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Abstract

Gremlin (Grm) is a potent antagonist of bone morphogenetic proteins (BMPs), 

which is highly conserved among vertebrates. A combination of functional studies and 

gene expression analyses in mice and chicks showed that the antagonistic relationship 

between Grm and the BMPs form part of epithelial-mesenchyme interactive network that 

plays an important part in early limb development (Zeller, et al., 2009). Together with the 

Sonic hedgehog-Fibroblast growth factor signalling loop, they form a self-regulatory 

system that controls the outgrowth, termination and patterning of the avian and murine 

limbs (Zeller, et al., 2009). 

Interestingly, a recent report by Pearl et al (2008) demonstrated Grm as one of the 

developmental genes that was significantly overexpressed in the regenerating blastema tissues 

of wildtype tadpoles compared to samples obtained from the non-regeneration competent 

tadpoles. The same study also revealed differential patterns of Grm expression in the 

developing hindlimb bud in Xenopus compared to those in the avian and murine limbs 

(Khokha, et al., 2003; Merino, et al., 1999; Pearl, et al., 2008). Moreover, the team also 

showed differential patterns of expression of the gene during normal hindlimb development 

and regeneration. These results raised new questions concerning the functions of Grm in 

amphibian limb development as well as suggesting potential involvement of the gene in 

regenerative success of Xenopus hindlimb. 

This project aims to investigate the involvement of the BMP antagonist in X. 

laevis hindlimb regeneration as well as the function of the gene during early amphibian limb 

development via a combination of expression and functional analyses. Grm was expressed in 

the distal region of the regenerating hindlimbs and the early limb bud stages during 

development. The expression data discussed here not only correlates with the results 

described in Pearl et al (2008), they also reveal spatial expression of the gene during 

development in more detail. Additionally, this study also covered the expression of Grm in 

stage 50 hindlimb buds, which was not tested in the previous study by (Pearl, et al., 2008). 

The resulting data showed that the expression pattern was vaguely similar to the patterns 

previously described in early limb buds of chick and mice (Khokha, et al., 2003; Merino, et 

al., 1999). 
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Overexpression of Grm during early phases of hindlimb regeneration in stage 54 

tadpoles using the heat shock-inducible transgenic technique developed by Beck et al (2003) 

reduced the ability of the animals to regenerate lost structures significantly. The induction of 

Grm expression also had a significant impact on autopod patterning in both hind- and 

forelimbs, which was manifested through a range of phenotypes. Finally, this thesis also 

includes a brief discussion on the project of generating a line of heat shock-inducible RNAi-

mediated “knockout” frogs, which may facilitate the studies of developmental genes, such as 

Grm, that are essential during early development. We have successfully produced the 

necessary transgene construct that include the heat shock promoter, the targeted small 

interfering RNA-forming gene, and appropriate reporter genes. 

In conclusion, the results discussed here showed that stringent regulation of Grm 

expression in the amphibian model is important for normal patterning of the autopods as well 

as regenerative success of Xenopus hindlimbs. The negative effects on autopod limb 

patterning induced by overexpression of Grm at stage 54 were most likely caused by 

inhibition of BMP activities that were required for modulating the FGF-SHH signalling loop, 

which played important roles in normal limb outgrowth, and patterning of digits. Similarly, 

the decline in regenerative ability in Grm-overexpressed tadpoles might be due to disruption 

of BMP and, indirectly, FGF-8 activities that were required for successful regeneration in 

Xenopus hindlimbs. The expression data showed that the duration of Grm expression in 

Xenopus limbs was much shorter compared to chicks and mice, and the expression of the gene 

was not observed in the developing autopod structure in Xenopus, suggesting that Xenopus 

Grm may be involved in early stage of limb development, but not later. 
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Chapter 1

Introduction

The focus of this project, the bone morphogenetic protein (BMP) antagonist, Gremlin 

(Grm; also known as Cktsf1b1), was originally identified as a dorsalizing factor with axial 

patterning activities in the African clawed frog, Xenopus laevis, in 1998 (Hsu, et al., 1998). 

Since then, it has been found to be involved in multiple developmental processes, mainly as a 

consequence of its interaction with BMP. It has a well established role in the regulation of 

vertebrate limb development, as has been shown through gene expression studies as well as 

functional analyses in chicks and mice (Zeller, et al., 2009). Recent studies have also 

suggested potential influence of the gene in successful limb regeneration in X. laevis. 

1.1 Studying regeneration

Epimorphic regeneration1 describes a form of regeneration that requires blastema2 

formation and proliferation leading to the reconstruction of the relevant structures; the later 

process is redolent of development (Yokoyama, 2008). While development is a universal 

feature of metazoa, the ability to regenerate lost structures is a phenomenon that is much more 

exclusive to certain groups of animals, especially among vertebrate taxa (Muller, et al., 1999). 

Epimorphic regeneration, in particular, occurs rarely and often in limited fashion among the 

well characterized laboratory model organisms. The Mexican axolotl Ambystoma mexicanum 

is an example of a vertebrate model that is capable of restoring lost appendages, tails, and 

heart tissues even as adults. The urodele amphibian is, so far, the only vertebrate model 

known with such regeneration ability, with the anuran models being the next best model. 

Other than the amphibian models, the Zebrafish (Danio rerio, or Brachydanio rerio in older 

literature) have also received no little attention in the field of regeneration study due to their 

ability to regenerate fins and heart tissues (Jopling, et al., 2010; Poss, et al., 2003; Yoshinari, 

1. A regeneration process that required cell proliferation after the initial development of a regeneration bud, or 
blastema derived from de-differentiated cells. The term was first coined by Thomas Hunt Morgan in the early 
19th century to refer to a regeneration process in which the proliferation of “materials” precedes development of 
the new structure. According to Goss’ definition, “ epimorphic regeneration refers to the regrowth of amputated 
structures from an anatomical complex stump. This may involve either replacement of parts of appendages or 
regeneration of fractions of organisms into new complete individuals after their bisection” (Goss, 1991).
2. Also known as the “regeneration bud” during limb regeneration, refers to a mass of undifferentiated 
pluripotent cells that arises through epithelial mesenchymal interactions. The formation of the structure is often 
use as an indicator for the initiation of the process of epimorphic regeneration (Carlson, 2007).
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et al., 2009). In general, mammals are poor in their ability to regenerate lost structures, with 

the exceptions of deers’ antlers and neonatal mice and, in some cases, human’s regeneration 

of the finger tips (Alvarado & Tsonis, 2006; Han, et al., 2005; Price, et al., 2005).

1.1.1 The model organisms

Xenopus laevis

The African clawed frog, Xenopus laevis, is a model organism that is becoming 

increasingly popular among the researchers of regenerative medicine (Slack, et al., 2008; 

Tseng & Levin, 2008; Yakushiji, et al., 2009). Regeneration of the limb buds in tadpoles was 

first described over half a century ago (Komala, 1957). Unlike the axolotl, which is capable of 

regenerating multiple organs even in their adulthood (Roy & Lévesque, 2006), the frog’s 

capability of complete or successful regeneration is limited to tadpole-stage during its life 

cycle. Its ability to regenerate structures, such as limbs, tail and lens, declines as it gets older, 

such that the competency in full regeneration is stage-dependent and deteriorates significantly 

as the animal completes metamorphosis (Beck, et al., 2009; Dent, 1962; Slack, et al., 2008). 

Regeneration is the most successful at stage 51-52 of development (Nieuwkoop & Faber, 

1996) and then gradually declines from stage 53 to almost complete failure by the end of 

froglet stage (Beck, et al., 2009). However, when one compares Xenopus to other vertebrate 

models, like mouse and chick that have very poor or no regenerative ability, and the urodele 

model that is capable of regenerating throughout their life cycles, the conditional regeneration 

power of the clawed frogs provides a model system that allows progressive loss of the ability 

to be studied (Beck, et al., 2009).

Other than its ability to regenerate lost structures and its apparent potential in 

regenerative medicine, the many established methods for the manipulation of Xenopus and the 

extensive database of its biology have also made it an ideal model for this study. For instance, 

the well-described procedures for in situ hybridization as well as general histology 

preparation for visualising skeletal structures of the animal were used extensively in this 

project. In addition, the transgenic technique introduced by Kroll et al in 1996, coupled with 

the growing collections of expressed sequence tags (ESTs), allow for more efficient genetic 

manipulation of the animal as well as better study of the process of regeneration in a 

molecular level (Kroll & Amaya, 1996).
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Xenopus was also the model organism in which the gene at the focus of this project, 

Grm, was originally identified (Hsu, et al., 1998). However, apart from the initial discovery of 

the gene, which also identified it as a BMP antagonist, most of the research  concerning Grm 

has been carried out in animal models other than Xenopus. Indeed, our current knowledge of 

its role in vertebrate limb development, which is one of the most established functions of 

Grm, is mainly attributed to the experiments that have been done on chicks and mice (Zeller, 

et al., 2009). While the developmental roles of Grm will be discussed more in length in the 

later part of this chapter, the main concern of this project is the function(s) of Grm in the 

context of limb development as well as regeneration in the anuran model, X. laevis. 

Danio rerio

Since the pioneering work of George Streisinger and colleagues at the University of 

Oregon in the early 1980s, D. rerio has become a powerful model system for studying 

genetics in vertebrate development and disease (Berman, et al., 2005; Fadool & Dowling, 

2008). The Zebrafish is capable of regenerating multiple structures, such as fins, optic nerves, 

scales, heart, and spinal cord (Becker & Becker, 2008; Jopling, et al., 2010; Poss, 2007; Poss, 

et al., 2003). Also, available to the researchers working on Zebrafish are the well-developed 

procedures for mutagenesis screens, transgenesis and gene silencing techniques, as well as 

detailed genetic, radiation hybrid, EST maps, and the near-complete sequence of the fish 

genome archived that are accessible in an online database (Galun & Galun, 2005; Poss, et al., 

2003). These all add up to make it a likeable model for studying mechanisms of regeneration.

In 2005, the recorded expression of Gremlin during early development of the fish was 

published by Nicloi et al (2005). The original report described the process of isolating a 

Xenopus Grm homologue, Grm-1, from Zebrafish, and the expression of the gene from 1-cell 

stage during embryonic development to the protruding mouth stage, which was about 72 

hour-post-fertilization (hpf; Nicoli, et al., 2005; see Appendix C for the normal table of 

Zebrafish development). The Zebrafish Grm-1 encodes  a maternal transcript and the zygotic 

transcription was turned on at the mid-blastema transition, when the gene was detected in the 

entire blastoderm. The expression of the gene became restricted to the dorsolateral region of 

the embryo as development continued, and later on became strongly expressed in the 

presomitic mesoderm, the developing somites, and in the ventral neural tube. It was 
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eventually down-regulated throughout the entire embryo as the animal reached the 

pharyngula-hatching period (Nicoli, et al., 2005). 

In addition to the known activities of Grm in Zebrafish, genetic analyses of the 

teleost’s fin buds had revealed remarkable similarity in the signalling and network of genes 

that regulate  fin bud development and those that control limb organogenesis in chicks and 

mice (see review by (Zeller, et al., 2009)). Transient expression of Grm-1 in the pectoral fin 

bud was previously reported, and Grm was also known to be expressed in the developing 

hindlimbs in X. laevis. As the Zebrafish, like the Xenopus, is also capable of epimorphic 

regeneration, it will be interesting to see if Grm is involved in the process of fin regeneration. 

The association, if any, between the molecular signallings that are involved in the 

regeneration process of the two groups (i.e. Zebrafish and clawed frog) may also shed light of 

the evolutionary regeneration as well as the development of appendages. 

1.1.2 Limb regeneration

Among the many subjects of regeneration, limb regeneration is the most extensively 

described and studied, mainly due to its ease of access and its being an excellent model for 

our understanding of the mechanisms of regeneration in a complex, three-dimensional tissue 

structure. For the better part of the past decades, much effort has been put in to elucidate the 

cellular and, more recently, the molecular mechanisms underlying regeneration of the limbs. 

It is through countless carefully planned and intense experiments including techniques such as 

grafting, denervation, irradiation and chemical treatment etc. we are provided with our current 

understanding of the temporospatial sequence of events and the aspects of tissue interactions 

during the process of regeneration.

Regeneration is often referred to as a biphasic process, which is comprised of a 

preparation phase of wound healing and tissue proliferation, and a re-development phase 

(Carlson, 2007; Roy & Lévesque, 2006). The first phase is generally considered as the 

regeneration-specific phase that “set the scene” with all the signalling factors and various 

components that are necessary for successful reconstruction of the lost structures. It 

encompasses not only wound healing, but also a stage of tissue proliferation at the severed, 

newly healed, stump site as well as the process of cell de-differentiation3. The second phase of 

3. This is perhaps one of the most controversial topics in the filed of regeneration. This phase is believed to occur 
“when the tissues at the distal end of the [amputated] stump have lost many of their mature histologic 
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morphogenesis and regrowth closely follows the preparation phase. The growth from the 

blastema continues distally until the lost structure is completely regenerated. Details of each 

of the two phases will be discussed more thoroughly in the following sections. 

Phase of wound healing and cell proliferation

Immediately after amputation of a newt or frog limb, a thin layer of wound epithelium 

made out of migrating epidermal cells from the margins of the wound quickly covers the 

wounded surface. In the case of limb regeneration, these migrating cells later thicken to 

become the apical epidermal cap (AEC), a structure that functionally corresponds to the apical 

ectodermal ridge (AER) in a developing vertebrate limb. This is followed by a phase of 

phagocytosis and demolition marked by immune response from the recent trauma and the 

beginning of cellular de-differentiation of multiple cell types. The process of de-

differentiation results in the accumulation of “immature-looking” cells that ultimately 

constitute the regeneration blastema as they aggregate distally below the AEC (Carlson, 

2007). The regeneration blastema highly resembles the embryonic limb bud in both structure 

and properties. Expressions of multiple development-specific signals and proteins have been 

shown in the blastema (discuss in more detail in the later section), and the intricate patterns of 

activities form by these elements within the blastema are of the greatest importance for 

successful regeneration (Carlson, 2007; Slack, 2006).

Phase of redevelopment

Once established, the blastema will undergo morphogenesis, and continue to grow 

distally via cell proliferation autonomously to form the regenerating structure. The growth 

and elongation of the limb regenerate at this stage is supported by close interaction between 

the AEC and the blastema mesenchyme, which is likely to be mediated by enzymes and 

growth factors, such as matrix metalloproteinases (MMPs) and fibroblast growth factors 

(FGFs), and even pathways like the Wnt/ß-catenin pathway that are involved in normal  

development. The activities of these elements during the early phase of limb regeneration 

suggest reactivation of the developmental pathways in the course of regeneration, and that the 

regrowth and patterning of the newly regenerated limb are guided by  the same, if not similar, 

pathways observed during normal embryonic limb development (Beck, et al., 2009; Brockes 

characteristics and have begun to produce cells of a more embryonic morphologic character” that go on to form 
the regeneration-specific blastema cells (Carlson, 2007). It is characterized by the osteoclastic erosion of bone 
and the dissolution of cartilage matrix in regenerating newt limb at a structural level (Carlson, 2007).
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& Kumar, 2008; Koshibaet al., 1998; Roy & Lévesque, 2006; Slack, 2006; Slack, et al., 2004; 

Yakushiji, et al., 2009; Yokoyama, 2008). 

1.1.3 Re-expression of developmental genes during regeneration

Multiple genes and molecular pathways that are involved in normal limb development 

and pattern (like the ones mentioned at the end of the previous section) are also known to re-

express during the early stages of limb regeneration in axolotl and X. laevis. The activities of 

these genes are believed to mediate the AEC-blastema interaction during the process of 

redevelopment and may be considered as the key to successful regeneration. In fact, many 

studies have demonstrated that signalling factors, such as sonic hedgehog (SHH), several 

members of the Hox genes, FGFs, and the bone morphogenetic proteins (BMPs) do have a 

fair amount of contribution to successful regeneration in the amphibian models (Christensen, 

et al., 2002; Endo, et al., 2000; Endo, et al., 1997; Gardiner, et al., 1995; Han, et al., 2001; 

Pearl, et al., 2008; Torok, et al., 1998; Yakushiji, et al., 2009). As our molecule of focus, 

Gremlin, is also a developmentally important gene, it seems sensible to explain some of the 

roles of these developmental genes in regeneration in order to give us a better understanding 

of the potential of Grm in the process as well. This section presents a brief discussion 

concerning the factors mentioned above and their apparent association with regeneration.

SHH and the presence of ZPA in regenerating blastema

Shh is considered as the molecular marker for the zone of polarising activity (ZPA), a 

specialized region involved in the anteroposterior (A-P) axis formation in chick and mouse 

limb buds (Niswander, 2002, 2003). It is one of the key signalling molecules that have been 

implicated in the initiation, outgrowth, and patterning of vertebrate limbs (Bénazet, et al., 

2009; Bénazet & Zeller, 2009; Hockman, et al., 2008; Zeller, et al., 2009). In 1997, Endo et al 

showed that, as in chick limb buds, the ZPA region in the X. laevis limb bud was also 

accompanied by the expression of Shh (Endo, et al., 1997). The group demonstrated this by 

excising and rotating the anuran’s limb bud by 180˚, resulting in ectopic expression of the Shh 

signal in a region proximal to its original domain of expression, which was at the posterior 

margin of the limb bud (Endo, et al., 1997). The same team also showed re-expression of Shh 

in the posterior margin of the blastema, indicating the presence of ZPA in the regenerating 
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blastema in X. laevis hindlimbs, which suggested similar A-P growth and patterning 

mechanisms between the regenerating and developing limbs (Endo, et al., 1997). 

Activities of FGFs and BMPs are essential for successful regeneration

Members of the FGF family are widely known as key players in the processes of cell 

proliferation and differentiation. Many of their functions involved binding to the specific 

receptors that results in the induction of receptor tyrosinase kinase dimerization and 

activation, which lead to activation of a range of signalling pathways (Itoh, 2007). They are 

known to be involved in angiogenesis,  otic, and limb development, as well as wound healing 

(Christen & Slack, 1997; Christensen, et al., 2002; Crossley, et al., 1996a; Crossley, et al., 

1996b; P. H. Crossley & Martin, 1995; Grieshammer, et al., 2005; Mahmood, et al., 1997; 

Schimmang, 2007; Zeller, et al., 2009). The expression of FGF-8 was observed during limb 

regeneration in axolotl, where its activities were detected in the basal layer of the AEC and 

the underlying mesenchyme during blastema formation, suggesting that the signalling factor 

is involved in blastema formation as well as outgrowth of the regenerating limbs (Han, et al., 

2001). In Xenopus, FGF-8 showed high posteriorizing activity, in addition to its posterior 

expression in the developing embryos, suggesting that FGF-8 contributes to the patterning of 

the A-P axis during gastrulation (Christen & Slack, 1997). The same paper by Christen and 

Slack (1997) also demonstrated that regeneration was correlated with the re-expression of 

FGF-8 in the distal epidermis of the severed limb, suggesting that activity of the growth factor 

is  essential for the ability to regenerate in Xenopus. Moreover, gene overexpression analyses 

in Xenopus lens, tail and limb regeneration also show that reactivation of the developmental 

FGF and BMP pathways are necessary for  successful regeneration (Beck, et al., 2006; Beck, 

et al., 2003; Bosco, et al., 1997; Satoh, et al., 2005; Yokoyama, et al., 2001). 

Suppression of BMP activities during early phases of hindlimb and tail regeneration in 

Xenopus via ectopic expression of the BMP antagonist, Noggin, resulted in failure of limbs 

and tail regeneration in stage 51-52 tadpoles (Beck, et al., 2006; Beck, et al., 2003; Pearl, et 

al., 2008). Instead, a basement membrane and dermis formed over the surface of the wound 

indicating a scar-like, wound-healing mechanism, which is commonly observed among other 

higher vertebrates like mice, chick and human. While repressing BMP activities impedes 

successful regeneration in X. laevis, a hyperactivated form of the BMP downstream-target, 

Msx1, induces full regeneration of the amputated tail (Beck, et al., 2006; Beck, et al., 2003). 
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Furthermore, expressions of Msx and multiple components of the TGF ß pathway in 

regenerating and developing limbs of axolotl have also been documented and shown to be 

essential for limb regeneration (Koshiba, et al., 1998; Lévesque, et al., 2007). These all added 

up to show that the BMP pathway is not only critical for successful regeneration, but it also 

holds the potential to induce successful regeneration in the amphibian models. Interestingly, a 

recent publication also showed that overexpression of BMP-2 in regenerating limbs caused 

loss of digits in axolotl (Guimond, et al., 2010). The authors argued that the loss of the distal 

element might have been a result of increased cell condensation and apoptosis due to the 

excessive BMP-2 activities, suggesting that the protein functions to trigger cell condensation 

and apoptosis in the regenerating axolotl limbs (Guimond, et al., 2010).

Hox genes and intercalary regeneration 

Several members of the Hox complex genes that are known to play critical functions 

in axial patterning and developments of appendages in vertebrates are also expressed in  

regenerating newt limbs (Gardiner, et al., 1995; Gardiner & Bryant, 1996; Torok, et al., 1998). 

For instance, activities of members from the HoxD group were reported in the early phase of 

limb regeneration in axolotl and were proposed to be necessary for establishing signals 

required for blastema formation (Torok, et al., 1998). Hoxd-11, in particular, was suggested to 

be regeneration-specific (Torok, et al., 1998). Re-expression of HoxA, which was an early 

marker for de-differentiation, occurred within 24-48 hours after the initial amputation, prior to 

blastema formation. However, unlike the case of Shh, the expression pattern of the HoxA gene 

cluster in the regenerating axolotl limbs appeared to “not follow the rule of spatial colinearity 

observed in developing limbs”, but was expressed distally regardless of the levels of 

amputation (Gardiner, et al., 1995). 

Interestingly, while the expression of HoxA-9 and HoxA-13 started out in an 

overlapping fashion during the early phase of regeneration, they separated as regeneration 

progressed such that the former became expressed in the entire blastema whereas the latter 

was only expressed in the distal blastema. The two HoxA genes were previously demonstrated 

to be expressed during limb development in the axolotl, where HoxA-9 was expressed early 

throughout the entire limb bud and HoxA-13 was shown later in the distal-most part of the 

limb bud (Gardiner, et al., 1995; Gardiner & Bryant, 1996). These data are consistent with the 

model of regeneration by intercalation, which describes regeneration of the more distal 
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structures first followed by the sections between the stump and blastema (Maden, 1980; Roy 

& Lévesque, 2006). 

Intercalary regeneration was originally demonstrated by the grafting of a distal 

blastema onto a proximal stump, which resulted in a normal regenerate as the potential breach 

in the pattern was filled in by intercalation from the stump (Maden, 1980; Slack, 2006). 

Maden (1980) demonstrated that the intercalated tissue rose entirely from the stump by 

exchanging blastema tissues between black and white larval axolotl in the experiments of 

grafting distal blastema onto proximal stump. The reverse, however, does not apply, as 

grafting proximal blastema to distal stump resulted in a discontinuity in pattern of the 

regenerated limb (Fig. 1.1; Slack, 2006).

Differential patterns of gene expressions in regenerating v.s. non-regenerating Xenopus 

limbs

In 2008, an article published by Beck’s lab described the identification of genes 

associated with the regenerative success of the clawed frog’s hindlimbs (Pearl, et al., 2008). 

The group made use of the N1 transgenic frog line previously developed by Dr. Caroline Beck 

to compare the morphology and gene expression in the regenerating hindlimbs of the 

regeneration competent wild-type (WT) and N1-WT siblings, and the non-regeneration 

Figure 1.1 Intercalary regeneration in the proximodistal axis of newt limb. Figure adapted 
from Slack (2006).
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competent N1 frogs. The N1 transgenic strain carried a transgene that allowed conditional up-

regulation of the BMP antagonist, Noggin. The transgene, which was placed under the 

influence of a heat-shock protein Hsp-70 promoter, was normally silenced under optimum 

temperature (24˚C) and was only activated when the animal experienced an elevation of 

temperature (34˚C; Beck, et al., 2003). Activation of the N1 transgene induced overexpression 

of Noggin throughout the affected animal and subsequently led to repression of BMP activity. 

The BMP activity-deficient froglets failed to regenerate the amputated limbs. Instead, a 

basement membrane and dermis formed over the wounded surface, indicating the onset of a 

scar-like wound-healing mechanism in the severed limbs of N1 animals (Beck, et al., 2003; 

Pearl, et al., 2008). Limb regeneration in the WT and N1-WT froglets, on the other hand, 

appeared to commence normally (Pearl, et al., 2008).

The analyses for differential gene expression between the regeneration-competent and 

non-competent hindlimb buds were carried out via Affymetrix Gene Chip analysis, which 

yielded a huge collection of genes (Pearl, et al., 2008). Pearl and colleagues then subjected the 

microarray data to Gene Ontologies analysis, where the results indicated significant 

overexpression of multiple genes that were implicated in embryonic development and growth 

in the regeneration-competent samples compared to the N1 samples. Among these were the 

stress-related protein Hsp60 that had been associated in the non-regeneration-competent 

Zebrafish no blastema (nbl) mutant (Makino, et al., 2005), the Hsp90 that was associated in 

muscle regeneration (Bornman, et al., 1996), the Type IX collagen that played a role in bone 

formation and fracture (Hiltunen, et al., 1993), and the BMP inhibitor Grm, which was one of 

the major developmental genes involved in the vertebrate limb outgrowth and patterning 

(Bénazet, et al., 2009; Bénazet & Zeller, 2009; Khokha, et al., 2003; Merino, et al., 1999). 

These selected differentially expressed genes between the regenerating WT limb buds and the 

non-regenerating N1 limb buds yielded an array fold change of 2.70WT and a minimum 

qPCR fold change of x 2.62 during the global analysis (Pearl, et al., 2008). Further 

investigation using quantitative RT-PCR and in situ hybridisation confirmed that the ability to 

up-regulate and maintain expression of two of these genes, Hsp60 and Grm, correlated with 

successful regeneration of Xenopus hindlimbs. Hsp60 has been previously shown to be 

required for the formation and maintenance of regenerating tissue in Zebrafish, as the nbl 

mutant fish with a V324E missense mutation suffer from early fin and heart regeneration 

defect due to impaired blastema formation (Makino, et al., 2005). As the role of Hsp60 in 
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regeneration is already being studied, this project aims to investigate the association between 

the developmental gene, Grm, and regeneration in Xenopus.

1.2 Gremlin―the BMP antagonist

The Xenopus Gremlin was first introduced by Hsu et al (1998) as a dorsalizing factor 

with a potent ability to inhibit BMP activities in the animal. Its activities were similar to those 

of the other BMP antagonists, Noggin and Chordin, but there was no sequence similarity 

between the three factors. It is a 184 amino acid protein (NM_013372, NP_037504, 20.7 

kDa), with peptide sequences highly conserved across species (Wordinger, et al., 2008). The 

gene encodes for a glycosylated homodimeric peptide of 28 kDa and contains a cysteine-rich 

region and a cystein-knot motif (Wordinger, et al., 2008). Due to the large extent of sequence 

similarity, it was suggested that Grm belongs to a structurally and functionally related family 

of proteins that include the head-inducing factor Cerberus and the tumour suppressor DAN 

(Hsu, et al., 1998). The many functions of Grm in normal animal development are closely 

related to the antagonistic interaction with the BMPs. It does not interact with other members 

of the transforming growth factor ß (TGF ß) family.

