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Abstract
The amphibian model, Xenopus laevis, is capable of perfect epimorphic limb
regeneration prior to metamorphosis. It had been indicated that the amphibians’ abilities to
regenerate lost structures may be attributed to certain intrinsic factors, such as unique patterns of
gene expression following trauma. Transcriptome studies and more recent molecular analyses
have shown that members of the fibroblast growth factor (fgf) families are re-expressed in
regenerating Xenopus limb. The expression of certain fgf members, such as fgf-8 and -10, plays
positive roles in successful limb regeneration in Xenopus. Therefore, the functions of this group
of morphogens during regeneration are of particular interest to understanding the secrets to
regenerative success in regenerative taxa, such as the clawed frogs.
Members of the Fgf are morphogens that direct cell differentiation and functions during
developments. Their biological activities are regulated by a variety regulators, such as the
intracellular inhibitor, Sproutys (Spry), and the extracellular heparan sulfates (Sulf). These
modulators act on the Fgf-triggered mitogen-activated protein kinase (MAPK) signaling cascade
at various points, influencing the eventual biological response. We hypothesised that, similar to
the reports in other vertebrate models, Xenopus spry and sulf also play important roles in
regulating Fgf activities in limb development, and possibly regeneration. This was indicated by
in situ hybridisation data described in Chapter 3 and 4, showing that the expression profiles of
three of the Xenopus spry and two sulf genes either complemented or overlapped with known
region of the fgfs expression during development and regeneration.
The developmental expression patterns of the Xenopus spry and sulf genes were distinct
from their avian and murine homologues. They also demonstrated varying levels of expression in
either the proliferating blastema or the apical epidermal cap in regenerating limb. These data
indicate unique functions of the two sets of genes compared to their avian and mammalian
homologues. Based on these observations, we speculate that fine manipulation of the Fgfactivated MAPK pathways may be achieved by controlling the expression of spry and/or sulf. To
test the last hypothesis, we attempted functional studies by generating a heat shock inducible
spry-1a over-expressing X. laevis line. Transgenic frogs carrying a novel heat shock inducible
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DNA-directed RNAi transgene system were also created, in hope to allow for sequence-specific
gene knock-down/-out experiments in Xenopus. Regrettably, these experiments did not result in
any usable data.
In conclusion, this study provides the first detailed expression profiles of the Xenopus
spry and sulf during limb development and regeneration. The dynamic and distinct expressions
of these genes in Xenopus compared to the other model systems suggest unique functions of
these genes in the amphibian model that may also be related their more superior regenerative
ability. Therefore, further functional study targeting the effects of these Fgf regulators in limb
regeneration is warranted. Finally, although the functional experiments using transgenics
described in Chapter 3 and 5 did not yield any usable data, we believe that the detailed
procedures discussed here will be useful to future studies.
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Introduction

The vertebrate limb is a pioneering model for understanding complex tissue
development and three-dimensional pattern formation. It is also an excellent model for
studying regeneration — a well known phenomenon in many reptilian and amphibian taxa,
such as the South African clawed frog, Xenopus laevis, and the Mexican salamander,
Ambystoma mexicanum (referred to simply as axolotl from here on). The current models of
vertebrate limb development derived largely from experiments performed on the nonregenerative models, such as the domestic chicks (Gallus gallus) and house mice (Mus
musculus). However, past decades of studies had demonstrated that the process of epimorphic
limb regeneration appears to emulate the process of development (Slack et al. 2004; Wolfe et
al. 2004; Beck et al. 2009). The differences in the mechanisms of limb development between
the regenerative and non-regenerative models may provide valuable insights into the
amphibians’ ability to regenerate lost structures.

Limb regeneration in amphibians—recapitulation of the developmental process
The regenerating limbs share many similarities with the normally developing limb buds.
One of the model notable features of the regenerating models is the rapid re-epithelialization
of the wound following amputation (Tanaka and Galliot 2009). The apical epithelial cap
(AEC) formed in the regenerating structure strongly resemble the developmental AER at both
the cellular as well as the molecular level (reviewed and discussed in Korneluk and Liversage
1984; McLaughlin and Liversage 1986; Muneoka and Sasson 1992; Wolfe et al. 2000; Beck
et al. 2009; Tanaka and Galliot 2009). Histological data showed that the AEC as well as its
adjacent mesenchyme bear resemblance to the AER and the progress zone mesenchyme in
developing limb buds (Muneoka and Sassoon 1992). The expression patterns of certain
morphogens characterising the key signalling centers, the apical ectodermal ridge (AER) and
the zone of polarising activity (ZPA), during early phases of limb regenerating in Xenopus
also reminiscent their developmental pattern of expression in early limb bud (Wolfe et al.
2000; Beck et al. 2009). These observations indicate that the relationship between the AEC
and the core layers of proliferating tissue underneath it is sustained by the same molecular
factors as the AER-progress zone signaling module during development. Examples of such
signaling factors include members of the fibroblast growth factor (Fgf) and their many
modulators.
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Focus on Fgf signaling
Fgf-dependent receptor tyrosine kinase (RTK) signaling pathways are well-known for
their roles in all facets of animal development, including limb development in vertebrates.
Distinct expression of certain members of Fgfs had also been documented in the regenerating
structures of multiple amphibian species (Han et al. 2001; Christen and Slack 1997;
Yokohama et al. 2000; Giampaolo et al. 2003). Exogenous expression of fgf-10 has a
stimulative effect on Xenopus’ limb regeneration ability (Yokoyama et al. 2001). Collectively,
these studies accentuate the importance of Fgf signaling in successful regeneration, and the
necessity of understanding its functional role in the process. In order to accomplish this, better
ways of manipulating Fgf activities and the corresponding RTK-signaling cascades in the
anuran model are necessary.
The RTK-triggered mitogen-activated protein kinases (MAPK) signaling cascades that
are activated by Fgfs can be negatively regulated by Sprouty (Spry) intracellularly and
modulated by the 6-O-endosulfatases (Sulf) extracellularly. The Spry proteins were originally
identified as Fgf antagonist (Hacohen et al. 1998). They inhibit Fgf-induced signaling through
their interactions with various substrates downstream of the RTKs (for review, refer to Kim
and Bar-Sagi 2004). In contrast, Sulfs regulate RTK-MAPK signaling by modifying the initial
Fgf-RTK association at the cell surface (Kirn-Safran et al. 2009; Rosen and LemjabbarAlaoui 2010). Members of both Spry and Sulf have been well documented in limb
development of murine and avian models, but little is known concerning their functions in
Xenopus limb development, much less regeneration (Minowada et al. 1999; Leeksma et al.
2002; Zhao et al. 2006; Ratzka et al. 2008; Otsuki et al. 2010; Winterbottom and Pownall
2009; Nutt et al. 2001). Building on these studies, the projects described in this thesis aimed
to explore the regulatory roles and putative functions of sprys and sulfs in Xenopus limbs
during development and regeneration.
The next few sections of this chapter will provide you with the overview of an
integrated model of vertebrate limb development, followed by a brief description of limb
regeneration in the amphibian models. The latter includes a review of current evidences that
indicate a recapitulation of the molecular process of development in the regenerating limbs.
Finally, the remainder of this introduction consists of a lengthy review of the functions and
regulation of Fgf/RTK signaling in limb development and regeneration. The chapter ends with
the description of the thesis objectives and hypotheses.
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1.1. Limb development in vertebrates
The amniote limb buds are initially formed from small ectodermal out pockets
containing morphologically homogenous mesenchymal cells that protrude from the body.
Subsequent outgrowth along the proximal-distal (P-D) axis lead to formation of the future
stylopod (upper limb), zeugopod (lower limb), and autopod (distal limb; Tamura et al. 2008).
This process is chiefly controlled by the two main signaling centres, the ZPA in the posterior
mesenchyme, and the AER, which is positioned as a strip of specialized epithelium at the
distal tip of the limb buds. Instructive signals, such as sonic hedgehog (Shh) and Fgfs,
originating from these two area coordinately regulate anterior-posterior (A-P) and P-D limb
axes development (Bénazet and Zeller 2009). The activities from these two signaling centres
regulate, modulate, and maintain the functions of each other throughout development
(Bénazet et al. 2009).

1.1.1. An interlinked, self-regulatory limb signaling system
The epithelial-mesenchymal (e-m) feedback loop is part of a complex signaling system
that coordinately drives and regulates A-P and P-D limb bud axes in development (Zeller et
al. 2009). In 1994, Niswander et al reported that ectopic supplements of Fgfs were capable of
maintaining both shh expression and the outgrowth of chick embryonic limb buds after AER
removal. Expression of the bone morphogenetic protein (Bmp) antagonist, gremlin (Grm) was
later found to be required in the sub-ectodermal mesenchyme to relay the ZPA-shh signal to
the AER (Zuniga et al. 1999; Bénazet et al. 2009). It also functions to up-regulate of fgf
expression in the AER by modulating Bmp activities (Zuniga et al. 1999; Michos et al. 2004).
Collectively, these signals form the basis of the Shh-Grm-Fgf e-m feedback loop, which is
largely self-regulatory (summarized in Fig. 1.1A).
The Shh-Grm-Fgf e-m feedback loop can be broadly separated into three phases:
initiation, propagation, and termination (Zeller et al. 2009; Fig. 1.1A). In the initiation phase,
grm expression in the sub-ectodermal, posterior mesenchyme is up-regulated by bmp in a fast
initiator loop, while shh expression and signaling in the ZPA are activated independently of
grm and AER-fgfs (Zuniga et al. 1999; Bénazet et al. 2009). At this stage, the levels of each
signal are built up in their respective domains. However, grm transcripts are accumulated
faster than the others due to the fast initiatior loop. In the propagation phase, the Shh-Grm-Fgf
-4-
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e-m feedback loop is established as the increasing levels of grm antagonism down-regulate
Bmp activities in the mesenchyme. Shh signaling originating from the ZPA further induces
grm expression, which in turn reinforces AER-fgf and ZPA-shh signaling, thereby enabling
distal progression of limb organogenesis (Bénazet et al. 2009). As development progresses,
the expansion of the structures generates an increasing gap that moves the grm expression
domain further away from the effects of Shh signaling originating in the posterior ZPA
(Scherz et al. 2004). This leads to the termination phase of the e-m signaling and limb
outgrowth. Termination of grm expression and the e-m feedback loop is further facilitated by
the inhibitory loop triggered by an increase in the AER-fgf signaling (Verheyden and Sun
2008).
It is noteworthy that the molecular interactions and feedback systems described above
are mainly based on experiments performed on chicks and mice. For a long time, models
describing mechanisms of limb development based on these two animal systems have been
thought to be universally applicable to most tetrapods. However, accumulating masses of
molecular data for developmental genes have indicated that such assumption may not
necessarily be true. The next section will discuss some of the similarities and differences in
the mechanisms of limb development between the non-regenerative mice and chicks, and the
regenerative Xenopus.

1.1.2. Limb development in X. laevis
In terms of the overall skeletal structures and developmental morphologies, all tetrapod
limbs are relatively consistent across taxa (for a review, refer to Tamura et al. 2008).
However, a closer look at cell lineage and molecular analysis of limb development of the
different models in recent decades have revealed many inconsistencies in the developmental
schemes of the appendages. Some of these discrepancies include differences in developmental
timing, the origin of muscle tissues and key signaling molecules regulating limb development.
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Figure 1.1: Schematic summary of the Shh/Grm/Fgf e-m feedback loop driving
proximal-distal limb development axis in (A) M. musculus and (B-C) X. laevis.
Expression of the ZPA-Shh (red), the mesenchymal Grm (green), and AER-Fgf (blue) are
indicated on schematic representation of (A) forelimb buds of M. musculus, and (B-C)
hindlimb buds of X. laevis. The feedback loops that are active at each stage are shown with
solid lines. Broken lines indicate inactive loops. (A) AER formation in the early limb buds
and up-regulation of mesenchymal Grm expression are driven by high BMP activities.
Signaling of ZPA-Shh is activated and maintained through interactions with AER-Fgf
signaling. The two pathways coordinately control distal progression of limb development.
Grm-mediated antagonism of Bmp reduces activities of the fast Bmp/Grm feedback module
and reinforces the slower Shh/Grm/Fgf feedback loop. The built-up levels of AER-Fgf then
lead to inhibition of Grm expression, resulting in termination of signaling loop. (B-C) The
Shh/Grm/Fgf feedback loop is adapted to stage 50-53 Xenopus hindlimb buds. Diagrams are
adapted from Vogel et al. 1996, Zuniga et al. 1999, Verheyden and Sun 2008, Endo et al.
2004, Bénazet et al. 2009 and Zeller 2010.
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In chicks and mice, embryonic limb buds develop in parallel with organogenesis.
However, limb development in Xenopus are de-coupled from embryogenesis and the rest of
organogenesis. In particular, organogenesis of the forelimbs begins later than hindlimbs. Also,
although muscle precursors in chicks limb buds are known to have migrated from the somites
(Buckingham 2001; Christ and Brand-Saberi 2002), the origin of limb (appendicular) muscles
in amphibians is still a mystery. Unlike chicks, Xenopus’ flank muscles in the vicinity of
future limb buds outgrowth are well differentiated by the time of limb organogenesis as the
tadpole metamorphoses to froglets, and the migratory muscle precursors have remained
elusive so far (Martin and Harland 2001; Chanoine and Hardy 2003).
There are also several differences concerning the sources and expression patterns of the
molecular signals that control limb development in the two groups of animal models. For
instance, the signals for limb outgrowth in chicks originated from the distal AER (discussed in
the previous section), which extends along the dorsal-ventral boundary from anterior to
posterior. Amphibians, however, do not seem to have an apical structure in the distal limb
buds that is morphologically identical to the AER in chicks and mice (Christen and Slack
1997). Nevertheless, similar to the amniotes, genes that are involved in defining the P-D axis
in Xenopus, such as the mesenchymal fgf-10 and AER-fgf-8, are also generated in the distal
mesenchyme and the AER-equivalent of the limb bud (Christen and Slack 1997; Lewandoski
et al. 2000; Christen et al. 2012). Interestingly, an anterior emphasis can be observed in the
expression pattern of the Xenopus fgf-8 in the distal limb buds, which is in contrast to the
evenly expressed pattern of the amniotes’ fgf-8. Similarly, the expression of grm in the distal
limb bud mesenchyme also exhibits differential patterns of expression in the amniotes’ limbs
compared to Xenopus (Pearl et al. 2008; Verheyden and Sun 2008). The expression of shh,
which defines the limb bud ZPA, is seen in the posterior mesenchyme. This is consistent with
the known patterns of shh expression in chicks and mice (Harfe et al. 2003; Maas and Fallon
2004).
Regardless of the apparent differences described above, the general patterns and timings
of the AER-fgf and grm expressions in Xenopus limb buds appear to form an e-m feedback
loop similar to the one described in the amniote models. Just as in the amniote models, the
Shh signals in the posterior ZPA region accumulate independently from the accumulating
levels of Grm-Fgfs activities in the distal mesenchyme and epithelium. At this stage, the Fgf
activities in the AER are stimulated by the increasing levels of grm transcripts in the sub-7-
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epithelial mesenchyme. This is in turn induced by Shh signaling originating from the ZPA,
and thus forming the initial signal-promoting phase of the e-m feedback loop in the growing
limb buds (Fig. 1.1B). As the level of Fgf signals reach a certain threshold, the Grm signaling
from the mesenchyme is antagonized. As the limb buds develop, the signal-promoting effect
of Grm on the AER-fgf is further dwindled by the expanding distances between the region of
grm expression and the AER. The continuous suppression of Grm activities eventually leads
to termination of the entire feedback loop (Fig. 1.1C).
The overall feedback system described above largely resembles the e-m feedback loop
previously described in the amniote models, except for certain differences in the patterns of
grm expression (Pearl et al. 2008). Unlike the anuran amphibians, the amniote models are
capable of limb regeneration at all. As such, it is possible that the key to the anurans'
regenerative abilities lies in the apparent differences in limb development between the two
groups.

1.2. Limb regeneration in amphibians
Epimorphic limb regeneration describes the phenomenon in which amputation of a limb
anywhere along the P-D axis leads to reformation of a functional limb (Simon and Tanaka
2013). The process of limb regeneration can be categorized into two main phases: (1) the
initial preparation phase of wound healing closely followed by tissue proliferation, and (2) the
later re-developmental phase. In the initial phase following amputation of the appendage, a
thin layer of wound epithelium is quickly formed over the stump. This is followed by
formation of the blastema, which consists of a proliferating layer of mesenchymal cells,
originally derived from the local stump. The blastema is covered by a thick layer of epidermal
cells. As regeneration progresses, the distal apical layer becomes the regenerating AEC
(Yakushiji et al. 2009; Slack 2012). Signals generated from the blastema contribute to the redevelopmental phase, which is defined by the expressions of many developmental genes
(Christensen et al. 2002; Suzuki et al. 2006; Yakushiji et al. 2009; Slack 2012). Among
vertebrates, epimorphic limb regeneration only occurs among certain amphibian species,
including the caudate amphibians (e.g. salamanders and axolotls), and the anuran amphibians
such as Xenopus (Slack 2012; Simon and Tanaka 2013). Most caudate amphibian species are
-8-
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capable of regenerating lost structures, such as limbs, lens, and tails, throughout their life.
However, the regenerative abilities of the members of the latter group are much more limited
compared to the fomer.

1.2.1. Limb regeneration in Xenopus
In X. laevis, hindlimb regeneration is the most successful when amputation occurs at
stage 51-52 (refer to Appendix A), during early stages of limb differentiation. The tadpoles’
abilities to regenerate and form fully functional hindlimbs decline rapidly as the timing of
limb operation takes place at later stages of metamorphosis. Tadpoles operated at stage 53
mostly failed to recover at least one digit by stage 58. The ones that were operated at much
later stages (e.g. stage 58) produce even more variable phenotypes in the treated limbs (Dent
1962; Beck 2012; Simon and Tanaka 2013). The ontogenetic declines of the hindlimb’s
regenerative ability begins at stage 53, starting with progressive failures in regenerating toes
from the anterior end, followed by other distal structures. Amputation through the knee or
ankle joints at later stages (stage 55-57) often leads to formation of a hypermorphic regenerate
resembling the cartilaginous spike-like structure formed after partial amputation of postmetamorphic forelimbs (Suzuki et al. 2006; Beck et al. 2009; Slack 2012). Nonetheless,
Xenopus’ stage-dependent, differential regenerative ability has made them an unique platform
for studying the molecular and cellular conditions required for successful regeneration.

1.2.2. A re-capitulation of the developmental process in regenerating structure — the
importance of developmental signaling modules in regeneration
The later phase of limb regeneration is often regarded to as a process of re-development
of the lost structures. The cellular morphology of the regenerating AEC and its surrounding
structures, and the expression patterns of many key developmental genes reminiscence the
developmental patterns (Muneoka and Sassoon 1992; Wolde et al. 2000; Beck et al. 2009).
Indeed, the cell sources for early embryonic limb formation in salamander appeared to be
comparable to those for limb regeneration (see review by Tweedell 2010). In newts,
histological data had shown strong resemblance between the regenerating AEC and the
developing AER, and the mesenchyme adjacent to the AEC appeared similar to the progress
zone mesenchyme in the developing limbs (Muneoka and Sassoon 1992).
-9-
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At a molecular level, the expression patterns of the Xenopus fgf-8 and -10 in the
blastema-derived mesenchymal tissues in the distal regenerating apical epithelial cap (AEC)
also resemble its developmental patterns of expression in the AER (Christen and Slack 1997;
Yokoyama et al. 2000; Christensen et al. 2002; Christen et al. 2012). Similarly, re-expression
of the ZPA marker, shh, in the posterior margin of the regenerating blastema also reminiscent
its expression patterns during development (Endo et al. 1997). The functional and positional
experiments performed by Endo et al. (1997) also demonstrated that the expression of shh in
the posterior margin of the developing Xenopus limb buds effectively established the
equivalent of the ZPA in the mammalian model. This also indicated the presence of a
functional ZPA in the regenerating limb buds, as suggested by the expression of shh. The recapitulation of the developmental molecular module in the regenerating limbs is further
illustrated by the example below.
The collective re-expression patterns of the Xenopus fgf-8, shh, and grm in the
regenerating blastema show certain similarities with their developmental profiles. At the
initial phase of regeneration, the growing levels of expression of grm in the distal
mesenchyme, overlapping with the forming AEC, at 1-3 day-post-amputation (dpa) are
accompanied by an increasing level of fgf-8 expression in the AEC (Fig. 1.2A). This
corresponds to the signal-promoting phase outlined in the e-m signaling loop in developing
limb (Fig. 1.1B), indicating that expression of fgf-8 in the regenerating AEC is stimulated by
mesenchymal expression of grm, which is later maintained by activities of shh in the posterior
mesenchyme (Fig. 1.2B). The rapid regression of grm expression in the distal mesenchyme at
5-6 dpa following the peaked expression of all three genes at 4 dpa can be interpreted as the
signal-terminating phase in limb regeneration (Fig. 1.2A). This leads to down-regulation of
grm expression and the eventual shut down of the feedback loop by the accumulated, high
level of AEC-fgf expression (Fig. 1.2B). The apparent re-establishment of the developmental
Shh-Grm-Fgf e-m feedback loop in the regenerating limb bud indicates the presence of a
familiar development regulatory module in successful limb regeneration in amphibians.
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Figure 1.2: Schematic representation of (A) regeneration-specific expression of Xenopus
grm, shh, and fgf-8b during hindlimb regeneration, accompanied by (B) illustrative
summary of the bi-phasic feedback loop. (A) Regenerating limb buds are orientated with
the anterior side up and the ventral side facing the readers. Grm is predominantly expressed in
the blastemal (b) mesenchyme, fgf in the functional aec (fa), and shh in the anterior distal
mesenchyme representing the re-formed ZPA.

