other structures, such as the fifth digital ray in the chicken hindlimb 

that fuses to the proximal fourth metatarsal, later forming part of the lateral cotyle. 

Thus digit number can be determined by mechanisms that do not completely 

remove receding digits, further adding to the variety of mechanisms behind 

evolutionary digit loss that we are starting to fully comprehend. 

The conclusions we have determined throughout this thesis are represented in a 

model of phylogenetic variance throughout the course of limb development 
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(Fig.9.1). The variance in the specification and enumeration of digit primordia is 

relatively restricted, when compared to preceding genomic variation, and 

subsequent mechanisms of digit loss and final digit number. 

 

9.1.4 Summary 

In this thesis, we have presented novel data with regards to multiple aspects of limb 

development. By carefully assessing the allelic expression profile of SHH in 

response to the Slk ZRS SNP, we have shown that the ZRS is an integral element in 

the autoregulation of endogenous SHH expression, both in the ZPA and in areas of 

ectopic expression. We have further characterised the downstream effects that this 

SNP has on digit enumeration and polydactyly, and demonstrate that the initiation 

of ectopic SHH expression is dependent on increased SHH expression in the early 

ZPA, increased Hh dependent growth, and the presence of the Slk ZRS SNP in the 

posterior and anterior limb. We have shown that mesenchymal cell number N-SHH 

protein in the limb can be consistently quantitated, and demonstrate that limb bud 

growth occurs at an exponential rate during the specification of digit primordia, 

accompanied by a linear increase in N-SHH concentration. We found a notable 

exception from this linear increase at st.21HH in the chicken hindlimb, representing 

the transition from the digit primordia specification and enumeration phase to the 

SHH-dependent expansion phase. We demonstrate that the concentration of N-SHH 

during the digit primordia specification phase is consistent between mammalian 

and avian species, with digit number modulated post-SHH. We have described a 

novel mechanism of digital ray loss in the chicken hindlimb, and provide evidence 

that changes within the ZRS combined with a reduced Hh signalling capacity may 

underlie the formation of the vestigial wing of the emu. 
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Figure 9.1: Phylogenetic restriction throughout limb development. Variance in the 

specification and enumeration of digit primordia is restricted compared to genomic 

variation, methods of post-patterning digit loss, and neonate digit number. Figure 

adapted from (Duboule, 1994). 
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AP.1 Posterior limb ZRS/SHH allelic imbalance data (relates to Fig.3.3) 

 

 

AP.2 SHH qPCR data (relates to Fig.3.4) 
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AP.3 Anterior limb ZRS/SHH allelic imbalance data (relates to Fig.3.5) 

 

 

AP.4 Cyclopamine limb ZRS/SHH allelic imbalance and qPCR data (relates to 

Fig.3.6) 
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AP.5 Chicken mesenchymal cell number data (relates to Fig.5.2) 
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AP.6 Multiple species mesenchymal cell number data (relates to Fig.6.3) 
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