1.2.1 Bone morphogenetic proteins and their inhibitors

The morphogenetic factors, BMPs, were initially identified by their ability to induce 

endochondral bone formation. They are multi-functional growth factors that belong to the 

TGF ß superfamily (Chen, et al., 2004). There are now over 20 known members of the BMP 

family, including the growth and differentiation factors. BMP signalling begins at the cell 

surface (Fig. 1.2) where they interact with complexes of two distinct serine/threonine kinase 

receptors, the type I and type II receptors (BMPR-I and BMPR-II). In the absence of 

extracellular antagonists, such as Noggin, Chordin and Gremlin, BMPs bind to their receptors 

in either in the form of a single protein molecule or heterodimer. Upon binding to BMP 

ligands, the type II receptor forms a heterodimer with the type I receptor and the constitutive 

kinase of BMPR-II activates BMPR-I. This initiates a signal transduction cascade through 

phosphorylation of downstream nuclear factors that subsequently translocate to the nucleus to 

activate or inhibit transcription of the target gene (Anderson & Darshan, 2008; Canalis, et al., 

2003). To date, signalling through the cytoplasmatic proteins SMADs is by far the best 

characterized, but the ligand-receptor complex can also induce other SMAD-independent 
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pathways, such as the mitogen-activated protein (MAP) kinase pathway (Fig. 1.2) and many 

others (Anderson & Darshan, 2008).  Grm binds to BMP-2, -4, and -7 with high affinity, 

forming heterodimers in the process. This inhibits the respective BMP activities by preventing 

ligand-receptor interaction and subsequent downstream signalling (Gazzerro & Canalis, 2006; 

Hsu, et al., 1998; Wordinger, et al., 2008). A more indirect form of inhibitory actions of Grm 

over BMP, such as via an intracellular regulatory mechanism, was also reported in mice where 

the activation and secretion of BMP-4 are negatively regulated by interaction between Grm 

and BMP-4 precursors in vivo (Sun, et al., 2006).

Together with their various target-specific antagonists, the BMPs play important 

role(s) in the dynamic network of skeletal homeostasis (Canalis, et al., 2003; Gazzerro & 

Canalis, 2006). In chick, mis-expression of the BMP antagonist, Noggin, results in a lack of 

prechondrogenic condensations of the mesenchymal cell, blocking of chondroprogenitor 

differentiation to chondrocytes, alterations in muscle and tendon morphogenesis, as well as 

total absence of skeletal elements (Pizette & Niswander, 2000). These indicate that the 

morphogenetic proteins are necessary for chondroprogenitor determination and condensation 

as well as subsequent differentiation into chondrocytes (Pizette & Niswander, 2000).  BMPs 

also act as signals of epidermal induction (Muñoz-Sanjuán & Brivanlou, 2002). For instance, 

BMP-2 is known to direct development of neural crest cells into neuronal phenotypes 

(Christiansen, et al., 2000), whereas BMP-4 and -7 specifically induce a sympathetic 

adrenergic phenotype during embryonic development.   

The BMPs also have significant involvement in limb development. In chick limb buds, 

members of the BMP family were expressed in the AER throughout the period of its existence 

as well as in the mesenchyme. By misexpressing Noggin in chicks, Pizette and Niswander 

(1999) showed that inhibition of BMP activities resulted in distortion of the AER structure 

during early development of the limb bud, as well as persistence of the AER, prolonged FGF 

expression, and excess tissue outgrowth (Pizette & Niswander, 1999). Their results suggested 

that BMPs function to regulate the structure of the AER during early stages of limb 

development, and later to limit limb outgrowth by promoting AER regression (Pizette & 

Niswander, 1999). Implanting Affi-gel blue beads soaked in BMPs in the interdigital spaces of 

chick limbs resulted in acceleration of apoptosis and freeing of the digits (Gañan, et al., 

1996). Gañan et al (1996) also demonstrated that implantation of beads bearing BMP-4 at the 
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tip of the growing digits led to subsequent digit bifurcation, which was accompanied by the 

formation of an ectopic area of cell death. These data indicate a role of BMPs as one of the 

signals that regulate the position of the digits and the areas of interdigital cell death in the 

developing autopod in chick. More recent studies in mice and chicks had shed  light in their 

roles and the pathways involved in regulating outgrowth and patterning of the vertebrates’ 

limbs. 

1.2.2 A self-regulatory system controlling vertebrate limb outgrowth

The antagonistic activities between BMP and Gremlin form part of a self-regulatory 

signalling system involving the SHH-FGF inter-linked feedback loop that regulates the 

Figure 1.2 BMP signalling pathway. Activation signals are indicated by arrows. Inhibitory 
signals are shown by “T”-shaped lines. Small red arrow indicates transition of phosphates. 
Figures adapted and modified from Anderson Darshan (2008) and Chen et al (2004).
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outgrowth, patterning and termination of limbs in chicks and mice (Towers & Tickle, 2009; 

Zeller, 2010; Zeller, et al., 2009). Starting at the onset of the 20th century, a series of studies 

demonstrated that the signal-interplay between the ZPA and the AER that governs early limb 

development in chick and mouse involves the BMP-Grm signalling system in the limb bud 

mesenchyme. Normal development of vertebrate limb buds in early stages of embryogenesis 

is directed by a string of feedback loops formed by distant cis-regulatory elements including 

SHH in the ZPA and the FGFs in the overlying AER  (Crossley, et al., 1996b; Drossopoulou, 

et al., 2000; Lewandoski, et al., 2000; Mahmood, et al., 1997; Niswander, 2002, 2003). In 

1999, the involvement of Grm activities in AER maintenance was indicated by the 

spatiotemporal expression pattern of the gene during outgrowth of chick limb bud and  that 

ectopic overexpression of Grm in the wing bud resulted in persistence of the AER and 

mesenchymal FGF-4 expression, repression of apoptosis in the anterior necrotic zone and in 

the interdigital mesenchyme of the limb bud, leading to soft tissue overgrowths and truncation 

of distal cartilage elements  (Capdevila, et al., 1999). At about the same time, another group 

reported a pathway involving Formin-dependent activation of Grm that was sufficient to 

induce FGF-4 and establish the SHH-FGF feedback loop in the limb bud (Zúñiga, et al., 

1999). This was demonstrated via grafting Grm-expressing cells into limb buds of 

homozygous ld (limb deformity) mutant mice that lack the mesenchymal Grm expression. 

The grafting rescued FGF-4 expression in the limb buds and restored the SHH-FGF loop 

(Zúñiga, et al., 1999). Surprisingly, the grafting experiment also revealed that Fmn, an inducer 

of Grm, was required for the SHH signalling from the mesenchyme to the AER (Zúñiga, et 

al., 1999). In 2003, the importance of Gremlin activity in maintaining the SHH-FGF feedback 

system during limb patterning in mice was reported by Khokha et al. The group showed that a 

loss of Grm activities led to disruption of AER activities and the respective feedback loop, 

which was possibly caused by unrestrained BMP activities, as indicated by a higher level of 

expression in the BMP target genes Msx-1 and -2 (Khokha, et al., 2003). 

More recently, the role of Grm in early limb development was re-enforced and 

elaborated by a paper published by Verheyden and Sun in 2008, which presented a model of 

“self-promoting and self-terminating” feedback mechanism involving a FGF-Grm inhibitory 

feedback loop that permits normal limb development in mice (Verheyden & Sun, 2008). 

Through a combination of expression studies and loss-of-function (LOF) analyses of Grm, 

they showed that FGF signalling from the AER was sufficient to repress the expression of 
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Grm in the distal mesenchyme of the developing limb in a dose-dependent manner 

(Verheyden & Sun, 2008). Interestingly, the expressions of BMP-4 and -7 were reduced in the 

FGF receptor-inactivated cells. As it has been previously shown that high levels of exogenous 

BMP are capable of inhibiting Grm expression (Capdevila, et al., 1999; Merino, et al., 1999; 

Nissim, et al., 2006), the apparent decrease in levels of BMP expressions in cells deprived of 

FGF functions implies that AER-FGF represses Grm by maintaining high level of BMP 

signalling (Verheyden & Sun, 2008). These findings led the authors to propose a FGF-Grm

inhibitory loop in addition to the established ZPA-SHH/AER-FGF signalling system 

governing limb development in amniotes (Towers & Tickle, 2009; Verheyden & Sun, 2008). 

It was suggested that the FGF-Grm inhibitory loop couples with the SHH-FGF positive 

Figure 1.3 An integrated model of self-regulatory system defines by interlinked SHH-FGF 
and Grm-BMP feedback loops in developing vertebrate limb based on chick and mice. (A) 
Schematic diagram of the mesenchymal BMP-4 (purple), SHH (red), Grm-1 (green), and 
apical ectodermal ridge (AER)-derived FGFs (blue) expression domains during the onset of 
mouse limb development. Active interlinked feedback loops  that operate at each phase of 
organogenesis are represented by solid lines. Dash lines indicate inactivate loops. (B) Dash 
lines indicate diminished regulations, whereas the crossed out lines denote absence of 
activities. In both diagrams, activation or stimulatory signals are indicated by arrows and 
inhibition is shown by “T”-shaped lines. Figures are adapted and modified from Zeller et al 
(2009), Bénazet, et al. (2009), and Verheyden and Sun (2008).
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feedback system to form a self-regulatory circuit that controls limb bud outgrowth in mice 

and chick, and possibly most of the other vertebrates (summary in Fig. 1.3). The outgrowth of 

limb bud is first initiated by the positive feedback loop between ZPA-SHH and AER-FGF 

signallings, which also leads to building up of the FGF signals. As development continues, 

the accumulated levels of FGF trigger the FGF-Grm inhibitory feedback loop, which then 

operates to terminate the outgrowth signals (Fig. 1.3b). 

In the following year, Bénazet and colleagues described a self-regulatory system of 

interlinked signalling feedback loops controlling limb patterning in mice, with Grm as the 

heart of the system (Bénazet, et al., 2009). Using mice carrying mutations in the Grm-1, 

BMP-4 and -7 genes in combination with mathematical modelling, they demonstrated that 

cultured limb bud tissues implanted with beads soaked with recombinant ligands showed 

speedy response towards BMP-4 and up-regulation of Grm, whereas their response towards 

SHH was significantly longer. This experiment reveals a reaction-time difference between the 

three feedback modules, BMP-Grm, SHH-FGF, and FGF-Grm (summary in Fig. 1.3a). 

Stimulations of the temporal dynamics of these feedback loops indicate a model involving the 

initiation of Grm-1 expression by BMP-4 as early as mouse embryonic day 9. The increase in 

Grm-1 level rapidly lowers the activity of BMP-4 in the limb buds, thus allowing a surge in 

SHH and AER activities and establishing the SHH-FGF positive feedback loop, which has 

been described earlier. As the activities of AER-FGF reach a threshold level, it leads to 

efficient repression of Grm-1, forming a negative feedback loop that facilitates termination of 

limb bud outgrowth. This model accentuates the switch from a BMP-dependent to a SHH-

dependent progression of morphogenic signalling during limb development, which is 

evidently directed by the differential levels of Grm-1 activity as effected by the other three 

signalling molecules. The authors also argued that their model features a system “fail-safe 

specification of digit identities” by coordinating and regulating the opposing SHH and BMP 

signalling circuits through Grm (Bénazet, et al., 2009). These studies revealed the BMP 

antagonist Gremlin as an essential linking factor that facilitates the interconnection between 

the different epithelial-mesenchymal  signalling pathways, thereby occupying a pivotal role in 

early limb development. 

The studies described above had broaden our current knowledge of limb development, 

and allow us to piece together the many components during this developmental events with 
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better accuracy. The models for vertebrate limb development have, thus, been reviewed in far 

more details, and even with certain extent of revision and adjustment, in many of the recent 

papers (see detailed reviews concerning vertebrate limb development in Niswander, 2002; 

Zeller, 2010; Zeller, et al., 2009).  For instance, an integrated model for vertebrate limb 

development recently proposed by Zeller et al (2009) suggested that the inhibitory action of 

Grm over mesenchymal BMP activity in the limb bud first promotes and later terminates 

outgrowth of the limb (Fig. 1.3a). The signals were mediated and controlled by the FGF-SHH 

interactions (Fig. 1.3b).

1.2.3 Other roles of Gremlin

Apart from its pivotal role in limb outgrowth and patterning in chicks and mice, Grm 

has also been implicated in the angiogenesis, somitogenesis, and other developmental process 

of various organs, such as kidney, muscle and bone, neural crest induction and patterning in 

Xenopus as well as sculpting of digits (Carvajal, et al., 2008; Eimon & Harland, 2001; Frank, 

et al., 2006; Kami, et al., 2008; Khokha, et al., 2003; Merino, et al., 1999; Nicoli, et al., 2005; 

Nissim, et al., 2006; Shapiro, et al., 2009; Stabile, et al., 2007; Verheyden & Sun, 2008). The 

functions of Grm in these processes are hinged on the interactions between the antagonist and 

the BMP pathways that play important parts in the early animal development and regeneration 

as well as controlling various cell functions in multiple organs (Chen, et al., 2004; Gazzerro & 

Canalis, 2006).. 

The role of Grm in the epithelial-mesenchymal feedback signalling, which is the key 

to organogenetic processes (e.g. limb development), indicates its involvement in branching 

morphogenesis in kidney and lung rudiments. For instance, homozygous null-mutation of 

Grm in mice resulted in severe developmental anomaly in the limbs, such as a loss of skeletal 

elements in the fore- and hind-zeugopods, fewer digits and abnormal maintenance of 

interdigital tissues in both the fore- and hind-limbs (Khokha, et al., 2003). The same mutation 

also led to kidney agenesis and neonatal lethality in mice (Michos, et al., 2004). On the other 

hand, over-expression of the Grm rat homolog, drm, in osteoblastic tumour cell lines up-

regulates protein levels of cyclin-dependent kinase inhibitor p21 and induces apoptosis (Chen, 

et al., 2002; Topol, et al., 2000). Together with the report of a loss of Gremlin/drm mRNA 

expression in human cancer cell lines due to aberrant DNA-methylation, these suggest a 

possible role for Gremlin/drm in regulating cell replication (Suzuki, et al., 2006). In bones, 
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modest levels of Grm expression have been observed in unstimulated osteoblastic cells, and 

the level of expression increases following exposure to BMP (Pereira, et al., 2000). 

Interestingly, the Grm protein exerts an inhibitory effect on BMP actions on the differentiation 

of marrow stoma cells and on osteoblastic function in vitro. In vivo, targeted over-expression 

of Gremlin in the osteoblast leads to reduction in bone mass, spontaneous fractures and 

osteopenia, as a result of a decrease in osteoblast number and function (Gazzerro, et al., 

2005). These confirmed the potential effect of the BMP antagonist in regulation of cell 

growth.

Furthermore, the close interactions between Grm and other major morphogenic 

pathways, such as BMPs and SHH, also associate the function of the gene in multiple 

diseases, such as diabetic nephropathy, vascular calcification in uraemia, chronic allograft 

nephropathy, and renal disease (Carvajal, et al., 2008; Dolan, et al., 2003; Giudice, 2001; 

Hensey, et al., 2002; Jara, et al., 2008; Lappin, et al., 2002; Walsh, et al., 2008; Zhang & 

Zhang, 2009; Zode, et al., 2009). While most of these associations still warrant more in-depth 

investigation, there has been an increase in awareness for the significance and therapeutic 

potential of the gene in pathological studies. For example, Grm and BMP-7 have been 

recently suggested as probable therapeutic targets for diabetic nephropathy (Zhang, et al., 

2010; Zhang & Zhang, 2009). In 2009, Zhang and Zhang reviewed the known changes of 

BMP-7 and Grm in diabetic kidney, and the possible mechanisms involved in the protective 

effects on diabetic nephropathy when the both of the elements were targeted (see detailed 

review by (Y. Zhang & Zhang, 2009). In the following year, members of the same group 

published a report describing the apparent beneficial effects on diabetic kidney brought about 

by inhibition of Grm, managed via in vivo delivery of small interfering RNA (siRNA), mainly 

through maintenance of BMP-7 activity (Zhang, et al., 2010).

1.3 Gremlin in limb development and regeneration in Xenopus

The identification of Grm as one of the differentially expressed genes in regeneration-

competent blastema sparked immediate interest due to its known interaction with the BMPs, 

which had been proved to be an essential component in effecting successful limb and tail 

regeneration in Xenopus (Beck, et al., 2006; Beck, et al., 2003). Candidate gene approach has 
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demonstrated that BMP, FGF, as well as the SHH signalling pathways are all required for 

successful regeneration in Xenopus (Beck, et al., 2009; Endo, et al., 1997). BMP signalling, in 

particular, is essential for regeneration past the initial wound-healing stage, whereas FGF 

signalling has been suspected as a strong candidate for initiating trans-differentiation in 

regeneration-competent tissues. Considering that Grm acts as a central mediator in the FGF-

SHH-BMP signalling circuit that controls limb outgrowth and pattering, it seems possible that 

Grm may also participate in the process of regeneration. 

The expression patterns of Grm in the developing hindlimbs of X. laevis reported by 

Pearl et al (2008) did not coincide with the recorded pattern of expression in the developing 

limbs/wings of mice and chicks. In chick, expression of Grm was detected in the dorsal and 

ventral aspects of the mesenchyme, but excluded from the posterior margin of the wing bud. 

In the limb buds, the expression of the gene was spread into wider domain that surrounded 

the posterior region and showed stronger expression distally until it was eventually observed 

in the interdigital spaces (Bardot, et al., 2001; Capdevila, et al., 1999). Similar pattern of 

expression was also observed in mouse limb buds (Verheyden & Sun, 2008).  In contrast, the 

expression of Grm in Xenopus hindlimb buds was seen in the anterior mesenchyme, at a 

proximal-distal location coincident with the future stylopod. In the earlier limb bud stage, 

expression of the gene was initially observed in the posterior cells and later became more 

centralized in paddle-stage limb buds. Two transient patches of expression had also been 

briefly observed in the anterior part of the structure resembling the future autopod. 

Nevertheless, Grm expression was never detected in the actual, formed autopod nor in the 

interdigital region at stage 54 (Pearl, et al., 2008). Interestingly, it appeared that the 

expression pattern of Grm in the hindlimbs during regeneration was different from those 

observed during development in WT Xenopus (Pearl, et al., 2008). During the early phase of 

regeneration, expression of Grm appeared to be restricted to the posterior, distal end of the 

regenerating structure, and became down-regulated by 5 day-post-amputation (Pearl, et al., 

2008).    

The data published by Pearl et al had, therefore, raised several questions regarding the 

functions of Grm in the amphibian model. Firstly, the BMP antagonist stood as one of the 

significantly over-expressed gene in the regeneration blastema of WT tadpoles compared to 

those non-regenerative N1 transgenic tadpoles. Secondly, the apparent disagreements in the 

expression patterns of Grm in Xenopus hindlimb during normal development compared to the 
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other vertebrate models, chicks and mice, that are incapable of regenerating their appendages 

also supported the potential of the gene in being associated with capacity to regenerate. 

Finally, the last point was regarding the differential patterns of expression of the gene during 

hindlimb regeneration in stage 52 tadpoles as opposed to the one observed during normal 

development. The first two sets of data suggest association of Grm with regenerative success 

in Xenopus, whereas the third observation implies either that a homologue of the gene might 

have been present and that the unaccounted forms of expression during hindlimb 

regeneration was caused by the mysterious Grm homologue, or that the gene has other 

function(s) in Xenopus that is unknown to us. The latter suggestion raise questions regarding 

the current models for limb development that were established through experiments done on 

chicks and mice (Niswander, 2003; Zeller, et al., 2009), and were commonly assumed to be 

applicable throughout the vertebrate taxa. 

1.4 Experimental aims

In order to investigate the problems set out in the previous section, a series of 

experiments were devised to test for the credibility of the previously published data (Nicoli, et 

al., 2005; Pearl, et al., 2008) that were mentioned above and to examine the part(s) that Grm 

played in both the development and regeneration of Xenopus limbs. 

Objective #1. An in silico search for a second Xenopus Gremlin

The Xenopus species are well known for their polyploid genomes. X. laevis, in 

particular, the model organism used by Pearl et al (2008) as well as this project, has tetraploid 

origin and a high proportion of duplicated genome, in which the majority of the duplicated 

genes contain less than 10 % of sequence variation (Kay & Peng, 1991; Tinsley & Kobel, 

1996). Since one of the features of gene duplication is that it facilitates evolution, as the extra 

copy of a duplicated gene allows the other copy to diverge from its original function without 

significant or any impact on the fitness of the organism (Evans, 2007), it is necessary to 

confirm that the expression data reported by Pearl et al were not caused by an unknown 

Xenopus Grm homologue. The search for this possible homologue was carried out using 

bioinformatics through the existing online database that is available. 

Objective #2. A profile for Grm expression in developing and regenerating limbs
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In order to validate the earlier data published by Pearl et al (2008) and to extend the 

scope of the original study, the temporal and spatial patterns of expression of the Xenopus 

Grm will be recorded during early phases of limb development as well as hindlimb 

regeneration. The expression profiles of the gene will then be analysed by comparing the 

spatial and temporal patterns of expression between the developing and regenerating 

hindlimbs, as well as comparing with the known pattern of expression in chicks and mice. 

The results should help us to better understand the roles of Grm in these processes. 

Objective #3. Looking for differential expressions of Grm in another vertebrate model 

with regenerative ability―Zebrafish

In the original paper that described the expression of Zebrafish Grm in the early 

embryos through to young larval stage, Nicoli et al (2005) mentioned sighting of the 

expression of the gene in the developing fin bud. As Zebrafish, like the amphibian model 

Xenopus, are also capable of regenerating multiple structures, the objective of this part of the 

experiments is to look for potential roles of the Gremlins (Zebrafish also have multiple Grm 

homologue scattered in different part of their duplicated genomes) in the process of 

regeneration in this teleost model. This will start with the affirmation of the expression pattern 

documented by Nicoli et al (2005) in the previous publication, as well as to test for the 

expression of Zebrafish Gremlins in the pectoral fin buds. A comparison between the 

expression patterns of the Zebrafish Grm-1 and the Grm-2 homologue will also be carried out 

to demonstrate that different modes of activities between the gene homologues.

Functional studies

Objective #4. Conditional overexpression of Gremlin

In an effort to elucidate the role of Grm in limb development and regeneration in 

Xenopus, the morphology as well as the regenerative ability between stage 54/55 G1 

transgenic tadpoles and their WT(G1) siblings will be compared. The G1 strain transgenic 

tadpoles were previously generated by Ester Pearl, and provided by Dr Caroline Beck. The 

configuration of the G1 transgene components is similar to the set up in N1 described earlier 

(see Appendix D for details). Complete coding sequences of the effector gene, Xenopus Grm 

was cloned and amplified from the extracted RNA of pre-limb bud stage tadpoles and 
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positioned under the influence of a Hsp-70 promoter, allowing conditional induction of the 

target gene activity via shifts in the surrounding temperature. The transgene will also include 

the sequence of a red fluorescent protein (RFP), placed downstream of a Xenopus !-crystallin 

promoter, which causes consecutive activation of the RFP protein in the lens of the transgenic 

animal (Beck et al. 2003). The aim of this part of the project is to identify any difference in 

the morphology of the hind- and fore-limbs as well as to assess the regenerative success of the 

hindlimbs when Grm is overexpressed during early stages of development/regeneration in 

stage 54/55 tadpoles. 

Objective #5. Conditional inhibition of Gremlin via RNAi

One of the best ways to assess the function of Grm in the process of regeneration is 

through loss-of-function (LOF) experiment where the target gene is either “knockout” or have 

its activities suppressed. However, as Grm is an essential component in the embryonic 

development pathway, complete deletion of the gene activity in the animal will threaten 

survival of the embryos. Mice carrying a homozygous null mutation of the gene were known 

to be non-viable at birth, while their heterozygous siblings sustaining severe malformation of 

the skeletal structures (Khokha, et al., 2003). So far, there is also no technique available for 

creating KO frogs due to the polyploid nature of the animal. While it is possible to design 

specific inhibitor, such as morpholino oligomers, for Grm based on the available sequences, 

the inhibitory effects of morpholinos are transient and will not be able to last throughout the 

period of regeneration that normally last for weeks. Therefore, in order to study the role/

importance of Grm in the regenerative process of the amphibian limbs, it is necessary to 

develop a system that allows temporal control over the activities of the gene. The plans and 

experiments designed to silence the expression of Grm in vivo through a novel inducible RNA 

interference (RNAi) system in Xenopus will be described in detail in the fourth chapter of this 

thesis. 
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Chapter 2 

Materials and Methods

2.1 Materials 

All solutions were made using sterile milli-Q water (mqw) unless otherwise stated. 

The pH adjustments were made using 1M NaOH, HCl, and/or citric acid. 

2.1.1 Chemicals, reagents and kits

Acetic anhydride from Sigma

Alcian blue Stain 8GX from BDH laboratory supplies

Alkaline phosphatase, Shrimp from Roche

Anti-Digoxigenin-AP FAB fragments (Anti-DIG-AP) from BDH laboratory supplies

ATP from Roche

Benzocane from Roche

Blocking reagent from BDH laboratory supplies

BM purple AP substrate from Roche

Bovine serum albumin (BSA) from BioLab

Chymostatin from Roche 

Citric acid from Sigma

Creatine phosphate from Roche

Cysteine from BDH laboratory supplies

DIG-NTPs from Roche

DIG-RNA labeling mix from Roche

DNA molecular marker (1kb and 1 kb+) from Invitrogen Life Technologies

DNase I from Ambion

dNTPs from Invitrogen Life Technologies

Dithiothreitol (DTT) form Sigma

EcoRI restriction enzyme from invitrogen Life Technologies

EDTA (pH8) from BDH laboratory supplies

Ethanol from BDH laboratory supplies

Formaldehyde from Merck
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Formamide from Roche

Gel loading buffer from Eppendorf 

GeneClean® III kit from MP Biomedical

Glycerol from BDH laboratory supplies

Hydrogen Peroxide from BDH laboratory supplies

HEPES from Roche

High Pure Plasmid Isolation kit from Roche

HindIII restriction enzyme from Roche

Incubation buffer A for restriction enzymes from Boehringer Mannheim GmbH Germany

Incubation buffer H for restriction enzymes from Roche

Lamb serum from Invitrogen Life Technologies

LB agar from Merck

LB broth from Merck

Leupeptin from Roche

Levamisole ((-)-Tetramisole hydro-chloride) from Sigma

LiCl from BDH laboratory supplies

Ligation buffer from Invitrogen Life Technologies

Magnesium chloride 6-hydrate (MgCl2•6H2O) BDH laboratory supplies

Magnesium chloride (50 mM MgCl2) from BioLine

Magnesium chloride (50 mM MgCl2) from Invitrogen

Magnesium sulfate 7-hydrate (MgSO4•7H2O) from BDH laboratory supplies

MANGO Taq polymerase from BioLine

Methanol from BDH laboratory supplies

Methylene blue from J. T. Baker

MS222 from Sigma

NBT/BCIP tablets from Roche

Oligo dT from Sigma

Paraformaldehyde from Agar Scientific 

PCR buffer from Invitrogen Life Technologies

Pepstatin from Roche

Phenylmethylsulphonyl floride (PMSF) from Roche
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Piperazine-N,N!-bis(2-ethanesulfonic acid) (PIPES) from Sigma

Phosphate buffered saline (PBS) from Oxiod

Potassium chloride (KCl) from BDH laboratory supplies 

Potassium dihydrogen phosphate (KH2PO4) from Sigma

Proteinase K from Roche

PureLinkTM Quick gel extraction kit from Invitrogen Life Technologies

PureLinkTM PCR purification kit from Invitrogen Life Technologies

RNlater from Qiagen 

RNase OUT from Invitrogen Life Technologies

Sodium bicarbonate (NaHCO3) from Sigma

Sodium chloride (NaCl) from J. T. Baker

Sodium citrate (NaH2C6H5O7, or C3H4OH(COOH)2COONa) from Sigma

Sodium hydroxide (NaOH) from BioLab

Sodium Phosphate (Na2HPO4) from Sigma

Spermine tetrahydrochloride from Sigma

Spermidine trihydrochloride from Sigma

Sucrose from BDH laboratory supplies

Superscript III from Invitrogen Life Technologies

SureClean PLUS from BioLine

SYBR Safe Gel stain from Invitrogen Life Technologies

T3 RNA polymerase from Ambion

T4 DNA ligase and buffer from Roche

T4 Polynucleotide kinase (T4 PNK), 3’-phosphatase free from Roche

T7 RNA polymerase from Ambion

Taq polymerase from Invitrogen Life Technologies

TOPO® Cloning Reaction kit from Invitrogen Life Technologies

Transcription buffer (10x; TB) from Ambion

Triethanloamine (TEA) from Sigma

TRIzol reagent from Invitrogen Life Technologies
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Tween-20 from BDH laboratory supplies

Wizard® Plus SV minipreps DNA purification system from Promega

XbaI restriction enzyme from Roche

X-GAL from Invitrogen Life Technologies

Yeast RNA from Roche

2.1.2 Solutions used in X. laevis mating and tadpole care

Cysteine

2% (w/v) Cysteine. Adjusted to pH 8.0

10x Modified marcs ringers (MMR)

1 M NaCl; 20 mM KCL; 10mM MgSO4.7H2O; 20 mM CaCl2.2H2O; 50 mM HEPES; 1 mM 

EDTA pH 8.0

2.1.3 Solutions used in Zebrafish mating and embryo care

E2 embryo medium

15 mM NaCl; 0.5 mM KCl; 1.0 mM MgSO4; 0.15 mM KH2PO4; 0.05 mM Na2HPO4; 1.0 mM 

CaCl2; 0.7 mM NaHCO3. Dosed with 100 µl of 1x methylene blue for every 1 L of medium. 