1.2.3. Dissimilar gene expressions — indicating additional or super-charged roles in
promoting regeneration in the amphibian models
Nonetheless, many developmental genes have also demonstrated differences in their
spatial expression in the regenerating limbs compared to development. Hoxc-10, for example,
is strongly up-regulated in the entire blastema within a day after amputation, which is unlike
its stable and highly localised expression in the posterior mesenchyme during development
(Wolfe et al. 2004; also see Gardiner and Bryant 1996 for other hox genes examples).
Similarly, a transient up-regulation of grm as well as stress-responsive genes such as Hsp90
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(involved in muscle fibre regeneration) and Type IX collagen (involved in bone formation and
fracture) had also been observed in the posterior part of the blastema in the distal
mesenchyme during early-mid stages of regeneration (Pearl et al. 2008). Interestingly, in situ
hybridization experiments showed that the apparent differences in the expression patterns of
these genes, as indicated by the strength and extent of the staining of these probes, appeared
to be consistently observed in the distal mesenchyme or the blastema region (Wolfe et al.
2004; Gardiner and Bryant 1996; Pearl et al. 2008). The expression of these genes in the
proximal part of the regenerating limbs appeared to be the same as their respective
developmental patterns of expression.
Such differences in the consistencies of gene expression patterns between regeneration
and development between the proximal and distal limbs suggest that the apparent upregulation of certain genes in the regenerating limbs may be correlated with the rapid reepithelialization of the wound site and the preparation of the necessary tissue regeneration
programs allowing for successful regeneration (Wolfe et al. 2000; Tanaka and Galliot 2009).
Therefore, it is likely that these “differentially” expressed genes play a role in preparing a
molecular environment that allows the elusive regeneration-specific circuitry to proceed, or
even triggering the regeneration and tissue repair programs in the wounded structures. A clue
to these questions may lie in the temporal expression patterns of these genes that exhibit
regeneration-specific patterns, as a gene that appears to have a more prominent expression
(compared to development) only at the first 24-48 hour period after limb amputation may be
more involved in the latter scenario. Nevertheless, appropriate functional studies, such as
specific gene knock out/down experiments, are still necessary to elucidate the functions of the
genes in relation to regeneration.
The expression of members of Fgf, such as fgf-8 and -10, as well as other signaling
factors including Wnts and Bmps in the distal mesenchyme and the blastema are essential for
limb regeneration in the amphibian models (Yokoyama 2008; Tanaka et al. 2011; Poss 2010).
A supplement of fgf-10 activities, in particular, had been shown to enhance the regenerative
capacity in Xenopus limb buds (Yokoyama et al. 2000). Signaling factors from the Bmp
pathways had also been shown to be involved in regenerative success of Xenopus limbs
(reviews by Beck et al. 2009; Slack et al. 2008; Slack et al. 2004; Tanaka and Galliot 2009).
As such, an increasing number of components of the MAPK/extracellularly regulated kinase
(ERK) pathways have been identified with essential roles in the regenerative process. The
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roles and regulations of Fgf-mediated MAPK/ERK signaling in limb development and
regeneration in vertebrates will be discussed in more details in the next parts of this chapter.

1.3. Fgf/RTK signaling in limb development and regeneration
Members of the Fgf family are the key signals that mediate AER functions in chicks and
mice, and AEC in amphibians. These include the mesenchymal fgf-10, and fgf-8 which is
usually expressed throughout the entire AER/AEC, as well as fgf-4, -7, and -17 that are
restricted to the posterior apical region (Crossley and Martin 1995; Christen and Slack 1997;
Martin 1998; Lewandoski et al. 2000; Han et al. 2001). In development, reduced levels of
fgf-8 activities in mice had been reported to result in a range of developmental defects,
including defective gastrulation, brain malformations, and retarded development (Meyers et
al. 1998). In terms of limb development, a loss of the AER-fgf signaling in mice and chicks
leads to phenotypes such as limb truncations or a complete failure in limb formation,
highlighting the importance of members of Fgf ligands and receptors in limb development
(Vogel et al. 1996; Moon et al. 2000; Niswander 2003). In regeneration, expression of fgf-10
had been shown to induce regenerative capacity of hindlimbs in Xenopus (Yokoyama et al.
2000; 2001), and the expression of fgf-8 define the reformed AEC region in the regenerating
limbs (Christen and Slack 1997; Christensen et al. 2002).
The subfamilies of fgf can be classified into three main groups largely based on their
action mechanisms (Itoh 2007). The three groups consist of the intracellular subfamily, the
hormone-like endocrine subfamily, and the canonical fgfs. The canonical fgfs, in particular,
function as extracellular proteins by binding to and activating cell surface tyrosine kinase Fgf
receptors (Fgfrs) with the heparan sulfates (HS) as cofactors. The signals produced from
binding of Fgfs to specific Fgfrs are transduced to the mitogen-activated protein kinase
(MAPK) pathways and other signaling branches, leading to a variety of cellular and
physiological responses, including cell proliferation, anti-apoptosis, angiogenesis, and
epithelial-to-mesenchymal transition (Itoh 2007; Lanner and Rossant 2010; Cargnello and
Roux 2011; Katoh and Nakagama 2014). Therefore, the activities and functions of Fgf
proteins are tightly controlled by extracellular modulators, such as HS and its respective
regulating elements (Fig. 1.3, point 2), as well as intracellular agents that affect the MAPK
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signaling cascade (Fig. 1.3, point 1 and 3). Transductions of the FGF/RTK derived signals via
MAPK cascade are particular susceptible to the influences of other developmental pathways,
such as transforming growth factor-ß (TGF-ß)/Smad pathway and Wnt pathway (Itoh 2007;
Cleary et al. 2013; Fig. 1.3, point 1). The latter is by and large the main contributing factor to
the pleiotropic properties of fgf in development, thereby providing an explanation for the
range of phenotypes observed in fgf-related mutants.

!
Figure 1.3: Simplified schema illustrating some of the steps (1-3) that FGF/RTK
signaling may be modulated to affect cell fates and other physiological functions. The
array of adapter protein complexes that may be formed following ligand dimerisation of FGFFGFR at cell surface include PLC𝛾, SHB, SHC, FRS2, GRB2, and SOS. Some of these
complexes are critical to the activation of Ras and subsequent MAPK signaling cascade,
which is an example of the many transduction pathways downstream of FGF/RTK signaling.
Other signaling pathways capable of interacting with FGF/RTK-MAPK transduction
pathways include TGFß/Smad, integrin, and Wnt/ß-catenin pathways (Grotewold and Rüther
2002; Hébert 2011; Mori and Takada 2013; Raju et al. 2014). Diagram adapted from Raju et
al. 2014, Cleary et al. 2013, Su et al. 2014, and Hébert 2011.
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1.4. Modulation of Fgf/RTK signaling
The functions of the canonical Fgfs are controlled by their interactions with the HS
extracellularly, and the Ras-MAPK signaling cascade intracellularly. Their activities can,
therefore, be influenced by the regulating elements of the two systems. These include Sulfs,
the intracellular enzymes that modify the HS proteoglycans (HSPG), and Spry, a family of
general inhibitors of RTK-MAPK signaling (Kim and Bar-Sagi 2004; Gorsi and Stringer
2007). This section aims to provide a comprehensive overview to HSPG and RTK-MAPK
signaling respectively, thereby introducing members of Sulf and Spry as key modulators to
Fgf/RTK signaling.

1.4.1. RTK-ERK/MAPK signaling pathways
The MAPKs are among the most conserved signal transduction pathways known to
researchers so far and are widely used in many physiological processes during development
(Cargnello and Roux 2011). Conventional MAPKs are composed of a set of three kinases that
act in a sequential manner intracellularly when activated by the binding of extracellular
mitogens to the membrane receptors (Cargnello and Roux 2011; Plotnikov et al. 2011). These
are: MAPK, MAPK kinase (MAPKK), and MAPKK kinase (MAPKKK). The serine/
threonine-selective protein kinase, Raf, and ERK are examples of MAPK, whereas the
tyrosine/threonine kinase, MEK, is an example of MAPKK. These are the MAPK
components that are most commonly seen in the growth factor-activated MAPK pathways
that drive specific cellular functions through transcriptional responds/effects from the nucleus.
The different MAPK pathways that have been characterized in eukaryotes so far differ mainly
in the types of MAPKKs and MAPKKKs within the cascades (reviewed in Plotnikov et al.
2011).
The RTK-ERK/MAPK signaling is regulated through an orchestrated expression of
ligands, receptors, and other factors that modulate activities of the many components of the
cascade (reviewed in Plotnikov et al. 2011). The precise functions of the cascade are the
results of the phosphorylation of countless substrates and the modulation of their activities
throughout the whole signaling process. The localisation of many of these substrates varies
depending on the source of stimulation or their regulated functions. So far, such substrates
have been identified in the cytoplasm, mitochondria, Golgi, endoplasmic reticulum, and the
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nucleus. In lieu of the signaling cascades’ roles in inducing and regulating de-novo gene
expressions, signals transduction into the nucleus is perhaps one of the most important aspects
of the process (Whitmarsh et al. 2007; Zehorai et al. 2010). Such transmissions are mediated
mostly by physical translocation of the components of the MAPK cascade in response to
extracellular stimulations via different types of extracellular signal-regulated kinase (ERK).
The ERK/MAPK pathways, such as the ERK1/2 cascades, were one of the first
described pathways that provided the blueprints entailing the mechanisms by which
extracellular molecules, such as growth factors and hormones, could generate signals that
affect gene expressions in the nucleus (Seger and Krebs 1995; Plotnikov et al. 2011). ERK/
MAPK signaling is implicated in the regulations of many fundamental cellular processes,
including cell proliferation, differentiation, apoptosis, motility, and metabolism (Kolch 2005).
The pathway is, at its core, a linear pipeline that conveys signals from specific cell surface
receptors to the main ERK/MAPK transduction cascade. The cascade then distributes the
signals to different effectors downstream, which includes targeted gene transcription in the
nucleus (Kolch 2005; Shilo 2014).
Some examples of cell surface RTKs include Fgfrs and epidermal growth factor (Egf)
receptors (Egfr) are capable of inducing activations of the G-protein Ras1 via a range of
adapter proteins (reviewed in Chapter 3). The activated Ras then binds to, and recruits Raf
kinases2 to the cell membrane intracellularly, which forms the entry point of a three-tiered
kinase cascade. In the cascade, the activated Raf kinase phosphorylates and activates the
MAPKK, MEK, which phosphorylates and activates ERK/MAPK (refer to schematic
summary in Fig. 1.4). Alternatively, the RTK-ERK/MAPK pathway can also be mediated by
phospholipase C𝛾 (PLC𝛾). PLC𝛾 induces an increased level of intracellular Ca2+ via
hydrolysation of a series of small signaling molecules that lead to the mobilisation of Ca2+
through the Ca2+ ion channel on the cell membrane (Mason et al. 2006). The increased levels
of Ca2+ can also coordinate with PLC𝛾 to activate the serine/threonine kinases of the protein
kinase C (PKC) family, which is capable of phosphorylating several substrates, including Raf
via the Ras-dependent pathway described earlier (Fig. 1.4). Activations of the numerous
substrates of ERK/MAPK downstream of the cascade (e.g. nuclear transcription factors,
cytoskeletal proteins, signaling proteins and receptors) lead to regulations of a wide variety of
processes.
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Figure 1.4: Schematic summary of canonical signal transduction of growth factor/RTKdependent ERK/MAPK pathway. Upon ligand binding, RTKs can activate the MAPK
pathway in a Ras-dependent manner via the adapter proteins GRB2 and SOS-mediated
activation of Ras, Raf, MEK1/2, and eventually the ERK-MAPK cascade. Alternatively, RTK
pathway can also be activated via PLC𝛾, which leads to calcium (Ca2+) mobilisation that, in
turn, activates PKC, leading to the MAPK cascade via Ras activation. The general position of
sprouty (Spry) protein inhibition and modulation of MAPK signaling by HSPGendosulfatases are briefly indicated. Figure is adapted from (Katoh and Nakagama 2014),
(Shilo 2014), and (Cabrita and Christofori 2008).
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The wide range of kinase suppressors/enhancers, and phosphoproteins that act on the
small GTPase Ras, scaffold proteins that facilitate binding of MEK to ERK/MAPK, and
endogenous inhibitors such as the Raf kinase inhibitor protein and Spry, are all examples of
regulating molecules for the pathway (Kolch 2005). The Spry proteins, in particular, were
originally identified as transcriptionally induced feedback inhibitors of Fgf signaling in
eukaryotes (Hacohen et al. 1998; Kramer et al. 1999). They were later found to have
multifaceted potentials for interfering with RTK-ERK/MAPK signaling at multiple levels,
such as the receptors, Ras, and Raf respectively. The modes of MAPK antagonism by Spry
will be discussed in more detail at Chapter 3. Meanwhile, it is important to note that, as
transcriptionally induced inhibitors of ERK/MAPK Fgf/RTK signaling, Spry proteins play
key roles in the self-regulating feedback loops of Fgf-dependent cell signaling pathways.

1.4.2. Heparan sulfate proteoglycans and Sulfs
Heparan sulfate (HS) is a member of the glycosaminoglycan family of linear
polysaccharides made up of repeating disaccharide unit backbones that are usually attached to
a core protein in the form of HSPGs (Turnbull 2010). It is the most varied structure in the
HSPG complex, with polymorphic sulfated sequences expressed in its disaccharide chains
that are responsible for the many protein-binding and regulatory properties of HS (Gorsi and
Stringer 2007; Turnbull 2010). The functions of the HSPGs in facilitating ligand-receptor
interactions at the cell surface by direct binding to specific receptor proteins, such as certain
Fgfrs (illustrated in Fig. 1.4), are dictated by the distinct sulfation patterns of the HS sugar
chains. Therefore, the patterns of the HS chains are what confer ability of HS to interact
selectively with a wide range of protein substrates, thereby influencing networks of cellular
events (Gorsi and Stringer 2007; Lamanna et al. 2007; Turnbull 2010).
The extracellular sulfatase enzymes or Sulfs, were originally identified in quail muscle
and neural progenitors (Dhoot et al. 2001). They are an evolutionarily conserved family of
HS-specific 6-O-endosulfatase that remodel the 6-O-sulfation levels of cell surface HS chains
________________________________________________________________________
1 A guanosine-nucleotide-binding

protein and more specifically known as a single subunit of small GTPase

(Kolch 2005).
2 A family

of three serine/threonine-specific protein kinases (Plotnikov et al. 2011).
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without digesting the chains (Dhoot et al. 2001; Viviano et al. 2004; Ai et al. 2006; KirnSafran et al. 2009). The quail Sulfs had been shown to be associated exclusively with cell
membranes and are enzymatically active on the cell surface to modify both cell surface and
cell matrix HSs (Ai et al. 2006). Re-modelings of the sulfation states by Sulfs can lead to a
myriad of cell signaling and morphogens gradient alterations. Examples of such alterations
include enhancement of Wnt and Bmp signaling in specific tissues, diminished Fgf activities,
and diffused distribution of Shh gradient (Dhoot et al. 2001; Ai et al. 2003; Freeman et al.
2008; Otsuki et al. 2010; Ramsbottom et al. 2014). Sulfs’ influences over Fgf-dependent
signalings, in particular, are due to their abilities in modulating the type of HSPG binding to
the Fgf/RTK extracellularly. The roles of Sulfs in different processes and biological functions
will be discussed in more detail in Chapter 4.

1.4.3. Thesis objectives and project overview
The functions and the roles that the members of Spry and Sulf play in the regulation of
the RTK-MAPK/ERK signaling pathways during development and tissue regeneration
implicate them in the epimorphic regeneration process in amphibians. Therefore, we
hypothesise that the two groups of Fgf antagonists have interesting, if not unique roles, in the
development as well as regeneration of X. leaves limbs compared to the avian and mammalian
models. The temporal and spatial expression indicating the possible region of each spry and
sulf genes during development and regeneration will be first identified through whole mount
in situ hybridisation.
In lieu of their functional interactions with the AER-Fgf (e.g. fgf-8) and the
mesenchymal Fgfs (e.g. fgf-4) in other models, we hypothesise that transcript expression of
these two groups of genes will be present in the distal mesenchymal area of developing limbs
in X. laevis, as demonstrated in the other vertebrate models (Minowada et al. 1999; Darnell et
al. 2007; Delfini et al. 2009; Otsuki et al. 2010; Ratzka et al. 2008; Langsdorf et al. 2007). As
regulators of fgf-8 and fgf-10, which are re-expressed distally in regenerating X. laevis limb
buds (Christen and Slack 1997; Yokoyama et al., 2001), we also hypothesise that Sprys and
Sulfs will be expressed in similar domains as these Fgfs during limb regeneration. To this end,
chapter three and four of this thesis will provide a thorough and comprehensive description of
the transcript expression profiles of the X. laevis spry-1a, -2, -4, and sulf-1 and -2 in
developing as well regenerating limbs.
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As the expression profiles of the Xenopus sulfs and sprys described in Chapter 3 and 4
demonstrated differential patterns of expression for these genes during limb development and
regeneration, we hypothesise unique, regeneration-specific functions for these genes during
limb regeneration. In order to test this, we used a transgene-based functional study to target
spry-1a and components of its signaling pathway, as described in the later part of Chapter 3.
Additionally, a proof-of-concept project on generating a transgene-based heat shock inducible
RNAi-gene knock-down system in X. laevis targeting fgf-8 was also attempted. The heat
shock inducible RNAi system is yet another attempt to allow for specific control over targetdevelopmental gene expression. As the Fgfs are well known morphogens, their concentrations
at a given time and space can direct specific cell differentiation. This is indicated in the e-m
feedback model in section 1.1.2 (Fig. 1.1). Assuming that the precise concentration of the e-m
Fgfs are under the modulation of the Sprys and the Sulfs, we hypothesise that any alteration in
the activities or expression of these regulators will affect the Fgf gradient necessary for
normal development.
Therefore, the main goal of the two transgenic experiments above is to test the
hypothesis that members of the Xenopus spry and sulf have unique functions during
regeneration, and perhaps even limb development in amphibians compared to other common
vertebrate models, by attempting to manipulate the Fgf-MAPK pathways via either overexpression of an intracellular antagonist (e.g. spry-1a) or sequence-specific transcripts down
regulation by RNAi. As members of Fgf function as morphogens in normal limb
development, an alteration in their levels of diffusion can lead to dramatically visible
phenotypes. For instance, inhibition of Fgf signaling via either one of the methods described
above may lead to truncated limb growth as well as blocking regeneration (Martin 1998;
Meyers et al. 1998; Yokoyama et al. 2000). The affected expressions of Fgf and other RTKsignaling components can be assessed by examining their expression patterns in the
appendages via in situ hybridisation. Differential patterns of expression in theses cases will
indicate the need for Fgfs and the respective targets to diffuse freely for normal development
and successful regeneration.
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2.1. Materials
All solutions were made using sterile double-distilled water (ddH2O) unless otherwise
stated. Solutions’ pH were adjusted using 1M NaOH and/or HCl.

2.1.1. Chemicals, reagents, and kits
Acetic anhydride from Sigma
Alkaline phosphatase, Shrimp from Roche
Ampicillin from Sigma
Anti-Digoxigenin-AP FAB fragments (Anti-DIG-AP) from Roche
Benzocane was a generous gift from Dr. Mark Lokman
Blocking reagents from BDH laboratory supplies
Bovine serum albumin (BSA) from BioLab
Chaps from Roche
Chymostatin from Roche
Citric acid from Sigma
Cysteine from BDH laboratory supplies
Denhardts from Sigma
DIG-NTPs from Roche
DIG-RNA labeling mix from Roche
DNA molecular marker (1 kb and 1 kb+) from Invitrogen Life Technologies
DNaseI from Ambion
dNTPs from Invitrogen Life Technologies
Dithiothreitol (DTT) from Sigma
EcoRI restriction enzyme from Invitrogen Life Technologies
EDTA (pH 8) from BDH laboratory supplies
E-Gel® Clonewell with the accompanying agarose gels from Invitrogen Life Technologies
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Ethanol from BDH laboratory supplies
Formaldehyde from Merck
Formamide from Roche
Gel loading buffer from Eppendorf
Glycerol from BDH laboratory supplies
Heparin from Sigma
HEPES from Roche
High Pure PCR product purification kit from Roche
High Pure Plasmid Isolation kit from Roche
HindIII restriction enzyme from Roche
Hydrogen peroxide from BDH laboratory supplies
In-Fusion® HD Cloning kit with Cloning enhancer from Norrie Biotech
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) from BDH laboratory supplies
Magnesium chloride (50 mM MgCl2) from BioLine and Invitrogen Life Technologies
Magnesium sulfate 7-hydrate (MgSO4⦁7H2O) from BDH laboratory supplies
Maleic acid from BDH laboratory supply
MANGO Taq DNA polymerase from Bioline
Methanol from BDH laboratory supplies
Methylene blue from J.T. Baker
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MS222 from Sigma
MyTaq DNA Polymerase from BioLine
NBT/BCIP tablets from Roche
NucleoSpin® Plasmid (Macherey-Nagel) from Norrie Biotech
NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel) from Norrie Biotech
Oligo dT from Sigma
Paraformaldehyde from Agar Scientific
Phenylmethylsulphonyl floride (PMSF) from Roche
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
PrimeStar® GXL DNA Polymerase from Takara Bio Inc.
Protector RNase inhibitor from Roche
Proteinase K from Roche
PstI from Roche
PureLinkTM PCR purification kit from Invitrogen Life Technologies
RNlater from Qiagen
Sodium bicarbonate (NaHCO3) from Sigma
Sodium chloride (NaCl) from J.T. Baker
Sodium citrate (NaH2C6H5O7) from Sigma
Sodium hydroxide (NaOH) from BioLab
Sodium phosphate (Na2HPO4) from Sigma
Sp6 RNA Polymerase from Ambion
Spermine tetrahydrochloride from Sigma
Spermidine trihydrochloride from Sigma
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StuI from Roche
Sucrose from BDH laboratory supplies
Superscript III from Invitrogen Life Technologies
SureClean PLUS from BioLab
SYBR Safe Gel stain from Invitrogen Life Technologies
T3 RNA polymerase from Stratagene
T4 DNA ligase and buffer from Roche
T4 Polynucleotide kinase (T4 PNK), 3’-phosphatase free from Roche
T7 RNA polymerase from Ambion
T7 Transcription buffer from Ambion
TOPO® Cloning reaction kit from Invitrogen Life Technologies
TOPO TA Cloning® kit Dual Promoter from Invitrogen Life Technologies
TOPO TA Cloning® kit for Sequencing from Invitrogen Life Technologies
Triethanloamine (TEA) from Sigma
Tris Cl from J.T. Baker
TRIzol reagent from Invitrogen Life Technologies
Tween-20 from BDH laboratory supplies
XbaI restriction enzyme from Roche
X-Gal from Invitrogen Life Technologies
Yeast RNA from Roche
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2.1.2. Solutions used in X. laevis matings and tadpoles care
Cysteine
2% (w/v) Cysteine. Adjusted to pH 8.0
10x Modified marcs ringers (MMR)
1 M NaCl; 20 mM KCl; 10 mM MgSO4⦁7H2O; 20 mM CaCl2⦁2H2O; 50 mM HEPES; 1
mM EDTA pH 8.0

2.1.3. 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
10 % Blocking reagent
10% w/v Boehringer Mannheim blocking reagent in MAB
Hybridization buffer for X. laevis in situ hybridization
50% (v/v) formamide; 5x SSC; 1 mg/mL-1 yeast RNA; 100 µg.mL-1 heparin; 1x denhardt’s;
0.1% (v/v) Tween-20; 0.1% CHAPS; 10 mM EDTA, pH 8; ddH2O
Lithium chloride
7.5 M LiCl; 50 mM EDTA, pH 8
10x Maleic acid buffer (MAB)
1 M 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 benzocane to 1:2 ratio
Paraformaldehyde (PFA)
4% (w/v) paraformaldehyde in PBS. Adjusted to pH 7.0
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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
SSC (20x)
3 M NaCl; 0.3 M Na-citrate. Adjusted to pH 7.0
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.

2.1.4. Solutions used for transgenics
BSA
3 mL 30% BSA aliquots. Store at −20˚C.
1 M HEPES
Titrate KOH to pH 7.7 when HEPES is diluted to 10 mM. Filter and prepare 1 mL aliquots,
store at −20˚C.
2x Nuclear preparation buffer (NPB)
500 mM sucrose; 30 mM HEPES; 2 mM EDTA; 0.5 mM Spermidine; 0.2 mM Spermine; 1
mM DTT; ddH2O.
CSF-XB
1x XB salts; 50 mM sucrose; 10 mM HEPES, pH 7.7; 1 mM MgCl2; 5 mM EGTA, pH 7.7
De-jelly buffer
1x MMR; 200 mM Tris, pH 8.8; 160 mM DTT.
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Dithiothreitol (DTT)
100 mM DTT (Sigma D-0632). Filter and prepare 0.6 mL aliquots, store at −20˚C.
Energy mix
150 mM Creatine phosphate (Roche cat: 127 574); 20 mM ATP (Roche cat: 519 979); 20 mM
MgCl2. Store 100 µL aliquots at −20˚C.
Extract buffer (XB)
1x XB salts; 50 mM sucrose; 10 mM HEPES (titrated with KOH to pH 7.7 at 10 mM).
Extract buffer (XB) salts (20x stock)
2 M KCl; 20 mM MgCl2; 2 mM CaCl2. Autoclave and store at 4˚C.
HCG
Purchase as vials containing 1,500 units. Make up fresh to 1,000 units/mL using solvent
provided.
Modified sperm dilution buffer (MSDB)
250 mM Sucrose; 74 mM KCl; 0.25 mM spermidine; 0.125 mM spermine.
Protease inhibitor stocks
Store aliquots at −20˚C; 10 mg/mL Leupeptin (Roche cat: 0 017 101) in DMSO; 10 mg/mL
Chymostatin (Roche cat: 1 004 638) in DMSO; 10 mg/mL Pepstatin (Roche cat: 600 160) in
DMSO; 0.3 mM Phenylmethylsylphonyl fluoride (PMSF; Roche cat: 837 091) in EtOH.
Aliquots of 10 µL for leupeptin and PMSF for sperm prep and 60 µL for leupeptin,
chymostatin and pepstatin for the egg preparation.
Spermidine
10 mM Spermidine trihydochloride (Sigma S-2501). Filter and prepare 1.2 mL aliquots, store
at −20˚C.
Spermine
10 mM Spermine tetrahydrochloride (Sigma S-1141). Filter and prepare 3 mL aliquots, store
at −20˚C.
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Sperm storage buffer (SSB)
1x NPB; 0.3 % BSA; 30 % glycerol.
Sucrose
1.5 M stock, filter and aliquot 15 mL. Store at −20˚C.

2.1.5. Solutions used in histology
Alcian blue (for histological sections)
1% (w/v) alcian blue; 3% (v/v) acetic acid, pH 2.5
Nuclear fast red
0.1% (w/v) nuclear fast red; 2.5% (w/v) aluminium sulphate.

2.2. Animal husbandry and handling of X. Laevis
2.2.1. Natural mating
X. laevis adult males and females were injected with 100 units (U) and 400 U of HCG
respectively at 16 hours prior to carrying out fertilization. After the injections, the frog pairs
were kept in triple-distilled frog water at 24˚C until spawning has ceased. Once spawning
began, fertilized eggs were removed from the tank and examined under a Leica 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; NieuwkoopFaber 1994). If the
eggs did not appear to have started cleaving, they were left undisturbed at 18˚C until the 4cell stage was reached. Eggs that failed to cleave due to either failure of fertilization or being
poor in quality were disposed of in 5,000 ppm bleach. Cleaved embryos were dechorionated
and washed. The dead and un-cleaved eggs/embryos were removed and disposed. Fertilized
embryos were kept between 16-18˚C for the transgenic embryos, or 24˚C for the wildtype
(WT) embryos, in 0.1x Marc’s Modified Ringers (MMR) with about 50 embryos per 50 mL
petri dish.
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2.2.2. In vitro fertilization
Female X. laevis were 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 benzocaine for
approximately 20 minutes until no heart beats or any sign of life was evident. The male frog
was then dissected, and the testes removed and kept in 1x MMR at 4˚C. Mature eggs were
obtained by either squeezing the induced females or by collecting the released eggs from the
holding tank. The spawning females were kept in 1x MMR throughout the process to preserve
the integrity of the eggs.
When the eggs were ready for fertilization, a small portion of the extracted testis was cut
and shredded in a drop of 1x MMR using fine forceps in the dish containing the unfertilized
eggs. The shredded testes were then carefully dispersed throughout the medium and mixed
with the eggs. The mixture was left undisturbed for five minutes. These were then flooded
with 0.1x MMR and left undisturbed for about 20 minutes until the animal poles rotated
upwards. The rotated eggs were dechorionated and washed and then incubated at 16-18˚C in
1x MMR until they have reached the 4-cell stage. Non-cleaving eggs were removed and
disposed of accordingly. The surviving, good quality, fertilized eggs were incubated at
16-18˚C in 0.1x MMR at a density of roughly 50 embryos per 50 mL petri dish. All fertilized
embryos were checked and sorted through daily. Dead embryos were removed and fresh 0.1x
MMR added to the petri dishes daily until the embryos reached feeding stage.

2.2.3. Washing and dechorionation
After the fertilized embryos have reached the 2 to 4-cell cleavage stages (via natural
mating) or the animal pole rotation stage (via in vitro fertilization), they were washed and
dechorionated as follow. Excess MMR was first removed from the dish containing the
embryos and was replaced by 2% (w/v) cysteine prepared in ddH2O. The jelly coats and
debris around the embryos were removed by gently swirling the petri dish until the embryos
became more closely assembled with one another. Once the jelly coat had been cleaned off,
the cysteine solution was removed, and the embryos washed three times in 0.1x MMR.
Dechorionating the embryos also allows for easier maintenance of the embryos later on.
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2.2.4. Growth and maintenance of embryos and tadpoles
As the tadpoles reached stage 47, when feeding behaviour was observed, they were
moved to a 3 L capacity holding tank containing about 1.5 L of 0.1x MMR and fed with small
amounts of commercial spirulina powder. Ten percents of the 0.1x 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 the tadpoles reached stage 49, they were moved to
the animal suite3 provided by the Department of Zoology, University of Otago, for optimal
growth condition.

2.2.5. Identification of transgenic tadpoles
Once lens development commenced as the embryos reached stage 36-38 (four to five-dayold embryos), transgenic tadpoles were sorted for the presence of transgene based on the
expression of green fluorescent proteins (GFP) in their lens. Expression of GFP was
monitored using a Leica Fluo III microscope with a UV light box and GFP filter attached. The
ratio of transgenic to WT tadpoles was approximately 1:1 (Beck et al., 2003). The transgenic
and WT tadpoles were separated into different tank containers and kept at 18˚C in 50 mL petri
dishes containing fresh 0.1x MMR until the tadpoles reached stage 47.

__________________________________________________________________________
3 The

animal suite consists of rooms where 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 all the frog/tadpole tanks’ water
is clean and aerated, and thus providing optimal growth conditions for the animals.
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2.3. Transgenics
2.3.1. Transgene constructs and transgenic lines
The HGEM transgenes used in this thesis are (1) HGEM:FGF8i, (2) HGEM:FGF8i𝛥, (3)
HGEM:GFPi, and (4) HGEM:xlSpry-1a. The shRNA-forming sequences of the FGF8-, and
GFP-targeting RNAi trigger sequences (FGF8i and GFPi) were designed using the free
iRNAi (version 2.1) application by Mekentosj.com and double checked through the online
Gene Link shRNA design programme and its accompanying guidelines (Griekspoor and
Groothuis 2006). The FGF8i sequences was originally ordered from IDT in the form of a
plasmid (Appendix B6), whereas the GFPi and the xlSpry-1a (S) coding sequences were
synthesized and cloned into the pCRIITOPO plasmids (Invitrogen) locally in Beck lab
(Appendix B4 and B8). The RNAi trigger sequences and xlSpry-1a sequences were cloned
into the HGEM vector (Appendix B4, B5, and B7; Beck et al., 2003) provided by Dr.
Caroline Beck via double restriction digests.
The HGEM plasmid vector contains a GFP-2 coding sequence driven by the 𝛾-crystallin
promoter. The inserted genes, or sequences, of interest were placed immediately downstream
of the temperature sensitive hsp-70 promoter, which allows activation of the promoter via an
increase in the surrounding temperature (Beck et al. 2003). Refer to Chapter 3, Section 3.2.3
for details of designs and productions of the HGEM:xSpry-1a transgene and Chapter 5,
Section 5.2.2 for the FGF8i and GFPi transgene. Integration of all transgene constructs into
the X. laevis genome is random but stable (Beck et al. 2003). Each founder animal potentially
carries the transgene at different insertion sites. Therefore the levels of transgene expression
may vary among the founder groups.

2.3.2. Transgene activation
For the activation of the transgene, the embryos or tadpoles of choice were placed in 100
mL jars containing warmed water at 34˚C. The jars were placed in a 34˚C water bath for heat
shock, which lasted for 30 minutes. Transgenic animals were identified through GFP
expression in the lens of the eyes (Fig. 2.1) and maintained at 18˚C until feeding behaviour
was observed. Tadpoles were subsequently transferred to the animal suite, with a normal
water temperature of 25˚C. Adult males were identified from five months and could be used
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for breeding by either in vitro or natural fertilisation. Females took a minimum of nine months
to reach maturity.

!
Figure 2.1: Expression of GFP3 marker in the lens of tadpoles indicating presence of the
HGEM transgene.

2.3.3. Transgenesis
Transgenic X. laevis tadpoles were generated according to the methods described in
Amaya and Kroll (1996) via sperm nuclear injections with some modifications. The final
high-speed cytoplasmic egg extract was heated to 80˚C for 8 minutes prior to brief
centrifugation at 70k rpm, and 10 µL of the resulting supernatant was used per reaction. The
use of restriction enzymes were omitted, and sperm nuclei were frozen in aliquots in sperm
suspension buffer before used.
For transgenesis, freshly laid eggs were collected and dechorionated with dejelly buffer
containing 1.6 mM DTT. In a total of 500 µL, 300-400 ng of linearized and purified
transgenes were used with the sperm-reaction mix for injection. The rate of injection was set
to about 3 sperm per second, using a Havard injection pump. Injections were carried out in
6% Ficoll in 1x MMR. Once the injected eggs reached four-cell stage, the cleaving embryos
were picked and separated from the rest, and transferred into a new plate containing fresh 6%
Ficoll in 1x MMR. The surviving embryos were transferred to fresh 3% Ficoll in 0.1x MMR
the next day. These were subsequently cultured in 0.1x MMR until the tadpoles were large
enough to be transferred into the recirculating water tanks in the animal suite. The transgenic
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embryos and tadpoles were separated from the rest at the earliest possible stage (refer to
section 2.2.5), and maintained at 18˚C.

2.4. Procedures used in tadpole regeneration studies
2.4.1. Animal anaesthetic
A 2.5% (w/v) MS222 stock solution was prepared by dissolving 1 g of MS222 in 40 mL
of ddH2O. For anaesthesia of tadpoles, stock MS222 was diluted 1:300 in 0.1x 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 to tanks filled with 0.1x MMR
for recovery.

!
Figure 2.2: Schematic diagram demonstrating directionality of the limbs in a stage 53 X.
laevis tadpole.

2.4.2. Limb operation
All procedures were approved by the University of Otago animal ethics committee (AEC#
56/12). Anaesthetised tadpoles were laid down on their left side, with their right limbs
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exposed, onto a dampened tissue paper. The right hindlimb was removed from either the
future knee or ankle position using a pair of clean, sharp surgical vannas iridectomy scissors
(refer to Fig. 2.2 for a schematic representation of limb directionality). The surgically
operated tadpoles were then placed in recovery tanks filled with 0.1x MMR, supplied with
constant aeration until normal swimming behaviour was observed in the subjects. The
recovered tadpoles were then returned to the animal suite and maintained there until required.
All amputations were performed under a dissecting microscope.

2.4.3. Preparing samples for fixation
When the tadpoles had reached the intended period- (days or hours) post-operation for
analysis, they were retrieved from the animal suite and subjected to a lethal dose of MS222
until no more heartbeats or movements were observed. The subjects were then briefly washed
in distilled water to remove excess anaesthetic on the surface prior to fixation in 4 %
paraformaldehyde (PFA).
Embryos and blastema samples were fixed for 1-2 hours, whereas normal limb
development samples were fixed for 4-6 hours. Fixed specimens were subsequently washed in
absolute ethanol (EtOH) for 10-30 minutes. Using a pair of clean vannas scissors, unwanted
anatomy (head, tail, and entrails etc.) were dissected off the fixed samples, leaving only the
limbs with the central trunk region left. These were kept in 100 % EtOH at −30˚C until
required.

2.4.4. Experimental design for limb regeneration
Regeneration of the Xenopus hindlimb buds undergoes a gradual ontogenic decline as the
tadpoles approach metamorphosis age (Dent 1962; Beck 2012). Hindlimbs that were partially
amputated at stage 52 or earlier were able to regenerate a normally patterned limb with five
toes as the animal metamorphosed (see Fig. 2.3A for schematic summary of the time course
of regeneration in hindlimb operated at stage 52), whereas stage 53 hindlimbs regenerated less
well and often failed to reform digit I (Dent 1962). By stage 54-55, many limbs fail to initiate
regeneration of any structures, and some reformed only a couple of posterior digits (Dent
1962). See Beck (2012) for more detailed descriptions and reviews on the topic of tadpole
hindlimb regeneration.
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The limb regeneration experiments performed in this thesis involved amputation of
hindlimbs at future knee level at stage 52. Additionally, limb amputations were also
performed on the less regenerative stage 53 and 54 limb stages (Fig. 2.3B). The operated
tadpoles were maintained in animal suite, and fixed at various day-post-amputation (dpa).

!
Figure 2.3: Summary chart for course and efficiency of hindlimb regeneration in X.
laevis (A). Experimental designs for limb regeneration study (B). Table for time chart of
hindlimb regeneration is adapted from (Dent 1962).
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2.5. Molecular Biology
2.5.1. Primers
Primers for DNA cloning and colony PCR were designed using specialized BLAST tool,
Primer-BLAST (Ye et al. 2012). Primer/ oligonucleotide properties were then double-checked
through Oligo Calc: Oligonucleotide Properties Calculator (Kibbe 2007) and IDT SciTools
Oligo Analyzer 3.1. All primers were ordered in dry powder form from either Sigma or
Invitrogen Life Technologies.
All PCR primers were rehydrated in sterile ddH2O to 100 µM. The working stocks for
primers used in the gene cloning procedures were 100 µM mix of the forward and reversed
primers for each gene. See Table 2.3 and Table 2.4 for a full list of all the primers used in RTPCRs and colony PCRs.
The PolyLinker(R) sequencing primer was designed specifically for the verifying as well
as the isolation of insert sequences cloned into the HGEM vector (Appendix B). The primer
was designed to be used with the Hsp70 sequencing primer (previously designed and obtained
by James McEwan). The resulting target sequences from PCR should cover the content
between the Hsp70 and the T7 promoter sites, where the MCS and 6x MYC sites reside in the
HGEM vector (refer to Appendix B9 for details of plasmid map). Design of the primer was
based on the polylinker-2 sequences from the generic pCS2+MT plasmid.

2.5.2. Agarose gel electrophoresis
Both DNA and RNA products were run on either 1% or 2% (w/v) agarose gels at 90-100
V, depending on the sizes of the nucleotide fragments in question. The 1 % gels were used for
most colony PCR screening experiments or when the nucleotide acid fragments of interest
were larger than 500 bp. The 2 % gels were used for isolation and extraction of smaller
(20-450 bp) fragments. Agarose gels were prepared with TAE buffer and 0.05% (v/v) SYBR
Safe. The most commonly used molecular weight DNA marker was the 1 kb plus DNA ladder
supplied by Invitrogen Life Technologies. The 50 bp DNA ladder from New England Biolab
was used when smaller nucleotide fragments were expected. The E-Gel® 96 High Range DNA
marker and E-Gel® CloneWell precast agarose gels were used with the E-Gel® CloneWell
iBase Power System supplied by Invitrogen Life Technologies. The gel contents (nucleic
acids) were visualised through black light using a UVItec Gel Doc with a camera attached.
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2.5.3. DNA purification
2.5.3.1. Agarose gel purification of DNA
Agarose gel purification of selective DNA fragments obtained through either PCRs or
restriction digest reactions were accomplished via the E-Gel® CloneWell in combination with
the iBase Power system and the CloneWell precast agarose gels supplied by Invitrogen Life
Technologies. The nucleotide fragments were purified as they travelled through the gel, and
the desired fragments were collected from the clone wells. Alternatively, NucleoSpin® Gel and
PCR Clean-up kit (Macherey-Nagel) from Norrie Biotech were also used for agarose gel
purifications (also refer to Section 2.5.3.2).

2.5.3.2. Purification of PCR products and probe template DNA
PCR products and in situ hybridization probe templates were first visualized and checked
by gel electrophoresis and subsequently purified using either the High Pure PCR product
purification kits from Roche or NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel) from
Norrie Biotech, depending on the availability of the kits. Purifications were carried out
according to the respective manuals. Purified DNA was reconstituted in 15 µL (for probe
template DNA) or 50-100 µL (for PCR products) sterile RNase-free water or ddH2O, and
stored at −30˚C. The concentrations and qualities of the reconstituted nucleotides were
analysed through ND-100 spectrophotometer.

2.5.3.3. Plasmid DNA purification
The cells carrying the desired plasmids were cultured in 5 mL Luria Broth (LB)
suspension (12-16 hours of 37˚C incubation, with shaking at a speed of 250 rpm). The
plasmids were then purified from the LB suspension using either the High Pure Plasmid
Isolation kit from Roche or the NucleoSpin® Plasmid (Macherey-Nagel) kit from Norrie
Biotech, depending on the availability of the kits. The purification processes were carried out
according to the instructions from the respective manufacturers. Purified plasmid DNAs were
reconstituted in 100 µL sterile RNase-free water or ddH2O, and stored at −20˚C.
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2.5.4. RNA extraction
Full-strand RNAs were extracted from the appropriate samples (limb and tail tissues,
embryos) soaked in Qiagen RNAlater and stored at 4˚C until extractions commenced. The
extraction procedure was carried out in accordance with the RNA isolation method described
in Invitrogen TRIzol reagent manual. The extracted RNA was eluted into 30 µL ddH2O and
stored at −30˚C for up to 3 months.