Adjusted to pH 7.1-7.4

E3 embryo medium

250 mM NaCl; 8.5 mM KCl; 16.5 mM CaCl2; 16.5 mM MgSO4. Dosed with 100 µl of 1x 

methylene blue for every 1 L of medium. Solutions were made up to the required volume 

using distilled water. 

2.1.4 Solutions used in molecular biology

Alkaline phosphate buffer

100 mM Tris Cl pH 9.5; 50 mM MgCl2; 100 mM NaCl; 0.1 % Tween-20

Annealing buffer (for oligonucleotides)

10 mM Tris pH 7.5-8.0; 50 mM NaCl, 1 mM EDTA; 1x TE buffer; 10 mM Tris pH7.5-8.0; 1 

mM EDTA
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10 % Blocking reagent

10 % w/v Boehringer Mannheim blocking reagent in MAB

Block solution for Zebrafish in situ hybridization

2 % blocking reagent; 20 % lamb serum, in MABT

CaCl2 solution for cell culture

60 mM CaCl2; 15 % glycerol; 10 mM PIPES, pH 7

Hybridization buffer for Zebrafish in situ hybridization

50 % (v/v) formamide; 5x SSC; 500 µg.mL-1 yeast RNA (pH to 6.0 with citric acid); 50 

!g.mL-1 heparin; 0.1 % (v/v) Tween-20; MQW

Hybridization buffer for X. laevis in situ hybridization 

50 % (v/v) formamide; 5x SSC; 1 mg.mL-1 yeast RNA; 100 !g.mL-1 heparin; 1x denhardt’s; 

0.1 % (v/v) Tween-20; 0.10 % CHAPS; 10 mM EDTA pH 8.0; MQW

Lithium chloride

7.5 M LiCl; 50 mM EDTA pH 8

10x Maleic acid buffer (MAB)

1M Maleic acid pH 7.8; 1.5 M NaCl. Adjusted to pH 7.5 with solid NaOH

MABT

0.1 % (v/v) Tween-20 in 1x MAB

Murray’s clearing reagent

Mix benzyl alcohol and benzyl benzoate to 1:2 ratio

Paraformaldehyde (PFA)

4 % (w/v) paraformaldehyde in PBS. Adjusted to pH 7.0

Phosphate buffered saline (PBS)

137 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; 2 mM KH2PO4. Adjusted to pH 7.4

PBSAT

0.1 % (v/v) Tween-20, in PBS
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SSC (20 x)

3 M NaCl; 0.3 M Na-citrate. Adjusted to pH 7.0

Staining buffer for Zebrafish in situ hybridization

100 mM Tris HCl, pH 9.5; 50 mM MgCl2; 100 mM NaCl; 0.1 % Tween-20; MQW

Triethanolamine

0.1 M Triethanolamine; pH 7.8

Tris-EDTA (TE) buffer

10 mM Tris.Cl pH 8.0; 1 mM EDTA pH 8.0

X-Gal

20 mg.mL-1 X-Gal in DMF

Experimental Procedures

X. laevis

2.2 Reproduction

 2.2.1 Natural mating

X. laevis adult males and females were injected with 100 U and 400 U of HCG 16 

hours prior to carrying out fertilization respectively. After the injection, frog pairs were kept 

in triple-distilled frog water at 24˚C until spawning has ceased. Once spawning began, the 

(fertilized) eggs were removed from the tank and examined using a Lecia Fluo III dissecting 

microscope to check for cleavage until the 4-cell stage (refer to the Nieuwkoop and Faber 

tables of normal X. laevis development, Appendix A). In the case where the eggs did not 

appear to have started cleaving, the eggs were left undisturbed at 18˚C until the 4-cell stage 

was reached. Eggs that failed to cleave, as a result of not having been fertilized or being poor 

in quality, were disposed of in 5,000 ppm bleach. Cleaved embryos were dechorionated and 

washed (see Section 2.2.3), and the dead and un-cleaved embryos removed and disposed of. 

Fertilized embryos were kept between 16-18˚C, depending on the sensitivity of the transgenic 
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line, in 0.1 Modified marcs ringers (MMR) with about 50 embryos per 50 mL petri dish. 

Otherwise, WT embryos could be kept at 24˚C, also, in 0.1 MMR with about 50 embryos per 

50 mL petri dish.

2.2.2 In vitro fertilization

Female X. leavis was induced with 500 U of HCG 16 hours prior to spawning. The 

animals were kept at 24˚C from time of hormone induction until spawning had ceased. After 

setting up the females, an X. laevis male was placed in a lethal overdose of benzocane for 

approximately 20 minutes until no life sign or heart beat was evident. The male frog was 

subsequently dissected and the testes removed and kept in 1 x MMR at 4˚C. Mature eggs 

were either squeezed from the induced females or simply collected from the holding tank after 

having been released by the females. In the case of the later option, the frogs were kept in 1 x 

MMR during spawning to preserve the integrity of the eggs. 

When the eggs were ready for fertilization, a small portion of male testis was dissected 

off and shredded in a drop of 1 x MMR using fine forceps in the dish containing the 

unfertilized eggs. The shredded testes were carefully dispersed throughout the medium and 

mixed with the eggs, and left undisturbed for 5 minutes. These were then flooded with 0.1 x 

MMR and left undisturbed for about 20 minutes until the animal poles rotated upwards. 

Rotated eggs were dechorionated and washed (see Section 2.2.2) and then incubated at either 

16 or 18˚C in 1 x MMR until they reached the 4-cell stage. Non-cleaving eggs were removed 

and disposed of accordingly. The good quality and surviving fertilized embryos were 

incubated at 16-18˚C in 0.1 x MMR at a density of about 50 embryos per 50 mL petri dish.

All fertilized embryos were looked after daily; dead embryos were removed and fresh 

0.1 x MMR added. Once lens development had commenced as the embryos reached stage 

37-38, the tadpoles were sorted for the presence of transgene based on the expression of green 

fluorescent proteins (GFP) in their lens.

2.2.3 Washing and dechorionation

After the fertilized embryos have reached the state of cleavage (via natural mating) or 

animal pole rotation (via in vitro fertilization), they were washed and dechorionated as 

follows. Excess MMR was first removed from the container containing the embryos and was 
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replaced by 2 % (w/v) cysteine in water. The petri dish was gently swirled to remove the jelly 

coat and debris around the embryos. Removal of the jelly coat will result in the embryos 

being more tightly assembled with one another as well as allowing easier maintenance of the 

embryos later on. Once the jelly coat had been gotten rid of, the cysteine was removed and the 

embryos washed three times in 0.1 x MMR. 

2.2.4 Growth and maintenance of tadpoles

When the tadpoles had reached stage 47, when feeding behaviour was observed, they 

were moved to a 3 L capacity holding tank containing about 1.5 L of 0.1 x MMR and fed with 

small amounts of commercial spirulina powder. Ten percent of the 0.1 x MMR was changed 

to frog water on a daily basis. Uneaten food and waste products were removed, and fresh 

spirulina powder was added to each tank daily. Once they reached stage 49, the tadpoles were 

moved to the animal suite4 for optimal growth condition. 

2.3 Designing short hairpin RNAs

Short hairpin RNAs (shRNAs) with sequences that are partially complementary to the 

target genes were designed through shRNA ExplorerTM Gene Link free online shRNA design 

software, according to the Gene Link shRNA design guidelines (GeneLink). Sequences of the 

short primer molecules that made up the hairpin structures were based on the complete mRNA 

sequences of the genes of interest, Xenopus Grem and Fgf-8 genes, obtained from NCBI 

Genome database. The NCBI reference sequences for Grem and Fgf-8 are NM_001090277.1 

and NM_001090435.1.

The small hairpin DNA sequences were ordered from Integrated DNA Technologies, 

Inc. Whereas the sequences designed for Gremlin were ordered  as separate sense and anti-

sense DNA oligonucleotides, the sequence for Fgf8 was ordered as a gene with the hairpin 

sequences embeded within the pIDTSMART-AMP vector (Appendix B). 

2.4 Procedures used in tadpole regeneration studies

2.4.1 Anaesthesia of tadpoles for immobilization

4. The animal suite consists of rooms where the air and water are maintained at a constant temperature of 24˚C. 
The facility also provides control over lighting. A constant flow of frog water ensures the tanks’ water is clean 
and aerated, and thus providing optimal growth conditions for the animals.
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A 2.5 % (w/v) MS222 stock solution was prepared by dissolving 1 g of MS222 in 40 

mL of mqw. For anaesthesia of tadpoles, stock MS222 was diluted 1:300 in 0.1 M MMR in a 

50 mL petri dish. Five to six tadpoles of stage 52-53 were immersed in the anaesthetic 

solution and left until still but with obvious heartbeat. Tadpoles were then taken through the 

appropriate procedures with minimum time spent and returned back to tank filled with 0.1 x 

MMR for recovery. 

2.4.2 Limb operations

Anaesthetised tadpoles were laid down on their left side, with their right limbs 

exposed, onto dampened tissue paper with a black background. The right hindlimb was 

removed at either the future knee or ankle position using a pair of clean sharp surgical vannas 

iridectomy scissors. Tadpoles were then placed in recovery tank filled with 0.1 x MMR 

supplied with constant aeration until normal swimming behaviour was observed. All 

amputations were done with the aid of dissecting microscope.

2.4.3 Preparation of samples for fixation

When the tadpoles had reached the intended day or hours post operation for analysis, 

they were retrieved and placed in a lethal overdose of MS222 until no heartbeat was observed. 

The tadpoles were then briefly washed in distilled water to remove excess anaesthetic prior to 

fixation in 4% paraformaldehyde (PFA) for an hour. Fixed samples were then washed once in 

absolute ethanol (EtOH) for 5 minutes. The central trunk region containing the desired limb 

parts were isolated using a pair of clean sharp student vannas scissors. The samples were then 

kept in 100 % EtOH at -20˚C until required.

D. rerio

2.5 Growth and maintenance of zebrafish

All Zebrafish (adults and embryos) were provided by the Zebrafish facility of the 

Chromosome Structure and Development group in the Department of Pathology, Dunedin 

School of Medicine, University of Otago. The fish were bred and maintained in standard 

conditions as described in The Zebrafish Book (Westerfield, 2000).
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Development of embryos before dechorionation proceeded at 28˚C in zebrafish 

embryo medium E3 (see section 2.1.3 for composition of embryo media). Dechorionated 

embryos were switched to E2 embryo medium (Nüsslein-Volhard & Dahm, 2002) for more 

stringent growth environment. Embryos were staged according to the number of hours post 

fertilization (hpf) and their morphological features (Kimmel, et al., 1995). 

2.5.1 Fixation

At the desired stages, fish embryos or larvae were fixed in 4 % PFA at 4˚C at least 

overnight. Fixed samples were briefly washed with PBS and then placed in MeOH for storage 

at -20˚C until required. Embryos before the 26-somite stage (Appendix C) were 

dechorionated manually using two pairs of very fine Watchmaker’s forceps prior to fixation. 

Molecular Biology

2.6 Primers

Primers for DNA cloning and colony PCR were either designed using the specialized 

BLAST tool, Primer-BLAST which is available on the NCBI webpage (NCBI) or manually. 

Oligonucleotide properties of all primers were double-checked through Oligo Calc: 

Oligonucleotide Properties Calculator (OligoCalc, 2009) and IDT SciTools Oligo Analyzer 

3.1 (IDT, 2009). All primers were purchased from Invitrogen. 

Primers used for the isolation of zebrafish grem1 gene were adapted from Nicoli et al 

(2005) and were targeted at the mRNA sequences of the D. rerio gremlin 1 homolog a, 

BC115232.1, available on the NCBI nucleotide database. Designs for the primers used for the 

isolation of zebrafish grem2 gene were based on the complete cDNA sequences of D. rerio 

gremlin 2, BC093266.1, available on the NCBI nucleotide database. The sequence specificity 

of the primers was re-confirmed via general nucleotide BLAST search tool and the Primer-

BLAST tool, using the organism Danio rerio (taxid:7955) as one of the search parameters. 

One primer, PolyLinker(R), was designed for isolating the insert sequences that had or 

were expected to be cloned into the HGEM vector (Appendix D). The primer was to be used 

with the Hsp70 sequence primer (previously made by James McEwan) and their target 
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sequences should cover the content between the Hsp70 promoter and T7 site, where the MCS 

and 6x MYC sites reside in the HGEM/HREM vector. The oligonucleotides were designed 

based on the pCS2+MT plasmid polylinker sequences (Appendix D).

All PCR primers were rehydrated in sterile mqw to 100 µM. The working stock for 

primers used in the cloning procedures was a 100 µM mix of the forward and reverse primers 

for each individual gene. Table 2.1 lists all the primers used in RT-PCR reactions. Table 2.3 

lists all the primers used in the colony PCR reactions. 

These primers were designed to cover majority of the mRNA sequences of the target genes. 

2.7 Agarose gel electrophoresis

Both DNA and RNA products were run at 90-100 V on either 1 % or 2 % (w/v) 

agarose gel prepared with TAE buffer and 0.05 % (v/v) Sybr Safe. Invitrogen 1 kb plus ladder 

was the most commonly used size indicator in this project. In cases where smaller bands 

(<100 bp) are expected, the 50 bp DNA ladder from New England Biolab was used as the 

reference for size. UVItec Gel Doc and attached camera were used to visualize the ribonucleic 

acids in the gels. This was made possible through the fluorescence of the intercalated Sybr 

Safe under black light.

2.8 Annealing oligonucleotides

Complimentary, single stranded oligonucleotides of equal concentrations and volume 

were resuspended in a 1.5 ml micro-centrifuge eppendorf tube using annealing buffer. The 

tube was incubated in a heatblock at 90-95˚C for 30-50 minutes. This is followed by slow 

cooling to room temperature by removing the heatblock out of the incubator. Annealed 

oligonucleotides were kept at 4˚C for short-term storage. 

Table 2.1 Oligonucleotide primer sequences used in RT-PCR reactions
Target gene

ZF Gremlin 1

ZF Gremlin 2

Primer sequence, 5’ to 3’

Fwd: CTGAGGATGACTAAAGACGCA
Rev: CATCAGTCAGTGAGTTTAGGT
Fwd: ACACTCCAGCAGGATGAGCA
Rev: GCTGCAGGTCTGAACAGTCC

Product size (bp)

430

740

Application

PCR/Cloning

PCR/Cloning
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2.9 DNA purification

2.9.1 Extraction and purification of DNA band from agarose gel

Digested and separated target-DNA bands were extracted using the complete E-Gel® 

electrophoresis system containing the E-Gel® CloneWell SYBR Safe™ gels and the E-Gel® 

iBase™ Power System from Invitrogen. Restriction enzyme-digested samples were allowed 

to migrate through E-Gel® CloneWell 0.8% SYBR Safe™ gels. The desired fragments were 

collected from the clone well as the samples migrated through the gel. 

2.9.2 PCR products and probe template DNA purification

PCR products and in situ hybridization probe template were first visualized and 

checked through gel electrophoresis and subsequently purified using the GeneClean III kit 

from MP Biomedical according to the manufacturer’s manual. DNA was reconstituted in 15 

µL of sterile RNase free water and stored at -30˚C. Concentration of DNA was obtained using 

a ND-1000 spectrophotometer.

2.9.3 Plasmid purification

Plasmids were purified from Luria Broth (LB) suspension of bacterial (Escherichia 

coli, TOP10 chemically competent cells) using either the Promega Wizard Plus SV minipreps 

DNA purification system or the High Pure plasmid isolation kit from Roche. The purification 

process was carried out in accordance with the respective manufacturer’s instruction. Purified 

plasmids were reconstituted with 100 µL of sterile RNase free water and stored at -30˚C.

2.10 RNA extraction

           RNA was extracted from 24 hpf Zebrafish embryos for use in RT-PCR. Embryo 

samples were collected into Qiagen RNAlater and stored at 4˚C until RNA extraction. The 

extraction procedure was carried out in accordance to the RNA isolation method described in 

Invitrogen TRIzol reagent manual. RNA was eluted into 30 µL sterile mqw and stored at 

-30˚C until required.
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2.11 First strand cDNA synthesis

Complementary DNA (cDNA) was synthesized from the RNA extracted from the 24 

hpf Zebrafish embryos using Oligo (dT)12-18 primers and Superscript III from Invitrogen. 

About 100 ng of RNA, 1 µL of Oligo (dT)12-18 primers, 1 µL of 10 mM dNTPs mix 

(containing dATP, dCTP, dGTP and dGTP), and sterile mqw to a total of 13 µL were mixed 

together in a 1.5 µL microcentrifuge tube. The mixture was placed in a 65˚C hot block for 5 

minutes and then on ice for 1 minute. This was followed by the addition of 4 µL of 5 x first 

strand buffer, 1 µL of 100 µM DTT, 1 µL of RNase OUT, and 1 µL of Superscript III reverse 

transcriptase (RT). The tube was then gently mixed and centrifuged briefly in order to collect 

the contents at the bottom of the tube. This was incubated at 50˚C for 60 minutes. In order to 

terminate the reaction, the tube was placed in a 70˚C hot block for 15 minutes. The cDNA 

products were stored at -30˚C until required. 

2.12 Polymerase chain reaction (PCR)

2.12.1 cDNA and colony PCR reaction mix

All reagents described in this section were purchased from Invitrogen unless otherwise 

stated.

Table 2.2 PCR reaction mix (cDNA and colony PCR)
Reagent Reagent

PCR buffer*
50 mM MgCl2
10 mM dNTP mix
Forward primer
Reverse primer
cDNA/resuspended colony**
Taq polymerase*
MQW
Details of the PCR mix for 20 µL and 100 µL reactions. All reagents were mixed together on 
ice in 200 µL flat cap PCR tubes in the order presented. The forward and reverse primers 
sequences for the amplification of Zebrafish genes are listed in Table 2.1. The list of primers 
used in colony PCR is provided in Table 2.3.

20 µL PCR reaction 
Volume (µL)

2
0.6
0.4
1
1
1 to 2
0.5
To 20 µL

100 µL PCR reaction
Volume (µL)

10
3
2
5
5
3 to 5
2.5
To 100 µL
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*The PCR buffer, 10 x reaction buffer for Mango Taq DNA polymerase, and Taq DNA 

polymerase, Mango Taq DNA polymerase, used in this study were purchased from BioLine.

** Transformed E. coli colonies were extracted using 3ｵL of mqw. The resuspended cells 

were subsequently used in the PCR reactions. 

2.12.2 PCR cycling

All PCR reactions were performed using Techne FGTGENEND thermo cycler. The 

settings for both cDNA and resuspended colony PCR cycles were as follow:

All PCR products were analyzed through gel electrophoresis to determine whether the 

desired amplicon(s) was present. When necessary, the PCR reaction tubes were kept at 4˚C 

for short-term storage. 

PCR cycling setting with shorter elongation time, 30 seconds, for thirty cycles was 

used for the colony PCR reactions intended to screen for the presences of shRNA 

oligonucleotides in HGEM plasmid after the cloning reactions. 

Table 2.3 Oligonucleotide primer sequences used in colony PCR reactions
Target sequence/
Primer name

Hsp70 
T7 
PolyLinker(R)
These primers were used to amplify and isolate the multiple cloning site of the HGEM or 
HREM vector. This allows screening of inserts in this region from cloning experiments. The 
Hsp70 (Fwd) primer was designed and made by Beck’s previous master student, James 
McEwan.

Direction of 
primer

Fwd
Rev
Rev

Primer sequence, 5’ to 3’

ACTGGGCAAAGACGCAGC
GTAATACGACTCACTATAGGGC
CTATAGTTCTAGAGGCTCGAG

Application

colony PCR
colony PCR
colony PCR

Table 2.4 PCR cycling settings
Function

Heated lid
Initial denaturation cycles
Denaturation of DNA 
Primer annealing
Elongation
Final extension 

Temperature (˚C)

110
94
94
55
72
72

Time

4 minutes
3 minutes
30 seconds
30 seconds
30-60 seconds
5 minutes

25-35 cycles
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2.13 DNA cloning and transformation methods 

All transformation reactions were carried out following the Invitrogen Rapid One 

Shot® chemical transformation protocol. Double stranded xlGrem-shRNA oligos were 

phosphorylated prior to ligation reactions. Procedures of phosphorylation reactions were 

carried out according to the manufacturer’s instruction in the T4 Polynucleotide kinase (T4 

PNK), 3’ phosphatase free kit from Roche. Ligation reactions were performed following the 

Roche shrimp alkaline phosphatase (SAP) protocol. All reagents including the T4 DNA ligase 

and buffer, SAP and T4 PNK were obtained from Roche. The One Shot® TOP10 competent 

cells were obtained from Invitrogen. 

The chemically competent cells used in this project were cloned and maintained 

according to protocol modified from the Short Protocols in Molecular Biology 5th Ed. 

(Ausubel, et al., 2002), Section 1, page 29. The speeds and length at the centrifuging steps 

were modified to maximize the cell yields with the Heraeus®, Labofuge 400 R centrifuge from 

Thermo Scientific. Cells were pelleted by centrifuging for 15 minutes at 3,000 rpm, 4˚C with 

swinging bucket rotor. This was followed by a 10 minutes spin with the same setting, a 30 

minute incubation on ice and then a further 10 minutes spin using the same setting. The 

resulting cell pellets were resuspended in 2 mL of pre-chilled CaCl2 solution, as described in 

the original protocol, and dispensed into pre-chilled 1.5 mL microcentrifuge tubes as 100 µL 

aliquots and stored at -70˚C. Competency of cells was tested by transforming 100 µL cell 

aliquot with different concentrations of pBluescriptIIKS+ (pBSIIKS+), an example of standard 

3 Kb plasmids, giving transformation efficiency of the cells as about 107 c.f.u.

2.13.1 Phosphorylation

Phosphorylation of double stranded DNA inserts for cloning experiments was carried 

out according to the instructions outlined by T4 PNK from Roche with several modifications 

described as follow. In a final volume of 50 µL, dephosphorylated DNA-fragment with 

approximately 20 pmol of 5’-OH-termini was mixed together with 5 µL of 10 mM aqueous 

ATP and 5 µL of 10 x phosphorylation buffer. Ten units of T4 PNK was added, and the 

mixture was incubated at 37˚C for 30 minutes. Reaction was terminated by incubation at 65˚C 

for 20 minutes. All reagents were handled on ice. 
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2.13.2 Ligations

The inserts: 

Full length coding sequences for D. rerio Gremlin 1 and 2 were amplified from the ZF 

cDNA sequences through RT-PCR, and purified for cloning reactions (see Sections 2.7, 2.12 

and 2.13). Sense and anti-sense oligonucleotides of the Xenopus Gremlin short hairpin DNA 

(xlGrem-shRNA) sequences were annealed to form double stranded DNA prior to ligation and 

stored at 4˚C in the annealing buffer (see Section 2.8). Xenopus Fgf-8 short hairpin DNA 

sequences (xlFGF8-shRNA) were excised from the pIDTSMART plasmid through double 

restriction digestion with HindIII and StuI restriction enzymes. The DNA was subsequently 

isolated and purified through agarose gel purification. All DNA inserts were phosphorylated at 

the 5-OH-termini (see previous section) preceding the ligation reactions. 

The vectors: 

Ligations were performed using the pCR®4-TOPO® vector and the pHSP-GEM 

plasmid systems. Purified full length coding sequences for D. rerio Gremlin 1 and 2 were 

inserted into pCR®4-TOPO® vector (Appendix D) according to methods described in TOPO® 

Cloning Reaction kit manufactured by Invitrogen.

Oligonucleotides xlGrem-shRNA and xlFGF8-shRNA were cloned into the pHSP-

GEM vector respectively. The plasmid vector was linearized through double restriction 

digestion with HindIII and StuI restriction enzymes and then dephosphorylated with SAP 

from Roche. 

Approximately 150 ng of insert DNA fragment was used in each ligation reaction. The 

ligation reactions were carried according to the procedure outlined in the SAP manufacturer’s 

manual. The assay was directly used after ligation in the transformation reaction (see the next 

Section) without heating. 

2.13.3 Cloning into One Shot® TOP10 competent cells

For colonies feasible for blue white colony selection, LB agar plates containing 

ampicillin (1:1000) were spread with 20 µL of X-Gal one hour before the transformation 

reactions took place and incubated at room temperature until required. 
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Two µL of the ligation assay were added to about 100 µL of One Shot® TOP10 

competent cells and gently mixed. The reactions were incubated on ice for 30 minutes, heat 

shock at 42˚C for 30 seconds, returned to ice and were inoculated with 250 µL of LB medium 

each. The LB medium was incubated at room temperature for about an hour prior to the 

inoculation. The reactions were then incubated for an hour at 37˚C with shaking at 2000 rpm. 

About 100 µL of each transformation was plated onto LB agar plates and incubated at 37˚C 

for 12-16 hours. Plates were kept at 4˚C for short-term storage. For blue white colony 

selection, the cultures were temporarily placed (approximately 1 hour) at 4˚C to further 

develop the colour. 

The blue white colony selection method was employed to identify E. coli 

transformants. Selected colonies were isolated and put through either colony PCR (see 

Section 2.12) or procedures for plasmid purification (see next section).

2.13.4 Plasmid preparation from bacteria

Selected colony was picked up from the LB agar plate using a 0.2-2.5 µL micro 

pipette tip and subsequently placed into a 14 mL polypropylene round bottom tube inoculated 

with 5 mL of LB broth containing ampicillin (100 µL/mL). The tubes were then incubated at 

37˚C for 12-16 hours with shaking at 2,000 rpm. Plasmids were then purified from cultured 

LB using the Promega Wizard® plus SV mini preps kit or the high pure plasmid isolation kit 

from Roche (see Section 2.9.3) and the purified plasmids sequenced (see next section). The 

returned sequences were assessed through BLASTn to verify the isolation of the desired gene 

sequences as well as to determine the orientation of the inserts.

2.14 DNA sequencing

PCR products and purified plasmids containing the gene of interest were sequenced at 

the Genetic Analysis Services at Otago, University of Otago. Orientation of the gene sequence 

relative to the plasmid was established based on the positions of the plasmid’s restriction sites 

or directionality of the T3 and T7 primer binding sites.
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2.15 Whole mount in situ hybridization procedure for X. laevis

2.15.1 Fixation of samples

Embryo and limb samples were fixed in 4% PFA for one hour, using a nutator. Fixed 

samples were briefly washed in 100 % ethanol (EtOH) and finally stored in fresh 100 % EtOH 

at -20˚C until required. The animals were either fixed in small glass vials or the larger Packard 

vials depending on their sizes. 

2.15.2 Preparation of template DNA for probe synthesis

Plasmids pBSIIKS+ (Stratagene) containing full length coding sequence of Grem, 

flanked by XbaI and KpnI sites, were provided by Dr. Caroline Beck. For the restriction 

digest, 2-5 µg of plasmid containing the Xenopus Grem, 3 µL of restriction enzyme buffer H 

(Invitrogen), 2 µL of restriction enzyme XbaI and mqw added to a total volume of 30 µL were 

placed in an eppendorf tube and incubated at 37˚C for one to two hours. Restriction digest 

reactions were analyzed via gel electrophoresis. 

2.15.3 Synthesis of labeled antisense probes

Digoxygenin labelled RNA probe for Xenopus Grem1 (xlGrem1) was synthesized as 

follows: 5 µL of 10x DIG-NTP mix, 1 µg of linear DNA template, 2 µL of T3 RNA 

polymerase, and mqw to a total volume of 50 µL. The reaction was incubated in a 

Table 2.5 Details for probe synthesis for in situ hybridization
Probe

xlGrem1
drGrem1

drGrem2

drGrem2
For the preparation of template DNA for probe synthesis, the plasmid pBSIIKS:xlGrem1 was 
linearized through restriction digest, whereas linearized genes from the pCR®4-
TOPO®:drGrem1 and pCR®4-TOPO®:Grem2 plasmids were obtained directly through PCR. 

Plasmid

pBSIIKS (+)
pCR®4-TOPO®

pCR®4-TOPO®

pCR®4-TOPO®

Restriction enzyme/
Primers

XbaI
T3 and T7 DNA primers

T3 and T7 DNA primers

T3 and T7 DNA primers

Buffer

H (Invitrogen)
PCR (BioLine)

PCR (BioLine)

PCR (BioLine)

Polymerase

T3
T3

T7

T3
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hybridization oven for three hours at 37˚C. In order to confirm the success of the 

transcription, 2 µL of the reaction product was analyzed via gel electrophoresis. To remove 

the DNA template, 2.5 µL of RNase free DNaseI was added to the remaining 48 µL reaction. 

The reaction was incubated in a hotblock for 20 minutes at 37˚C. The synthesized RNA probe 

was then precipitated by adding 25 µL of LiCl (2.5 M) and incubated overnight at -30˚C. 

Precipitated RNA probe was centrifuged at 14,000 rpm for 15 minutes. The resulting 

pellet, which contained the probe, was washed with cold 70 % (v/v) EtOH and then 

centrifuged at 14,000 rpm for 5 minutes. The EtOH was subsequently removed and the pellet 

was allowed to air dry for 5 minutes. The dried RNA pellet was then fully resuspended and 

dissolved in 50 µL of 10mM EDTA by vortexing the tube and placed in an 80˚C hot-block for 

3 minutes, and then vortexed again. Concentration of the RNA probe was acquired through a 

ND-1000 spectrophotometer. Eluted RNA probe was stored at -30˚C.

2.15.4 Preparation of tissue samples for labelling

PFA-fixed embryos and limb samples that were previously stored at -20˚C were 

allowed to warm to room temperature. To rehydrate the samples, the PFA was removed and 

replaced with 75 % (v/v) EtOH/PBSAT solution and washed for 10 minutes. This was 

replaced and washed with 50 %(v/v) and then 25 % (v/v) EtOH/PBSAT solution for 10 

minutes each. The samples were then washed three times in 100 % PBSAT for 5 minutes per 

wash. 

To permeabilize the tissues for labeling, the samples were immersed in 10 µg.µL-1 

proteinase-K (pro-K) (diluted in PBSAT) and left undisturbed for 10 minutes. Pro-K was 

subsequently removed from the vial5 and replaced with 2 mL (depending on the size of the 

samples) of 0.1 M TEA. The vials containing the samples were then gently swirled 

intermittently for 5 minutes. This was followed by a second 5 minutes 0.1 M TEA wash with 

swirling, but with an addition of 5 µL of acetic anhydride in the washing solution. Another 5 

µL of acetic anhydride was added to the vials for a further 5  minutes wash. Afterward, the 

samples were washed twice in 1.5 mL (or more) PBSAT for 5 minutes each and then re-fixed 

in 4 % (v/v) formaldehyde/PBSAT for 20 minutes. The fixative was subsequently removed 

and the samples were washed five times in PBSAT for 5 minutes each. At the fifth PBSAT 

5. Three and ten mL glass vials with silicon caps were used for in situ hybridization as well as long term storage 
of X. laevis samples. 
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wash, 250 µL of hybridization (hyb) buffer was added to each vial. The samples were left to 

settle to the bottom of the vials, thus allowing the hyb buffer to infiltrate the tissues. Once the 

samples were settled, the solutions in the vials were replaced by 1-3 mL of hyb buffer 

(depending on the size of the samples) and the vials stored at -20˚C. 

2.15.5 Probe hybridization 

Samples that were infiltrated with hyb buffer were removed from freezer and warmed 

to 60˚C in a waterbath. The existing hyb solution in the vials was subsequently replaced by 

fresh hyb buffer which had been pre-warmed to 60˚C, and the samples were incubated for 2 

hours at 60˚C in a hybridization oven with rocking. All 60˚C incubations thereafter were 

performed in a hybridization oven with rocking unless otherwise stated. 

The RNA probe was denatured at 80˚C for 3 minutes and then made into 1 µg.mL-1 

probe/hyb buffer solution. This then replaced the hyb buffer that was in the vials. Tissue 

samples were incubated with the probe/hyb buffer solution at 60˚C overnight with rocking. 

2.15.6 Antibody labelling

After the overnight incubation, the probe/hyb mix was removed from vials and stored 

at -30˚C for short-term reuse. The samples were washed twice with 1 mL hyb buffer for 10 

minutes each, followed by three washes with 2-3 mL of 2x SSC (0.1 % tween 20) for 20 

minutes each, and then twice with 2-3 mL of 0.2x SSC (0.1% tween 20) for 30 minutes each. 

The solutions were pre-heated to 60˚C prior to the washes and the changing of solutions 

between each wash were performed in a 60˚C waterbath, and then the vials were returned to 

the oven.

The blocking of non-specific binding was achieved by washing the samples in 2 mL of 

2 % (v/v) blocking reagent/MABT solution at room temperature for 30 minutes. This was 

replaced with 2 mL of 2 % (v/v) blocking reagent/20 % (v/v) lamb serum/MABT and washed 

for another 2 hours at room temperature. The solution was then replaced by 2 % (v/v) 

blocking reagent/20 % (v/v) lamb serum/1 in 2000 anti-DIG/MABT and the samples washed 

overnight at 4˚C.
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2.15.7 Detection of labeled mRNA

At room temperature, the anti-DIG solution was removed from the vials and the 

samples washed three times in MABT for 15 minutes each, followed by another six MABT 

washes for 30 minutes each. For the colour reaction, the samples were first washed in alkaline 

phosphatase buffer for 3 minutes. The buffer was then replaced by fresh alkaline phosphatase 

buffer and the samples washed for a further 10 minutes. For limbs and embryos of later 

stages, 5 mM levamisole was used in the second buffer wash to repress the activity of 

endogenous alkaline phosphatases. 

The buffer was removed at the end of the wash. The samples were covered and 

incubated in NBT/BCIP colour reagent (1 NBT/BCIP tablet dissolved in 10 mL of sterile 

mqw). These were left at room temperature, undisturbed, until colour developed. Fresh NBT/

BCIP solution was added to vials if required. For samples that took a longer period of time to 

develop colour, the incubating solution was changed into alkaline phosphatase buffer and left 

overnight at 4˚C. Once the intensity of the stain had reached the desired level the samples 

were washed twice in PBSAT for a total of 30 minutes and then fixed in 4 % (v/v) 

formaldehyde/PBSAT overnight. 

2.15.8 Bleaching

Samples were transferred to Packard vials and washed three times with PBSA for 10 

minutes each. The last wash was replaced by 5 % (v/v) H2O2/PBSA. In order to speed up the 

reaction, bleaching was performed on a roller with light source. Once the pigment was 

removed, the samples were washed in PBSA for a total of 10 minutes and then re-fixed with 4 

% (v/v) formaldehyde/PBSAT overnight. 

2.15.9 Visualization and photography 

Pictures of in situ hybridization samples and gross limb regeneration for X. laevis were 

analyzed using a Leica Fluo III dissecting microscope and photographed using the attached 

digital camera. Figures were compiled using Adobe Photoshop CS4.

For photography, samples were moved into plates containing PBSA and returned to 

the fixative once it was finished.
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2.16 Whole mount in situ hybridization procedure for D. rerio

In situ hybridization procedures were carried out in 1.5 mL eppendorf tubes for 

embryo and fin samples, and three mL glass vials with silicon caps for adult fish samples.

2.16.1 Fixation of samples

Zebrafish embryos prior to 24 hpf were dechorionated manually by using two pairs of 

extremely fine, sharp Watchmaker’s forceps. Fish samples (developing embryos and fin 

regenerates) were fixed in 4% PFA and left at 4˚C overnight. The samples were subsequently 

washed twice in PBS for 5 minutes each at room temperature and then equilibrates with 4-5 

changes of 100 % methanol (MeOH) over a period of 5-10 minutes. Samples were stored in 

100 % MeOH at -20˚C until required.

2.16.2 Preparation of template DNA for probe synthesis

Plasmids containing the drGrem1 and drGrem2 genes were obtained as described in 

Section 2.15. Linearized genes for the respective Zebrafish Grem genes were obtained directly 

through PCR, using T3 and T7 as the primers (see Table 2.4 for details of probe synthesis, 

Section 2.12 for details for PCR reaction). 

2.16.3 Synthesis of labeled antisense probes

While a single labeled antisense RNA probe was produced for the zebrafish Grem1 

gene (drGrem1), two separate probes were created for the Grem2 gene (drGrem2-2 and 

drGrem2-4). The digoxygenin labelled RNA probes were synthesized as follows: 5 µL of 10x 

DIG-NTP mix, 1 µg of linear DNA template, 2 µL of RNA polymerase (T3 or T7, see Table 

2.5), and mqw to a total volume of 50 µL. The mixture was set up for each of the probe 

respectively. The reactions were incubated in a hybridization oven for three hours at 37˚C.

In order to confirm the success of the transcription, 2 µL from each of the reactions 

was analyzed through gel electrophoresis. To remove the DNA template, 2.5 µL of RNase free 

DNaseI was added to each of the remaining 48 µL reactions. The reactions were incubated in 

a hotblock for 20 minutes at 37˚C. The synthesized RNA probe were precipitated with 25 µL 

of LiCl (2.5 M) and incubated overnight at -30˚C. 
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Precipitated RNA probe was centrifuged at 14,000 rpm for 15 minutes. The resulting 

pellet, which contained the probe, was washed with cold 70 % (v/v) EtOH and then 

centrifuged at 14,000 rpm for 5 minutes. The EtOH was subsequently removed and the pellet 

was allowed to air dried for 5 minutes. The dried RNA pellet was then fully resuspended and 

dissolved in 50 µL of 10mM EDTA by vortexing the tube and placed in an 80˚C hotblock for 

3 minutes, and then vortexed again. Concentration of the RNA probe was acquired through a 

ND-1000 spectrophotometer. Eluted RNA probe was stored at -30˚C.

2.16.4 Preparation of tissue samples for labeling

PFA-fixed samples were rehydrated by being washed in a series of 75 % (v/v) 

methanol/PBST, 50 % (v/v) methanol/PBST, then 25 % (v/v) methanol/PBST for 5 minutes 

each. This was followed by four washes in 100 % PBSAT for 5 minutes each. All samples, 

other than embryos of pre-tailed stage, were treated with pro-K of the concentration and the 

length of time appropriate to their age (Table 2.6). Sample were washed twice in PBSAT for 5 

minutes each after the pro-K treatment and re-fixed in 4 % PFA at room temperature for 20 

minutes. Then the samples were washed five times in PBSAT for 5 minutes each. 

2.16.5 Probe hybridization 

Samples of different stages were separated into independent eppendorf tubes or vials 

accordingly. About 50 embryos were allowed in each eppendorf tube. Embryos were pre-

hybridized in 500 µL of hyb buffer in a hybridization oven at 65˚C with rocking for 4 hours. 

Table 2.6 Details for proteinase-K treatments for Zebrafish embryos
Stage of development

1-10 hpf
11-18 hpf
19-24 hpf
25-36 hpf
2 dpf
3 dpf
4 dpf
Pro-K was diluted with PBST to the appropriate concentrations as required by the respective 
samples.

Concentration of pro-K (µg/mL)

not needed
10
10
20
20
100
100

Duration of treatment 
(min.)

not needed
2.5
5
12.5
20
10
20
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RNA probes were diluted to 1:100 in hyb solution. These were heated up to 90˚C for 10 

minutes and then placed on ice for 2 minutes before they were used on the samples. The pre-

hybridization solution were replaced by 200 µL of diluted probe. Samples were hybridized in 

the hybridization oven at 65˚C overnight.

2.16.6 Antibody labelling

The probe/hyb mix was removed from the containers and stored at -30˚C for short-term 

reuse6. The samples were then washed with a series of 75 % hyb buffer/2x SSC, 50 % hyb 

buffer/2x SSC, 25 % hyb buffer/2x SSC, and 100 % 2x SSC for 15 minutes each, and then 

twice with 100 % 0.2x SSC for 30 minutes each. The solutions were pre-heated to 65˚C prior 

to the washes. The changing of solutions between each wash were performed in a 65˚C 

waterbath, and the tubes/vials were returned to the hybridization oven immediately afterward. 

The blocking of non-specific binding was achieved by washing the samples in 2 mL of 

2 % (v/v) blocking reagent/MABT solution at room temperature for 30 minutes. This was 

replaced with 2 mL of 2 % (v/v) blocking reagent/20 % (v/v) lamb serum/MABT and washed 

for another 2 hours at room temperature. The solution was then replaced by 2 % (v/v) 

blocking reagent/20 % (v/v) lamb serum/1 in 2000 anti-DIG/MABT and the samples washed 

overnight at 4˚C. 

2.16.7 Detection of labeled mRNA

The antibody labelling solution was removed and the samples were washed three 

times in PBST. The first two washes were 30 minutes each and the third wash was done 

overnight at 4˚C. Staining buffer was freshly made on the day of incubation. The samples 

were incubated in staining buffer for three lots of 5 minutes and were transferred to a 24 well 

plate on the third wash. At the end of the last incubation, the staining buffer was removed and 

replaced by BM purple which covered the samples thoroughly. The plate was then covered 

with aluminium foil to allow staining. Once the intensity of the stain had reached the desired 

level the samples were moved back to their previous tubes/vials and washed four times in 

PBSAT for a total of 5 minutes each and then fixed in 4 % (v/v) formaldehyde/PBSAT at 4˚C 

overnight. The PFA was removed and the samples washed three times in PBSAT for 5 

6. Re-used probes were pre-heated to 65˚C directly in a hybridization oven before they were applied to the 
samples. 
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minutes each, after which the PBSAT was replaced by 30 % glycerol. Once the samples had 

settled to the bottom of the container, 30 % glycerol was replaced by 80 % glycerol. Unless 

bleaching was needed, the samples were stored like this at 4˚C. 

2.16.8 Bleaching

Samples were washed three times in PBSAT for 5 minutes each. The embryos were 

moved to 50x50 mm petri dishes and the last of the PBSAT removed. Fresh bleaching 

solution was then added to the plates and the samples were incubated at room temperature for 

10-15 minutes. The bleaching progress was monitored under a dissecting microscope. Once 

the colour of the samples reached the desired level, the bleaching solution was removed and 

the samples replaced into their previous containers for washing. They were washed three 

times in PBSAT for 5 minutes each and re-fixed in 4 % PFA for 30-60 minutes. The samples 

were then washed three more times in PBSAT for 5 minutes each. After the last wash, PBSAT 

was replaced by 30 % glycerol. Once the samples had settled, the 30 % glycerol was replaced 

with 80 % glycerol. The samples were thus stored in 80 % glycerol at 4˚C. 

2.16.9 Visualization and photography 

Pictures of in situ hybridization and gross fin regeneration in zebrafish were analyzed 

using a Olympus SZ61 dissecting microscope and photographed using the attached camera, 

DP25. Figures were compiled using Adobe Photoshop CS4.

Histology

2.17 Bone and cartilage staining procedures for X. laevis

Procedures used for visualization of the amphibian skeletons were based on the 

methods outlined in Newman et al with modifications described below (Newman et al, 1983). 

The staining procedures were used on fixed specimens of X. laevis at developmental 

stage 58 through to 61 (Nieuwkoop & Faber, 1996). The samples were fixed in 10 % formalin 

in PBS for a minimum of 2 hours and the internal organs removed prior to staining. 

Specimens were briefly washed in PBS for about 30 minutes and then treated with 5 % 

H2O2. The amount of time required for bleaching ranged from 5 hours to overnight, depending 
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on the developmental stages of the specimens. Bleached samples were rinsed and briefly 

washed with PBS for 10 minutes before proceeding to the staining steps. 

Samples were stained with Alcian blue solution (combining 60 mL of absolute 

ethanol, 40 mL of glacial acetic acid, and 10 mg of Alcian blue 8GX) for 3-4 hours, and then 

washed in 70 % ethanol for at least an hour with more than eight changes of solution. This 

was followed by the maceration of the samples by soaking them in 1 % KOH for at least 

16-24 hours, or until the skeleton became clearly visible. Once cleared, samples were stained 

in Alizarin red S solution (in 1 % KOH) for 1-2 hours. Afterwards, Alizarin Red S solution 

was replaced by 1 % KOH. Unless de-staining is required, samples were stored indefinitely in 

1 % KOH solution. 

For photography, specimens were rinsed in PBS for 5 minutes and then changed into 

fresh PBS for photo taking. These were returned to 1 % KOH as soon as they were 

photographed.  

2.18 General histological analysis for D. rerio

Pre-hatching embryos were fixed in 4 % PFA at least overnight. Specimens were 

washed twice in PBS for ten minutes each before the dehydration step.

2.18.1 Dehydration and wax embedding

Using a nutator, samples were washed through a series of EtOH before switching into 

glass bottles to be washed with xylene. Samples were subsequently placed in para-wax 

solutions and incubated for 30 minutes under vacuum. Detail procedures are described in 

Table 2.7. 

2.18.2 Sectioning

Transverse 7 µm thick serial sections were cut using a Leica RM2125RT microtome. 

The wax ribbons containing the tissue sections were floated in cold distilled water to position 

them onto the Tespa coated slides. The ribbons were subsequently floated in a 50˚C waterbath 

to remove wrinkles and to cling the sections to the slides. The slides were allowed to dry for 

at least 12 hours before staining. 
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2.18.3 Counter staining

Staining was performed in glass baths each filled with approximately 400 mL of the 

required solutions. The staining procedures for in situ hybridization samples were carried out 

as outlined in Table 2.8. Sections were mounted with coverslips using DePeX for long-term 

storage. 

Slides were first examined using a compound microscope. The selected slides and 

sections were then analyzed and their pictures taken using a Zeiss Axiphot microscope with 

an attached Sony camera. 

Table 2.7 Histological dehydration and wax embedding protocol for pre-hatched 
Zebrafish embryos
Solution
1x PBS
1X PBS
70 % (v/v) EtOH
80 % (v/v) EtOH
90 % (v/v) EtOH
95 % (v/v) EtOH
100 % dry EtOH
Absolute EtOH
Absolute EtOH
Xylene
Xylene
Para-wax, under vacuum
Para-wax, under vacuum
All washes were performed at room temperature with the exception of the para-wax washes 
that were performed at 60˚C, under vacuum. 

Time (minutes)
10
10
30
30
30
30
30
30
30
20
20
20
20
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2.19 Computer analysis

Full sequences of nucleotides and amino acids used in primer and siRNA design, and 

alignment analysis were obtained through the NCBI genbank database, Xenbase (Xenbase, 

2009), Zfin (Zfin, 2009), and the Ambystoma EST database hosted by Sal-Site, the University 

of Kentucky (Sal-Site, 2010). Metazome, hosted by University of California Regent 

(Metazome, 2010), was use for the preliminary examination of the evolutionary history, 

relations and the extent of conservation of the genes from different animal taxa.

Protein sequence alignment, analysis and modification were performed through both 

the Constraint-based Multiple Alignment Tool COBALT available through the NCBI website, 

and CLC Workbench and Sequence viewer. 

Primers were designed using Primer Blast available through NCBI (NCBI, 2009) and 

further checked through Oligo Calc: Oligonucleotide Properties Calculator (OligoCalc, 2009) 

and IDT SciTools Oligo Analyzer 3.1 (IDT, 2009). 

Short hairpin sequences for the RNAi experiments were designed using Gene Link 

shRNA design software (GeneLink, 2009).

All figures were processed and assembled through Adobe Photoshop CS4. 

Table 2.8 Eosin staining procedure

De-wax and tissue hydration

Alcoholic eosin

Dehydration

Solutions
Xylene
Xylene
Xylene
100 % EtOH
100 % EtOH
70 % EtOH
Eosin in 70 % EtOH
70 % EtOH
100 % EtOH
100 % EtOH
Xylene
Xylene
Xylene

Time (minutes)
2
2
2
1
1
1
1-2
1
1
1
1
1
1
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2.20 Statistical analysis

Statistical analyses were performed through program readily available in Microsoft 

(Mac:2008) Excel. Significance of the differences observed in the WT and G1 limb 

morphology were assessed using the two-tailed t-test function with the level of confidence as 

99 %, i.e. high level of significance when p<0.01. 

All graphs were compiled in Microsoft Excel and then modified and assembled using 

Adobe Photoshop CS4.
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Chapter 3
Results

3.1 In silico search for a second Xenopus Gremlin

Gremlin, a potent BMP antagonist (Hsu, et al., 1998), has been known to play major 

roles in limb development in mice and chicks (Towers & Tickle, 2009; Zeller, et al., 2009). It  

is highly conserved among many vertebrate taxa with the majority being tetrapods (Table 3.1; 

Zeller, 2010). In combination with the central role of Grm in mediating the SHH-FGF signal 

loop and the BMP pathway in regulating normal limb outgrowth and patterning in mice and 

chick, these suggested that the models for limb development that were generated based on 

research mainly in chicks and mice may also be applicable to the amphibian model. However, 

the expression data published by Pearl et al (2008) challenged this statement by revealing 

differential expression patterns of the gene during limb development in Xenopus versus those 

in mice and chicks, suggesting that the gene may have more, if not different, functions during 

development of the limbs in the amphibian model (Capdevila, et al., 1999; Khokha, et al., 

2003; Merino, et al., 1999; Pearl, et al., 2008; Verheyden & Sun, 2008). The notion was 

enforced by the discovery that the Xenopus Grm was also expressed differently in the 

regenerating hindlimbs compared to those during development (Pearl, et al., 2008). If this is 

true, this will change our current understanding of the molecular mechanisms involve in 

vertebrate limb development, as it appears that the current proposed BMP/Grm-SHH/FGF 

signalling loop theory (Verheyden & Sun, 2008; Zeller, et al., 2009) may not apply to the 

amphibian model. Nevertheless, it was also possible that the different patterns of expression 

might have been caused by another Xenopus Grm homologue that was still unknown to us, 

which might serve the developmental function that has been proposed in the other vertebrate 

models. Using the extensive network of genetic data and bioinformatic that are available 

online, we investigated the possible presence of a second Xenopus Grm.

3.1.1 Preparation for the search parameter

Gathering Grm sequences

A search in the NCBI nucleotide and protein database returned 1773 hits that were 

related to the keyword “gremlin”. These were put through a series of filters to exclude entries 
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that consist of incomplete or partial sequences, duplicated clone of a known sequences, as 

well as unknown and hypothetical protein sequences. After the filtering process, only 17 

entries consisting of the respective full coding sequences of Grm from 12 metazoan taxa 

(refer to table 3.1 for details) remained. An additional search for gremlin-related sequences in 

axolotl was carried out using the online Ambystoma EST database hosted by the Sal-Site, 

University of Kentucky (Sal-Site, 2010) and revealed a second Gremlin (Grm-2) in axolotl 

that was not previously found in the NCBI database. Sequences for the Zebrafish and Xenopus 

Grm were double-checked through Zfin and Xenbase.

Protein alignment and phylogenetic trees

Protein sequences were aligned using two different programs, Constrain-based 

Multiple Alignment Tool (COBALT) available through NCBI, and CLC Workbench and CLC 

Table 3.1 List of metazoan with known full Grm nucleotide and amino acid sequences
Taxa
Ambystoma mexicanum (Axolotl)

Bos taurus (Cattle)
Carollia perspicillata (Bat)
Danio rerio (Zebrafish)

Gallus gallus (Chick)
Homo sapiens (Human)

Macaca mulatta (Rhesus monkey)
Mus musculus (Mouse)

Rattus norvegicus (Brown rat)

Samo salar (Atlantic salmon)
Xenopus laevis (South African clawed 
frog)
X. tropicalis (West African clawed frog)
*Ambystoma contig ID from the Ambystoma EST database from Sal-Site.

Grm type
Grm-1
Grm-2
Grm-1
Grm-1
Grm-1
Grm-1a
Grm-2
Grm-1
Grm-1
Grm-2
Grm-1
Grm-1
Grm-2
Grm-1
Grm-2
Grm-2

Grm-1

Grm-1

Protein ID
ACS91921.1
C106859*
NP_001075919.1
ABI15737.1
AAI15233.1
NP_998017.1
AAH93266.1
NP_990309.1
NP_037504.1
NP_071914.3
NP_001028020.1
NP_035954.1
NP_035955.1
NP_062155.1
NP_001099444.1
NP_001133416.1

NP_001083746.1

AAI35480.1

Database
NCBI
Sal-Site
NCBI/ZFIN
NCBI/ZFIN
ZFIN
NCBI
NCBI
NCBI
NCBI
NCBI
NCBI
NCBI
NCBI
NCBI
NCBI
NCBI

NCBI/Xenbase

NCBI/Xenbase
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Sequence Viewer. Sequence alignment from COBALT followed the default alignment 

parameter, whereas the multiple sequence alignment date generated through CLC Workbench 

used a progressive alignment algorithm (refer to CLC bio website for detail).

The aligned sequence data (Appendix E) were use to generate neighbour-joining trees 

via the respective genetic softwares. The trees were built following algorithms where the 

evolutionary rates were free to differ in different lineages. The tree generated through 

COBALT’s multiple sequence alignment (Fig. 3.1a) was built using the fast minimum 

evolution method with the maximum sequence difference set to 85 % using the Grishin 

(protein) setting for distance (options available in the NCBI COBALT’s Phylo Tree View). 