2.5.5. First strand cDNA synthesis
Complementary DNA (cDNA) was synthesized from whole RNA (see section 2.5.4) using
Oligo(dT)12-18 primers and Superscript III from Invitrogen Life Technologies.
In a sterile 1.5 mL microcentrifuge tube, 60-100 ng of RNA, 1 µL of Oligo(dT)12-18
primers, 1 µL of 10 mM dNTPs mix, making up to 13 µL with ddH2O were mixed. The
mixture was placed in a 65˚C hot block for 5 minutes, left on ice for 1 minutes, followed by
the addition of 4 µL of 5x First strand buffer, 1 µL of 100 µL DTT, 1 µL of RNase OUT, and
1 µL of Superscript III reverse transcriptase (RT). The tube was then gently mixed and
centrifuged briefly to collect the contents at the bottom of the tube. The mixture was
incubated at 50˚C in a hot block for 60 minutes. For termination of the reaction, the tube was
incubated at 70˚C for 15 minutes. The resulting cDNA products were stored at −30˚C until
required.

2.5.6. Polymerase chain reaction
2.5.6.1. cDNA and colony PCR reaction mix
The 10x reaction buffer for Mango Taq DNA polymerase, the Mango Taq DNA
polymerase, and the accompanying 50 mM MgCl2 solutions were supplied by BioLine.
Custom oligonucleotides longer than 70 bp were ordered from Invitrogen Life Technologies,
and primers (15-25 bp) were ordered from Sigma.
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2.5.6.2. PCR cycling
All PCRs were performed using Techne FGTGENEND thermocycler. The general settings
for both cDNA and resuspended colony PCR cycles are listed in Table 2.2. Modifications to
the annealing temperatures and elongation time were done according to the necessary
conditions of each Taq polymerase based on the manufacturers’ documentation respectively.

!
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All PCR products were verified and analysed by gel electrophoresis. PCR products were
kept at 4˚C for short-term storage when necessary. PCR cycling setting with shorter
elongation time (30 sec) and 30 cycles was used for colony PCRs intended for screening for
the presence the much shorter 80-110 bp inserts used in the vector-based RNAi transgene
construct project.

2.5.7. DNA cloning and transformation methods
All transformation reactions were carried out following the Invitrogen Rapid One Shot®
chemical transformation protocol originally obtained from Invitrogen Life Technologies
unless otherwise stated. The One Shot® TOP10 and Stbl3 chemically competent cell strains
were obtained from Invitrogen.
The chemically competent cells used in this project were cloned and maintained according
to the procedure modified from the Short Protocols in Molecular Biology 5th Ed., Section 1,
page 29. The speeds and duration of the centrifuging steps were modified to maximize the
final cell yields using the Heraeus®, Labofuge 400R centrifuge from Thermo Scientific. Cells
were pelleted by centrifuging for 15 minutes at 3,000 rpm, at 4˚C with a swinging bucket
rotor. This was followed by a 10 minutes spin with the same setting, then a 30 minutes
incubation on ice and a further 10 minutes spin with the same setting. The resulting cell
pellets were resuspended in 2 mL of pre-chilled CaCl2 solution in the respective tubes. The
resulting suspended solution was dispensed into pre-chilled 1.5 mL microcentrifuge tubes as
100 µL aliquots and stored at −70˚C. Transformation competency of the cells was tested by
transforming 100 µL cell aliquot with pBluescriptIIKS+ (pBSIIKS+), a standard 3 kb
plasmid, of a range of concentrations. The ideal transformation efficiency for the cells was
106-7 c.f.u.

2.5.7.1. Phosphorylation
Phosphorylation of double-stranded DNA inserts (dsDNA) for cloning experiments was
carried out according to the instructions outlined in T4 PNK manuals from Roche with
modifications as described below.
In a final volume of 50 µL, the dephosphorylated DNA fragment with approximately 20
pmol of 5’-OH-termini was mixed with 5 µL of 10 mM aqueous ATP and 5 µL of 10x
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phosphorylation buffer. Ten units of T4 PNK were 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 kept and handled on ice.

!

2.5.7.2. Ligation
Approximately 150 ng of insert DNA fragment was used in each ligation reaction. The
reactions were carried out according to the procedure outlined in the manufacture’s manual of
shrimp-derived alkaline phosphatase (SAP) from Roche. After the ligation reaction had
completed, the assay was used directly in the transformation reactions (see Section 2.5.7.3)
without denaturing the enzyme or other purification steps.

The inserts:
Full-length coding sequences of the gene of interest were amplified from the appropriate
cDNA sequences through RT-PCR, and purified for cloning reactions (see section 2.5.6 for
detail of PCR; see Table 2.3 for a list of primers used in RT-PCR). Phosphorylation of dsDNA
fragments was performed prior to the ligation reaction. Products of either restriction digests or
PCRs were purified using a PCR purification kit prior to the ligation reaction unless otherwise
indicated by the commercial cloning kit’s instructions.
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The target vectors:
The target vectors used for regular gene cloning for the purpose of sequencing or
generating probes for in situ hybridization experiments include pBSIIKS+, pCS2+, and
pCR®4-TOPO® and pCR®II-TOPO® vectors from Invitrogen Life Technologies.
In the case of the pCR®-TOPO® vectors, the ligation reactions were performed
according to the manufacture’s manual from the respective kits. The other vectors, pBSIIKS+
and pCS2+, were linearized via restriction digests, purified using either PCR purification kits
or the E-Gel® CloneWell systems, and then dephosphorylated using SAP from Roche prior to
ligation reactions.

2.5.7.3. Transformation into chemically competent cells
Strains of chemically competent Escherichia coli cells used in the projects in this thesis
were One Shot® TOP10 and Stbl3, originally supplied by Invitrogen Life Technologies. The
TOP10 cells were used in most cloning experiments, whereas the Stbl3 cells were used for
cloning transgenic constructs containing short hairpin-forming sequences.
As soon as the competent cells thawed (on ice), 1-2 µL of the ligation assay was added to
about 100 µL of competent cells and gently mixed by flicking. The reactions were incubated
on ice for 30 minutes, heat shocked in 42˚C water bath for 30 second, returned to ice, and
then inoculated with 250 µL of pre-warmed LB medium for each reaction. The reactions were
then incubated at 37˚C for an hour, with shaking at 250 rpm. About 100 µL of each
transformation was plated onto LB agar plates and incubated at 37˚C for 12-16 hours. The
resulting plates were kept at 4˚C for short-term storage. For blue-white colony selection, the
cultures were temporarily placed (approximately one hour) at 4˚C prior to the final
examination to allow the colour to develop further.
The blue-white colony selection method was used to identify E. coli transformants.
Selected colonies were isolated and put through either colony PCR (see Section 2.5.6) or
directly to plasmid purification. The identities of the inserts were verified through gene
sequencing services.
For cells/ colonies feasible for blue-white colony selection, LB agar plates containing 50
µg.ml-1 ampicillin were spread with 20 µL of X-Gal at least one hour before the
transformation reactions took place and left stand at room temperature until required.
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2.5.8. Whole mount in situ hybridization
2.5.8.1. Fixation of samples
X. laevis embryos and limb tissue samples were fixed in 4% PFA for one hour, using a
nutator. Fixed samples were briefly washed in 100% EtOH and stored in fresh absolute EtOH
at −30˚C until required. The samples were fixed in small 5 mL or 10 mL glass vials4,
depending on the size or quantity of the samples. For the limb samples, the head, tail, and
entrails of each sample were removed prior to performing in situ hybridization.
_________________________________________________________________________
4 Glass

vials with silicon caps ideal for the series of washing processes, and chemicals and solvents

used in an in situ hybridization experiment, as well as long-term storage of the samples.
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2.5.8.2. Preparation of template DNA for probe synthesis
Vectors carrying the genes of interest were linearized via either restriction digests or
PCRs, and the resulting products purified using PCR purification kits. In the cases when the
genes were linearized via restriction digests, complete digestion of the products (used 1-2 µg
DNA per 30 µL reaction) were verified via gel electrophoresis prior to gene purification. For
the PCRs, the region containing the genes of interest were amplified using the appropriate
sequencing primers and the products verified by gel electrophoresis, followed by PCR
product purification.

!

2.5.8.3. Production of labelled antisense probes
Digoxygenin labelled RNA (anti-sense) probes for the genes of interest were synthesized
as follows: 5 µL of 10x DIG-NTP mix, 1 µg of linear DNA template, 2 µL of T3 RNA
polymerase, and ddH2O to a final volume of 50 µL. The reaction was incubated in a
hybridization oven for three hours at 37˚C. In order to confirm transcription success, 2 µL of
the reaction was analysed by gel electrophoresis. In order to remove the DNA template, 2.5
µL of RNase-free DNaseI was added to the remaining 48 µL reaction. The reaction was
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incubated in a 37˚C hot block for 20 minutes. The synthesized RNA probe was then
precipitated by adding 25 µL of LiCl (2.5 M) and incubated at −30˚C overnight.
Precipitated RNA probe was centrifuged at 14,000 rpm for 15 minutes. The resulting
pellet, which contained the probe, was washed with ice-cold 70˚C (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 10 mM EDTA by vortex and a three minutes incubation at 80˚C hot
block. The concentrations and qualities of the RNA probe were verified through an ND-1000
spectrophotometer. Eluted RNA probe was stored at −30˚C.

2.5.8.4. Preparation of tissue samples for labelling
PFA-fixed samples were previously stored at −20˚C were allowed to warm to room
temperature. Rehydration of the samples were done as followed: replaced the absolute EtOH
with 75% (v/v) EtOH/PBSAT and then 25% (v/v) EtOH EtOH/PBSAT solution for 10
minutes each, and three 5-minutes washes in 100% PBSAT. All washes were performed on a
nutator.
In order to permeabilize the tissues for labeling, samples were immersed in specific
concentrations of proteinase-K (pro-K) and left undisturbed for varying durations (see Table
2.6), depending on the samples. Pro-K was subsequently removed and replaced with 2-5 mL
of 0.1 M TEA. The vials containing the samples were gently swirled intermittently for 5
minutes. Another 5 minutes 0.1 M TEA wash with an addition of 5-12.5 µL of acetic
anhydride to 2-5 mL of TEA respectively. This was followed by a final addition of acetic
anhydride to the last mixture for a further 5 minutes swirl. Afterward, the samples were put
through two 5-minute PBSAT washes, followed by re-fixing in the 4% (v/v) formaldehyde/
PBSAT for 20 minutes. When the 20 minutes were done, the fixative was removed, and the
samples washed in PBSAT for five 5-minute washes.
Finally, in a volume of 1 mL PBSAT, 250 µL of hybridization (hyb) buffer was added to
each vial. The samples were left to settle to the bottom of the vials, allowing the hyb buffer to
infiltrate the tissues. Once the samples settled, the solutions were replaced by 1-3 mL of hyb
buffer. Samples could be stored at −30˚C for several months at this stage until required, or
proceeded directly to the probe hybridization step.
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2.5.8.5. Probe hybridization
Samples that were incubated in hyb buffer were removed from the freezer and warmed up
in a 60˚C water bath. The existing hyb buffer in the vial was replaced with fresh hyb buffer,
pre-warmed to 60˚C. The samples were pre-hybridized with the fresh, pre-warmed hyb buffer
in a 60-65˚C hyb oven for 2 hours, with gentle rocking. All 60-65˚C incubations hereafter
were performed in the hyb oven, with rocking, and solution changes were performed in a
60-65˚C water bath.
The RNA probe was denatured at 80˚C for 3 minutes and prepared into 0.6-1µg.mL-1
probe-in-hyb buffer solution. At the end of the pre-hyb period, pre-hyb was replaced by
0.6-1.5 mL of probes and incubated at 60-65˚C overnight with rocking.

2.5.8.6. Antibody labelling
After the overnight hybridization, the probes were removed from the vials and stored at
−30˚C for future use. At 60-65˚C, the samples were washed in two 10-minute 1-2 mL hyb
buffer, followed by three 20-minute washes in 2-3 mL 2x SSC (0.1% tween 20), and two 30minute washes in 0.2x SSC (0.1% tween 20). All the solutions were pre-warmed to 60˚C prior
to the washes at 60-65˚C.
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Blocking of non-specific binding of the probes was achieved by washing samples in 2-5
mL (depending on the size of vial used) of 2% (v/v) blocking reagent in MABT solution at
room temperature for 30 minutes. This was followed by the a further 2-hour wash in 2% (v/v)
blocking reagent + 20% (v/v) lamb serum in MABT at room temperature. This was replaced
by an overnight wash in 2% (v/v) blocking reagent + 20% (v/v) lamb serum + 1/2000 antiDIG/MABT in MABT at 4˚C.

2.5.8.7. Detection of labelled mRNA
At room temperature, the anti-DIG solution was removed, and the samples were put
through three 15-minute washes of MABT, followed by at least another six 30-minute MABT
washes. The last MABT wash could be done overnight, at 4˚C.
For the colour reaction, the samples were first washed in alkaline phosphate buffer for 3
minutes, and then another 10 minutes in fresh alkaline phosphate buffer with 5 mM
levamisole5. The buffer was then replaced by NBT/BCIP colour reagent (with 5 mM
levamisole added for samples older than stage 40). The samples were then left un-disturbed
until the colour developed. Fresh NBT/BCIP colour reagents were added to samples if
necessary. For samples that required a longer period to develop colour, the incubating solution
(after an initial incubation of 2-6 hours) was changed into fresh alkaline phosphatase buffer
and left undisturbed overnight, at 4˚C. Once the colour had developed to the desired intensity,
the samples were washed twice in PBSAT in 30 minutes and finally fixed in 4% (v/v)
formaldehyde in PBST overnight. Samples can be stored in this state indefinitely

_________________________________________________________________________
5 Suppression

of the endogenous alkaline phosphatase activity with 5 mM levamisole in the second staining

buffer wash and incubation with NBT/BCIP colour reagent was only used with stage 41+ samples, such as the
limb samples.
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2.5.8.8. Bleaching
Samples were transferred to Packard vials and put through three 10-minute PBSA
washes. The last wash was replaced with 5% (v/v) H2O2/PBSA. In order to speed up the
reaction, the samples were left undisturbed under direct exposure to a light source. The vials’
caps were loosened throughout the bleaching process to let the gas out. Once the pigment
were sufficiently removed, the samples were washed in PBSA for 10 minutes, with at least
two changes of solution. The final products were re-fixed in the 4% (v/v) formaldehyde/
PBSAT at room temperature overnight.

2.5.8.9. Preparing samples for photography
Replaced fixative with fresh PBSA solution, and put the samples through 3x 5-minute
washes in PBSA. Samples were kept in PBSA for photography and returned to fixative
afterwards. Pictures were taken in bright field mode using a Leica Fluo III dissecting
microscope with the accompanying camera.

2.5.9. DNA sequencing
PCR products and purified plasmids containing the genes of interest were sent for
sequencing, with the appropriate sequencing primers (see Table 2.3), at the Genetic Analysis
Services at Otago, University of Otago. Orientations of the gene sequences relative to the
plasmids were established based on the positions of the plasmid’s restriction sites or
directionality of the T3 and T7 primer binding sites.

- 49 -

Materials and Methods

2.6. Histology
2.6.1. General histological analysis
Samples that were fixed in 4 % PFA overnight or post-in situ hybridization samples
were washed twice in PBS for 10 minutes each before the dehydration step. Samples were put
through a series of EtOH washes using a nutator before being switched into larger glass vials
for either wax (Table 2.7) or resin (Table 2.8) embedding.

2.6.1.1. Paraffin wax embedding and sectioning procedure
PFA-fixed specimens were dehydrated and treated with xylene prior to infiltration and
embedding in paraffin wax at 60˚C according to the detail listed in Table 2.7.
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The resulting wax block was trimmed for transverse serial sectioning at 7-10 µm using a
Leica RM2125RT microtome. The wax ribbons containing the tissue sections were first
floated in cold distilled water for positioning. The wax ribbons were smoothed out by floating
them in a 48˚C water bath to remove wrinkles. The slides were allowed to dry for at least 12
hours before permanent mounting.

2.6.1.2. Resin embedding and sectioning procedure
Fixed specimens were gradually dehydrated using varied concentrations of ethanol (see
Table 2.8) prior to the subsequent infiltration, polymerisation, and embedding procedures for
Technovit 7100 resin embedding. Specimens were pre-infiltrated with Technovit 7100 mixed
with ethanol using a nutator followed by infiltration with Hardener I and Technovit 7100. The
specimens were then embedded in polymerisation solution, which was made by adding
Hardener II to the infiltration solution. Embedding was done in the plastic embedding tray
provided from the resin kit. See Table 2.8 for details of the procedure.
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Once the resin blocks had polymerised, backing pins were mounted with Technovit
3040 powder and resin, and allowed to harden before being removed from the embedding
tray. Sectioning was performed using a Reichert-Jung super cut 2050 microtome set to section
at 12-15 µm. The resulting resin sections were smoothed out by floating them in a 23-25˚C
water bath and allowed to be baked and dried on a 50-60˚C hot block prior to permanent
mount.

2.6.1.3. Permanent mounting and photography
Permanent mounting of all slides was accomplished using water-based Immumount and
sealed with generic nail polish. The wax embedded samples were de-waxed using fresh
xylene for up to 2-3 minutes prior to mounting. Photographs of all histological sections were
taken using a Zeiss Axiophot microscope with an attached Sony Camera and the
accompanying software.
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Chapter 3
The roles of sprouty in Xenopus
limb development and regeneration

The gene expression portion of this chapter has already been published in Gene Expression
Pattern, issue 15(1), 2014.
Doi:10.1016/j.gep.2014.04.004
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3.1. Introduction
The cysteine-rich eukaryotic sprouty (Spry) proteins were originally identified as key
regulators of branching of epithelial tubes constituting the tracheal networks in Drosophila
melanogaster through inhibition of fibroblast growth factor (Fgf) signaling (Hacohen et al.
1998). The extended family of Spry, including at least four isoforms in mice and human
respectively, and the Spry-related proteins, Spred, were later found to represent a major class
of ligand-inducible inhibitors of receptor tyrosine kinase (RTK) signaling pathways that
modulate the small GTPase Ras/mitogen-activated protein kinases (MAPK) cascade (refer to
Chapter 1, section 1.2 for more detailed review). In situ hybridization experiments have
revealed expression of spry transcripts in a broad range of organs in mice, chicks, quails, as
well as amphibian models like Xenopus. The expression of certain spry isoforms coincides
with known patterns of Fgf expression (Minowada et al. 1999; Chambers and Mason 2000;
Perl et al. 2003; Mason et al. 2006; Wang and Beck 2014).
Expressions of the vertebrate spry-1, -2, and -4 are widely described in several
embryonic as well as adult tissues, including brain, digestive tracts, kidneys, and limb buds
(de Maximy et al. 1999; Minowada et al. 1999). However, expression of spry-3 appeared to
be restricted to adult brain and testis (Minowada et al. 1999; Leeksma et al. 2002). A similar
disparity between expression patterns of these two groups of Spry was also described in the
South African clawed frogs, X. laevis (Nutt et al. 2001; Panagiotaki et al. 2010). Their
regulatory roles in mitogen-dependent signaling and their dynamic expressions in the various
tissues throughout development indicate the involvements and importance in these processes,
largely due to their regulatory roles in mitogen-dependent signaling.