The reliability of the inferred tree generated through CLC Workbench’s multiple alignment 

data was indicated by the bootstrap value attached to each node (out of a thousand). The value 

serves as a measure of confidence in the respective branches (Efron, et al., 1996). 

The phylogenetic trees were generated following the default option provided by the 

respective programs in case where there was a lack of outgroup. This was necessary as there 

was no suitable candidate for the position at the time of these analyses. The two trees (Fig. 

3.1) displayed similar shapes and structures in a way that Grm of the same types and animal 

groups tend to be grouped together. For instance, the two Zebrafish Grm-1 homologous 

(Grm-1 and -1a) formed a monophyletic group among themselves in both trees, regardless of 

their positions in each of trees respectively. Similarly, the amphibians’ Grm-1 sequences 

formed a monophyletic group in both case, as the two Xenopus were packed away in their 

little cluster with the Ambystoma being their closest relative. The rodents (M. muculus and R. 

novegicus) Grm-1 as well as Grm-2, too, were grouped together respectively. Overall, the 

structure of the relationship among the Grm-2 proteins appeared to be similar in both trees 

with the fish (Zebrafish and salmon) making up a monophyletic group and then a polyphyletic 

cluster with the axolotl on a single branch, and a cluster for the mammalian taxa with the rat 

and mouse being the closest to one another. 

Several discrepancies were also observed between the two trees. One of the most 

apparent differences was that the COBALT’s tree placed the two D. rerio Grm-1s as a lone-

standing clade, away from the other two Grm-1 and Grm-2 clusters, whereas the same 

position was taken up by the B. taurus Grm-1 in the CLC’s tree instead. Otherwise, the 

COBALT-tree revealed more distinct segregation between Grm-1 and Grm-2 proteins. In the 
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CLC tree, the D. rerio Grm-1 clade (Grm-1 and -1a) seemed to be closer to the Grm-2 clusters 

than the rest of the Grm-1 group. 

a.

b.

Figure 3.1 Neighbour-joining trees created through protein sequences alignments using 
NCBI COBALT (a) and CLC Sequence Viewer (b) respectively. (a) Phylogenetic tree 
generated through COBALT is displayed in rectangular format, and the maximum sequence 
difference was set at 85% with the distance drew according to Grishin (protein) mode. 
Branched stems are indicated by grey nodes, and blue nodes marked the individual subjects. 
(b) Bootstrap values (out of a thousand) are shown at nodes. Separate animal groups are 
indicated by different colour blocks (Brown: rodents; Green: amphibia; Red: mammalia; 
Purple: fish).
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Setting up the search parameter--the conserved consensus sequences

Three sets of short amino acid sequences were chosen to create the consensus 

sequences necessary for the identification of genes or proteins that were similar or displayed 

homology to Grm. The first set of sequences, VLESSQEALHITERKYLKRDWCKTQPL, 

was chosen based on the presence of tryptophan (W; underlined), which was made up by a 

unique set of codon sequences (UGG) and was shared among all 18 subjects. The amino acid 

sequence itself was also shared by the 18 subjects to a large extent while allowing for a 

couple of discrepancies in the sequences. The second protein set, DWCKTQPL, was a 

fragment of the first protein set. The length of the sequence was reduced to widen the scope of 

the BLAST search in the later stage. Finally, a third set of sequences, 

MNCLVYALGSLFLLSGLLLPSS, was chosen due to the consideration that it was recognised 

as the predicted signalling sequence identified in members belonging to the DAN family, 

which is named after the tumour suppressor DAN (Hsu, et al., 1998).

3.1.2 Reverse translation

The assumed conserved sequences described above were reverse-translated from 

amino acids into nucleotide sequences and subsequently put through BLAST search against 

the NCBI nucleotide collection (nt) database ESTs and genomic collections for X. laevis and 

X. tropicalis respectively. Reverse-translation was carried out through CLC Main Workbench 

5, which provided three choices of reverse translation processes. The first choice of the three 

processes, random, converted the amino acids into their relevant nucleotide randomly and was 

run multiple times. The second translation process, reverse-codon-based, reverse-translated 

the amino acids according to the most used codons in a particular reference organism, such as 

Xenopus. This test was run only once for each consensus sequence. Finally, the third, statistic-

based reverse-translation option converted the protein sequences according to the most 

frequent distribution of the coding nucleotide sequences and was also run once for each of the 

consensus sequence. 

Results from set one, VLESSQEALHITERKYLKRDWCKTQPL

In the first, random-conversion option, the original known X. laevis  Grm-1 gene (Hsu, 

et al., 1998) was consistently ranked as the top match returned from NCBI BLAST search, 

based on the assigned E-value. Similarities between the query sequence and the reference 
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sequence, X. laevis nt database, were found sporadically all over the known genome of the 

frog with small chunks of the query sequence matching bits of the sequences from several 

unknown of hypothetical proteins. The latter tended to acquire relatively high E-value, the 

minimum value being 0.59, compared to the known Gremlin sequences. These, however, had 

no overlaps at the targeted TGG (tryptophan) site and were, therefore, not likely to be the 

second Grm. The reverse-codon-based conversion process yielded no results, and the 

converted sequences from the statistic-based reverse-translation option could only be matched 

to the existed X. tropicalis Grm-1 gene.

Results from set two, DWCKTQPL

The BLAST search followed the random-conversion process of the shorter protein 

sequence DWCKTQPL identified a number of non-Gremlin entries in the NCBI database 

(Appendix F). However, many of these did not include the desirable tryptophan sequences. 

Therefore, only two entries were picked out of all the matched subjects as they both shared 

the tryptophan site with the query sequences and had an E-value of 0.36, which represented 

the lowest figure of evaluation among the entries other than the match from the original X. 

laevis Grm-1 gene. The sequence IDs for these two hypothetical protein subjects were 

NM_001091062.1 (X. laevis hypothetical protein MGC82474) and NM_001093681.1 (X. 

laevis MGC82985 protein) respectively (Fig. 3.2; Appendix F). The sequences of the selected 

hypothetical proteins were then tested for the presence of a cysteine-rich consensus 

sequences7 CX6QX6CX6NX2CXGXCXSX3PX(8-13)CX2CXPX8TLXCX(15-18)CXC, 

which was believed to be present in all members of the DAN family (Hsu, et al., 1998). The 

results of the tests were negative, indicating that the selected sequences were not likely to 

belong to the DAN family. 

7. The letter “X” that appeared in the consensus sequences was the letter symbol for an undetermined or non-
standard amino acid.
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Figure 3.2 Significant BLAST-search results from reverse-transcribed sequences of the 
DWCKTQPL consensus sequence via random-conversion method. Descriptions are added to 
query results with E-value equal or lower than 0.36. The unique tryptophan (W), TGG, 
sequences were highlighted in orange; selected entries were marked with a red star.
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The lowest E-value of all results from the reverse-transcribed sequence via the 

reference-codon-based conversion test was 1.43, which was rather high to be considered 

seriously for any further testing. The lowest E-value from the statistic-based conversion 

subject was 0.091, which belonged to the original X. laevis Grm-1 sequences and was, 

therefore, ignored. The rest of BLAST-search results had a very high E-value, 5.65, and were 

regarded as unimportant. 

Results from set three, MNCLVYALGSLFLLSGLLLPSS

The predicted signalling sequence MNCLVYALGSLFLLSGLLLPSS was reverse-

transcribed into series of nucleotide sequences through the three conversion methods 

described earlier and then BLAST against the NCBI Xenopus nt library respectively. The 

results included many proteins that were belonged to the DAN family. Nevertheless, their 

sequences bore very little similarity with the query sequences. No unknown or hypothetical 

protein sequences with significant E-value that was lower that 0.5 were identified. 

3.1.3 Conclusion

The procedures described above failed to detect another Grm-like sequences or 

homologue within the X. laevis genome that is currently available. The two hypothetical 

proteins identified from the second consensus sequence set up for the BLAST search appeared 

not to be relevant to the DAN protein family and were, therefore, not likely to be the putative 

Grm homologue. Therefore, it appeared that a second Grm, or an unknown Xenopus Grm 

homologue did not exist. This conclusion, however, could not be said with absolute certainty, 

as the genome of X. laevis was incomplete at the time of this study, in addition that there were 

a lot of hypothetical proteins, and incomplete and unknown sequences that turned up during 

the initial search for Grm. 
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3.2 Expression patterns of Grm in the developing/regenerating limbs

The expression patterns of Xenopus Grm-1 in the developing hindlimbs reported by 

Pearl et al (2008) were incongruent with the known patterns of expression of the gene in the 

developing limbs of chick and mouse. Furthermore, the expression patterns of the gene in the 

regenerating hindlimbs of X. laevis also suggested potential involvement of Grm in the 

process of limb regeneration (Pearl, et al., 2008). However, the apparent discrepancies 

between expression pattern of Grm in Xenopus and the other vertebrate tetrapod models were 

only briefly mentioned in Pearl et al (2008) and the relevant data were lacking in details. This 

part of the project, therefore, aimed to expand on the inquiries initiated by the previous study 

to investigate the role of Grm in limb development as well as regeneration in X. laevis by 

taking a closer look at the gene’s expression profile during these processes. 

3.2.1 Dynamic expression of Grm-1 during early limb development

X. laevis Grm-1 probe synthesis and whole-mount in situ hybridization

Digoxygenin labelled ribonucleotide (RNA) probe for Xenopus Grm-1 was 

successfully generated from the pBluescriptIIKS+ (Stratagene) plasmids containing full 

length coding sequence of the Xenopus Grm-1, flanked by XbaI and KpnI  restriction sites (the 

plasmids were provided by Dr. Caroline Beck; Fig. 3.3). The probe was first tested on stage 

33 embryos before commencing on older tadpoles (stage 50-54). In stage 33 embryos, initial 

expression of Grm-1 was detected in the branchial arches region, in between the somite, the 

tail bud, and a relatively stronger expression in the pronephric duct (Fig. 3.5a). The later 

appeared to extend along the anteroposterior axis to include the neural crest cells in the head, 

the trunk, and tail (refer to Fig. 3.4 for details of the axes). These observation agreed with the 

data previously published by Hsu et al (1998) and so confirming the specificity of the 

synthesised probe. 
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Grm-1 patterns of expression during early hindlimb development

In the hindlimbs of stage 50 tadpoles, signals of Grm-1 were observed in the distal, 

ventral mesenchyme of early limb bud (Fig. 3.5b; arrow no. 1). Light staining of the gene was 

also seen around the periphery of the distal tip (Fig. 3.5b; arrow no. 2). As the animal 

continued to develop, the expression became more localized on the dorsal side, near the 

distal-most end of the limb bud, while not including the tip of the structure (Fig. 3.5c; arrow 

no. 3). Staining of an equal intensity was also visible at the ventral side of the more proximal 

part of the limb bud, extending towards the distal end (Fig. 3.5c-d; arrow no. 4). This 

proximal expression was down-regulated at the end of stage 51 (Fig. 3.5e-f; arrow no. 7), 

whereas the expression at the more distal part (putative future knee level) appeared to be the 

strongest at this stage (Fig. 3.5f; arrow no. 6).

a.   b. 

Figure 3.3 Agarose gel (1 %) used in the 
electrophoresis experiments. The 1 Kb plus 
DNA ladder (Invitrogen) as the size reference 
(a). Digoxygenin labelled RNA probe for 
Xenopus Grm-1 (b). As the ladder was DNA 
in nature, the size of the RNA probe was only 
indicative. The DNA ladder also served to 
provide a contrast for the integrity and yield 
of the RNA products. 
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Figure 3.4 Schematic diagrams showing the three major axes of hindlimbs in X. laevis during 
early development. The orientation and direction of the limbs specified in this diagram will 
serve as reference in the sections and chapters that follow. Prox., proximal; Dist., distal; 
Post., posterior; Ant. anterior; Dors., dorsal; Vent., ventral.



62

63

64

Figure 3.5  Expression of Grm-1 in stage 38 embryos (a) and stages 50-51 (b-f) hindlimb 
buds of WT X. laevis. In figure a., black sharp arrow points to Grm expression in the 
pronephric duct (pn), and the long and slender arrows indicate signals in the inter-somitic 
cells (isc). Black arrows with numbers mark the expressions of the gene in the varied 
locations of the limb buds. Arrow one points to the distal, ventral mesenchyme; arrow two 
points to staining near the distal area; arrow 3 points to the more dorsal and distal-most part 
of the limb bud; arrows four and seven refers to the more proximal expression in the more 
developed limb bud; arrows five and six mark out the more distal staining in the later stage. 
Empty arrows signify down-regulated expression of the gene at the designated spot. Dark 
purple colour indicates Grm expression.
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The overall expression of Grm-1 appeared to have decreased in stage 52 hindlimb bud, 

but weak signals were still visible at the basal or the most proximal part of the limb that was 

adjacent to the trunk of the animal (Fig. 3.6a, arrow no. 3, and Fig. 3.6b and d). Along the 

distal end of the appendages, spot-like staining was visible in a sporadic fashion that 

resembled residual expression of the patterns previously observed at the later phase of stage 

51 (Fig. 3.6a-b; arrow no. 1-2, 4; and Fig. 3.6c-d). At the end of stage 53, Grm-1 expression 

became restricted to a clear spot at the ventral side of the future knee level and another at the 

most proximal part of the hindlimb bud (Fig. 3.6e-f; arrow no. 4-5). Similar pattern of 

expression at the ventral side of the limbs was also observed in stage 54 hindlimbs (Fig. 3.6g).

Grm-1 patterns of expression during early forelimb development

At stage 51, strong signals of Grm-1 were visible at the distal-most point of the 

forelimb buds (Fig. 3.7a). The expression at the distal part became stronger and appeared to 

expand proximally toward the middle of the limb bud at stage 52 (Fig. 3.7b; arrow no. 3). At 

the same time, weak signal of the gene was also detected near the middle, or possibly the 

future joint level of the arm (Fig. 3.7b; arrow no. 2 and 4). The expression at the distal part of 

the forelimb declined rapidly as development continued (Fig. 3.7c). By stage 53, only two 

faint dots of expression were visible at the distal end of the forelimb (Fig. 3.7d). The 

expression of Grm-1 decreased drastically as the tadpole reached stage 54 of development, 

where the structures of arm and elbow became distinguishable. The expression was confined 

to a spot at the ventral and basal part of the forelimb and a weak, superficial-looking 

signalling near the joint (Fig. 3.7e; arrow no. 6 and 5).



65

66

67

3.2.2 Gremlin is expressed in the posterior mesenchyme of the regenerating hindlimb

Stage 52 or 53 tadpoles were anaesthetized and their right hindlimb (RHL) amputated  

at future knee level (Fig. 3.8a) . Surgically treated animals were maintained in the animal 

suite and subsequently fixed at various day-post-amputation (dpa; Fig. 3.8b). In order to 

Figure 3.7 Expression of Grm-1 in stage 51-54 fore limbs of WT X. laevis tadpoles. Figures 
a and e feature the right fore limbs of stage 51 and 54 tadpoles respectively; figures b, c, and 
d feature the left fore limbs of stage 52-53 tadpoles. Black arrows, with the corresponding 
numbers, mark the expressions of the gene in the various positions. Arrow one points to the 
ventral, distal end of the stage 51 forelimb bud; arrows two and four mark the staining near 
the middle of the limb bud, arrow three indicates the strong expression at the distal end; 
arrow five points to a faint expression near the joint facing the ventral side of the main body; 
arrow six marks the strong expression at the proximal end of the limb bud. Empty arrows 
signify down-regulated expression of the gene at the designated spot. Dark purple colour 
indicates Grm expression.
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examine the temporal-spatial expression patterns of Grm-1 in the regenerating hindlimbs, the 

different dpa samples were put through in situ hybridization using Xenopus Grm-1 probe. 

During the early stage of regeneration, Grm-1 signalling was detected in the posterior 

mesenchyme immediately underlying the wound epithelium 24 hours after amputation (1 dpa; 

Fig. 3.9a). The signal became more visible at 2 dpa, was intensified at 3-4 dpa, and gradually 

declined from there on to completely absence by 6 dpa (Fig. 3.9b-h). The expression was 

spatially close to the blastema, but the signals were never detected in the blastema or the 

distal tip of the regenerating structure itself. Rather, the expression of Grm-1 was localized in 

the mesenchymal tissues underneath the active regenerating site, and was dissipated five-day 

after amputation of the limb, when a cone-shaped structure was beginning to take shape (Fig. 

3.9h). An expression pattern similar to those recorded during  early limb development was 

also detected in the early phase of regeneration (1-3 dpa; Fig. 3.9a-d; solid arrows without 

number). This developmental pattern-of-expression regressed gradually in the same fashion 

described in the earlier section 3.2.1 (also see Fig. 3.6), and became undetectable by 4 dpa.

a.
Figure 3.8 Design of regeneration experiment. The right hindlimb of each stage 52 or 53 
tadpole was amputated at the future knee level (a) and allowed to regenerate before fixation 
at different time points (b).

 

b. 
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3.2.3 Conclusion

The patterns of Grm expression described in the section of limb development covered 

the expression of the gene in both the Xenopus hind- and fore-limbs progressively from the 

early phase of stage 50 through the late stage 54, after which point expression of the gene 

became undetectable. In contrast, the expression of Grm was only showed in hindlimbs of 

stage 51-54 tadpoles in the previous study (Pearl, et al., 2008). The results here also showed 

the gradual transitions and changing levels of gene expression through each stage and across 

stages during normal development as well as regeneration of the hindlimbs in better details 

compared to Pearl et al (2008). Compared to the data presented here, the expression data 

showed in Pearl et al (2008) included only what were shown in Fig. 3.5a, 3.6a, e, and g for 

normal limb development, and FIg. 3.9a, c, and e, and g for regeneration. 

Overall, the results described above agreed with the previous study (Pearl, et al., 

2008), and showed that expression pattern of Grm during early Xenopus limb development 

was unlike the patterns reported in other common vertebrate models, chicks and mice. and 

that its patterns of expression during hindlimb regeneration were suggestive of its 

involvement in the process itself. In addition, the expression of Grm-1 in Xenopus forelimb 

buds was also distinctively different from those observed in chick and mouse. These 

suggested alternative functions of Grm in limb development in the amphibian model, as well 

as the potential involvement of the gene in the regenerative success of Xenopus hindlimbs. 
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3.3 Looking for Grm expression in Zebrafish fin buds

The expression of Zebrafish Grm-1 during pre-larval stages of embryonic 

development had been reported by Nicoli et al (2005). The expression of the gene in the fin 

buds of 24 hpf embryos during the pharyngula period was briefly mentioned in the report. The 

objective of the experiments described in this section, therefore, is to elaborate on the 

previous observations made by Nicoli et al (2005) by testing for the expression Grm-1 in the 

developing caudal and pectoral fins of hatching or early larval-stage embryos. 

In order to examine the expression of the gene via in situ hybridization, digoxygenin 

labelled RNA probes for Zebrafish Grm-1 and Grm-2 (presumably a duplicate of Grm-1; 

Appendix G) were made according to procedures described in the previous chapters. The 

efficacy of the Grm-1 probe, which was produced based on the information available in Nicoli 

et al (2005), was tested through whole mount in situ hybridization using pre-larval stage 

embryos. The probe for Grm-2 was used on embryo samples of similar stages compared to 

those used for Grm-1 to allow comparison of the patterns of gene expression. 

3.3.1 D. rerio Grm probe synthesis and whole mount in situ hybridization

Zebrafish RNA was successfully extracted from 24 hpf embryos and the product 

checked through gel electrophoresis (Fig. 3.10b). Sequences of the Zebrafish Grm-1 and 

Grm-2, located on chromosome 20 and 12 of the teleost genome respectively (Appendix G), 

were amplified from the fish cDNA through RT-PCR. Sizes of the PCR products correspond 

to those of the respective target genes according to the data available from the NCBI (Fig. 

3.10c); the size of Grm-1 was approximately 430 bp, and Grm-2 was about 730 bp long. 

These were then inserted into the pCR4-TOPO vector using the TA cloning kit supplied by 

Invitrogen and then cloned into chemically competent E. coli TOP10 cells. Plasmid DNAs 

were purified from successful transformants carrying the desired Grm gene insert and put 

through PCR using the T7 and T3 sequence primers. The linearized genes were afterward 

transcribed to synthesize digoxygenin labeled RNA probes. 

Three probes, drGrem1, drGrem2-1, and drGrem2-2 were successfully made for both 

the Zebrafish Grm-1 and Grm-2 gene. The identities of the probes were confirmed by 

comparing their sizes with those of the respective gremlin cDNA products (Fig. 3.10c-d). The 

results of gel electrophoresis showed two visible bands of similar intensities at the lane 
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representing drGrem2-1 suggesting the presence of the desired DNA template and that the 

transcription process was not complete (Fig. 3.10d). Otherwise, the size of the two drGrem2 

RNA probes appeared to be identical.

3.3.2 Expression of Zebrafish Grm-1 was not detected in the rudiments of pectoral fins

In order to confirm the function of the drGrem1 probe, the probe was tested on  14 

somite-stage embryos during late segmentation period. In situ hybridization experiment 

showed strong, distinct staining in the developing somites of the fish embryos (Fig. 3.11a), 

which was consistent with the previous data (Nicoli, et al., 2005). However, in situ 

hybridization with the same probe on high-pec. (pectoral fin bud) stage embryos showed no 

clear staining in the pectoral fin bud region (Fig. 3.11b). Dorsal-lateral sectioning of  42 hour-

post-fertilization (hpf) embryos that had undergone excessive staining after hybridization with 

the drGrem1 probe showed no staining in the rudiment of the pectoral fins (Fig. 3.11c). 

a.
Figure 3.10 RNA extracted from Zebrafish embryos at 24 hpf (b). Zebrafish, or D. rerio (dr) 
Grm-1 and Grm-2 cDNA isolated through PCR amplification. The size of Grm-1 is about 430 
bp, and Grm-2 is about 730 bp long (c). RNA probes for drGrem1, drGrem2-1, and 
drGem2-2. The sizes of the probes correspond to the sizes of the respective cDNAs (d). One 
percent Agarose gels and 1 Kb+ DNA ladder (Invitrogen) was used as size reference for all 
gel run (a). 

b. c. d.
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Figure 3.11  Expression pattern of Zebrafish Grm-1 during 14-somite stage (a) and high-pec. 
stage embryos (b). A dorsal-lateral section of a 42 hpf embryos showing the rudiment of the 
developing pectoral fin is shown in figure c. Red line in b indicates the cut site of the dorsal-
lateral transverse section. Position of rudiment of pectoral fin is marked by a red arrow. 
Large, black arrows in point to staining in the developing somites, and black sharp arrow 
points to eye primordium (a). Left side view of high pec. stage larval with white sharp arrow 
pointing to position of the pectoral fin (b). Somite stage embryos are shown in left side and 
dorsal views (a). *YB, yolk body; en, endoderm; ms, mesoderm; sm, somite.



72

73

74

3.3.3 Expression pattern of Zebrafish Grm-2 during later stage of segmentation and 

early pharyngula stages

DrGrem2 was detected in mid-brain region

The expressions of the second D. rerio Grm probe, drGrem2, in the late somite to 

prim-16 embryonic stages were different from the patterns of expression reported for 

drGrem1 in the earlier section. At 10-somite stage (14 hpf), signals of drGrem2 were detected 

throughout the embryo with a higher level of staining in the anterior region, along the yolk 

boundary (Fig. 3.12a). This mode of expression persisted as the embryo reached 18-somite 

stage (17 hpf) when staining in the anterior and around the yolk boundary became more 

distinct, and strong staining was also observed in the otic vesicle area (Fig. 3.12b). Unlike the 

signalling patterns expressed by the drGrem1, no signals were detected in the developing 

somite tissues. By 26-somite stage, hardly any signal was detected in the posterior region, 

whereas apparent staining was still visible in the anterior part of the animal (Fig. 3.12c). As 

the embryo reached prim-16 stage, when heart began to develop, staining became restricted to 

the anterior, mid-brain region (Fig. 3.13d). 

3.3.4 Conclusion

Function and specificity of the RNA probe generated to target Zebrafish Grm 1 mRNA 

was validated through in situ hybridization experiment on 14 somite stage (14 hpf) embryos 

prior to its application on embryos in early stage of fin development (31-42 hpf). Regardless 

of the indication of Grm expression in pectoral fin bud by Nicoli et al (2005), the results from 

both the whole-mount in situ hybridization experiments and histology experiments described 

above failed to identify expression of Grm 1 in the fin during early development.

This study was the first to describe the expression data for Zebrafish Grm-2 in early 

developing embryos. The gene exhibited distinct pattern of expression compared to its 

homologue. It did not appear to be involve in the somitic development, like Grm-1 did, and it 

showed singular expression in the midbrain region of the prim-16 stage larvae fish, which was 

unlike the expression pattern of Grm-1 reported in the previous study that showed up-

regulation of the gene throughout the animal.
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Figure 3.12 Expression pattern of the Zebrafish Grm-2 at more advanced stages of 
embryonic development. At 10-somite stage (14 hpf), expression of the gene was detected in 
yolk boundary (a). Expression persists in this area through about 18-somite stage (17-18 hpf), 
where strong staining was also observed in the otic vesicle (b). At later stages (26-somite to 
prim-16 stage), expression was down-regulated throughout the embryos leaving clear staining 
at only the mid-brain and anterior region (c and d). Arrangement consisting of left side view 
of embryos through to ventral and/or dorsal views, with the exception the 30 hpf sample, 
which is only presented in left side view. *YB, yolk body; black, sharp arrow indicates mid 
brain region (d).
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3.4 Conditional overexpression of Grm inhibits hindlimb regeneration

The regeneration-specific pattern of Grm expression described in the previous section 

is reminiscent of the expression of the BMP target gene, Msx, as both were found to be 

expressed in the posterior distal mesenchyme of the regenerating Xenopus hindlimbs (Barker 

& Beck, 2009). The Msx gene had been associated with limb and digit regeneration in axolotl 

and fetal mice (Han, et al., 2003; Koshiba, et al., 1998), and overexpression of the gene was 

capable of enhancing regenerative ability of hindlimbs in X. laevis to a small extent (Barker & 

Beck, 2009). Therefore, in an effort to understand the function of Grm in development as well 

as regeneration of amphibians limbs, I compared the regenerative ability of stage 54 G1 

transgenic X. laevis hindlimbs with those of their WT siblings, WT(G1). The G18 transgenic 

line was produced by crossing a WT female and a G1-carrier male carrying the heat shock-

Grm transgene (see Fig. 3.13a and Appendix D for details of G transgene). Conditional 

overexpression of the target gene, Grm, was triggered by intermittent elevation of the 

surrounding temperature, such as a shift from 18-24˚C to 34˚C. The heat shock activated the 

HSP70 promoter, leading to transcription of the target gene (Fig. 3.13a). The red fluorescent 

protein (RFP) down-streamed of the "-crystallin promoter served as reporter gene in this 

system. Transgenic tadpoles were indicated by the red fluorescence in their lens. 

For the regeneration experiment, the right hindlimb (RHL) of each stage 54-55 tadpole 

was amputated at the putative knee level, and allowed to regenerate prior to fixation at stage 

58 (Fig. 3.13b). All the tadpoles were heat shocked 3 hours before the amputation, and were 

put through heat shock accordingly in the next four days. Each heat shock session lasted 30 

minutes. The remaining left hindlimbs (LHL) were used as control for developmental 

phenotype. The bones and cartilages of the specimens were stained with Alizarin red S and 

Alcian blue solutions respectively. The sample size (N) for the G1 and WT(G1) sample 

groups were 22 and 19 respectively.