3.1.1. Sprouty structures and functions
The general structures of Spry, as well as the related proteins, consist of a cysteine-rich
domain at the carboxyl-terminus, and a conserved Src-homology-2 (SH2) domain binding
motif (NXYXXXP) including a central tyrosine residue in the otherwise extremely variable
N-terminus region (Fig. 3.1; Hacohen et al. 1998; Bundschu et al. 2006). The functions of
Spry proteins are dependent on the cysteine rich domain at the C-terminal for their
localization to the plasma membrane upon translation and activation. For instance, the
membrane-targeting domain of the human Spry-2 encompasses residues 178-221. It is the
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minimal region necessary and is sufficient, for plasma membrane localization of the matured
protein. It binds to phosphatidylinositol-4,5-bis-phosphate in vitro and co-localizes with the
pleckstrin homology domain of phospholipase C-∂, which appears to be a key interactant of
the Spry-2 cysteine-rich domain (Lim et al. 2002).
Membrane association is essential for spry functions. The human Spry-2 with defective
membrane localization was compromised in its ability to inhibit Fgf-induced ERK-MAPK
signaling (Lim et al. 2002). Deletion mutants of human Spry-2 lacking a functional
membrane-interaction domain also failed to modulate a number of physiological processes
negatively (Yigzaw et al. 2001; Hanafusa et al. 2002). These include cell migration, ERK/
MAPK activation, and cell proliferation, in response to different growth-factor signaling
Phosphorylation of Spry at the N-terminal tyrosine residue, such as the Y53 and Y52 in
mammalian Spry-1 and -2 respectively, are essential for the antagonistic activities of the
protein in several developmental processes mentioned earlier (Kim and Bar-Sagi 2004;
Cabrita et al. 2006; Cabrita and Christofori 2008). A functional NH2-terminus of the human
Spry-2 is necessary for the Spry-2-specific inhibitory effects on cell proliferation and
migration in osteosarcoma-derived cells (Rathmanner et al. 2013). Similarly, the phosphotyrosine, Y52, in mammalian Spry-2 is pivotal for Spry’s binding to the cellular homologue of
casitas B leakage lymphoma proto-oncogene product, also known as c-Cbl, in response to
stimulation of the epidermal growth factor (Egf) as well as the fibroblast growth factor
receptors (Fgfr) that originated at the cell surface (Rubin et al. 2005).
It has been proposed that the tyrosine-phosphorylated mammalian Spry-2 interferes with
the function of c-Cbl through either one or both of the two plausible mechanisms outlined
below. Firstly, it is likely that the phosphorylated Spry-2 binds to the SH2 domain of
endogenous c-Cbl with high affinity upon stimulation by either Fgf or Egf, which displaces cCbl from the Egf receptor (Egfr), and hence impairing receptor ubiquitylation and
degradation. Alternatively, it may be that as Spry interacts with c-Cbl at a conserved catalytic
ring finger6 site, the binding of Spry-2 to the ring-finger domain competes with the binding of
the E2 ubiquitin-conjugating enzyme, thereby inhibiting the ubiquitin ligase activity of c-Cbl
(Wong et al. 2002).
Unlike the interactions of Spry with the SH2 domain of c-Cbl, the interactions of the
proteins with the ring finger is specific and growth-factor dependent (Kim and Bar-Sagi
2004). It is also noteworthy that the human Spry-2 phosphotyrosine residue (Tyr-55), which
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functions as a binding site of Cbl, is the same residue that mediates the interactions of Spry-2
with the SH2 domain of growth factor receptor-bound protein-2 (Grb-2; Gross et al. 2001;
Ozaki et al. 2001). The latter is also implicated in the suppressive effects of spry on Fgfr
signaling, which will be discussed in more detail in the next section (Hanafusa et al. 2002;
Kim and Bar-Sagi 2004).

3.1.2. Sprouty and antagonism of RTK signaling
The Ras-ERK/MAPK cascade is a highly conserved signaling pathway consisting of a
chain of proteins within a cell that communicate the signals originated from the RTK on the
cell surface to specific DNA targets in the nucleus (Rosen and Lemjabbar-Alaoui 2010; Shilo
2014). Its activities are regulated by a range of ligand-binding molecules, such as the Fgf,
Egf, and vascular endothelial growth factor (VEGF; see Kim et al. 2004 and Shilo et al. 2014
for detail review). Genetic experiments involving gain- or loss-of-function of specific spry
genes in the past decades have shown that the Spry proteins exert their inhibitory effects on
the Ras-MAPK pathway upstream of ERK/MAPK, but downstream of RTK. However, the
precise point at which the proteins act to down-regulate the signaling pathway appears to be
dependent on the biological context (Fig. 3.2).
The Ras-MAPK cascade is made up of mainly three proteins: the G protein Ras,
which activates the protein kinase Raf, which in turn activates MEK, leading to activation of
ERKs (Fig. 3.2). Engagements of the ERK/MAPK cascade happen in response to ligand
binding of growth factors to specific RTKs. The processes are initiated by the activation of
Ras, following the recruitment of a protein complex consisting of the Ras exchange factor
son-of-sevenless (SOS) and Grb-2 to a tyrosine phosphate docking site on either the RTKs
themselves or other receptor-substrate proteins. Two examples of these RTK-substrate
proteins are the SH2-domain-containing protein tyrosine phosphatase (SHP-2) and the Fgfr
substrate-2 (FRS-2). Activation of FGFR induces tyrosine phosphorylation of either FRS-2 or
SHP-2 (Shilo et al. 2014).
_______________________________________________________________________
6 A protein

domain consisting of two loops that are held together at their base by cysteine and histidine residues

that form a structure with two zinc ions. In this case, it represents a conserved domain that directs the
ubiquitylation if substrate proteins through the recruitment of E2 ubiquitin-conjugating enzymes.
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Figure 3.1: Sprouty proteins homologs. The general domain structures of human
(hSprouty), mouse (mSprouty), chicken (gSprouty), zebrafish (drSprouty), and south African
clawed frog (xSprouty) sprouty-1, -2, and -4. Y indicates the conserved tyrosine residue in
Spry-2, which undergoes phosphorylation in response to RTK stimulation. The red boxes near
the carboxyl terminus indicates the conserved cysteine-rich Spry domain. The red boxedpercentage numbers indicate percentage identity of the respective Spry at an amino acid level
compared to the Drosophila Spry (dSpry); the blue boxed-percentages indicate percentage
identities in relation to xSpry. The references and inspirations of the diagram originated from
amino acid alignments of Spry homologues in NCBI UniGene database and Metazome.
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In the absence of Spry, the Grb2-SOS complex is recruited to the phosphorylated
tyrosine residues on either one of the two RTK-substrates through the SH2-binding domain of
Grb2, resulting in the activation of Ras and the subsequent MAPK cascade (Fig. 3.2).
However, growth factor RTK stimulation also leads to tyrosine phosphorylation of Spry, such
as human Spry-2, which represents an alternative binding site for the SH2 domain of the
adaptor protein Grb2. In vitro, spry competes effectively with FRS-2 and SHP-2 for binding
to Grb2 and is capable of inhibiting ERK/MAPK activation by Fgf in vivo (Hanafusa et al.
2002). Therefore, the Fgfr-induced interaction of Spry with Grb2 prevents the adaptor protein
from binding to either FRS-2 or SHP-2, thereby interfering with the activation of Ras
downstream (Fig. 3.2, inhibitory pathway 2; Casci et al. 1999; Hanafusa et al. 2002; Kim and
Bar-Sagi 2004). The antagonistic effects of Spry on Egf signaling in mammals follow a
similar string of events described above, albeit with some differences in the range of
intermediary molecules, such as c-Cbl instead of Grb2 (discussed in the previous section).
Other studies have also shown that Spry proteins can exert their inhibitory effect at the
levels of Raf and downstream (Fig. 3.2, inhibitory pathway 3 and 4). In Drosophila, gain-offunction of specific components along the ERK/MAPK pathway, particularly Raf, revealed
that ectopic expression of Spry is capable of rescuing lethality caused by Raf activations in
the ovary’s follicle cells, the imaginal discs, and the eye discs (Reich et al. 1999). Induced
Spry expression also led to reduced levels of Egf-dependent MAP kinases accumulations in
these tissues, suggesting that the Drosophila Spry interrupts the pathway at Raf or
downstream (Reich et al. 1999). In mice, the mammalian Spry-4 inhibits the VEGF-induced
ERK activities by direct interactions with Raf-1, while the human Spry-2 exerts its inhibitory
effect on the Fgf-induced MAPK pathway at the level of Raf (Yusoff et al. 2002; Sasaki et al.
2003).
Interestingly, X. laevis spry-2 has been shown to be an exception among all the sprys
that have been studied so far, as ectopic expression of the gene produced no apparent effects
on the MAPK pathway (Nutt et al. 2001; Kim and Bar-Sagi 2004). Instead, expression of the
amphibian spry-2 led to impairments of certain aspects of Fgf-dependent intracellular
signaling, such as calcium mobilization from the endoplasmic reticulum (Fig. 3.2, inhibitory
pathway 1). Also, see Cabrita & Christofori (2008) for a full review of different Spry
mechanisms of actions in growth factor signaling pathways.
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Figure 3.2: Negative regulation of RTK signaling by sprouty. Schematic representation of
two growth-factor dependent (2-4) and an intracellular calcium mobilisation (1) pathways that
are antagonised by Spry. Activation of the Fgfr induces tyrosine phosphorylation of FRS-2 or
SHP-2. In the absence of Spry, a complex of adapter proteins, Grb-2 and SOS, is recruited to
the phosphorylated tyrosine residues on FRS-2 or SHP-2. This leads to the activation of Ras
and the eventual MAPK cascade (shown by black arrows). Growth factor stimulation also
leads to tyrosine phosphorylation of Spry, which, depending on the signaling context, is
capable of interfering with RTK pathways at many levels. Diagrams adapted from Kim &
Bar-Sagi (2004) and Cabrita & Christofori (2008).
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3.1.3. Sprouty in healing and regeneration
Members of Spry function as negative regulators of cell proliferation, migration, and
differentiation through their abilities to modulate mitogen-dependent signaling pathways also
implicate them in tissue repair and regeneration. Several studies published in the last five
years have demonstrated members of Spry as important, if not potent, effectors of
regeneration in certain tissues.
Satellites cells, also known as muscle stem cells, are capable of self-renewal and
differentiation. They are identified by expression of the transcription factor pax-7, which is
also critical for establishing satellite cell pool in adult muscle (Seale et al. 2000). Cell lineage
tracing experiments had demonstrated that the adult pax-7+ cells entered cell cycle in a
manner that only a sub-population returned to quiescence to replenish the satellite cells
compartment while the others contributed to muscle fibre formation after an injury (Shea et
al. 2010). The mammalian spry-1 was also expressed in the quiescent pax-7+ cells in
uninjured muscle tissues, but the levels of spry-1 expression appeared to be down-regulated in
the proliferating myogenic cells after injury (Shea et al. 2010). It was subsequently re-induced
as the pax-7+ cells re-enter quiescence. The satellites cells failed to return to a quiescent state
in the absence of Spry-1 (Shea et al. 2010). These observations indicate that the expression of
spry-1 is required for the reversibility of quiescence as well as homeostasis of self-renewing
adult muscle stem cells pool during muscle repairs (Shea et al. 2010).
Furthermore, the roles of the spry genes in tissue regeneration were also indicated by
their expressions and functions in embryonic stem cells (ESCs). Multiple studies had shown
that expressions of members of Spry are closely associated with ESCs differentiation. For
instance, while the expression of the murine spry-1 appeared to be dispensable for the
maintenance of ESCs self- renewal, suppression of the gene led to induced neural
differentiation and inhibit epithelial differentiation (Jung et al. 2012). In human, spry-2 and -4
are the most highly expressed members of the family in ESCs, whereas spry-1 and −3 are
expressed minimally in comparison (Felfly and Klein 2013). Using qPCR and gene knockdown techniques, Felfly et al (2013) showed that the levels of spry-2 and -4 expression
decreased with differentiation of the ESCs, and down-regulating their levels of expression led
to decreased proliferation and survival of the cells.
The spry-2 and -4 KD cells also demonstrated hypersensitivity towards growth factors
(e.g., Fgf-2 and Egf) signaling, suggesting that these two members of the Spry family are
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likely to be negative regulators of human ESCs self-renewal via Fgf- and Egf-induced RTK
signaling pathways (Felfly and Klein 2013). Spry-1, on the other hand, may be involved in
ESCs differentiation, as indicated by its antiproliferative function (Lee et al. 2010; Felfly and
Klein 2013). The activities of the micro RNA miR-21 are known to promote fibrogenic
epithelial-to-mesenchymal transition of the epicardial mesothelial cells. Therefore, as a target
of miR-21, Spry-1 also contributes to the regulations of cell mobility and wound size
development during cardiac injuries (Brønnum et al. 2013).
Expression of the murine spry-2 is also associated with the regulations of angiogenesis
during skin wound healing in mice. A significant increase in the levels of Spry-2 mRNA and
proteins in the wound bed during the resolving phase of wound healing suggests the gene’s
involvements in the vascular expression during healing (Wietecha et al. 2011). Additionally,
Spry-2 is also implicated in the regulation of axon outgrowth and regeneration. Using spry-2
global knock-out mice and related cell lines, Marvaldi et al. (2015) demonstrated that spry-2
deficiency resulted in an improvement in long-distance axon regeneration in vivo and an
enhancement in axon outgrowths in vitro. Overall, as potent negative regulators of RTK
signaling as well as mitogen-dependent pathways, members of Spry family appeared to play a
significant role(s) in modulating regeneration. Their functions and proponents in repair and
regeneration are largely indicated by their prominent and dynamic patterns of expression in
the tissues undergoing these processes.
In this study, we set out to investigate the expression patterns of three members of the
Spry homologues in X. laevis, spry-1, -2 and -4, via in situ hybridization in regenerating and
normally developing limbs. These Sprys were chosen due to their presence in the
transcriptome data (unpublished data), as well as their distinct expressions in developing
organs and appendages in the other models compared to the relatively limited expression of
spry-3 (Minowada et al. 1999; Perl et al. 2003; Mason et al. 2006; Wang and Beck 2014). The
results showed differences in Spry expression timing and patterns between the regenerating
and the developing hindlimbs, indicating regeneration-specific functions of the Xenopus spry.
The distinct patterns of spry expression in developing as well as regenerating limbs that
complement, and in some cases, overlap with fgf-8b expression suggest they exert their
effects on these processes through interactions with Fgf-induced RTK signaling.
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3.2. Experimental procedures
3.2.1. RNA probe synthesis
Primers that cover 70-90% of the X. laevis spry-1a, −2, −3 and −4 coding regions were
designed based on the accessions FJ439175.1, NM_001088769, NM_001170509.2, and
XM_002939535.2 respectively on the NCBI database and Xenbase (Bowes et al. 2010; refer
to Table 2.4 for primers details). The spry genes were amplified from cDNA reversed
transcribed from RNA extracted from stage 38 and 42 X. laevis embryos. PCR products
(800-1,200 bp approx.) of the respective genes were cloned into a TA vector (supplied by
Invitrogen; refer to Chapter 2, section 2.5.7). The respective plasmids were linearized via
PCR using the M13 sequencing primers prior to RNA probe synthesis. FGF-8b probe has
been previously described (Christen and Slack 1997; Jones et al. 2013). Digoxygenin labelled
RNA probes were synthesized and whole mount in situ hybridization carried out following
procedures previously described in (Pownall et al. 1996) with modification for limbs as in
(McEwan et al. 2011; refer to Chapter 2, section 2.5.8). Refer to Chapter 2, section 2.5.8.9 for
data collection and photography of the stained samples.

3.2.2. Limb operation and histology
The anaesthesia of the tadpoles and limb operations for the regeneration experiments
followed procedures outlined in Chapter 2, section 2.4.
Selected spry-1a samples from in situ hybridization were put through histological
sectioning using paraffin wax medium, and selected spry-2 samples were processed using
resin as the histological medium. The histological procedures were as outlined in Chapter 2,
section 2.6.

3.2.3. Heat shock inducible spry-1a transgenic line S(0)
The full length coding sequences (1,081 bp) of the X. laevis spry-1a were amplified and
cloned from stage 35 cDNA via PCR and cloned into a TA vector (pCRIITOPO supplied by
Invitrogen; Appendix B5). The spry-1a coding sequences were subsequently excised using
double restriction digest with HindIII and PstI, and then sub-cloned into the HGEM transgene
plasmid, downstream of the hsp-70, heat shock promoter (Fig. 3.3; Appendix B4; Beck et al.
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2003). Refer to Table 2.4 for the primers used for amplifications of the spry-1a coding
sequences. The primers sequences were designed based on the transcriptome data provided by
Dr Caroline Beck (unpublished data). The final cloned sequences were confirmed and
identified to accession NM_001137585.1 in the NCBI database (Appendix C9-11). Refer to
Chapter 2, Section 2.3, and Figure 3.3 for detailed design of the transgene system. See
Chapter 2, Section 2.3.1 for more detailed description of the HGEM transgene.
The final transgene was linearized via double restriction digest with KpnI-HF and NotIHF prior to transgenesis. Transgenic X. laevis embryos were generated using the REMI
method originally developed by (Kroll and Amaya 1996) with modifications described in
Beck et al. 2003 (Chapter 2, Section 2.3.3). Stage 30-35 embryos and 49-52 tadpoles of the
founder generation, S(0), were subjected to gene expression analysis and heat shock
experiments.

Figure 3.3: Details of the HGEM:xSpry-1a transgene. The target, X. laevis spry-1a
(xlSpry-1a) full coding sequences is positioned downstream of the Hsp-70 heat shock
promoter, which allows temperate control of xlSpry-1a activation via gentle heat shock at
37˚C. The reporter system consists of a GFP3 under the control of the 𝛾-crystallin promoter,
which drives expression of green fluorescence in vertebrate lens. The full coding sequences of
the xlSpry-1a clone is highlighted in yellow.
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3.3. Results
All four of the X. laevis spry-1a, -2, -3 and -4 probes were tested via in situ
hybridization on stage 32 embryos to verify functionalities of the probes and the expression
patterns of the respective X. laevis homologues (Fig. 3.4A-D). The observed expression
patterns closely resembled those previously described in X. tropicalis (Nutt et al. 2001; Wang
et al. 2008; Panagiotaki et al. 2010). Transcripts expression of the amphibian spry-1a, -2, and
-4 were shown predominantly in the head region, while expressions of spry-1a and -4 could
also be seen in the tail buds (Fig. 3.4A, B, and D). The overall expression of spry-3 appeared
to be relatively low compared to the others, with some staining visible in the dorsal-ventral
cord (Fig. 3.4C). Out of the four spry genes, the staining for of spry-1a transcripts expression
appeared to be the strongest and the most distinctive. Only the spry-1a, -2, and -4 probes were
used for the following experiments for the reasons outlined earlier.

Figure 3.4: Transcript expression of X. laevis spry-1a (A), -2 (B), -3 (C), and -4 (D)
detected by in situ hybridization in stage 32 embryos. Black arrows marked the antibody
staining that indicate regions of gene expression. All sample are showed in lateral view.
Abbreviations: op: olfactory placode, mhj: midbrain-hindbrain junction, ov: otic vessel, tb: tail
bud, ba: branchial arches, sc: spinal cord.
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3.3.1. Xenopus spry-1a expressed in the distal mesenchyme of developing limb buds
The expression of spry-1a in the developing hindlimbs was detected as early as stage 49
(Fig. 3.5F). Expression of the gene was evenly distributed in the distal mesenchyme of the
limb buds, which represents the progress zone, from stage 49 to 51 (Fig. 3.5F-H). After stage
51, the expression seemed to have become stronger in the anterior distal mesenchyme
opposite the zone of polarising activity (ZPA; Fig. 3.5I). Transcripts expression was
maintained in the distal mesenchyme at stage 53 (Fig. 3.5 J). At stage 54-55, the distal
expression became more defused, while the anterior bias and a distinctive expression of the
transcripts in the posterior digits remained visible (Fig. 3.5K-L).
Overall, the expression of spry-1a was consistently absent from the apical ectodermal
ridge (AER) throughout limb development. The general patterns of spry-1a expression in
forelimbs followed a fairly similar trend as the hindlimbs. The initial expression of the gene in
the distal mesenchyme of forelimbs began at stage 51, which became progressively stronger
visibly by stage 52 (Fig. 3.5A-C). An anterior bias of transcripts expression became apparent
at stage 53, which was no longer visible in the majority of the mesenchyme by stage 54 (Fig.
3.5 D-E).

Figure 3.5: Expression of spry-1a detected by in situ hybridization in developing
forelimbs (A-E) and hindlimbs (F-L). Regions of gene expression showed by dark purple
antibody staining and are marked by black arrows. These should not be confused with the
black, star-like melanophores. Abbreviations: aer: apical ectodermal ridge.
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3.3.2. Dynamic expression of Xenopus spry-4 in developing limbs
The overall patterns of spry-4 transcripts expression were very similar to spry-1a, with
the exception that the transcripts did not appear to show any digit-specific expression. In
forelimbs, spry-4 transcripts were consistently localized in the distal mesenchyme (Fig. 3.6AE). The staining for the transcripts expression appeared to be strongest at stage 53 (Fig. 3.6D),
which then regressed rapidly by stage 54 (Fig. 3.6E). In the hindlimbs, transcripts were only
distally localized at the early limb stages 50-51 (Fig. 3.6F-H), with the later limb stages
showed expression in a three-strip pattern corresponding to the putative locations of the
stylopod, zeugopod (arrows with circles; Fig. 3.6J), and proximal autopod joints (red
arrowheads; Fig. 3.6I-K). The latter three-strip pattern of expression was distinct from the
observed pattern of spry-1a expression described in the previous section.

Figure 3.6: Expression of spry-4 detected by in situ hybridization in developing forelimbs
(A-E) and hindlimbs (F-L). Black arrows marked the antibody staining, indicating regions
of gene expression in the distal mesenchyme; black arrows with asterisks indicate venous
expression; black arrows with white circles indicate proximal expression; solid red
arrowheads point to expression in the metatarsal region; white arrows with red rim indicate
reduced levels of expression. Roman numerals indicate digit number. Gene expressions are
showed by dark purple antibody staining and should not be confused with the black, star-like
melanophores. Abbreviations: aer: apical ectodermal ridge.
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Additionally, thin, rough horizontal tracts of expression were also observed in the
forming autopods at stage 52 and persisted through stage 55 (arrows with asterisks; Fig. 3.6IL). These were presumed to represent forming blood vessels, as suggested by the abilities of
the murine spry-4 in inhibiting VEGF-mediated cell proliferation and migration (Lee et al.
2001). By stage 55, expression of the gene was only distinct in the distal mesenchyme of the
digits and the blood vessels (Fig. 3.6L). Similar to spry-1a, spry-4 expression also
demonstrated an obvious anterior bias, particularly in the developing autopods (Fig. 3.6I-K).

3.3.3. Xenopus spry-2 expression in the apical ectodermal ridge during development
The earliest visible expression of the X. laevis spry-2 transcripts was observed in the
stage 51 forelimbs and hindlimbs mesenchyme (Fig. 3.7A and E). In the forelimb buds, spry-2
expression appeared to be emphasised on the anterior side with the apparent levels of
transcripts in the distal mesenchyme increased at stage 52 and gradually reduced through
stage 53 (Fig. 3.7B-D).

!
Figure 3.7: Expression of spry-2 detected by in situ hybridization in developing forelimbs
(A-D) and hindlimbs (E-I). Black arrows marked the antibody staining that indicate regions
of gene expression; black arrows with white asterisks point to venous expression; solid red
arrowheads indicate anterior staining in the developing autopod; empty red arrow heads
indicate diminishing expression in the anterior autopods. Roman numerals indicate digit
number. Gene expressions are showed by dark purple antibody staining and should not be
confused with the black, star-like melanophores. Abbreviations: aer: apical ectodermal ridge.

In the hindlimbs, spry-2 transcripts expression in the mesenchyme appeared to be
weaker than spry-1a and -4 but were detected in both the anterior proximal as well as the
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anterior distal mesenchyme throughout development. The proximal expression was
maintained throughout stage 51-54 (Fig. 3.7E-H), whereas the distal expression in the
developing autopod region became defused and less obvious after stage 52 (red arrowheads,
Fig. 3.7F-G), and finally became invisible at stage 54 (Fig. 3.7H).
Compared to spry-1a and -4, spry-2 expression in the hindlimbs differed in that
ectodermal expression, incorporating the AER, were seen in later limb stages (Fig. 3.7F-H’).
However, like spry-4, staining for the spry-2 transcripts were detected in several thin and
roughly horizontal tracts resembling forming blood vessels in the autopod region of the stage
53-54 hindlimbs (black arrows with asterisks; Fig. 3.7G-H).

3.3.4. Regenerating limb buds re-express spry-1a, -2, and -4
In X. laevis, limb regeneration following amputation at either knee or ankle level is near
perfect at stage 52, but the quality of regeneration declines with progressive failures to form
distinct digits at later stages (Dent 1962; Beck 2012). Re-expression of the spry-1a, -2, and -4
transcripts in hindlimbs operated at stage 52 were observed throughout the regenerating
mesenchyme, the blastema (Fig. 3.8A-R). Transcripts expression of spry-1a appeared to be
the strongest among the three. Staining for spry-1a transcripts were detected in the entire
mesenchyme of the regenerating blastema (Fig. 3.8C’) throughout the six-day regeneration
period (Fig. 3.8A-F) and seemed to be at its strongest at about 5 day-post-amputation (dpa;
Fig. 3.8E), with transient anterior localization at 6 dpa (Fig. 3.8F).
In comparison, the overall expression of spry-2 in the regenerating limb buds were
weaker and more transient. Spry-2 transcripts in the blastema were only weakly visible at 2
dpa and remained so up to 4 dpa (Fig. 3.8H-J). Re-expression of Xenopus spry-4 transcripts
were also observed in the blastema at 2 dpa and peaked at 3-5 dpa, at which stage the
expression also expanded throughout the regenerating buds (Fig. 3.8N-Q).
For comparison and orientation, expression of the X. laevis fgf-8b were also profiled in
regenerating hindlimbs that were operated at stage 52. During development, fgf-8b was
expressed in the AER (Christen and Slack 1997). In the regenerating limbs, this expression
was recapitulated in the most basal part of the apical ectodermal cap (AEC; Fig. 3.8T-X),
which originated from the wound epithelium (Christen and Slack 1997). Distinct expression
of fgf-8b in the AEC were visible from 2 dpa onward and appeared to be stronger in the
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anterior than then posterior AEC (Fig. 3.8T-W). Staining for the fgf-8b transcripts began to
regress by 6 dpa (Fig. 3.8X), coinciding with redifferentiation of the amputated limbs at later
phases of regeneration.

Figure 3.8: Expression of spry-1a (A-F), spry-2 (G-L), spry-4 (M-R) and fgf-8 (S-X)
detected by in situ hybridization in regenerating hindlimbs. Dorsal view with the anterior
side pointing downward. Black arrows indicate regeneration-specific antibody staining; red
dotted line outlines edges of the regenerating structures. The original sites of amputation are
indicated by white dotted lines. Boxes in C and I marked the regions of histological sections
shown in C’ and I’ respectively. Gene expressions are showed by dark purple antibody
staining and should not be confused with the black, star-like melanophores. Abbreviations:
aec: apical ectodermal cap, b: blastema, fa: functional aec.
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3.3.5. Differential expression of sprys in limbs with varied level of regenerative
abilities
While Xenopus hindlimbs are capable of near-perfect regeneration when amputated at
stage 52, the regenerative ability of the limbs declines rapidly from stage 53 onwards.
Hindlimbs that were originally operated at stage 52 were capable of regenerating all the
missing structure as well as developing all five toes at 2-week post-amputation, whereas
hindlimbs operated at stage 53-54 regenerated much less perfect limb structures in the same
period (Dent 1962; also refers to Chapter 2, Section 2.4.4 and Fig. 2.4). However, de novo
expressions of the three spry genes occurred even in these later limbs, with a slight delay in
the onset of transcript expression and prolonged expression of spry-1a and -4.
Even though spry-1a was expressed in the entire regenerating blastema in hindlimbs
amputated at stage 52 throughout regeneration (Fig. 3.9A-F), its transcripts expression in the
blastema were only visible from 2 dpa onwards in the stage 53 and 54 samples (Fig. 3.9H-L,
and N-R). Moreover, the overall trend of spry-1a expression in terms of intensities in the
stage 53-54 samples also differs greatly from the stage 52 samples. The transcripts expression
of the later-stage samples appeared to be stronger at 4 and 6 dpa (Fig. 3.9J, L, P and R), in
contrast to the 2 and 5 dpa in the stage 52 samples(Fig. 3.9B and E). The 6 dpa expression of
the gene in the later-stage samples also lacked the anterior-bias, which was so prominent in
the stage 52 samples (Fig. 3.9F).
In contrast, the patterns of spry-4 expression seem very similar to the stage 52, 53 and
54 sample sets. Initial expression of spry-4 in the blastema were observed at 2 dpa for all
three sample groups (Fig. 3.10B, H and M), and became visibly stronger at 3-5 dpa (Fig.
3.10C-E, I-K and O-Q), followed by a decline in expression at 6 dpa (Fig. 3.10F, L and R).
However, the intensities of expression in stage 53 and 54 samples throughout regeneration
appeared to be relatively lower compared to stage 52. Compared to spry-1a and -4, reexpression of spry-2 was only barely visible at 2-4 dpa in the stage 52 samples (Fig. 3.11BD), and much harder to see in stage 53 and 54 samples (Fig. 3.11G-R). The overall expression
of spry-2 in regenerating limbs recapitulated the developmental patterns described in the
previous section.
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Figure 3.9: Spry-1a expression detected by in situ hybridization in regenerating
hindlimbs originally operated at stage 52 (A-F), 53 (G-L), and 54 (M-R) respectively.
Dorsal view with the anterior side pointing downward. Black arrows indicate regenerationspecific antibody staining; red dotted line outlines edges of the regenerating structure. The
original site of amputation is indicated by white dotted lines. Gene expression showed by dark
purple antibody staining and should not be confused with the black, star-like melanophores.

Figure 3.10: Spry-4 expression detected by in situ hybridization in regenerating
hindlimbs originally operated at stage 52 (A-F), 53 (G-L), and 54 (M-R) respectively.
Dorsal view with the anterior side pointing downward. Black arrows indicate regenerationspecific antibody staining; red dotted line outlines edges of the regenerating structure. The
original site of amputation is indicated by white dotted lines. Gene expression showed by dark
purple antibody staining and should not be confused with the black, star-like melanophores.
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Figure 3.11: Spry-2 expression detected by in situ hybridization in regenerating
hindlimbs originally operated at stage 52 (A-F), 53 (G-L), and 54 (M-R) respectively.
Dorsal view with the anterior side pointing downward. Black arrows indicate regenerationspecific antibody staining; red dotted line outlines edges of the regenerating structure. The
original site of amputation is indicated by white dotted lines. Gene expression showed by dark
purple antibody staining and should not be confused with the black, star-like melanophores.

3.3.6. Attempts to generate heat shock inducible spry-1a transgenic frogs
Among the three sprys described above, staining for the spry-1a transcripts appeared to
be the strongest in the regenerating limbs. It also demonstrated a delay in the initial onset of
expression in the less regenerative stage 53 and 54 hindlimbs during regeneration (2 dpa
instead of 1 dpa). At first, the anti-proliferative capability of spry-1 in ESC made the apparent
intensities of the gene’s expression throughout limb regeneration seems incredible (Lee et al.
2010; Felfly and Klein 2013). However, as the gene had also been shown to be required for
epithelial differentiation and homeostasis of self-renewing muscle stem cells during muscle
repairs (Shea et al. 2010; Jung et al. 2012), it is likely that its expression is even more
essential for the epithelialisation of the wounded sites during regeneration. Considering these,
the delayed in gene expression in the less regenerative limb samples suggests correlation
between the timing of spry-1a expression with successful regeneration of the limbs. It would,
therefore, be interesting to see if a transient supplement of spry-1a expression at the initial
phase of regeneration and wound healing (i.e. 1 dpa) would improve the older limbs’ abilities
for full regeneration. Furthermore, due to its distinct patterns of expression in the autopods in
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the later developmental stages (stage 53 and above; Fig. 3.5), an overexpression of spry-1a
may also lead to a disruption in autopod patterning during development.
To test the hypotheses above, transgenic X. laevis carrying the HGEM:xSpry-1a
transgene were produced. The full coding sequences of spry-1a were cloned and inserted
downstream of the hsp70, heat shock promoter in the HGEM transgene, which allows for heat
shock inducible expression of the inserted gene in the transgenic animals. The transgene was
first linearized via double restriction digest with KpnI-HF and NotI-HF prior to the transgenic
procedures (refer to Chapter 2, section 2.3.3). Transgenic sperm nuclei mixed with the
linearized HGEM:xSpry-1a transgene were injected into approximately 2,700 and 1,600 fresh,
unfertilized embryos for each reaction in two separate experiments. In each case, 40-50 % of
injected eggs reached 2-4 cells stages, and 70-75 % of these remained at stage 41 when they
were checked for GFP expression in the lens. The embryos that demonstrated GFP expression
in their lens were classified as the HGEM:xSpry-1a transgenic founder, S(0). The ratio of
transgenic versus WT tadpoles for each case was 1:1. It is noteworthy that as each transgenic
embryos could carry the transgene at different insertion site within their genome, each embryo
was a founder of the S transgenic line.

Negative results from the gene expression analysis
Stage 28-49 S(0) embryos were put through a series of heat shocks and gene expression
analysis via in situ hybridization, with their non-GFP-expressing WT siblings and normal WT
embryos as the controls to test for spry-1a inducibility. If the transgene was indeed
functioning correctly, a strong universal expression of spry-1a throughout the embryos (Beck
et al. 2003) was expected compared to the distinct localized expression pattern of the gene
described in the earlier section (Fig. 3.4A).
However, instead of the obvious differences in the levels of staining for transcripts
expression in the S(0) and the WT groups expected, the in situ hybridization showed similar
levels of staining between both sample groups (Fig. 3.12A-B). The apparent lack of
differences was further corroborated by semi-quantitative, end-point, RT-PCR using cDNA
reverse-transcribed from RNA originally extracted from the respective sample groups.The
RNAs were extracted from pooled samples of 5-6 specimens for each group. There appeared
to be no difference in the levels of mRNA expression between groups (Fig. 3.12C), which
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indicates that the transgenes present in the transgenic tadpoles were not functioning as
expected.
As full length sequencing of the transgene prior to transgenesis clearly indicated the
presence and perfect sequence identity of the full coding sequences for the spry-1a (Fig. 3.3),
the lack of ectopic gene expression, in this case should have nothing to do with the target gene
insert. Nevertheless, the issue may be lying in the transgene linearization process, where an
undesirable cutting along the Hsp70 and the spry-1a insert occurred, thereby rendering the
heat shock inducible target gene system non-functional.

Trouble shooting the issue(s) via restriction digests and PCRs
In order to identify the source of the problem, a PCR test comparing the linearized
transgene used in the original transgenesis experiments (double restriction digests with NotIHF and KpnI-HF) and the uncut circular transgene using the Xenopus spry-1a amplification
primers as well as the HGEM-specific sequencing primer sets was performed (Fig. 3.12D).
Three group of plasmids were used for the test. These were (1) pCRIITOPO:xSpry-1aCDS,
(2) the circular HGEM:Spry-1a transgene, and (3) linearized HGEM:Spry-1a transgene (Fig.
3.12 and 3.13). As all three sets of plasmids carry the Xenopus Spry-1a sequences, the PCR
test with the Xenopus spry-1a amplification primers were expected to produce the same-sized
bands across all groups regardless of the use of restriction enzymes. In the case of PCR with
the HGEM-specific primers (Hsp70 seq and PolyLinker; Table 2.3), as the primers were
designed specifically for the HGEM plasmid, and the primers’ binding sites was not expected
to be present in the pCRIITOPO:xSpry-1aCDS plasmid. The latter was expected to produce
either variable-sized bands due to non-specific binding or nothing at all with only primer
dimers. However, HGEM plasmids, (2) and (3) should yield bands of similar sizes.
Interestingly, instead of the uniformly-sized bands across the three groups, PCR with the
spry-1a amplification primers showed that while the approximately 1 Kb product sizes for (1)
and (2) were fairly similar (Fig 3.12D; lanes 5 and 6), the product size of the cut plasmid in
(3) was much smaller than the other two (Fig 3.12D; lane 7). This suggested unexpected
cutting within the spry-1a insert in the HGEM transgene. In the case of the HGEM specific
primers (Fig 3.12D; lanes 2-4), the PCR products of (1) were as expected (Fig. 3.12D; lane 2),
whereas the products sizes and patterns showed in the lanes of (2) and (3) were not (Fig
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3.12D; lanes 3-4). Crucially, the lane for the (3) samples showed long smudges across the
900-3,000 bp range, with the most prominent band positioned at the about 1,500 bp (Fig.
3.12D; lane 4), which was obviously larger than the expected size showed in lane 3. This,
again, indicated unaccounted cuttings along the HGEM plasmids. The smudges along lane 4
and 7 are most likely an artefact of non-specific PCR amplifications caused by non-stringent
amplification temperature during PCR and incomplete digestion of the plasmids.
In order to pinpoint the culprit of the undesirable cutting(s) in the HGEM transgene
samples, another PCR test that compares the (2) uncut HGEM:Spry-1a plasmid, the plasmids
linearized via (3) double digests with KpnI-HF and NotI-HF, (4) single digest with KpnI-HF,
and (5) single digest with NotI-HF, was performed (Fig. 3.12E). The PCR set that used the
spry-1a amplification primers (Fig. 3.12E; lanes 2-5) was meant to serve as a control and an
indicator for the size of spry-1a insert that was expected within the transgene. The sizes of the
PCR products from amplifications with the HGEM-specific primers (Fig. 3.12E; lanes 6-9)
were expected to be only slightly larger than those produced by the spry-1a amplification
primers. In view of all the smudges observed in the previous PCR test, a fresh set of the
HGEM:Spry-1a plasmids were put through the respective restriction digests set up described
above for 10-12 hours for more thorough digestions. The annealing temperature was also
raised from the generic 55˚C that was used in the previous PCR, to a more stringent 62˚C, to
reduce non-specific amplifications.
For PCR with the HGEM-specific primers (Fig. 3.12E; lanes 6-9), the uncut
HGEM:Spry-1a yielded the sizes and patterns of bands similar to the spry1a sequencing
primers’ controls as expected (Fig. 3.12E; lane 6). As for the digested HGEM:Spry-1a
plasmids, products of the NotI-single cut (5) appeared to be similar to the spry1a sequencing
primers’ controls with a clear band at about 1 Kb (Fig. 3.12E; lane 9). The products of the (4)
also showed a distinct band at the level slightly larger than 1 Kb, with the addition of a couple
of less distinct bands at around the 3-5 Kb margins (Fig. 3.12E; lane 8). Finally, the products
of the double-cut (3) showed a much larger prominent band at around 1,650 bp and a
relatively less clear band of 3 Kb, neither of which was expected (Fig. 3.12E; lane7). The
puzzling PCR products showed in the restriction digests samples including KpnI-HF
suggested it as the source of the problem.

- 75 -

Sprouty

Figure 3.12: Expression of spry-1a in the heat shocked WT and S(0) embryos by in situ
hybridization (A-B), semi-quantitative RT-PCR assessing level of spry-1a transcript
expression in the respective samples after 30 minutes of heat shock (C), and a series of
PCR amplification tests validating the spry-1a insert size in the circular as well as
linearized transgene (D-E). C: The levels of spry-1a mRNA expression in cDNA reverse
transcribed from WT and S(0) embryos respectively via semi-quantitative RT-PCR, ran for 20
cycles, compared to mRNA expression of a house-keeping gene ornithine decarboxylase
(ODC). D-E: Detecting presence of the spry-1a coding sequences in the differently cut
HGEM:spry-1a transgene HGEM-specific primer sets and the Xenopus spry-1a amplification
primers respectively via standard PCR protocol. Red dotted lines indicate level of 1 Kb
fragments for convenient alignment across sample groups.

As no additional KpnI sites were documented in the Hsp70 sequences used in the
HGEM plasmids, this spurred me to re-examine the spry-1a insert sequences that were subcloned from pCRIITOPO:xSpry-1aCDS into HGEM. The insert’s sequences obtained through
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Sanger sequencing service were aligned and edified with reference to the original NCBI
source sequences for the Xenopus spry-1a (NM_001137585.1), with all the ambiguous
nucleotides adjusted. The final sequences analysis revealed two KpnI that were unaccounted
for previously. One of these was positioned within the remnant of the pCRIITOPO vector at
the 5’ end of the spry-1a sequences, while the other was positioned close to the 3’ of the
spry-1a sequences (refer to the last diagram in Fig. 3.13). Therefore, one can conclude that
the linearized HGEM:Spry-1a transgene used in the transgenesis experiments were nonfunctional because the Hsp70—spry-1a construct had been cleaved by KpnI, thereby
compromising the heat shock inducibility of the gene.

Figure 3.13: Schematic, linear representation of the pCRIITOPO:xSpry-1aCDS, HGEM
and HGEM:xSpry-1a plasmids with relative positions of the key restriction enzyme sites
and sequencing primers. The drawings are not to scale. The size of the sequences between
the T3 and T7 promoter sites in the Empty HGEM is approximately 1 Kb, and 2 Kb in the
HGEM:Spry-1a. The size of the sequences between the Sp6 and T7 promoter sites is about
1.5 Kb.
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3.4. Discussion
3.4.1. Familiar, yet distinct patterns of Xenopus spry genes expressions in developing
limbs
Spry-1a in limb development
The data in this chapter highlight the distinctive expressions of the three more
prominent members of the vertebrate Spry family in developing and regenerating limbs of X.
laevis, which has never been described prior to our recent publication (Wang and Beck 2014).
The expression of spry-1a in the distal mesenchyme underlying the AER throughout both
fore- and hindlimbs development, and the apparent digital expression in the later stages
closely resembled the expression patterns of its homologues in mice and chicks limb buds
(Minowada et al. 1999; Darnell et al. 2007; Delfini et al. 2009). The anterior shifts of the
Xenopus gene in the forming autopod, however, was never documented in chicks or mice.
On the one hand, the avian and murine homologues’ transcripts were observed evenly
throughout the distal mesenchyme of the developing limb buds at relatively high intensity
(Minowada et al. 1999; Darnell et al. 2007; Delfini et al. 2009). On the other hand,
expression of the avian homologue had also been observed in the developing zeugopods of
stage 27 embryos, which was not seen with the Xenopus spry-1a (Darnell et al. 2007; Delfini
et al. 2009). Nevertheless, the anterior expression of the Xenopus spry-1a in both fore and
hindlimbs were particularly interesting, as suggested by a similar anterior shift of gene
expression of other Fgf antagonists in developing limb buds. For instance, the Mkp-3, Sef,
and Tsukushi genes are negative regulators of several intracellular signaling pathways,
including Fgf signaling, that also demonstrated an anterior-prominent expression pattern in
the developing chick limb buds at the autopod-forming stages (Uejima et al. 2010). The
anterior shifts of these genes was suspected to play a role in the patterning of the anteriormost digit in amniote by modulating the spatial expression of Fgf signaling in the developing
autopods (Uejima et al. 2010).

Spry-4 in limb development
The overall expression patterns of the Xenopus spry-4 gene, with the exception of the
expression in the distal anterior mesenchyme, were considerably different from spry-1a
transcripts in the same stage limb buds. It was characterized by the transcripts expression in
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the limb joints, but not in the digits, and the apparent venous expression. Interestingly, apart
from the anterior shifts in gene expression and the venous expression, the patterns of Xenopus
spry-4 expression also coincide with the reported expression patterns of the mice spry-4
transcripts in early limb buds (Minowada et al. 1999). This suggests additional or alternate
functions of the gene compared not only to its murine counterpart, but also to spry-1a, as
transcripts of the murine spry-1 and -4 showed similar, if not identical, patterns in developing
limb buds (Minowada et al. 1999). While specific limb defects have not been described for
mouse knockouts of spry-1 or -2, spry-4 knockout mice often exhibit polysyndactyly
suggesting that it may be involved in anterior-posterior patterning of the autopods (Taniguchi
et al. 2007). The expression patterns of the Xenopus spry-4 in this study suggest an active role
of the gene in joints formation as well as patterning of the autopods, particularly in the distal
digital area, during limb development.