8. As the location of the heat shock-Grm transgene that was incorporated into the frogs genome differed from 
one to another, the number in G1 referred to a particular line of frogs among the transgenic-G Xenopus frog line.
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3.4.1 Overexpression of Grm reduced regenerative ability and efficiency

A robust comparison between the number of animals with any form of regenerated 

structure from G1 and WT(G1) groups showed significant difference in the regeneration 

success between the two groups (Fig. 3.14a). In the control group, 84 % (16/19) of tadpoles 

were observed with varied extent of regeneration, whereas the G1 transgenic group had only 

18 % (4/22) regenerates. A two-tailed t-test returned a P-value (1.7E-0.5) that was much 

smaller than 0.01 (# = 0.01), indicating significant difference in the repressed hindlimb 

regeneration in the transgenic group (Table 3.2). 

a.

b. 
Figure 3.13 Schematic representation of the G (a) and the timeline showing the transgene-
activation treatment to the transgenic line and their WT siblings (b). The reporter, RFP gene 
was constitutively expressed under the !-crystallin promoter, whereas the targeted Gremlin 
gene was only activated via elevation of the surrounding temperature (24 ! 34˚C).

Table 3.2 Summary table for the effects of Grm overexpression on regeneration success of 
hindlimbs in stage 54 X. laevis tadpoles.
Sample

WT(G1)
G1
*SE, standard error. The numbers are corrected to the second decimal point. The mean number of 
tadpoles from each sample group that showed any form of regeneration or had tibia-fibula (tb) or 
tarsus (ts)-like structures is represented in percentage. mtt stands for metatarsals; phl stands for 
phalanges; tf and ts stand for tibia-fibula and tarsus. 

N

19
22

Regenerates

84.2 %
18.2 %

No. of digits 
(SE*)

2.42(0.38)
0.18(0.08)

No. of mtt+phl 
(SE*)

7.31(1.28)
0.40(0.19)

Regenerates with tf/ts 

73.6 %
13.6 %



76

77

78

In order to further investigate the differences in ability and efficiency of regeneration 

between the two sample groups, another two sets of parameters were gathered for the 

comparison. The first set of data consisted of the number of digits in each regenerated RHL, 

and the second set involved the total number of perceivable skeletal elements in each 

regenerated autopod (metatarsals and phalanges). The total number of metatarsals and 

phalanges present in a normal WT Xenopus hindlimb is 19 (see Table 3.3 for detail). The P-

values derived from two-tailed t-tests for both measurements (1.18E-05 for the number of 

digits measurement, and 3.89E-05 for the metatarsals + phalanges measurement) were both 

greatly smaller than the confidence level, #= 0.01, and thus indicating significant differences 

in the mean number of regenerated digits as well as the overall autopod structures in the 

WT(G1) control and the G1 transgenic groups (Table 3.2;Fig. 3.14b-c). 

Figure 3.14 Effects of Grm overexpression on the regenerative ability of stage 54 X. laevis 
tadpole hindlimbs in general (a), in terms of the number of regenerated digits (b) and the total 
number of metatarsals and phalanges present (c). Error bars indicate standard errors in the 
respective sample groups. *P-value of two-tailed T-test that is less than 0.01 ("=0.01).
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Additionally, the number of regenerated tadpoles observed with tibia-fibula or similar 

structures was also recorded. The percentage of regenerated tadpoles possessing a regenerated 

stylopod structure was significantly lower in the transgenic group, which was evidenced by 

the low two-tailed t-test P-value, 0.00019 (Table 3.2). The percentage of animals with tibia-

fibula or tarsus elements in RHL were calculated from the whole of each sample group. 

3.4.2 Different patterns of hindlimb regeneration between the two sample groups

Even though the control, WT(G1) group had a significantly higher amount of 

regenerates, the regenerated hindlimbs displayed a variety of phenotypes. These ranged from 

flipper-like structures (Fig. 3.15a-b, d-e) to the extremely deformed autopodium consisted of 

fused or ectopic metatarsals (Fig. 3.15e, g). The flipper-like phenotype closely resembled the 

rare human congenital malformation phocomelia9. Other morphologies of the regenerated 

RHL also included complex, incomplete syndactyly of two digits at the distal phalanges 

Table 3.3 Description of normal autopod structure, in terms of the skeletal elements 
(metatarsals/metacarpals and phalanges)* in Xenopus hindlimb and forelimb.

* Metatarsals and metacarpals are represented in blue. The phalanges are coloured red. mtt, 
metatarsals; mtc, metacarpals; phl, phalanges.

Digits

mtt
phl
mtt + phl (sum)

Digits

mtc
phl
mtc + phl (sum)

I

1
2
19

II

1
3
14

II

1
2

III

1
3

III

1
3

IV

1
2

IV

1
4

V

1
2

V

1
3

9. A congenital malformation in which the long bones in the limbs appeared to be missing or shortened, resulting 
in the fore-shortening of the entire limb. This may be a result of developing fetus’ exposure to thalidomide, a 
potent teratogen, or due to genetic heritage (Marcaitch, 2006). 
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observed in one of the WT(G1) regenerates (Fig. 3.15f), and two cases of severe fusion of 

metatarsals of different intensity (Fig. 3.15e, g) as well as brachydactyly10 (Fig. 3.15e). 

All 16 hindlimb-regenerated samples from the control group had tibia-fibula or tarsus-

like structures in addition to the regenerated metatarsals and phalanges. The tarsus bone 

identity of the regenerated structure may be identified by a clear space presented in between 

two slightly curved long bones that fused at both ends (Fig. 3.15d, f-g) or through the 

observation of another apparent ossified tissue that was joined at the proximal end, where the 

tibia-fibula should be present under normal circumstances (Fig. 3.15b, e-f). Some samples 

also possessed aplastic11 soft tissue at a position proximal to the assumed tarsus structure 

instead of ossified bones (represented by Fig. 3.15a, b).

Many of the specimens with regenerated tibia-fibula or/and tarsus displayed 

phenotypes similar to fibular hemimelia12 deformities in human. These specimens harboured 

severe bending of the fibular bone (Fig. 3.15b, f). The anomaly seemed to have affected the 

postaxial13 portion of the regenerated limb. The regenerated appendage of the specimen 

featured in Fig. 3.15c had both of the upper and lower long bone structures , but the two 

elements appeared to be fused together at the putative joint level. 

The phenotypes of the regenerated RHLs in the G1 transgenic group were less 

variable compared to the controls. Over 80 % of the transgenic samples did not regenerate at 

all (Fig. 3.16b-c). Some of these no-regeneration specimens were observed with a fragment of 

tibia-fibula joined to the femur (3.16c). These were not resulted from regeneration, but were 

caused by non-precise amputation of the stage 54 RHL below the future knee level. The bone 

fragments were, therefore, the residue of the original tibia-fibula. The only four samples found 

with regenerated structures in the transgenic group could be easily grouped into two 

categories in equal proportion: (1) growth of a single digit immediately below the amputated 

10. Usually refers to disproportionally short digits. This type of limb malformation is characterized by bone 
dysostosis and can occur either as an isolated deformity or as a part of a complex malformation syndrome 
(Marcaitch, 2006; Temtamy & Aglan, 2008).
11. From Greek a--not, and plasis--molding. Generally referred to defective development or congenital absence 
of an organ or tissue (Marcaitch, 2006).
12. Fibular hemimelia, also known as longitudinal fibular deficiency, often refers to a partial or total absence of 
the fibula. It is among the most frequent limb anomalies and is also the most common long bone deficiency in 
human (Marcaitch, 2006).
13. Describes a position posterior to the axis of the body or to the axis of the limb; also indicates the portion of a 
limb bud lying caudal to the axis of the limb. 
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stump (Fig. 3.16d), and (2) formation of a tibia-fibula, as suggested by the shape of the 

muscle tissues around the structure, with a single digit at the distal end (Fig. 3.16e).

a.  

b.  c. 

d.    e. 

f.  

g. 

Figure 3.15 Morphology of regenerated hindlimbs (RHL) in the WT(G1) sample group. 
Ossified bones were stained red/purple, and cartilages were stained blue. The specimens 
were displayed in lateral (a and f), dorsal (b-e, g) and ventral views (a, f, and g) respectively. 
Digit numbers are identified where possible.
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The morphology of some of the regenerated hindlimbs from both the WT(G1) and G1 

groups suggested regeneration by intercalation (Maden, 1979). In most cases of the 

regenerated samples from the WT(G1) group, the shape and structure of the regenerated 

autopods appeared more defined compared to the zeugopod region. In the G1 group, 50 % of 

the regenerated samples consisted of a singular digit immediately after the site of amputation. 

These phenotype indicate that regeneration of the more distal structures preceded that of the 

more proximal ones.

3.5 Overexpression of Grm affects normal limb patterning

In addition to comparing the extent of regeneration success between the two sample 

groups, I also examined the developmental status and morphology of the limbs untreated by 

surgical amputation, i.e. the left hindlimbs (LHL) and the left and right forelimbs (FL), to 

assess the effects of Grm overexpression on normal limb development. Initial examination of 

the number of digits presented in the LHLs did not reveal much difference between the 

control and the transgenic groups (Table 3.4; Fig. 3.17a). However, disparity between the two 

groups became apparent after close inspection of the number of skeletal elements in the 

autopods. The total number of metacarpals and phalanges present in a normal Xenopus 

forelimb was 14 (see Table 3.3 for detail). The mean number of skeletal elements (metatarsals 

a.  b.  c.

d.  e. 
Figure 3.16 Morphology of regenerated hindlimb (RHL) from a WT tadpole (a), the G1 
transgenic line (b-e). All samples were shown in ventral view. Ossified bones were stained 
red/purple, and cartilages were stained blue. *fe, femur; tf, tibia-fibula; ts, tarsus.
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+ phalanges) in the LHL in the G1 group was significantly smaller than that of the WT(G1) 

group (Fig. 3.17b). 

Using the same quantifying system, the total number of metacarpals and phalanges in 

each of the FL was also measured. The number of skeletal elements countable in the FL 

autopods appeared to be more variable among the members of the G1 samples (Table 3.4). 

Two-tailed t-test showed significant difference between the G1 transgenic and the WT(G1) 

control groups (Fig. 3.17c). The results indicated that the mean number of metacarpals and 

phalanges in the G1 group was significantly smaller than the control (Fig. 3.17c). Morphology 

of both of the left and right FLs was symmetrical, and so measurements were only taken from 

one of the forelimb from each sample. 

Table 3.4 Summary table for the effects of Grm overexpression on normal limb development 
as measured in the left hindlimb (LHL) and forelimb (FL).
Sample

WT(G1)
G1
*SE, standard error. The numbers are corrected to the second decimal point. mtt stands for metatarsals; 
phl stands for phalanges; mtc stands for metacarpals.

N

19
22

LHL (count)
digits (SE*)
4.95(0.05)
4.90(0.06)

mtt+phl (SE*)
19(0)

15.8(0.72)

FL (count)
digits (SE*)

4(0)
4(0)

mtc+phl (SE*)
14(0)

12(0.58)
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3.5.1 Malformation of the control LHLs in G1 sample group

The morphology of the upper and lower limb portions, with the exception of the LHL 

autopods in members of the G1 group, seemed normal and comparable to those from the 

WT(G1) control group (Fig. 3.18a-b). Phenotype of the LHL autopods of all members of the 

a.   b.
Hindlimb

c. 
                                                         Forelimb
Figure 3.17 Effects of Gremlin overexpression on normal limb morphology revealed through 
phenotypes of the control, left hindlimb (a and b), and the forelimbs (c). The sample sizes (N) 
for the WT(G1) and the G1 groups are 19 and 22 respectively. Error bars indicate standard 
errors in the respective sample groups. * indicates P-value of two-tailed T-test that is less 
than 0.01 ("=0.01).

                                   Hindlimb
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WT(G1) group appeared normal (represented by Fig. 3.18b), each having five digits and a 

total of 19 skeletal elements (phalanges + metatarsals). Conversely, a variety of phenotypes of 

the LHL autopods were observed in the G1 group. These were classified into five main 

categories: (1) the WT, normal phenotype, (2) brachydactyly, (3) missing phalanges, (4) 

syndactyly14, and (5) digit bifurcation. 

Out of the 22 samples in G1 group, 36.36 % of them exhibited normal morphology, 

while another 36.36 % of them displayed phenotype resembling brachydactyly (Fig. 3.19). 

The distal phalanges of these samples appeared to be missing or were much shorter compared 

a.  b.  c.   d. 

e.  f.  g. 
Figure 3.18 Morphology of the control, left hindlimbs (LHLs), in G1 and WT(G1) sample 
groups. A reference for normal hindlimb morphology in WT X. laevis is demonstrated in Fig. 
a. The LHL phenotype of the WT(G1) group is represented in figure b. Figures c-g show the 
various LHL phenotype observed in the G1 transgenic group.Ossified bones were stained red/
purple, and cartilages were stained blue. The pictures displayed here represent the majority as 
well as some of the unique RHL phenotypes  observed in the sample groups. All the pictures 
are displayed in dorsal view. Digit numbers are indicated in each figure. 

14. Syndactyly describes a condition where two or more digits appeared to fuse together. The most common 
form of the condition is known as the webbing digits, which is also referred to as soft tissue syndactyly. The 
more complex form involves fusing of the bone or nail of the adjacent digit (Marcaitch, 2006).
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to normal phalanges, and the claws that were normally seen on digit 1-3 were also missing 

(Fig. 3.18c). These digits had round, blunt end, as opposed to the sharp digit tips that were 

commonly observed in the WT limbs. Another 13.64 % of the samples were also missing one 

or two of the distal digits (Fig. 3.18d-e; Fig. 3.19). However, unlike the brachydactyly case, 

the tips of the digits, except for those that were missing, appeared normal in this group (Fig. 

3.18). The remaining 13.64 % of the group included samples with more composite forms of 

distal-limb malformation, such as complex syndactyly of the bones and nails, as well as 

different levels of digit bifurcation (Fig. 3.18f-g; Fig. 3.19).

3.5.2 Malformation of forelimbs in G1 transgenic group

Morphology of the forelimbs from individuals in the control group appeared normal 

(represented by Fig. 3.20a-b). In contrast, the forelimbs from individuals in the G1 group 

Figure 3.19 Summary chart for the phenotypes of the autopods of the left hindlimbs in the 
G1 transgenic group and the WT(G1) control group. The percentage of stage 58-59 tadpoles 
observed with any one of the five categories of phenotypes is marked within the particular 
column. phl. phalanges  
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exhibited hypoplastic15 phenotypes, including various forms of brachydactyly (see (Temtamy 

& Aglan, 2008) for classification of the different types of brachydactyly). Most common form 

of brachydactyly phenotype among the samples was the absence of the distal phalanges and, 

in some cases, even part of the metacarpals in one or more digits with varying severity (Fig. 

3.20c-f). Other forms of hypopalstic fingers included deficiency in the formation of the distal 

most phalanges in one or more digits (Fig. 3.20g-h). A loop-like structure at the distal part of 

a metacarpal has also been observed in one of the specimens (Fig. 3.20i). This was likely 

caused by digit bifurcation during development of the metacarpal, followed by re-joining of 

the separate branches prior to formation of the phalanges. The abnormalities were consistently 

observed in the distal part of the autopod, and the apparent phenotypes appeared to be of 

symmetrical quality between the left and right forelimbs. No obvious defects were observed 

in other parts of the forelimbs. 

3.5.3 Conclusion

This study was the first to describe the effects of conditional overexpression of Grm in 

stage 54 X. laevis tadpoles during limb development and regeneration of the hindlimbs. The 

overall results from the Grm-overexpression experiments suggested that Grm was not a 

positive indicator for limb regeneration. Instead, the data described above demonstrated that 

hyper-activation of the gene during early phases of regeneration inhibited the regenerative 

ability of the hindlimb in stage 54 tadpoles. Moreover, an elevation of Grm activities in stage 

54 tadpoles, which corresponded to the early stages of autopod development in the animal, 

seemed to have negative effects on normal patterning of the distal limb structure by stage 

58/59. The phenotypes of the regenerated hindlimbs in both the WT(G1) and G1 tadpoles also 

appeared to support the theory of intercalary regeneration. 

15. From hypoplasia. This denotes an underdevelopment or incomplete development of a tissue or organ 
(Marcaitch, 2006).
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Chapter 4

 A heat shock-inducible RNAi transgene system in X. laevis

4.1 Introduction

Ever since its first discovery as a fast and economical mean for testing pregnancy in 

human in the early 19th century, X. laevis has come a long way to become one of the most 

popular model among developmental biologists, and it is also gaining attention in the field of 

the regeneration studies (Kay & Peng, 1991; Slack, et al., 2008; Tinsley & Kobel, 1996). To 

date, the most common method for loss of function (LOF) analysis in this amphibian model is 

via the injection of antisense RNAs and morpholino oligomers technology that lead to 

interference with the target gene at a sequence-specific level (Slack, 2006). While these 

techniques are effective and are usually the preferred method for LOF analyses, the duration 

of the inhibitory effect is short and the cost for each oligomer is high. For instance, even 

though down regulation of Grm activities can be easily achieved by using morpholino, the 

inhibitory effect induced by the antisense molecules will not last long enough for studying 

limb regeneration, which usually lasts for weeks, and much less useful for studying limb 

development. Morpholino, therefore, are not a suitable gene-downregulation agent for this 

study.

In 1996, Kroll and Amaya reported the development of an efficient method for 

carrying out transgenesis in X. laevis. The transgenic approach described by Kroll and Amaya 

made use of the restriction enzyme mediated integration technique to introduce plasmid 

construct into de-condensed sperm nuclei in vitro, which was followed by transplantation of 

the treated nuclei into unfertilized eggs (Kroll & Amaya, 1996). Some of the resulting diploid 

embryos that inherited the transgene expressed the integrated plasmids non-mosaically. In 

2003, Beck et al published a study on the molecular pathways required during the process of 

regeneration in X. laevis based on the use of several transgene-inducible frog lines (Beck, et 

al., 2003). The heat shock-inducible transgenic frog lines developed by Beck’s group were 

successfully generated through the transgenesis protocol established by Kroll and Amaya 

(1996) and a custom made plasmid (pHGEM) that carried a heat shock protein, Hsp-70, 

promoter positioned upstream of the targeted gene. The Hsp-70 promoter allowed conditional 

induction of the targeted gene by elevation of the surrounding temperature of the transgenic 
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animals. The transgene also included a !-crystallin promoter, which sat upstream of a GFP or 

RFP (Green or red fluorescent proteins) sequence. The animals that carried or inherited the 

transgene, therefore expressed the respective fluorescent protein in their lens, and thus 

allowed screening for the transgenic animals. Using the BMP inhibitor Noggin as the 

inducible target gene, Beck et al were able to down regulate the activities of the BMPs at 

selected periods of time to study the effect of BMP inhibition on tail and limb regeneration in 

X. laevis (Beck, et al., 2006; Beck, et al., 2003). However, the application of this technique in 

studying Grm was barred by the lack of a suitable inhibitor that would specifically target the 

protein. 

The main difficulty in altering the activities of Grm lay in the concern that the gene 

was intimately involved in early embryonic development of the animals. For instance, mice 

that were homozygous for mutation at the Grm locus were non-viable mainly due to the 

absence of kidneys (Khokha, et al., 2003). These also exhibited a conspicuous skeletal 

phenotype, such that only a single bone was present in the zeugopods of both the fore- and 

hind-limbs, and they both had fewer digits and abnormal maintenance of interdigital tissue 

(Khokha, et al., 2003). Therefore, in order to study the effects of silencing or down regulating 

the activities of Grm in the development as well as regeneration of Xenopus limbs, it is 

necessary to develop a system that will allow temporal control over the expression of the 

gene. Such a system would benefit the study of this developmental gene enormously. With 

these thoughts in mind, this chapter presents a project that aims to create a line of heat shock-

inducible gene knock-down frogs via transgenesis, with RNA interference (RNAi) as the ideal 

method for targeted-gene inhibition.

4.1.1 RNA interference

The term RNAi was first coined by Andrew Fire and Craig Mello in the late 20th 

century to describe a specific type of post-transcriptional gene silencing (PTGS) phenomenon 

that was induced by introduction of double stranded RNA (dsRNA) in Caenorhabditis 

elegans. Otherwise, the occurrence and technique of the described RNAi had already been 

documented and used in plants for decades before its application in the animal kingdom 

(Appasani, 2005). Ever since its description in C. elegans, RNAi has been used in loss-of-

function studies in various vertebrate models, including chicks, mice, Zebrafish, and Xenopus. 

The appeals of the technique includes the exactness of the gene-silencing effect, which is 
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specific down to nucleotide sequence level, and the apparent ease of application as well as the 

overall cost incurred in the operation compared to conventional gene knockdown methods. 

Nevertheless, regardless of its popularity among the researchers, the mechanism and the 

working components involved remain largely unclear to us. 

RNAi is an endogenous PTGS pathway that is triggered by dsRNA. The pathway is 

thought to be a safeguard against intruders, such as cellular infection by dsRNA virus, in 

which case the trigger of the RNAi pathway occurs naturally. The gene silencing pathway 

can, however, also be induced intentionally through exogenous introduction of dsRNA to 

suppress specific gene. RNAi is fundamentally a two-step process (Fig. 4.1). The first step 

involves processing of long dsRNA into 21-23 bp, small interfering RNA (siRNA) molecules 

by Dicer, a type III endoribonuclease. Dicer consists of an amino-terminal helicase domain, 

two tandem RNase three domains, carboxy-terminal dsRNA-binding domain, and a PAZ16 

domain that specifically recognise 3’ overhang (Appasani, 2005; Sohail, 2005). The resulting 

siRNAs possess 5’ phosphatase and 3’ OH terminus. In the second step, the siRNA is 

incorporated into a multi-component nuclease-containing complex, generally known as the 

RNA-induced silencing complex or RISC. While the precise make-up and functions of RISC 

still warrant more investigation, proteins from the Argonaute (Ago) family, specifically Ago 

II, is known to be an essential part of the silencing complex that are involved in mRNA 

cleavage. Proteins of the Ago family are characterized by a central PAZ domain (also found in 

Dicer) and a C-terminal PIWI domain (Appasani, 2005). The duplex siRNA is unwound by 

the ATP-dependent helicase part of the RISC to expose the strand that is directly 

complementary to the targeted mRNA sequences, thus allowing the anti-sense strand to guide 

the silencing complex to the mRNA sequences of the target gene. RISC then cleaves the 

double stranded region formed between the single stranded siRNA and the cognate mRNA 

sequences at an area that is close to the centre of the duplexed sequences. The cleavage leads 

to degradation of the targeted mRNA, thus preventing the its interaction with the cellular 

translation machinery.

16. The name PAZ originated from the names of the protein PIWI, Argonaute, and Zwille.
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4.1.2 RNAi in X. laevis

Common triggers for eliciting RNAi-mediated gene silencing include dsRNA, siRNA, 

shRNA, and ddRNAi (DNA-directed RNA interference). The dsRNA refers to a long (usually 

over 200 nucleotides) double-stranded sequence of the parental nucleic acid template, which 

will later be processed by Dicer into smaller duplex siRNAs consisting of sequences identical 

to the targeted mRNA sequences (Ying, et al., 2008). In 2000, Masanori Taira and associates 

reported their investigation of the effects of dsRNA-mediated PTGS in X. laevis (Nakano, et 

al., 2000). They began by co-injecting luciferase expression plasmid, pCS2Luc, and the 

dsRNA sequences representing the entire or part of the coding sequences of the luciferase 

gene into fertilized eggs at the 4-cell stage. The corresponding results indicated that the partial 

sequence performed better at suppressing the expression of the targeted luciferase gene 

compared to the full sequence (Nakano, et al., 2000). The group then attempted to silence an 

endogenous gene, the homeobox gene Xlim-1, which is involved in head development of the 

animal. Injection of dsRNA representing the partial sequences of the targeted gene led to 

reduced level of the Xlim-1 mRNA by 30-40 %. However, the effects of the PTGS on the 

morphology of the affected animals appeared to be variable, as indicated by phenotypes such 

as head duplication, and reduced or absent eyes in the developing embryos (Nakano, et al., 

2000). It was suggested that the variable phenotypic expressions observed in the PTGS-

affected animals were due to incomplete silencing of the target gene expression. 

Two years later, a group of researchers from the University of Hong Kong reported the 

use of much shorter dsRNA sequences as triggers for RNAi in X. laevis, which may also be 

considered as the siRNA method (Zhou, et al., 2002). The dsRNAs used by Nakano et al were 

Figure 4.1. Major steps in the 
RNAi process. The initial stage is 
marked by the cutting of dsRNA, 
regardless of its source or 
configuration, by the enzyme Dicer 
into siRNA molecules. The 
resulting siRNAs then become part 
of RISC and ultimately leads to the 
destruction of the target mRNA. 
This results in concomitant down-
regulation of the respective protein 
products and associated genes.
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at least 1000 nucleotides long, which may be large enough to elicit non-specific destruction of 

the alien mRNA by the animals endogenous defence against RNA virus (Galun & Galun, 

2005). Zhou and colleagues, therefore, used synthetic dsRNA of 21 nucleotides that represent 

partial sequences of the targeted genes (Zhou, et al., 2002). Their experimental approaches 

were, otherwise, very similar to those described in Nakanon et al (2000). Co-injection of the 

synthesized siRNA with the targeted luciferase gene into the embryos of X. laevis led to 

specific reduction of the expression of the exogenous gene by up to 60 %. They also 

demonstrated strong suppression of the expression of endogenous target, cyclin B1 and B2 by 

introduction of the respective small dsRNA sequences (Zhou, et al., 2002). 

Finally, ddRNAi describes an in vivo approach of RNAi that is applicable to 

generating transgenic RNAi lines. It involves in vivo production of siRNA sequences that are 

transcribed under the direction of an RNA polymerase II or III promoter, such as the T7 

promoter from a DNA template in mammalian cells (Donzé & Picard, 2002; Kim, et al., 

2004).  Among all the other forms of dsRNA triggers for ddRNAi, the preferred form of 

interfering RNAs so far is the shRNAs. The shRNAs are capable of sustained suppression of 

gene expression compared to siRNA, which is more likely to elicit innate immune response 

from the targeted animals (Erdmann & Barciszewski, 2010; Hitz, et al., 2009). ShRNAs are, 

therefore, considered as the most ideal candidate for generating stable transgenic cell line 

(Erdmann & Barciszewski, 2010; Hitz, et al., 2009; Sohail, 2005). They are normally 

designed as single stranded RNA molecules that possess both a sense and an anti-sense 

domains that facilitate intra-molecular base pairing linked by a loop sequence in the middle 

(Erdmann & Barciszewski, 2010; Ying, et al., 2008). When the designed shRNA nucleotide 

sequences are transcribed in vivo of the host cells, the resulting quasi-double stranded 

molecules―the shRNA become a substrate for Dicer. The loop is then cleaved and removed 

by Dicer and the remaining small double stranded molecule is put through the same 

machinery described earlier (Fig. 4.2).  
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In 2006, Li and Rohrer successfully developed a DNA vector-based RNAi expression 

system, in combination with transgenesis, in X. laevis using the X. tropicalis U6 promoter that 

transcribed small RNA genes by RNA polymerase III (Li & Rohrer, 2006). They used shRNA 

as the trigger of RNAi. The shRNA was designed to target the GFP sequences. They first 

validated the system as well as the inhibitory effect of the designed shRNA sequences in the 

Xenopus system by co-transfecting the U6 promoter-driven shRNA construct together with a 

GFP-expressing plasmid into Xenopus XR1 cells. In vitro, the test showed successful 

inhibition of the expression of GFP in cells transfected with the vector-based RNAi construct, 

but not in cells with the control plasmids pUC19-U6 (Li & Rohrer, 2006). The group then 

went on to confirm the transgene-driven expression of the RNAi system in vivo. They 

Figure 4.2 Summary of the process of ddRNAi. DNA-directed RNAi is essentially a method 
in which the RNAi-directing siRNA or shRNA molecules are made in cells from DNA 
templates that have been cloned into a plasmid or vector.
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integrated the control or the U6-shRNA plasmid DNA into the sperm nuclei of X. laevis using 

restriction enzyme-mediated integration (REMI) technique respectively. These sperms were 

then transplanted into unfertilized eggs to produce double transgenic tadpoles. No significant 

difference in the viability between the pUC19-control and the U6-shRNA transgenics was 

observed. While both sample groups produced about the same proportion (~50 %) of GFP-

expressing tadpoles, a significant difference was detected in the fluorescence intensity 

between the two groups. The level of fluorescence was stronger and more evenly distributed 

in most of the embryos generated with the control, pUC19 plasmid, whereas the fluorescence 

in the U6-shRNA group appeared to be significantly weaker with much more variable 

distribution. In addition to the phenotypic expression data, quantitative RT-PCR also showed 

that relative GFP mRNA levels were reduced by around 60 % in the U6-shRNA transgenic 

embryos compared with the control embryos. Down regulation of the targeted gene product, 

GFP, was further confirmed via immunoblotting. Li and Rohrer (2006) also demonstrated that 

the inhibitory effect mediated by the transgene-driven RNAi system was target-specific. The 

system was also capable of stable suppression of the targeted GFP protein expression at later 

stages. 

Using a similar DNA-vector based RNAi transgene system described above, but with 

different plasmid construct and target sequences, Pan et al (2010) investigated the molecular 

functions of the retinal homeobox gene in Xenopus during eye development. Like Li and 

Rohrer (2006), they also used X. tropicalis U6-promoter to drive the customized shRNAs in 

their construct. Their RNAi-targeted genes were Rx1A and Rx2A respectively. Interestingly, 

while their targeted gene knock-down efficiency was 60-90 % in the transgenic RNAi 

animals, their data showed that the RNAi (inhibitory) effect did not become apparent until 

after stage 38, close to stage 41 (Pan, et al., 2010). The late expression of the RNAi function 

allowed early development of the retina, which may explain the lack of obvious external or 

histological phenotype in eye development in the transgenic embryos at stage 41. It was 

suggested that the late RNAi expression may be a result of slow accumulation of the 

transgene products (i.e. transcribed shRNA molecules), or that the machineries necessary for 

the RNAi-mediated gene silencing mechanism may not be present in the animal system until 

later during development (Pan, et al., 2010). With regard to the second possibility, Pan et al 

(2010) demonstrated that overexpression of Ago II in the Rx-shRNA transgenic tadpoles 

resulted in defects in the developing eye. The effects included anophthalmia and 
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microophthalmia. In contrast, eye defects were not observed in non-shRNA transgenic 

tadpoles overexpressing Ago II, indicating that the late RNAi effect might have been due to 

the lack of necessary RNAi pathway-related machineries to support the transcribed siRNA 

molecules.

4.2 An inducible DNA-vector based RNAi system in Xenopus

The idea of an inducible RNA silencing system in an appropriate vertebrate model 

system was first suggested in a text book for RNA silencing by Galun and Galun in 2005 

(Galun & Galun, 2005). The initial suggestion outlined the use of a nucleotide sequence, 

capable of folding into stem-loop structure after transcription, being incorporated into the 

genome of a desirable model organism, such as Zebrafish. The sequences should also be 

subjected to the influence of a strong, inducible promoter sitting at the 5’ end. Upon 

transcription and the formation of the stem-loop structure, the molecules would then be 

processed by the existing RNAi machinery in the animal to function as siRNAs that would 

direct specific PTGS effect on the targeted genes (Galun & Galun, 2005). 

Interestingly, the inducible-RNAi system by method of transgenesis described above 

was later applied on an invertebrate model system, the silkworm Bombys mori, by Dai et al in 

2007. The group working on silkworms succeeded in developing a heat shock inducible and 

inheritable RNAi system in the animal by injecting the silkworms eggs with a piggyBac 

transposon plasmid carrying the RNAi sequences driven by the Drosophila heat shock 

protein, Hsp70, and a helper plasmid expressing the piggyBac transposase (Dai, et al., 2007). 

The RNAi sequences against their target genes were made up of two copies of full length 

cDNA sequence of the corresponding targets respectively that were joined tail to tail under the 

Hsp70 promoter (see figure 4.3 for the design of the plasmid construct). The RNAi sequences 

(normal and inverted cDNA sequences) folded into long dsRNA molecules after transcription. 

The long dsRNAs were then processed into siRNAs prior to being fed into RISC to direct 

sequence-specific gene silencing. The positive transgenic rate was rather low (12-16 %). 

However, the mRNA expressions of the targeted genes in the transgenic animal carrying the 

RNAi transgene were shown to be down regulated by 35-70 % after heat shock treatment at 

42˚C compared to the negative control. 
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The experiments done by Dai et al (2007) provided a proof of concept concerning the 

efficacy and the practicality of an inheritable and inducible RNAi system. The ability of 

conditional induction of target-specific gene silencing in vivo would allow researchers to 

study the function of endogenous gene at any point during development and avoids the 

potential lethal effect of constitutive gene silencing. As such, this system will provide a mean 

to study the function of genes that are involved in early development in a way that traditional 

knock-out animals are not able to. 

Even though previous studies of RNAi in Xenopus had shown that the mechanism was 

applicable to the amphibian model, the effects of sequence-specific PTGS were still not 

absolute. In contrast to the 100 % inhibition rate, which had been reported in the nematode C. 

elegan (Appasani, 2005), the highest rate of success in the amphibian model had only reached 

around 60-90 % with the use of a DNA-vector based transgenic system (Li & Rohrer, 2006; 

Pan, et al., 2010). The experiments described in these recent papers had all adopted the X. 

tropicalis U6 promoter as the driving factor for in vivo production of siRNA molecules. While 

the U6 promoter had been proved to be capable of inducing the effect of RNAi up to 60 % or 

Figure 4.3 A simplified, schematic representation of the design of the plasmid construct used 
in development of a heat shock inducible and inheritable RNAi system in silkworms by Dai 
et al (2007). The map features two copies of full length cDNA sequences of the desired target 
gene joining tail to tail under the Hsp70 promoter and EGFP controlled by 3xp3 promoter as 
marker for screening of transgenic silkworms. 
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more in the transgenic X. laevis lines, the expression of the promoter was dependent on the 

pre-set endogenous function of the animal. The transcription rate and the quantity of the 

siRNAs produced by the construct were, therefore, more or less limited. This may have 

contributed to the late RNAi-affected phenotypes as well as the low efficiency of inhibitory 

effects described by Li and Rohrer (2006) and Pan et al (2010). 

To circumvent the problem mentioned above, we used a heat shock promoter HSP70 

instead of the commonly used U6 promoter to drive the RNAi sequence. This will provide the 

researchers with temporal control over the activity of the promoter, and indirectly, the 

transcription and accumulation of the RNAi molecules. Using the Heat shock-Green Eye 

Monster (HGEM) plasmid (Beck, et al., 2003) the ideal transgene construct for generating 

heat shock-inducible RNAi transgenic frog line will include a HSP70 promoter on the 5’ end 

of the DNA fragment that codes for the RNAi sequences, and a "-crystallin promoter 

upstream of the GFP sequences. The later will serve as the marker for screening of transgenic 

tadpoles, which can be determined by the constitutive expression of GFP in their lens. 

Transcription of the RNAi sequences will only be activated when the transgenic animals are 

shifted from an optimum temperature of 18-24˚C to 34˚C (Fig. 4.4). The overall plan of the 

RNAi-transgene construct is very similar to the ones described by Dai et al (2007), with 

modifications to the promoter driving the RNAi-mediating sequences and the choice of the 

interfering RNA molecules. The preferred form of interfering RNA molecules for this project 

was the shRNAs, which was based on the reasons outlined in the previous sections. 
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Figure 4.4 Outline of the mechanism of targeted-gene silencing induced by the heat shock-
inducible RNAi transgene system. RNAi effect is elicited through shRNA molecules that are 
formed upon transcription and subsequently processed into siRNAs by Dicer prior to being 
used in the destruction of the targeted mRNA. 
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4.3 Experimental strategy and outcomes

In addition to Grm, the Xenopus FGF-8 gene was chosen as the other RNAi target 

gene to serve as the positive control for the intended technique. As members of the FGFs are 

well-known for their association with multiple major signalling pathways, such as ones that 

regulate vertebrate limb outgrowth and early embryonic development, knock-down or knock-

out expression of such gene will serve as excellent positive control for the effects of the 

inducible-RNAi construct (Itoh, 2007; Kroll & Amaya, 1996). FGF-8, in particular, is one of 

the members of this group of growth factors that have been studied extensively. It is involved 

in the patterning of developing mouse embryos, induction of midbrain development in chick 

embryos, the regulation of chick limb development, as well as many others (Crossley, et al., 

1996a; P. Crossley, et al., 1996b; Crossley & Martin, 1995; Fletcher, et al., 2006; Fürthauer, et 

al., 2004; Mahmood, et al., 1997). Embryos of compound heterozygote FGF-8 mutant mice 

generated through Cre- and Flp-mediated recombination display a range of phenotypes 

including smaller size and/or delayed development compared to their WT or heterozygous 

litter mates, severely affected brain development, evidence of cardiac defects, as well as 

failure of posterior development (see detailed discussion in Meyers, et al., 1998). FGF-8, 

therefore, emerged as an ideal candidate RNAi-target gene for positive control, as suppression 

of the proteins activities in developing Xenopus embryos is likely to induce obvious 

phenotypes. 

4.3.1 Design of the RNAi molecules

In the form of single stranded DNA sequences, two sets of shRNA-forming sequences 

were designed through Gene Link shRNA design programme (GeneLink, 2009). The designs 

were based on the full sequences of the Xenopus Grm and FGF-8 that were obtained through 

NCBI database. The configuration of the sequences involved a sense strand that was exactly 

the same as part of the sequence of the target gene, followed by a seven-nucleotide loop 

sequence (tcaagag), an anti-sense strand that was complimentary to the sense sequences, and 

six-nucleotide T tail, which would serve as the terminating sequences (see Table 4.1 for detail; 

Fig. 4.5). These were flanked by partial target sequences of the restriction enzymes HindIII 

and StuI at the 5 and 3 end respectively. The combination of a 5’- overhang and a 3’- blunt 

end in the sequence design was to allow control over the directionality of the inserts during 

ligation with the plasmids. The xlGrem1-shRNA sequences were ordered as separate 
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oligonucleotides, whereas the xlFGF8-shRNA sequences were purchased in the form of a 

gene that was integrated in the pIDTSMART plasmid from IDT (Appendix B).

4.3.2 Initial preparation of the plasmid, shRNA oligonucleotides and gene

In order to integrate the shRNA-forming DNA sequences into the desired plasmid, the 

heat shock-green-eyed monster (HGEM), it was linearized by double restriction digest with 

HindIII and StuI, with the desired fragment isolated and purified through the complete E-

Gel® electrophoresis system containing the E-Gel® CloneWell SYBR Safe™ gels and the E-

Table 4.1. Sequence details of hair-pin forming oligonucleotides
Name (-shRNA)
xlGrem1 (+)

xlGrem1 (-)

xlFGF8 (+)

xlFGF8 (-)

* xlFGF8-shRNA was ordered as a gene, pIDTSMART:FGF*-shRNA, from IDT. See 
Appendix B for detail of the gene. 

Sequences
agcttggttaatctgccacaaacctggcatcaagagtgccaggtttgtggca
gattaactttttt

ccaattagacggtgtttggaccgtagttctcacggtccaaacaccgtctaatt
gaaaaaa
agcttgatgaactacatcacctccatccttcaagagaggatggaggtgatgt
agttcatttttttgat

ctacttgatgtagtggaggtaggaagttctctcctacctccactacatcaagt
aaaaaaacta

Size (bp)
65

61

68

63

nmoles
79

56.6

N/A*

N/A*

Figure 4.5 Schematic diagram outlines the RNAi mechanism initiated by a vector-based 
shRNA construct.
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Gel® iBase™ Power System from Invitrogen prior to integration with the shRNA-forming 

DNA molecules.  HGEM was essentially a modified version of the pBlueScriptIIKS+plasmid 

vector (pBSIIKS+) from Stratagene (Appendix D). The modification included the insertion of 

the Xenopus HSP70 upstream of a multi-cloning site, which allowed insertion of the desired 

DNA sequences, followed by a six-timed myc tag and SC40 poly A sequences that enhanced 

integration of the plasmid into the amphibian genome (Beck, et al., 2003). The final factor of 

HGEM consisted of the reporter gene, GFP (or in some cases, RFP), which located 

downstream of a Xenopus !-crystallin promoter that allowed recognition of the transgenic 

animal by virtues of the fluorescent protein expression in their lens (Beck, et al., 2003). 

The sense and anti-sense strands of the xlGrem1-shRNA oligonucleotides were 

annealed via a brief incubation in the annealing buffer to form double stranded DNA 

sequences. The xlFGF8-shRNA gene, on the other hand, was spliced out of the pIDTSMART 

plasmid via double restriction digest using HindIII and StuI. The targeted fragment, which 

was about 72 bp in length, was subsequently isolated and purified through the E-Gel® 

CloneWell system. 

4.3.3 Integrating shRNA-forming sequences into HGEM

Purified shRNA-forming DNA molecules were integrated into the linearized HGEM 

plasmid via ligation using T4 DNA ligase. The linearized HGEM plasmid was de-

phosphorylated using alkaline phosphatase immediately after the initial double digests to 

prevent re-ligation of the cut plasmid. Double stranded xlGrem1-shRNA DNA sequences 

were phosphorylated prior to ligation. The ligation was carried out in small aliquots of a total 

of about 11.5 µL per sample (7 µL of plasmid DNAs, ~150 ng of phosphorylated DNA 

fragments, 2 µL of 10 x ligation buffer, and 1 µL of T4 DNA ligase). The ligation samples, 

pHGEM + xlGrem1-shRNA, pHGEM + xlFGF8-shRNA, and pHGEM + MQW were 

subsequently cloned into TOP10 chemically-competent cells. Transformed cells were 

identified by their property of Ampicillin (AMP) resistance. 

Sixty colonies were counted on the control, HGEM + MQW plate, whereas there were 

three colonies on the HGEM + xlFGF8-shRNA plate, and a single colony on the HGEM + 

xlGrem1-shRNA plate. All three colonies from the xlFGF8-shRNA plate and the one from the 

xlGrem1-shRNA plate were screened for the presence of the -shRNA genes in their genome 
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via colony PCR. A single colony from the MQW control plate was used as negative control in 

the PCR screen. 

4.3.4 Screening results

The primers used for the PCR-screening process were the HSP70 sequence, forward 

primer, and the PolyLinker sequences, reversed primer (see Figure 4.6 for illustration of the 

amplified area). The latter was designed specifically to screen for sequences in the multi-

cloning site in pHGEM. When used in combination with the HSP70 sequences primer, the 

pair amplified a 400-500 bp product from an empty, default HGEM plasmid. However, in the 

case where the desired sequences were present within the HGEM plasmid, the amplified 

sequences would range between 100-150 bp due to the singularly small size of the inserted 

sequences. As the HGEM plasmids were linearized through double restriction digest using a 

combination of HindIII and StuI, which left non-compatible ends, the fully cut plasmid DNAs 

should not be able to re-ligate among themselves. Therefore, the colonies observed in the 

pHGEM + MQW control sample plate would carry non other than the re-ligated pHGEM 

representing the full original sequences, which might have been caused by either uncut 

plasmid DNAs, or partially digested plasmid DNAs, or incomplete purification of the desired 

DNA fragments. 
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Products from the colony PCR screen using the HSP70 sequence (F) and the 

PolyLinker (R) primers were checked through 1 % agarose gel electrophoresis. The DNA 

fragment amplified from the control sample (Fig. 4.7, first lane) was about 400 bp. On the 

other hand, DNA fragments from the -shRNA samples (Fig. 4.7, lane 2-5) were all between 

100-200 bp, with the fragments from the xlFGF8-shRNA samples (Fig. 4.7, lane 2-4) being 

slightly larger compared to the one from the xlGrem1-shRNA sample (Fig. 4.7, lane 5). As the 

size of the bands from the -shRNA samples were consistently smaller than the fragment 

yielded from the negative control, this suggested the presence of the -shRNA sequences in the 

cells’ genome. 

Figure 4.6 Simplified map of the HGEM plasmid showing the region amplified by the 
HSP70 sequence (F) primer (dark red arrow) and the Polylinker (R) primer (purple arrow) 
that were used in screening for the cloned-in sequences. The area of amplification is 
highlighted pink.
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In order to verify the existence of the -shRNA DNA sequences in the genome of the 

transformed cells, plasmid DNA of the four -shRNA samples were purified from the 

respective bacterial cell colonies and subsequently sent for sequencing. The same set of 

primers were used for the sequencing of the purified plasmid. Sequencing confirmed the 

presence of the xlFGF8-shRNA sequences in the HGEM:FGF8-shRNA samples 1 and 3 

(Appendix H), but not in sample 2. This proved that the -shRNA sequences were successfully 

cloned into the heat shock inducible construct. The purified plasmid DNAs of HGEM:FGF8-

shRNA samples 1 and 3 were stored in -20˚C until further use in transgenesis. However, 

identification of the xlGrem1-shRNA sequences in the HGEM:Grem1-shRNA sample was 

unsuccessful.

4.4 Conclusion

The sequences of one of the designed shRNA-forming DNAs, the xlFGF8-shRNA 

sequences, were successfully cloned into the heat shock-inducible plasmid construct. 

However, I failed to clone the desired -shRNA sequences that were designed to target the 

Xenopus Grm into the HGEM plasmid.

Figure 4.7 Checking of colony PCR products via agarose gel electrophoresis. The marker for 
DNA fragment sizes are represented by the 1 Kb+ DNA ladder (Invitrogen). 
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There were several constraints in cloning the shRNA-forming sequences into the 

HGEM plasmid. The first problem was the small size (<100bp) of the desired fragments. In 

the case of the xlFGF8-shRNA, which was originally ordered in the form of a gene 

(pIDTSMART:xlFGF8-shRNA), it was difficult to isolate the xlFGF8-shRNA sequences from 

the vector in sufficient quantity as well as purity. The other problem might be attributed to the 

hairpin nature of the insert sequences, which made them more likely to form secondary 

structure among themselves, and thus preventing their incorporation into the plasmid DNA. 

While the solution to the second point was yet to be unravel, the first difficulty was largely 

resolved by the arrival of the E-Gel® CloneWell system from Invitrogen, which enabled me to 

isolate and extract the desired fragment of DNAs in the course of active gel electrophoresis.
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Chapter 5 

Discussion and Conclusion

5.1 Summary of results

In the light of the gene expression data published in Pearl et al (2008), this project set 

out to investigate the functions of the Xenopus Grm in regeneration as well as development of 

Xenopus limbs. The initial research using a series of bioinformatics on the information 

concerning the Gremlin gene in the online database demonstrated that the expression pattern 

of the Xenopus Grm, which was shown in the previous study, was not likely to be caused by 

an unknown homologue. While the failure in identifying a Grm homologue or a second Grm-

like homologue in the genome of X. laevis might have been due to the lack of a complete 

genome of the organism at the time when the analysis was done, the search through thousands 

of ESTs and UniGene entries available at the time suggested a reasonable amount of certainty 

in terms of the results. The attempts to identify expression of Zebrafish Gremlins in the 

pectoral fin bud or the rudiments of the fin was unsuccessful, which was contrary to the 

indication of the gene’s expression in the structure in previous study (Nicoli, et al., 2005). 

Nonetheless, the results were suggestive of the gene’s singular involvement in limb 

development, which was certainly absent in fish. Also, the expression pattern of Zebrafish 

Grm-2 reported here seemed to correspond to the expression of a mouse Grm-2 that was 

published recently (Diez-Roux, et al., 2011).

The developmental expression of Grm during initial stage of regeneration presented 

here appeared more widely distributed around the proximal mesenchyme compared to the 

pattern showed in Pearl et al (2008). This study also showed the expression pattern of Grm 

during development in stage 50 hindlimb buds, which was a stage earlier compared to the 

previous study (Pearl, et al., 2008). Grm was first detected in the anterior, distal mesenchyme 

at this stage, and then became increasingly dynamic as the growth of the limb continued. 

Moreover, as the forelimb development and patterning has been known to follow a rather 

different pathway compared to the hindlimbs, the experiments also looked at the activities of 

the gene in the developing forelimb (Capdevila, et al., 1999; Nissim, et al., 2006).
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In the hindlimb, apart from the initial expression of Grm at stage 50, the spatial 

expression of Grm in hindlimb bud did not resemble the known patterns in chicks and mice. 

The expression of the gene in the anterior, distal mesenchyme of stage 50 hindlimb buds and 

stage 51 forelimb buds resembled the expression patterns previously reported in HH17 22 

chick limb buds and E18 10.75 (37 somites) mouse limb buds (Bénazet, et al., 2009; 

Capdevila, et al., 1999; Merino, et al., 1999). Otherwise, the expression patterns of Grm in 

Xenopus hind- and forelimbs appeared to be very similar. The activities of the gene gradually 

reduced at around developmental stage 53 of the tadpoles in both hind- and fore-limbs, 

especially in the distal mesenchyme, and became completely undetectable by the end of stage 

54. The apparent differences in the pattern of gene expression in Xenopus limb bud and the 

mice and chicks’ limbs suggested different function of the gene in Xenopus limb during 

development.

The expression data of Grm in the regenerating hindlimb described in the result 

section did not only confirm the descriptions in Pearl et al (2008), but also revealed the 

dynamic nature of the gene expression during these process in more detail. During early 

phases of regeneration, the expression of the gene was detected mainly around the more distal 

part of the regenerating structure, but not in the regenerating blastema. Expression of the gene 

during early phases of regeneration still sustained some of the patterns that were observed 

during development of limb of the same stage, but at a much lower intensity compared to the 

regeneration-specific expression in the distal mesenchyme. The distinct expression of Grm in 

the regenerating hindlimb bud indicated the involvement of the gene in the process. 

The functions of Grm in Xenopus limb regeneration and development were further 

assessed through conditional overexpression of the gene in animals carrying the heat shock-

Grm transgene. These animals demonstrated significantly poorer ability in regenerating the 

lost hindlimb structures compared to their WT siblings, indicating that Grm was not a positive 

indicator for limb regeneration in Xenopus. Also, a significant amount of stage 54 tadpoles 

that were exposed to overexpression of the gene showed malformation of the autopod 

structures in both the hind- and fore-limbs. These data suggest that tight regulation of the gene 

17. “HH” refers to the Hamburger-Hamilton staging series for development of chick embryos.
18. “E” stands for embryonic stage in the normal staging of mice development.
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expression during these processes were important for successful limb regeneration as well 

normal development and patterning of the amphibian limbs. 

5.2 The potential of Grm in regeneration

At the initiation of this project, a web-wide search among the genome database with 

the keyword, Gremlin, returned a list of results that consisted of vertebrates exclusively. As I 

have described in the previous chapter, this list of the Grm-carrying animals were filtered 

through carefully until only those with a relatively more complete sequence data of the 

Gremlin gene or protein remained and used for the search of another Grm in the X. laevis 

genome. The phylogenetic trees built then lacked a proper outgroup, as there was none 

available at the time. A more recent search for all animals or metazoans that carried Grm had, 

however, produced stunning results with many new taxa having been added to the list. Among 

these included the green anole (Anolis carolinensis), an arboreal lizard, and some Cnidarians 

that could be used as appropriate outgroup for phylogenetic analyses. 

The first glance at the growing list (Table 5.1) gave one an impression that Grm was 

present mostly in tetrapod vertebrates, suggesting that the ancestral role of the gene my be 

associated with limb development. This initial assumption was mainly due to the known 

function of the gene in regulating limb outgrowth and patterning in the amniote models, like 

chicks and mice (Zeller, et al., 2009). Nevertheless, as Grm was also found within genome of 

several non-tetrapod fish taxa as well as invertebrates, like sea anemone and leeches (Table 

5.1), it appeared that the gene did not belong to tetrapod exclusively. However, it was 

interesting that the Grm-like gene sequences belonged to starlet sea anemone, Nematostella 

vectensis, and hydra, Hydra magnipapillata were yet to be registered in the Metazome 

database (Metazome, 2010). It seemed that the identity of these Grm-like gene still warrant 

further validation. 

The Zebrafish was one of the fish taxa that had at least three copies of Grm genes in 

their genome. The expression of two of the Zebrafish Grm genes (drGrm-1 and drGrm-2) 

were demonstrated in embryos at post-somite stages (within the range of 12-42 hour-post-

fertilization). Whole mount in situ hybridization showed activities of the drGrm-1 gene in the 

developing somites during the early somitic stages and ubiquitous expression of the gene 

throughout the embryos at later stages, while there was non distinct expression in the pectoral 
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fin bud or the rudiment of the fin bud. On the other hand, drGrm-2 appeared to function 

differently from the first one during somitic development of Zebrafish embryos, as indicated 

by the different patterns of expression. However, both copies of the gene showed concentrated 

expression in the midbrain region in the prim-stage19 larva. In fact, the expression of drGrm-2 

at this stage was observed only in the midbrain region, which resembled the exclusive 

expression of the mouse Grm-2 in the developing brain (Diez-Roux, et al., 2011). These data 

indicated that with regard to its function in the development of appendages in vertebrates, 

Grm was only involved in development of the limbs and not in the precursor of the structure, 

such as fish fins (Zeller, 2010; Zeller, et al., 2009). Otherwise, the patterns of Grm expression 

described here were consistent with the known functions or associations of the gene in axial 

skeleton patterning in mouse embryos (Stafford, Brunet, Khokha, Economides, & Harland, 

2011), cardiomyogenesis and maintenance of vascular smooth muscle cells (Kami, et al., 

2008; Maciel, Melo, & Campos, 2009), and cartilage development (Shapiro, et al., 2009; 

Tardif, Pelletier, Boileau, & Martel-Pelletier, 2009).

Interestingly, the new list included several invertebrate taxa, such as leeches, sea 

anemone, and hydra (Table 5.1). In addition to the reptilian taxa, like the green anole 

aforementioned, these new members of the growing list all possessed excellent regeneration 

ability. Sea anemone and hydra, for instance, were both well known for their ability to 

regenerate or fully replace lost parts and represented some of the oldest, classic models for 

regeneration (Brockes & Kumar, 2008). Unlike fish, these animals possessed neither 

appendages or any precursory structure of limbs. Their ability to regenerate lost body parts 

appeared to be the common denominator between these invertebrate taxa and some other 

members on the list (Table 5.1). However, the regenerative ability of these taxa relied on 

specialized cells with properties of pluripotent stem cells, which was unlike the mechanism 

involved in epimorphic regeneration (Brockes & Kumar, 2008; Slack, 2006). Nevertheless, 

the addition of these new regeneration-savvy taxa to the amphibians, the reptiles and the fish 

taxa that were in the list, was suggestive with regard to the potential of Grm in regeneration.