Spry-2 in limb development
Like spry-4, the Xenopus spry-2 also appeared to be expressed in forming blood vessels
in the forming autopods. The apparent venous expression suggests the gene’s involvements in
angiogenesis and branching development in the forming autopods, such as the effects of
mammalian spry-2 and fgf-10 activities in modulating branching morphogenesis in
trophoblast cells isolated from villous tissues (Natanson-Yaron et al. 2007). Similarly, as the
murine spry-2 was reported to be capable of down-regulating angiogenesis during epithelial
wound healing in mice, most likely by inhibiting the MAPK signaling pathway either
upstream or at the level of Erk, the venous expression of the Xenopus spry-2 indicates a
similar function of the amphibian homologue during hindlimb autopod development
(Wietecha et al. 2011).
The expression of spry-2 transcripts in the AER at late stage 52-54 limbs coincided with
fgf-8 expression in the clawed frogs and mice, but appeared to be dissimilar to the chicks
homologue which was not expressed in the AER of limb buds of similar stages (Niswander
and Martin 1993; Crossley et al. 1996; Zuniga et al. 1999; Lewandoski et al. 2000; Han et al.
2001). As the expression of spry-2 have also been reported to correspond to known patterns of
Fgf activities in embryos of amphibian, murine, as well at avian models respectively, the
overlapping patterns of gene expression suggest involvements of spry-2 in limb development
of these animals by regulating certain Fgf-stimulated Ras/MAPK signaling pathways (de
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Maximy et al. 1999; Minowada et al. 1999; Chambers et al. 2000; Lee et al. 2001; Nutt et al.
2001; Hanafusa et al. 2002; Verheyden and Sun 2008). However, the overall expression
pattern of the Xenopus spry-2 in developing limb buds was different from the documented
patterns of the murine and avian spry-2 (Minowada et al. 1999; Uejima et al. 2010). The
differences include the anterior shifts in the expression of the Xenopus homologue in forming
autopods, the lack of transient expression of the gene in the middle section of the developing
limbs at stage 53-54, which approximate stage 25-26 in chicks, and E11.5 in mice limb buds,
and the subtle venous expression in forming autopods (Uejima et al. 2010). The differences
may very well indicate alternate function(s) for the amphibian spry-2 during limb
development.
Finally, anterior expression of spry-2 in the distal mesenchyme of forming autopods
appeared to complement the expression of spry-1a in the corresponding developmental stages
(Fig. 3.5I-K and 3.7F-H). This suggests that the activities of the two spry genes may be
influenced by one another, which is inconsistent with the prior reports by Uejima and
colleagues suggesting that spry-1 and -2 were functionally redundant (Impagnatiello et al.
2001; Uejima et al. 2010). Multiple studies have indicated that spry-2 is the more potent Fgfinhibitor among the known members of spry genes. Series of cell culture studies have
demonstrated that the human spry-2, for instance, was significantly stronger than the murine
spry-1 and -4 in inhibiting the Ras/MAPK pathway (Yusoff et al. 2002). Spry-2, but not
spry-4, had also been shown to be a more potent inhibitor of cell proliferation in the cell
proliferation and migration of osteosarcoma cells (Rathmanner et al. 2013). Collectively,
considering the suggested relative potency of spry-2’s antagonistic activities and its unique
patterns of expression in X. laevis limbs, it is likely that the amphibian homologue may have
different function(s) in limb development in the amphibian model compared to the murine
and avian models.

3.4.2. Possible roles of spry in amphibian limb regeneration
The involvements of the three spry genes in the process of limb regeneration were
indicated by their distinctive expressions in the regenerating blastema. The strong expression
of the Xenopus spry-1a transcripts in the forefront of the regenerating structures throughout
the process suggests active involvements of the gene in regeneration, possibly by functioning
as a negative regulator of RTK activities in specific Ras/MAPK signaling pathway that
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ultimately controls cell proliferation in the regenerating structures (Bundschu et al. 2006;
Mason et al. 2006). The apparent overlaps of the Xenopus spry-1a and fgf-8b expressions in
the proliferating blastema suggested that spry-1a play a role in regeneration through a Fgfdependent MAPK signaling pathway.
The murine spry-2 plays a part in regulating angiogenesis during epithelial wound
healing in mice. Elevated levels of spry-2 mRNA were observed in the wound beds of injured
mice skin during later phases of healing, which was coincident with onsets of vascular
regression in wounds (Wietecha et al. 2011). The same group also reported a significant
decrease in vascularity and reduced abundance of phospho-ERK1/2 in wound beds, whereas
down-regulation of spry-2 expression showed a moderate increase in vascularity as well as
levels of phospho-ERK1/2. These indicate that endogenous spry-2 functions to down-regulate
angiogenesis in healing murine skin, probably by inhibiting the MAPK signaling pathway as
reflected by the affected levels of phospho-ERK/1/2, which is positioned downstream of Raf
and Mek (Kolch 2005; Wietecha et al. 2011). When compounded with the observed
expression of the amphibian homologue in vein-like structures in developing limbs, it is likely
that spry-2 is involved in successful tissue and organ regeneration in Xenopus via its influence
on MAPK signaling.
Like spry-1 and -2, Xenopus spry-4 was also expressed in the regenerating blastema,
indicating its role(s) in the process. In mice, spry-4 is implicated in the regulation of Fgf- and
VEGF-mediated cell proliferation and migration. In some cases, these were achieved by
inhibiting the growth factor-induced MAPKK phosphorylation in endothelial cells, and
ectopic expression of the gene were enough to down-regulate branching and sprouting of
small vessels in mouse embryos (Lee et al. 2001; Wietecha et al. 2011). As Xenopus spry-4
transcripts were also detected in vein-like structures in developing limbs, it is possible that
spry-4’s role(s) in limb regeneration include regulations of angiogenesis and branching of
newly formed vessels following the initial wound healing phase. The expression of spry genes
during embryogenesis has been reported to be tightly regulated by growth factor stimulation
in fruit flies, mice, and chicks (Minowada et al. 1999; Reich et al. 1999; Han et al. 2001;
Impagnatiello et al. 2001; Mason et al. 2004).
Here, we have shown expression of Xenopus fgf-8 transcripts in the base of functional
AEC at early onsets of hindlimbs regeneration. A similar patterns of fgf-8 expression in the
proximal AER, with an anterior bias, had also been documented in the regenerating forelimbs
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of the axolotl, Ambystoma mexicanum (Han et al. 2001). Based on the close proximity as well
as the complementary nature of the zones of expression of fgf-8 and these spry genes, it is
possible that re-expression of the spry mRNAs in the regenerating buds was induced by the
Fgf activities in the proximal AEC. The lack of obvious anterior localizations of the three spry
genes described in this chapter suggests not only that the function differently from that of
developing limbs, but also that they are not likely to be involved in anterior-posterior
patterning of the regenerating structure.

3.4.3. Missteps in the transgenic experiments
It is regrettable that the attempt to create a functional line of spry-1a-over-expressing
frogs did not succeed due to gross negligence in verifying linearized transgene construct prior
to transgenesis. However, the eventual verification of the issue via the series of PCR tests
described above will be beneficial for future reference, such as avoiding the use of KpnI to
linearise the HGEM:Spry-1a transgene or any other transgene constructs that had their target
inserts sub-cloned from a pCRIITOPO vector. More importantly, the linearized transgene(s)
should be tested and verified by running through gel electrophoresis to check for expected
outcomes from the restriction digests prior to transgenesis. These procedures would have
saved a lot of troubles and time in this project. If the HGEM:Spry-1a transgene would be used
in further experimentations, it should linearized via single digest with NotI-HF, and the
linearized plasmid checked through gel electrophoresis prior to transgenesis. The ideal
controls for the gel will consist of a similarly linearized empty HGEM plasmid, a nonlinearized HGEM, and a non-linearized HGEM:Spry-1a. The band produced by the correctly
cut HGEM:Spry-1a transgene should be approximately 1 kb larger than the product yielded
by the empty HGEM. In the case where the plasmids are not fully digested, an additional band
matching the uncut HGEM:Spry-1a transgene should be observed.
In the case where the HGEM:Spry-1a transgenic experiment was indeed successful, in
situ hybridization of the heat shocked transgenic embryos would show strong universal
staining in contrast to the distinct expression patterns in specific structures in the control, WT,
samples. A portion of the transgenic founder animals would be maintained and used for
preliminary examinations of the effects of spry-1a overexpression in limb development and
regeneration of the less regenerative stage 53-55 hindlimbs, as well as its effects on fgf-8, -4,
and -10 expression patterns in these processes.
- 82 -

Sprouty

If transient expression of the gene during initial wound healing phase is indeed crucial
for kickstarting the regenerative process, we should see improved rates of regeneration quality
in the older limb stages samples. For instance, there may be a relatively higher proportion of
animals found with better regeneration quality at the end of the 6 dpa period compared to the
WT control group. The expression patterns of the fgfs are expected to be much diminished if
not invisible, in the spry-1a overexpressing samples. The rest of the transgenic animals would
be kept and sexed via genotyping for the establishment of the S transgenic line for future
studies. The progenies from these founders would be the ideal sample groups for the series of
experiments described above.
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4.1. Introduction
Heparan sulfate proteoglycans (HSPG) are involved in a myriad of structural and
signaling functions through their ability to bind to a variety of protein ligands, including
growth factors, growth factor receptors, morphogens, lipases, cell adhesion proteins and much
more. They are cell surface macromolecules that comprise of a protein core to which
ubiquitous linear heparan sulfate (HS) glycosaminoglycans with distinct sequences and
sulfation patterns are attached. HSPGs can be classified into several families based on their
core protein structures, and much of their biological functions are determined by the variety
of HS side chains consisting of long regions of low sulfations and alternating regions of high
sulfations (Kirn-Safran et al. 2009; Rosen and Lemjabbar-Alaoui 2010). HS binding to
ligands, and thereby its associated biological function, is largely dictated by specific sulfation
patterns of the HS side chains that can be modulated by several enzymes. Some examples of
these modulators include the 6-O-endosulfatases, Sulf-1 and -2 that are the focus of this
chapter.
Sulfs belong to a family of esterase that hydrolyses sulfate ester bonds of a wide range
of substrates ranging from sulfated proteoglycans to conjugated steroids and sulfate esters of
small aromatic compounds. They are synthesised as pre-proteins, with a single peptide
removed in the endoplasmic reticulum, and the pro-protein cleaved by action of a turin-type
proteinase to form two fragments of 75 kDa and 50 kDa that are joined by disulfide bonds
(Rosen and Lemjabbar-Alaoui 2010). As endoglucosamine-6-sulfatases, Sulfs carried out 6O-sulfation of the glycosaminoglycan sugar sequences intracellularly, before the modified the
HSPG chains were exported to cell surface for ligand binding (Gorsi and Stringer 2007;
Lamanna et al. 2007). As such, Sulfs have been shown to play crucial roles in the regulation
of several important developmental pathways including Wnt/ß-catenin, Fgfs, and bone
morphogenetic proteins (Bmp;(Kirn-Safran et al. 2009; Turnbull 2010).

4.1.1. Heparan sulfate endosulfatases as key regulators of cell signaling
It is speculated that the regulating activities of the Sulfs on developmental pathways,
such as the Fgf-Bmp and the Wnt/ß-catenin signaling pathways, are achieved by catalysing
the desulfation states of specific HSPG components on the cell surface (Dhoot et al. 2001;
Viviano et al. 2004; Wang et al. 2004; Otsuki et al. 2010; Ramsbottom et al. 2014). Sulfs
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were shown to be capable of remodelling the internal 6-O-sulfation levels within intact HS, as
well as being the only HS-editing enzymes that modify the sulfated HS sequences after
biosynthesis (Ai et al. 2003; 2006; Turnbull 2010; Tran and Vleminckx 2013). Their abilities
to modulate the HS side chains, such as the catalytic activities over 6-O desulfation, grant
them the title of key regulators of cell signaling and organ development.
The avian Sulf homologues were originally identified in muscle and neural
progenitors of quail. The expression of the quail sulf-1 was required for the activation of
Myo-D, a Wnt-induced regulator of muscle specification (Dhoot et al. 2001). In quail, 6-O
desulfation of HS chains by Sulf-1 promotes the formations of low-affinity HS-Wnt
complexes that goes on to initiate Wnt signal transductions (Ai et al. 2003). In Drosophila,
Sulf-1 modulates the Wg (wingless; or Wnt in vertebrates) morphogen gradients in
developing fly larvae as well as hedgehog (Hh) signaling during wing development by
lowering the concentrations of the related morphogens in the wing discs (Kleinschmit et al.
2010; Wojcinski et al. 2011). The expression of sulf-1 in larvae can also be induced by wg
signaling, indicating that Sulf-1 stabilizes the morphogens gradients through a negative
feedback loop (Kleinschmit et al. 2010). In the case of Hh signaling, the enzyme appears to
play a dual regulatory role over the activities of the morphogen in wing disc cells during
development. It appears that Sulf-1 functions as a positive regulator in the Hh producing cells
and a negative regulator in the Hh receiving cells, most likely by its desulfation catalytic
activities over Hh-HSPG interactions (Wojcinski et al. 2011).
In X. tropicalis, the amphibian Sulf-1 and -2 homologues are capable of enhancing the
axis-inducing activities of Wnt-11, while restricting Bmp and Fgfs signaling in cell
movements and differentiation during embryogenesis and organogenesis (Isaacs et al. 1992;
Hongo et al. 1999; Freeman et al. 2008; Guiral et al. 2010). A lack of sulf-1 expression in
Xenopus embryos led to an increased levels of activities in the Fgf signaling pathway, while
an overexpression of the gene inhibits binding of the Bmp receptor-ligand interactions
(Freeman et al. 2008). Similarly, the amphibian Sulf-2 also inhibit Bmp-4 and Fgf-4 signaling
during development, and an overexpression of the gene disrupts the normal boundaries of
expression of certain neural markers, such as En2 and Krox20, that are usually expressed in
the mid-hind-brain junction and the rhombomeres (Guiral et al. 2010).
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4.1.2. Sulfs as key players in tissue and limb regeneration
The processes of wound healing as well as epimorphic regeneration the amphibian
models require extensive proliferation of cells and a certain degree of cellular plasticity for its
success. In wound healing, the thin layers of wound epithelium (WE) that form over the
surface of trauma originated from the underlying skin epidermis (Barker and Beck 2009;
Shimokawa et al. 2011). In the regeneration-competent limb stages of X. laevis tadpoles, the
WE then thickened to form a multilayered apical epithelial cap (AEC), which is the
morphologic and functional equivalent of the apical ectodermal ridge (AER) in amniote and
anuran limb buds during development (Beck 2012; Beck et al. 2009). This is followed by the
formation of the blastema from the mesenchymal cells below the epithelium layer, which then
go on to proliferate and eventually reform the lost limb structures (Beck et al. 2009).
Activities of numerous growth factors, such as members and targets of the Fgfs, the Bmps,
and a host of other developmental genes that are associated with regulations of cell
proliferation, migrations, and differentiation, had been identified in the regenerating blastema
of the anuran models (Towers and Tickle 2008; Bénazet and Zeller 2009; Zeller 2010).
Owing to their interactions with the various signaling molecules and morphogens, the
HSPGs, and their regulators are also implicated in limb development and regeneration. Sulfs
are involved in multiple stages of limb skeletal and muscle development, as indicated by their
transcripts expression in the limb buds of mice and quail (Zhao et al. 2006; Ratzka et al. 2008;
Otsuki et al. 2010). Fine-tuned expressions of the sulfs transcripts throughout limb
development in the amniote models have been shown to be essential for mesenchymal
condensation and early differentiation of chondrocytes and other cartilaginous elements, as
well as the subsequent joint formation and digital development in the autopods (Zhao et al.
2006; Ratzka et al. 2008; Otsuki et al. 2010). In quail, the highest levels of sulf-1a expression
in the limb buds were observed in the condensing mesenchyme during early differentiation
stages of chondrogenesis, with a highly dynamic pattern of expression observed in the
perichondral and joint-forming regions as autopods developed (Zhao et al. 2006). In mice, the
expressions of Sulfs simultaneously enhanced Bmp activities but inhibited Fgf signaling in
chondrocytes. Spontaneous cartilage degeneration and surgically induced osteoarthritis were
significantly more severe in sulf-1-/- and sulf-2-/- mice compared with wildtype mice,
indicating Sulfs’ abilities to maintain bone homeostasis during development (Otsuki et al.
2010). Compound mice mutants of Sulf-1 and -2 functions showed subtle but distinct skeletal
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malformations, including reduced bone length and fusions of the sternebrae and tail bones
(Ratzka et al. 2008).
Additionally, Sulfs also play a part in the regulation of growth factor signaling for
satellite cell differentiation and skeletal muscle regeneration by enhancing myoblast fusion in
injured tissues in mice (Langsdorf et al. 2007). While Sulf activities were not required for
skeletal muscles and satellite cells formations, they were essential for promoting muscle
regeneration. Mutant mice lacking expression of Sulfs exhibited delayed myogenic
differentiation after injuries (Langsdorf et al. 2007). Sulfs were reported to play a critical role
in myoblast fusion during muscle regeneration by promoting antagonizing canonical Wnt
signaling activities against the non-canonical Wnt pathway (Tran et al. 2012). Furthermore,
expression of the murine sulf-1 were induced in the wounded mouse corneal epithelial cells
proximal to the wound edge, whereas human primary corneal epithelial cells expressed Sulf-2
(Maltseva et al. 2013). In mice, the complete lack Sulf-1 expression led to a marked delay in
healing of the corneal epithelial cells and the sulf-1-/- cell line exhibited reduced rates of cell
migrations during repair. In the human corneal epithelial cell line, knock-down of Sulf-2 also
slowed migrations and led to a decrease in Wnt/ß-catenin signaling the cells (Maltseva et al.
2013). The reduced levels of Wnt/ß-catenin signaling and cell migration could be restored by
overexpression of either mammalian Sulf-1 or -2, indicating their capacities for functional
redundancy (Maltseva et al. 2013).
The studies so far indicated the potentials of these endosulfatases in promoting
regeneration. Sulfs’ roles in cell differentiation and migrations, as well as bone development
in limbs, make them a strong candidate in limb regeneration. This chapter provides an indepth examination of the X. laevis sulf-1 and -2 expressions during normal limb development
and hindlimb regeneration. In general, the patterns of the Xenopus homologues’ transcripts
expression demonstrated high levels of similarities with the known expression patterns of
mammalian sulfs in neonatal mice, but with subtle differences in the temporal and spatial
patterns, indicating alternate functions of the genes in the amphibian models (Ratzka et al.
2008). The distinct patterns of expression of the two sulfs during regeneration also suggested
their involvements in the process.
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4.2. Experimental procedures
4.2.1. RNA probe synthesis
Primers that cover 80-100% of the X. laevis sulf-1 and -2 coding regions were
designed based on the nucleotide details NM_001097379.1 and NM_001094945.1 from the
NCBI database respectively (refer to Table 2.4 for primers details). The sulf genes were
amplified from cDNA reversed transcribed from RNA extracted from stage 38 and 42 X.
laevis embryos. PCR products of the respective genes were cloned into pCRIITOPO TA
vector (supplied by Invitrogen; refer to Chapter 2, Section 2.5.7). Refer to Chapter 2, section
2.5.8.3 for detailed descriptions of labelled antisense probes production.

4.2.2. Limb operation and histology
Stage 52, 53, and 54 tadpoles were put through limb operations for the regeneration
studies. Animal anaesthetics and limb operations were performed according to procedures
outlined in Chapter 2, section 2.4. Histological treatments of selected in situ hybridization
samples were done according to the procedures described in Chapter 2, Section 2.6.

4.3. Results
The X. laevis sulf-1 and -2 probes were tested on stage 35-40 X. laevis embryos prior to
in situ hybridization experiments with limb samples. Both genes demonstrated very similar
patterns of expression, with sulf-1 transcripts being expressed in a wider range of tissue and
organ precursors (Fig. 4.1). Expression of sulf-1 transcripts were visible in the eyes,
pronephros, somites, branchial arches, tail fins, and along the central nervous system (CNS).
Highly localized expression of sulf-1 were seen in the hindbrain and the floor plate along the
entire lengths of the neural tube (Fig. 4.1A).
In contrast, the expression of sulf-2 appeared to be more localized in the head. Sulf-2
transcripts could be seen in the midbrain-hindbrain junction, the pineal gland, and the
mesoderm underlying the cement gland (Fig. 4.1C). The distinct expressions of both genes
regressed as development progressed with only expression in the tail fins remained strikingly
visible at stage 40 (Fig. 4.1B, D). Overall, the results corresponded to known patterns of
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expression of the X. tropicalis sulf-1 and -2 at similar stages (Winterbottom and Pownall
2009).

!
Figure 4.1: Transcript expression of the X. laevis sulf-1 (A-B) and -2 (C-D) detected by in
situ hybridization in stage 35 and 40 embryos. Embryos were positioned with their
anteriors to the left for photography. Black arrows indicate regions of gene expression.
Embryos are showed in lateral view. Annotations: ba: branchial arches, cg: cement gland, e:
eye, hb: hindbrain, f: tail fin, fp: floorplate, mhj: midbrain-hindbrain junction, pg: pineal
gland, pn: pronephros.