 

19. Developmental stages characterized by onset of heart beats and heart development.
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5.3 The role of Xenopus Grm in hindlimb regeneration

With the exception of the regeneration-specific expression near the blastema, the 

initial expression of Grm in the regenerating hindlimbs closely resembled the pattern 

observed during the corresponding developmental stage, stage 54 (Fig. 5.1A). The level of 

Table 5.1 List of organisms with Grm according to the latest NCBI, UniGene search (as on 
17th March 2011)

Taxa

Axolotl (Ambystoma mexicanum)
Cattle (Bos taurus)
Bat (Carollia perspicillata)
Zebrafish (Danio rerio)
Chicken (Gallus gallus)
Human (Homo sapiens)
Rhesus monkey (Macaca mulatta)
Mouse (Mus musculus)

Brown rat (Rattus norvegicus)
Atlantic salmon (Samo salar)

South African clawed frog (Xenopus laevis)

West African clawed frog (X. tropicalis)
Sheep (Ovis aries)
Japanese medaka (Oryzias latipes)*
Rainbow trout (Oncorhynchus mykiss)
Channel catfish (Ictalurus punctatus)
Blue catfish (Ictalurus furcatus)*
Atlantic cod (Gadus morhua)*
Green anole (Anolis carolinensis)*
Starlet sea anemone (Nematostella vectensis)
Hydra, fresh water polyp (Hydra magnipapillata)**
Leech (Helobdella robusta)*
*Sequences that are weakly or moderately similar to known Grm sequences.
**Gremlin-like gene.
!There are known cases of full regeneration of extreme digital (finger) tips in neonates.
!!Limited regeneration ability. 

Phyla

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Vertebrate

Cnidaria

Cnidaria

Annelida

Regenerate

Yes

No

No

Yes

No

No!

No

No!

No!

No (?)

Yes!!

Yes!!

No

No

No

No

No

No

Yes

Yes

Yes

Yes

Number of 
Grm
2

1

1

3

1

2

1

2

2

1

1

1

1

1

1

1

1

1

1

1

2

1
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Grm expression in the distal mesenchyme increased as regeneration progressed, and then soon 

died down again at the formation of a cone-shaped structure. The location and the timing of 

Grm expression in the distal portion of the regenerating structure suggested that Grm was 

associated with the formation and/or maintenance of the regenerating blastema and apical 

epithelial cap (AEC) during the initiation of regeneration (refer to Fig. 5.1B), which was 

essential for successful regeneration (Thorton, 1957). The mesenchymal expression of the 

gene during the initial stage of regeneration was particularly interesting, as previous study had 

shown that the regenerative capacity of Xenopus limb did not depend on the epithelial tissue, 

but the mesenchymal tissues instead (Yokoyama, et al., 2000). They were able to stimulate 

regeneration in the stump of non-regenerative, stage 56, Xenopus limb buds through 

exogenous application of FGF-10 to the mesenchymal tissues (Yokoyama, et al., 2001).

5.3.1 Insight from Msx: The Regeneration-specific expression pattern of Xenopus Grm in 

hindlimbs suggests positive association between Grm and regenerative success

The Msx transcription factors are direct targets of BMPs, and have been associated to 

regeneration in mammals, zebrafish, and amphibians (Beck, et al., 2003; Han, et al., 2003; 

Koshiba, et al., 1998; Murciano, et al., 2002). Expressions of Msx-1 were observed in the 

distal mesenchyme of the regenerating limb in both Axolotl and X. laevis (Barker & Beck, 

2009; Koshiba, et al., 1998). Conditional ectopic expression of the gene in stage 54 Xenopus 

tadpoles via the heat shock-transgenic technique described earlier was able to improve the 

regenerative ability of the animals, albeit only for short period of time (Barker & Beck, 2009). 

Using tadpoles carrying a heat shock-inducible hyperactive version of the Msx-2 gene, Barker 

et al (2009) were able to show that tadpoles that were exposed to overexpression of Msx-1 

following hindlimb regeneration had a significant increase in the blastema cells population, 

which was a common indicator for regenerative success in the amphibian model, compared to 

those in WT. The timing for the ectopic expression of the gene appeared to be very important 

in terms of aiding regenerative success of the Xenopus limb. The attempts by Barker et al 

(2009) to further boost regeneration by extending the period of time that Msx-1 was 

overexpressed proved to be unsuccessful. 

Interestingly, the regeneration-specific expression of Grm, like that of the Xenopus 

Msx-1 (Beck, et al., 2006), was observed strongly in the distal mesenchyme of the 

regenerating hindlimbs. This particular pattern of Grm expression seemed to centred around 
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the forming blastema and AEC during early stage of limb regeneration, as the expression of 

gene rapidly declined as these structures became more defined. Considering the example of 

the Msx gene, the expression pattern of Grm described above suggest association of the gene 

with regenerative success of Xenopus hindlimbs. 

Figure 5.1 Illustrated summary diagrams of the expression of Xenopus Grm during 
regeneration (A), and of the process of limb regeneration in amphibians (B). DPA, day-post-
amputation; AEC, apical epidermal cap; bs, blastema; stg, stage.
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5.3.2 Ectopic expression of Grm causes decline in regenerative ability

Contrary to the effects of Msx-1 overexpression in stage 54 Xenopus (Barker & Beck, 

2009), overexpression of Grm at this stage resulted in the decline of regenerative success in 

the hindlimbs. This was similar to the effects of overexpressing the BMP antagonist Noggin in 

Xenopus tail and hindlimb regeneration, which inhibited regeneration of the structures in 

stage 52 tadpoles effectively (Beck, et al., 2006; Beck, et al., 2003). Tadpoles that were 

exposed to overexpression of Noggin failed to reactivate the distal Msx-1 expression during 

regeneration, thereby lacking a functional blastema (Beck, et al., 2006). 

Ectopic expression of Grm was induced in stage 54 tadpoles, a stage where the 

expression of Grm regressed significantly during normal limb development, shortly before 

amputation of the limb at the future knee level and again after the surgery for six days. 

Majority of the tadpoles from the G1 transgenic group showed no sign of regeneration. The 

only two cases (out of 22 samples from G1) of partial regenerates might be attributed to 

failure in maintaining global up-regulation of the Grm in these samples. This might have 

resulted in incomplete healing of mature epidermis across the cut surface, leaving facet of 

area where regeneration may still occur. Otherwise, the G1 group showed significantly lower 

number of regenerates compared to WT, indicating that ectopic expression of Grm at this 

stage not only had no positive value to regeneration, but rather inhibited it. However, the 

inhibitory effect of Grm on regeneration was not entirely surprising, as Grm and Noggin had 

both been known as a strong BMP antagonist after all (Hsu, et al., 1998; Wordinger, et al., 

2008). As the ectopic expression of Grm was continually induced for four days after limb 

amputation, the BMP signalling that was cardinal for the onset of regeneration might well be 

suppressed by excessive expression of the BMP antagonist (Beck & Slack, 1999; Slack, et al., 

2004). This could be easily tested by assessing for Msx-1 expression in the heat shocked G1 

tadpoles in future studies. 

Nevertheless, it was still possible that while prolonged expression of Grm may have 

adversed effect on the regenerative ability of Xenopus hindlimb, a modulated amount of the 

gene activities at the time may contribute to regenerative success. In the current experimental 

module for Grm overexpression, the first induction of Grm was initiated before the surgical 

removal of hindlimb part in stage 54 tadpoles, and the gene was repeatedly induced for the 

next four days after the surgery. It was likely that the repeated stimulation of Grm activities 
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was had over-powered the BMP pathway or the activities of other signalling molecules that 

were required for successful regeneration. For instance, re-expression of members of 

fibroblast growth factors had been known to play important roles in successful regeneration in 

both amphibians and urodeles (Christen & Slack, 1997; Christensen, et al., 2002; K. Poss, et 

al., 2000; Yokoyama, et al., 2001). Re-expression of FGF-8 in the distal epidermis, in the 

AEC of the regenerating Xenopus as well as axolotl limb buds appeared to be correlated with 

regeneration of the structure (Christen & Slack, 1997; Christensen, et al., 2002), whereas the 

exogenous expression of FGF-10 was able to stimulate the regenerative capacity of stage 56 

Xenopus tadpoles that were normally non-regenerative (Yokoyama, et al., 2001). It had been 

shown in Grm mutant mice, in which the SHH-FGF feedback loop that was required for 

normal limb outgrowth and patterning was disrupted, that the expression of FGFs was 

indirectly controlled by Grm through its regulation of BMP activities (Khokha, et al., 2003). 

Therefore, it was likely that the apparent consecutive overexpression of Grm shortly prior to 

and throughout the early phases of regeneration had adversely inhibited the FGFs activities 

that were necessary for regeneration, as the heat shock-transgenic method that was adopted in 

this study allowed ubiquitous expression of the targeted gene throughout the affected animals 

(Beck, et al., 2003). 

All things considered, the concentrated expression of Grm in the distal mesenchyme 

of the regenerating hindlimb in the initial phase of regeneration suggested that the function of 

the gene during regeneration was probably limited to the early phase of de- and re-

differentiation (Fig. 5.1B). The short duration of this regeneration-specific expression and its 

spatial distribution in the distal mesenchyme also corresponded to the expression patterns of 

the Msx transcription (Barker & Beck, 2009; Yokoyama, 2008) suggesting that the expression 

of Grm at this stage of regeneration did not abolish the activities of the BMPs (Beck, et al., 

2006; Beck, et al., 2003; Slack, et al., 2004). These suggested that a modulated amount of 

Grm expression was important for regeneration in Xenopus, and the role of the molecule in 

the process was most likely to act as a regulator of BMP activities, which in turn attuned the 

other inter-connecting signalling pathways.  
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5.4 The need to revise the function of Grm in Xenopus limb development

The expression of Grm in the distal mesenchyme during early limb development plays 

an important role in mediating the interconnecting signalling loops of SHH-FGF and the BMP 

pathway that regulate limb outgrowth and patterning in chicks and mice (Bénazet, et al., 

2009; Bénazet & Zeller, 2009; Verheyden & Sun, 2008). The current models for vertebrate 

limb development mainly evolved from gene expression and functional studies that were done 

in chicks and mice in the past decades (Bénazet & Zeller, 2009; Towers & Tickle, 2009; 

Zeller, et al., 2009). The general thought was that these models for limb development should 

be applicable to most, if not all, tetrapod taxa. However, the gene expression data recorded in 

this thesis revealed unparalleled differences in the expression pattern of Grm between 

Xenopus limb buds and the chick and the mice limbs during development. This suggested that 

the current models of limb development that were mainly based on experiments done on 

chicks and mice might not apply to the amphibian model after all, and thereby cast doubt on 

an universal limb developmental pathway. 

5.4.1 Expression pattern of Xenopus Grm in developing limbs is different from the 

described patterns in mice and chicks

With the exception of the stage 50 hindlimb buds, the expression pattern of Grm in 

stage 51 through 54 hindlimbs, after which point the expression of Grm became undetectable, 

did not resemble the patterns described in chicks and mice. The spatial expression of Grm in 

the early phase of stage 50 Xenopus hindlimb buds was vaguely similar to the pattern of 

expression reported in E10-10.5 mice, where the expression of the gene was detected in the 

anterior part that was close to the distal point of the limb buds, in the mesenchyme, but never 

in the AEC (Figure 5.2; Khokha, et al., 2003). The expression of the chick Grm in the 

hindlimb bud at stages equivalent to E10-10.5 in mice, HH20-22, appeared much stronger, as 

the signals extended across the proximodistal axis of the limb buds (Bardot, et al., 2001; 

Capdevila, et al., 1999). Nonetheless, the expression of the gene was also omitted from the 

epithelial cells in chick limbs, and the expression seemed to have originated from the distal 

and ventral mesenchyme (Bardot, et al., 2001; Capdevila, et al., 1999; Nissim, et al., 2006).  
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As the limb continued to develop, the pattern of Grm expression in Xenopus hindlimb 

bud became more distinct from those in mice and chicks. In Xenopus, the expression became 

more proximal and ventral in nature as the limb bud grew distally, as if the activity of the 

gene continued to stay in the same spot along the growing limb. It seemed likely that the 

expression of the gene that was away from the distal mesenchyme might be involved in 

muscle development in the animal, which was one of the developmental functions associated 

with Grm (Maciel, et al., 2009; Michos, et al., 2004). Unlike in chicks, where expression of 

Grm was observed even in the autopod during development (Merino, et al., 1999), expression 

Figure 5.2 Comparison between expression patterns of Grm in early chicks, mice, and 
Xenopus limb buds. The Xenopus limb buds were flipped vertically to match the normal 
orientation of chicks and mice limbs. AER, apical ectodermal ridge; AEC, apical epidermal 
cap; stg, stage. 
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of the gene in Xenopus hindlimb appeared to regress rapidly as structures along the 

proximodistal axis of the limb became more distinct at around stage 52. By stage 54, when the 

shape of the autopod had become established, the expression of the gene had pretty much 

disappeared from most of the limb, except for some minute expressions at the most proximal 

part that resembled the future stylopod (Nieuwkoop & Faber, 1996). In contrast, the 

expression pattern of chick Grm in HH 22-23 remained visible, but in relatively lower 

intensity to its initial expression at HH20, and continued to be active even at the later stages 

of limb development (Bardot, et al., 2001; Capdevila, et al., 1999; Nissim, et al., 2006). The 

expression of the mouse Grm, on the other hand, became more distanced from the AER as the 

limb grew and remained to be visible mainly in the distal mesenchyme (Khokha, et al., 2003). 

The duration of Grm expression in chicks and mice during limb development was, therefore, 

much longer compared to the expression in Xenopus hindlimbs, suggesting that Xenopus Grm 

played early role in the development of Xenopus hindlimbs and was not involved in later 

roles, including patterning of distal limb structures. 

Interestingly, the expression pattern of Grm in stage 52 Xenopus forelimbs during 

normal development appeared a lot more similar to the pattern described in the mouse limb 

buds (Khokha, et al., 2003). Strong expression of Grm was observed in the distal 

mesenchyme of in stage 51-52 Xenopus forelimb buds. Like that of the hindlimbs, the initial 

expression of Grm in stage 51 forelimb resembled the expression pattern of the gene in E10 

mouse limb buds and HH20 chick limbs (Bardot, et al., 2001; Capdevila, et al., 1999; 

Khokha, et al., 2003; Nissim, et al., 2006). At stage 52, the expression of Grm in the forelimbs 

also became more distanced from the epithelial margin of the limb buds, much like the 

expression pattern observed in E10.5-11 mouse limb buds (Khokha, et al., 2003). Otherwise, 

the overall pattern of Grm expression in Xenopus forelimbs was not that different from the 

pattern outlined in the hindlimbs. 

Taken together, the expression data reported here showed distinct differences in the 

patterns of Grm expression during early limb development between the South African clawed 

frog, X. laevis and the amniote models, chicks and mice. While it was possible that the 

function of the gene may still be similar, if not, the same as the ones described in the 

integrative model of limb development (Verheyden & Sun, 2008; Zeller, et al., 2009), as Grm 

was expressed during early phases of limb bud development, the apparent differences in the 
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spatial and temporal expressions of the Xenopus Grm were indicative of a different role of the 

gene in the amphibian model. For instance, Grm was expressed in the proximal boundary of 

interdigital mesoderm of chick autopod during the stages of digit formation and had been 

shown to play a major role in regulating regression of the interdigital tissue (Capdevila, et al., 

1999; Merino, et al., 1999). Its expressions in later stages of limb development in chicks were 

also associated with its functions in differentiating bone , muscles, and the feather buds 

(Merino, et al., 1999). In contrast, there was no Grm expression during the stages when the 

Xenopus autopod was formed and patterned, and frogs do not have feathers, indicating that 

the gene is not involved in these developmental pathways in Xenopus. Another distinct 

difference between the function of Grm in Xenopus and the amniotes was the absence of 

apoptosis around the interdigital tissues in the frog model during normal patterning of the 

digits compared to chicks and mice (Beck, et al., 2009). This was particularly interesting as 

Grm was involved in the negative regulation of the apoptotic areas as well as chondrogenesis 

in chick limb buds (Merino, et al., 1999). 

5.4.2 Overexpression of Grm causes developmental defects of autopods in 

Xenopus limb

The data from the gene overexpression studies using the heat shock-Grm transgenic 

tadpoles revealed a significant level of differences in the untempered, control, left hindlimbs 

(LHL) as well as the forelimbs (FL) between the G1 transgenic and the WT(G1) control 

groups. It was apparent even by superficial observation that LFLs from members of G1 

displayed a greater range of morphology compared to the control. More than 63 % of the 

samples from G1 demonstrated abnormal autopod phenotypes in their LHLs, where 

brachydactyly and missing phalanges took up the majority of the group. These were further 

confirmed by a comparison of the total number of skeletal elements, including the metatarsals 

and the phalanges, perceivable in the hindlimb autopod between the G1 and WT(G1) groups. 

The comparison revealed significant difference between the two group, with the transgenic 

group showing a much lower number of skeletal elements compared to the control. 

Similar defects of the autopodium were also observed in FLs. These included 

hypoplasia of the distal phalanges, different forms of brachydactyly that ranged from a lost  or 

a shorter and blunted end of distal phalanges to severe shortening of a entire digit, and a void 
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in the metacarpal. The void, or a hole, in the metacarpal was probably caused by a partial 

bifurcation of bone, shortly followed by fusion of the separated branches. Closer examination 

of the deformed FL autopods by a careful tally of the skeletal elements involved (phalanges 

and metacarpals) revealed significant difference between the G1 and the control groups. In 

general, the main features of limb defects included loss of distal skeletal elements in the 

autopod, and that all the abnormalities were only observed in the autopods. These might have 

been due to overexpression of the gene at a stage when patterning of the upper limb was well 

established and the patterning of the autopod had just gone under way. 

Grm is involved in normal skeletal and autopod patterning of Xenopus limb

The aberrant limb morphology among the G1 samples could be related to the effects 

of skeletal overexpression of Grm in mice (Gazzerro, et al., 2005; Nagatomo & Tompkins, 

2008). Transgenic mice carrying a hyper-active form of Grm, which was induced under the 

control of the osteocalcin20 promoter, showed impaired bone formation that led to reduction in 

body size of the transgenic mice, severe osteopenia21, and spontaneous fractures most likely 

due to decrease in osteoblast number and function (Gazzerro, et al., 2005). Overexpression of 

Grm in mice also resulted in tooth fragility and developmental defects in the enamel and 

dentin (Gazzerro, et al., 2005; Nagatomo & Tompkins, 2008). Implanting Grm beads at the tip 

of the digit forming region in HH24 and 28 chick limbs led to inhibition of digit 

chondrogenesis (Merino, et al., 1999). The resulting phenotypes resembled the brachydactyly 

autopod limbs observed among the G1 samples. Even though the bone densities of the 

Xenopus samples used in Grm overexpression study were not assessed in this project, nor 

were the structures and fragility of the frogs examined, developmental defects in the skeletal 

structures appeared to be a recurring theme among animals exposed to overexpression of 

Grm. In the case of the Grm-overexpressing Xenopus, the defect was highlighted by a loss of 

bone structures in the distal part of the limbs (refer to Fig. 5.3 for a comparison of the skeletal 

structure of the limbs).

20. Osteocalcin is a non-collagenous protein found in the extracellular matrix of bone and dentin, which is 
involved in the mineralization of bone and teeth. 
21. A condition in which the bone mineral density is lower than the normal peak density, but not low enough to 
be categorized as osteoporosis. 
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Interestingly, in contrast to the effects of Grm overexpression, a loss of Grm activity in 

mice also has severe impact on the skeletal development and patterning of the limbs (Khokha, 

et al., 2003; Michos, et al., 2004). Mice carrying a null mutation of Grm (Grm-/-) and thereby 

abolishing the function of the gene exhibited unusual skeletal patterns in the appendages that 

could be characterized by (1) absence of one of the long bones in the zeugopod, (2) presence 

of fewer digits, and (3) an abnormal maintenance of inter-digital tissue, which was manifested 

in the form of soft tissue syndactyly (Khokha, et al., 2003). With the exception of the defects 

in zeugopod, the phenotype of the Grm-/- mice autopods, which included loss of digits or 

other skeletal structures (Khokha, et al., 2003), appeared similar to some of the phenotypes 

observed in the G1 Xenopus. This indicated that the dosage of Grm expression was important 

in supporting normal development as well as patterning of vertebrate limbs. 

Stage 54 in Xenopus was a stage in which the three major structures of the hindlimb 

along the proximo-distal axis (Fig. 5.3) became more distinguishable, and it was also when 

Grm expression was at its lowest level. In fact, the expression of Grm in Xenopus hindlimb 

during normal development appeared to be restricted to levels of the limb that corresponded 

to the more proximal structures, such as the future stylopod. The restricted pattern of Grm 

expression at this stage was consistent with the known expression of BMPs and the Msx 

transcription factors that were known to be active in the distal part of the limb, in the 

developing autopod and were probably involved in the regulation of patterning the autopod in 

the amphibian (Beck, et al., 2006). Previous studies in mice had shown that the SHH/Grm/

Figure 5.3 Schematic 
representation of the basic 
structure and skeletal patterns of 
chicks, mice and frogs forelimbs.
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FGF e-m feedback loop played a major role in regulating outgrowth and patterning of the 

amniote limbs (Bénazet, et al., 2009; Khokha, et al., 2003; Merino, et al., 1999; Verheyden & 

Sun, 2008). An alteration in the dosage of any of the signalling molecules or components in 

this pathway tended to have an adversed effect on the length and patterning of the limbs 

(Bouldin, et al., 2010; Khokha, et al., 2003; Lewandoski, et al., 2000). It had been proposed 

that an over-production of SHH in the zone of polarising activity (ZPA) would lead to a 

corresponding increase in hedgehog signalling in the AER, resulting in a decrease in AER 

length, and vice versa (Bouldin, et al., 2010). SHH was also known to play important roles in 

establishing both digit identities and number in mice through a concentration as well as a 

temporal gradient of expression (Harfe, et al., 2004; Yang, et al., 1997). Inhibition of BMP 

activities by overexpressing Grm could lead to an indirect up-regulation of SHH, due to the 

unhindered production of the AER-FGF (Verheyden & Sun, 2008), and thus affecting normal 

limb outgrowth and patterning of the autopods in the affected animals. 

Furthermore, morphology of the forelimbs from G1 sample group resembled the chick 

limb autopods that were subjected to ectopic induction of TGF$ and BMP respectively 

(Gañan, et al., 1996). Implanting TGF$ beads in the interdigital space in chick limb resulted 

in a range of chondrogenic responses in the interdigital mesoderm that were stage- and dose-

dependent (Gañan, et al., 1996). The resulting phenotypes included complex syndactyly, 

duplication of digits, formation of ectopic cartilages or digits, and autopodial alterations. It 

was noteworthy that some of the phenotypes were caused by the joint effects of TGF$  and 

FGF8 beads, where the latter was used to restrict the chondrogenic response induced by the 

TGF$ bead (Gañan, et al., 1996). The BMP beads, on the other hand, induced cell death by 

apoptosis in the undifferentiated mesoderm of the autopod. The phenotypes also included 

digit bifurcation after implantation of the bead (Gañan, et al., 1996), all of which were 

observed in a similar fashion in the heat shocked G1 forelimbs. The similarity between the 

morphology of the affected chick limbs and the G1 Xenopus forelimbs suggested that the 

phenotypes observed in the G1 forelimbs might be due to interference of the TGF$ and BMP 

activities by overexpression of Grm during crucial stages of autopod patterning. The apparent 

likeness in the digit bifurcation phenotype between the G1 froglets and chick limbs implanted 

with BMP bead was particular interesting, as apoptosis was known to be absent during normal 

development and patterning of Xenopus limbs (Satoh, et al., 2006; Tinsley & Kobel, 1996). 
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5.5 Summary and conclusion

Xenopus Grm may still function as part of the epithelial-mesenchymal signalling loop 

that regulates the outgrowth and patterning of limb during early limb bud stage but not later 

(Zeller, et al., 2009), as indicated by the spatial expression of the gene in stage 50 and 51 limb 

buds. The rapid down-regulation of Grm expression throughout the developing limb, and its 

apparent restriction towards the more proximal end of the limbs suggested that the gene was 

unlikely to be involved in the degradation of the AER by the SHH-Grm-FGF signalling loop 

proposed by previous studies (Bénazet & Zeller, 2009; Zeller, et al., 2009), which would 

require expression of the gene in stage 54 Xenopus limbs.  

The abnormal phenotypes of the autopods in the G1 samples were likely due to 

disruption of the TGF$ and BMP pathways that were necessary for normal patterning of the 

autopod at stage 54 and latter stages (Capdevila & Belmonte, 2001). Inhibition of the BMP 

activities would have interfered with the normal regulative loop between BMP and the other 

e-m signalling pathways, such as FGF-SHH, that relied on morphogenetic proteins to 

modulate their activities (Bénazet, et al., 2009; Bouldin, et al., 2010; Verheyden & Sun, 

2008). 

The same argument may also be applied to the reduction in regenerative success of 

Xenopus hindlimbs in the G1 group compared to their WT siblings that the regeneration of the 

limb structure was blocked by excessive activities of Grm, which inhibited the functions of 

BMP. This would be most likely the case, in consideration of the matter of intercalary 

regeneration, where more distal structures were usually regenerated first (Maden, 1980; Slack, 

2006). Some of the morphology of the regenerated right hindlimbs in the WT(G1) as well as 

the G1 sample groups, for instance, provided a very good example of intercalary regeneration 

as some of them were seen to have started regenerating structures in the autopod, such as 

digits, compared to the zeugopod. Nonetheless, the regenerative ability of the G1 frogs might 

have well been affected by the initial induction of ectopic Grm expression prior to the surgical 

removal of part of the hindlimbs. In order to really appreciate the processes that led to the 

phenotypes described previously, it is necessary for us to first understand the mechanisms 

underlying development of the amphibian limbs. 
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In conclusion, the Xenopus Grm was not a positive agent for regenerative success in 

the limbs, and a modulated level of the gene’s activities was essential in maintaining normal 

limb development. It appeared that while the current model for limb development may be 

applicable to the amphibian model to a certain extent, the exact mechanism and details in the 

molecular pathways involved still warrant further investigation. 

5.6 Directions for future studies

Future studies will require loss-of-function analyses of the gene in order to assess the 

role and function of the gene during both limb development as well as regeneration in 

Xenopus. The ideal method of such experiments will be the inducible-RNAi-mediated knock-

out frogs that were described in the previous chapter. The heat-inducible system will allow 

temporal control over the RNAi effect, and thus avoiding the detrimental effects and lethality 

that could be caused by the disruption of genes that were involved in early embryonic 

development. The generation of such system, therefore, will benefit all future studies in 

developmental biology. 

Additionally, the Grm-overexpression using the G1 transgenic frog line should also be 

carried out again, but with several adjustments to the timing of heat shock treatments as well 

as the age of the experimental animals. The induction of Grm expression in stage 54 tadpoles 

may be broken up into separate experiments, such that different groups of animals will only 

receive heat shock (I) prior to amputation of the hindlimbs, or (II) after the amputation, or 

(III) during both phases (Fig. 5.4). Heat shock may also be carried out in stage 52 tadpoles to 

assess the effect of Grm overexpression on the normal limb development in the earlier stages. 

As the structures of the hindlimbs were less defined at stage 52 compared to stage 54, and the 

forelimbs had just began to develop, one could expect the impact of Grm overexpression to be 

extended to the zeugopod as well. The timeline for regeneration until fixation will follow the 

existing timeline (described in Chapter 3.4, Fig. 3.8). The resulting samples will also be 

assessed for the expression of BMP-4, FGF-8, SHH, and Msx-1 respectively. The same design 

can also be used for the heat shock-RNAi frogs in the future. These would allow us to test the 

hypotheses concerning the causes of the abnormal phenotypes of the developing limb as well 

as the lack of regeneration in the G1 animals that were discussed above.



123

124

125

Figure 5.4 Proposed timeline for future study using transgenic frog system. HS, heat shock; 
dpa, day-post-amputation; stg, stage.
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