4.3.1. Transient expression of Sulf-1 in developing limb joints
Expression of sulf-1 transcripts was faintly visible in the distal mesenchyme of the stage
51 forelimb buds (Fig. 4.2A), and in the prospective hip and knee joints in the hindlimb buds
(Fig. 4.2F; red arrows). At stage 52-53, its expressions in the hip and knee joints in the
hindlimbs, as well as shoulder and elbow joints in the forelimbs became more distinct (Fig.
4.2B, G-H; red arrows), and the staining of the joints in the autopod region became
increasingly visible (Fig. 4.2B, G-H; blue and yellow arrows). By stage 54, transcripts
expression in the wrist/ankle joints (blue arrows) and phalangeal joints (yellow arrows) in the
fore- and hindlimbs were clearer in the early autopods (Fig. 4.2C, I-J). The overall levels of
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expression across the forelimb buds appeared to regress at stage 55, with the staining for the
gene remained faintly visible in the shoulder, wrist and the posterior regions of the autopods
(Fig. 4.2D). By stage 56, expression of sulf-1 were limited to the joint regions of digits II and
III on the posterior side of the forelimbs (Fig. 4.2E).
In the late stage 54 hindlimbs, the more proximal expression of sulf-1 in the hip and
knee joints became significantly less visible on the posterior side, leaving a strong expression
on the anterior side (Fig. 4.2J). The ankle expression also began to regress at stage 55 (Fig.
4.2K; blue arrow), whereas digital expression of sulf-1 appeared to be stronger and more
distinct in the inter-phalangeal joints, as well as the digit-to-metatarsals joints in the autopods
(Fig. 4.2K; yellow arrows). By stage 56, transcripts expression of the gene was only visible in
the autopods, with prominent expression in the digital joints (Fig. 4.2L). After stage 54, sulf1
expression in the stylopods and zeugopods became limited to the more anterior part after
stage 54 (Fig. 4.2I-L).

Figure 4.2: Sulf-1 expression detected by in situ hybridization in X. laevis stage 51-57
forelimbs (A-E) and hindlimbs (F-L). Forelimbs were taken in dorsal view with the anterior
side pointing upward; hindlimbs were taken in dorsal view with the anterior side pouting
downward. Gene expressions are showed by dark purple antibody staining and are marked by
coloured arrows. Red arrows in the more proximal parts indicate gene expressions at putative
shoulder/hip and elbow/knee joints; blue arrows indicate expressions at the future wrist/ankle
joints; yellow arrows indicate transcript expression in the autopod regions. Roman numerals
indicate digit numbers.
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4.3.2. Sulf-2 expression in developing autopod
Transcripts expression of sulf-2 was observed in the distal mesenchyme of stage 50
hindlimb buds and stage 51 forelimbs respectively (Fig. 4.3D, A). The gene’s expression in
stage 51-53 hindlimb buds appeared to be at its strongest in the anterior distal mesenchyme
(Fig. 4.3E, E’). Its expression in stage 52-53 forelimbs also demonstrated an anterior bias in
the distal mesenchyme (Fig. 4.3B, C). Additional anterior expression in the proximal and
middle mesenchyme domains in hindlimbs were first seen at stage 51 and persisted to stage
53. (Fig. 4.3E, F). The visibility of the overall transcripts expression in the forelimbs
decreased by stage 54 onwards (data not shown). In stage 54 hindlimbs, the anterior
expression in the distal and proximal part of the limb also appeared to have regressed
significantly, while staining in the interdigital space, and distal mesenchyme in the posterior
autopod became visible (Fig. 4.3G). At stage 55, the anterior expression in the proximal limb
bud was visible, whereas the interdigital expression of the gene became more obvious in the
more differentiating autopods (Fig. 4.3H). By stage 56, transcripts expression was only visible
in the interdigital spaces, with relatively stronger staining in the anterior webbing area (Fig.
4.3I-J).

Figure 4.3: Sulf-2 expression detected by in situ hybridization in X. laevis stage 51-55
forelimbs (A-C) and stage 50-57 hindlimbs (D-J). Forelimbs were taken in dorsal view with
the anterior side pointing upward; hindlimbs were taken in dorsal view with the anterior side
pouting downward. Black arrows indicate regions of gene expressions; white arrows with
black rims indicate reduced levels of expression. The box in E marks area of histological
sectioning shown in E’. Roman numerals indicate digit numbers. Annotations: AER: apical
ectodermal ridge (otherwise refer to as apical epithelial cap, or aec), m: mesenchyme.
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4.3.3. Re-expression of sulf-1 and -2 in regenerating hindlimbs
Specific patterns of sulfs’ transcripts expression were also observed in regenerating
hindlimbs that were originally amputated at the future knee level at stage 52. Transient,
regeneration-specific patterns of the two sulfs were consistently observed in the reforming
layer of functional AER (Fig. 4.4B’) and the proliferating blastema (Fig. 4.4J’) respectively,
albeit during different phases of regeneration. Sulf-1 transcripts were detected in the distal
mesenchyme underlying the AEC, refer to as the functioning AEC in the figures, at 1 daypost-amputation (dpa; Fig. 4.4A). The distal expression of the gene persisted at 2 dpa,
followed by a decrease in the levels of visibility of its staining at 3 dpa, and was no longer
visible in the blastema region by 4 dpa (Fig. 4.4B-D). The overall pattern of sulf-1 expression
in the 4-6 dpa samples represented the expression patterns in the corresponding limb stages
during development (Fig. 4.4D-F).

Figure 4.4: Sulf-1 (A-F) and sulf-2 (H-M) expression detected by in situ hybridization in
regenerating X. laevis hindlimbs originally operated at stage 52. Black arrows indicate
regeneration-specific transcript expression. The original site of amputation is marked by
black/white dotted lines. Limbs are orientated with the posterior side up. The boxes in B and J
mark area of histological sectioning shown in B’ and J’ respectively. B’ and J’ are
accompanied by each of their corresponding schematic diagrams that outline specific cellular
structure. Annotations: aec: apical epithelial cap, fa, functioning aec, b: blastema.

In comparison, distal expression of sulf-2 transcripts in the blastema of the regenerating
limbs only became visible later at 2 dpa (Fig. 4.4I). The apparent levels of expression in the
blastema region became visibly stronger at 3 dpa, and much more by 4 dpa as staining for the
transcripts appeared to expand proximally with an apparent emphasis on the anterior side
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(Fig. 4.4J-K). By 5-6 dpa, the transcripts expression in the anterior half of the regenerating
structures became much more prominent while the levels of posterior expression decreased
considerably (Fig. 4.4L-M). Similar to sulf-1, the expression patterns of sulf-2 in the later dpa
samples recapitulated its patterns of expression during developmental stages 51-53 (Fig. 4.3EF).

4.3.4. Differential expression of sulfs in limbs with varied level of regenerative abilities
Regeneration of Xenopus limbs is the most successful during early stages of limb
differentiation, typically between developmental stages 50-52. Starting at stage 53, the
animals’ abilities to achieve successful regeneration of the entire lost structures suffer an
ontogenic decline, as manifested in a progressive failure to regenerate all the autopod digits
(Beck et al. 2009; Beck 2012). Interestingly, the intensities and durations of the regenerationspecific expressions of sulf-1 and -2 in the distal structures appeared to vary depending on the
stages of the original limb operations (Fig. 4.5-4.6).

Figure 4.5: Sulf-1 expression detected by in situ hybridization in regenerating hindlimbs
originally operated at future knee level at stage 52 (A-F), 53 (G-L), and 54 (M-R)
respectively. Black arrows indicate regeneration-specific transcript expression. Gene
expression showed by dark purple antibody staining and should not be confused with the
black, star-shape melanophores. The original site of amputation is marked by black/white
dotted lines. All limbs are orientated with the posterior side up.
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For limb samples that were operated at stage 52 (Fig. 4.5A-F), the non-developmental
expression of sulf-1 in the re-forming AER of the regenerating structures were only seen at
1-3 dpa with the regions of transcripts expression gradually receding toward the more
proximal part of the limbs (Fig. 4.5A-C). However, the initial intensities of transcripts
staining in the distal structures appeared to be higher in stage 53 and 54 samples (Fig. 4.5G,
M) than they were in stage 52 samples (Fig. 4.5 A). Regeneration-specific transcripts
expression of sulf-1 in these later-stage samples were only seen between 1-2 dpa (Fog. 4.5GH, M-N) with a visibly higher intensity of expression compared to the stage-52 samples (Fig.
4.5A-C). The expression patterns of sulf-1 in the stage 52 4-6 dpa samples (Fig. 4.5D-F), and
the stage 53/54 3-6 dpa samples (Fig. 4.5I-L, O-R) reiterated the developmental patterns of
the gene in stage 52-53 limb buds (Fig. 4.2G-H).

Figure 4.6: Sulf-2 expression detected by in situ hybridization in regenerating hindlimbs
originally operated at future knee level at stage 52 (A-F), 53 (G-L) and 54 (M-R)
respectively. Black arrows indicate regeneration-specific transcript expression. Gene
expression showed by dark purple antibody staining and should not be confused with the
black, star-shape melanophores. The original site of amputation is marked by black/white
dotted lines. All limbs are orientated with the posterior side up.

For sulf-2, the non-developmental expression in the distal blastema of the regenerating
structures were seen with increasing intensities and expanding domains of expression in the
2-6 dpa samples from the stage 52 group (Fig. 4.6B-F). The patterns of transcripts expression
in the regenerating blastema of the stage 53 samples appeared to be similar to the stage 52
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samples, albeit with much weaker staining (Fig. 4.6G-L). In comparison, transcripts
expression of sulf-2 in the stage-54 samples were only observed between 3-5 dpa (Fig. 4.6OQ). Overall, notwithstanding the apparent differences in the timing of transcripts expression,
the regeneration-specific gene expression across the three sample series exhibited the same
pattern of expression. They all demonstrated weak transcripts expression followed by a
transient increase in the intensities of expression, and then regressed again as reformation of
the distal structures advanced.

4.4. Discussion
4.4.1. Unique patterns of Xenopus sulfs expressions in developing limbs
Heparan sulfatases’ abilities to modulate interactions between HSPG and their various
ligands enable Sulfs to regulate multiple developmental pathways not only during
embryogenesis, but also in organogenesis of limbs and other organ tissues during later stages
of animal development. The sulfs, particularly sulf-1, show distinct patterns of expression in
the developing appendages of different vertebrate models. The initial expressions of the
mammalian and avian sulf-1s, for instance, shared little similarities in the early limb/wing
buds (Zhao et al. 2006; Otsuki et al. 2010; Ratzka et al. 2008; Langsdorf et al. 2007). The
expression of murine sulf-1 in E10.5 mice limb buds appeared to coincide with the expression
of fgf-8 in the AER, whereas expression of the quail sulf-1 was seen primarily in the anterior
proximal part of the early stage 24-26 quail limb buds (Zhao et al. 2006; Ratzka et al. 2008).
In subsequent developmental stages, the respective sulf-1 homologues were shown to be
expressed in the condensing mesenchyme, cartilage, perichondrion, and the developing limb
joints in both groups of models (Zhao et al. 2006; Ratzka et al. 2008).
On the one hand, the expression patterns of the amphibian sulf-1 in the developing
joints of X. laevis limbs during later stages of development showed remarkable similarities to
the aforementioned models. On the other hand, transcripts expression of the gene in the earlier
limb buds differed significantly from the murine model, as we failed to observe any
transcripts expression in the AER region of the early Xenopus limb buds (Fig. 4.7). However,
the amphibian sulf-1 appeared to bear more resemblance to the expression patterns of the
avian sulf-1 previously described in quail limbs (Zhao et al. 2006).
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The disparities between the murine and amphibian sulfs were further demonstrated in
the timing and overall coverage of the genes’ transcripts expressions in the developing limbs
of the respective animals. Whole mount in situ hybridization of mouse embryos showed that
the expressions of the murine sulf-1 and -2 overlapped in the developing limb joints
throughout organogenesis of the appendages. However, as the expression of sulf-1 appeared to
be restricted to the putative and forming joints region, sulf-2 demonstrated a much broader
expression throughout the entire appendages (Fig. 4.7; Ratzka et al. 2008). The overlapping
expression patterns of the two sulfs and additional functional studies showing the penetrance
and severity of skeletal malformation phenotypes increasing with reduced number of alleles
indicate redundant functions of the two murine sulfs in the fine-tuning of developmental
structures in the appendages (Ratzka et al. 2008).
In contrast, the expression patterns of the two Xenopus sulfs show marginal similarities
past the initial limb bud stages (stage 51). In fact, while both genes demonstrate a certain level
of anterior emphasis in their expressions, the overall expression patterns of the two genes
appear to be more complementary than they are overlapping. For instance, while transient
expression of the amphibian sulf-1 transcripts are prominent in almost all limb joints
throughout development, the expression of sulf-2 in the later limb stages were primarily seen
in the interdigital spaces of the developing autopods, and were altogether absent from the
joints. The apparent differences between the domains of expressions of the two Xenopus sulfs
and the murine sulfs suggest unique functions for Sulfs in the amphibian model.
Furthermore, as the expression of Xenopus sulf-2 in forelimbs regressed significantly
and were much more transient compared to its hindlimb expression, it is likely to be related to
the development of the webbing structures in the amphibian model. As the expression of the
gene in Xenopus hindlimb autopod appeared to aggregate near the proximal periphery of the
webs, close to the digits, one may postulate that sulf-2 may play a role in defining the
boundaries of the digital structures via its inhibitory actions on fgfs activities (HernándezMartínez et al. 2011). Its role in the regulation of interdigital cell death may also explain the
obvious differences in the extent of gene expression, in terms of strength and coverage,
between the mice and the Xenopus limb buds (Ratzka et al. 2008). It will be interesting to see
if the quail, as well as the chicken sulf-2, will demonstrate a similar expression pattern in the
webbing of the respective autopods compared to the amphibian sulf-2.
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Figure 4.7: Schematic comparison of the mouse (M. musculus) and the frog’s (X. laevis)
sulfs expression in early limb buds and advanced autopod stages. The expression pattern
of the mouse sulfs is adapted from reports by Ratzka et al. 2008.

4.4.2. Differential sulfs expression in regenerating hindlimbs
In addition to their abilities to modulate and interact with Fgf/Erk and other HSPGdependent RTK-Ras/MAPK pathways that play pivotal roles in controlling fundamental
developmental processes, Sulfs are also involved in tissue regeneration and cell renewal
(Kolch 2005; Langsdorf et al. 2007; Yokoyama 2007; Kirn-Safran et al. 2009; Sahota and
Dhoot 2009; Yan and Lin 2009; Lanner and Rossant 2010; Otsuki et al. 2010; Yokoyama et
al. 2011). They have the potential for facilitating cartilage repairs by modulating Bmp and Fgf
signaling. Using sulf-1 and/or -2 deficient mice, Sulfs have been shown to be capable of
simultaneously enhancing Bmp/Smad signaling, but inhibit Fgf-Erk/MAPK signaling in
chondrocytes to maintain cartilage homeostasis (Otsuki et al. 2010). The murine sulfs were
also reported to be differentially expressed in the quiescent and activated satellite cells (SC),
that represent an essential component of skeletal muscle regeneration in mammals (Langsdorf
et al. 2007).
The levels of staining for sulf-1 mRNA expression appeared to be higher in freshly
isolated SC, representing the initial onset of regeneration after injuries, whereas the
expression of sulf-2 mRNA was absent in the freshly isolated SC and was only detected after
3 days of cell cultures (Langsdorf et al. 2007). Subsequent functional studies using sulf
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double mutant mice demonstrated that the murine Sulfs have redundant, but important, roles
in promoting muscle regeneration by controlling the proliferation-to-differentiation states of
the SC during regeneration through their influences over the Wnt signaling activities
(Langsdorf et al. 2007; Tran et al. 2012; Maltseva et al. 2013). The apparent redundancy of
the murine sulfs’ functions in the regenerating tissues was also indicated in wound repairing
in mice cornea, as well as their roles in maintaining cartilage homeostasis (Otsuki et al. 2010;
Maltseva et al. 2013).
The differential murine sulfs expressions described above show remarkable similarities
to the patterns of amphibian sulfs expressions in the blastema of the regenerating tadpoles’
hindlimbs observed in this study. For instance, Xenopus sulf-1 transcripts in the blastema were
only seen at 1-3 dpa during the early phases of regeneration, whereas more prominent
expression of sulf-2 was observed at the later phases at 3-6 dpa. These consistencies indicated
that, like the murine sulfs, the amphibian sulfs may play a role in promoting regeneration of
the muscle tissues in Xenopus hindlimbs, likely by regulating the interactions of the canonical
and non-canonical wnt signaling pathways that control proliferating/differentiating states of
the blastema as previously suggested by Tran et al. (2012).
However, considering that the developmental pattern of expression of the Xenopus
sulf-2 is different from the mouse sulf-2, it may be possible that the two Xenopus sulfs may
not be functionally redundant in the regenerating structures. The expressions of the two sulfs
in the regenerating structures do not overlap temporally or spatially. Therefore, the differential
intensities and timing of expressions of the two genes may reflect their alternate, if not
complementary, roles in regeneration. They may work by first directing the proliferating or
differentiating states of the blastema by modulating the Wnt-related signaling that enables the
initial phases, followed by the regulated signaling of Fgf and Bmp in the later phases (Otsuki
et al. 2010; Tran et al. 2012).
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5.1. Introduction
Recent studies using transcriptome and other differential gene expression analysis
seeking to identify genes linked to regenerative success in the amphibian models and other
animal systems capable of epimorphic regeneration have shown re-expression as well as
significant up-regulation of many developmental genes (Chapter 1, section 1.2.2). Key
developmental genes and components of molecular pathways, such as members of bone
morphogenetic proteins (Bmps), fibroblast growth factors (Fgfs), wingless (Wnt/ß-catenin)
signaling, and the hox genes were reported to express in the proliferative blastema tissue
specific to regeneration, as well as in later phases of re-development (Koshiba et al. 1998;
Beck et al. 2003; Endo et al. 2004; Roy and Lévesque 2006; Beck et al. 2009). The rekindled
activities of these pathways and their associated members are believed to mediate the apical
epithelial cap (AEC)-blastema interaction during early-to-mid phases of regeneration. These
ultimately contribute to successful reformation of the once lost structures. Indeed, the
expressions of sonic hedgehog (shh), several members of hox genes, certain members of fgfs
and bmps have been reported to be implicated in processes leading to successful limb
regeneration in X. laevis and A. mexicanus (Gardiner and Bryant 1996; Ide et al. 1998; Torok
et al. 1998; Endo et al. 2000; Christensen et al. 2002; Endo et al. 2004; Beck et al. 2006;
Suzuki et al. 2006; Jiang et al. 2014).
While the spatial patterns of re-expression of many of the genes mentioned above
mimicked their developmental patterns, others were expressed in a manner different from
development, suggesting regeneration-specific functions. Some examples of these include the
Xenopus spry and sulf homologues discussed in the previous chapters. These Xenopus
homologues not only showed strong and distinct expressions in the distal structures of the
regenerating limbs, but some of them also demonstrated differential patterns of expression
during development comparing to limbs of equivalent stages in other amniote models (refer to
Discussion sections of Chapter 3 and 4). The differences indicate potentially unique functions
that are specific to the amphibian models.
As more and more studies have demonstrated the importance of developmental genes in
regeneration, there is a growing need to study their roles in the process through functional
studies in regeneration models, such as X. laevis. The more conventional approaches include
the use of custom morpholino oligos or chemical inhibitors to knock down (KD) specific gene
activities or using transgenesis method to enhance or reduce activities of certain genes in the
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animals. The applications of morpholino are limited to early-stage embryos in order to allow
for universal gene KD, and the resulting KD effects are transient and tend to become diluted
as an animal developed. The method is, therefore, not ideal for studying limb regeneration in
Xenopus where organogenesis of the limbs begins at later developmental stages and the
period of complete regeneration lasts for around fourteen days. Although cell-permeable
chemical inhibitors is an attractive approach due to the relative flexibility in their applications,
it has the issue of off-target effects. It is also not economically ideal for studying regeneration
due to the relatively large volumes required for prolonged experimentation. Finally, gene
editing via transgenic methods (e.g. gene overexpression, or knock down/out) are not suitable
for functional studies of developmental genes in limb regeneration as alterations of their
activities early on in development may impair the fitness or mortality of the animals. This is
further complicated by the extensive gene duplications in Xenopus, which made specific gene
knock-out (KO) or KD via sequences modification extremely difficult.
The heat shock inducible transgenic system devised by (Beck et al. 2003) allowed
temporal control over ectopic gene expression in vivo of Xenopus, thus making it possible to
alter expression levels of certain genes only prior to regeneration. This method, however, also
has its limitations. While it is possible to use the heat shock inducible system for gene KD by
overexpressing the antagonist(s) of the target gene or pathway (Beck et al. 2003), the range of
targets that are available for KD is limited by virtue of our understanding of their molecular
interactions with other genes and regulators. It also gives room to undesirable non-specific
KD of gene signaling that is hard to predict. The latter is a common issue for most
developmental genes and their modulators that are increasingly shown to be interlinked in
their cascades of signaling pathways, making it difficult to find a single-target antagonist.
Therefore, a better method for targeting gene KD or even KO, in the regeneration models is
necessary for our further understanding of the roles of these developmental genes in
regeneration. Here, we consider the application of RNA interference (RNAi), in combination
with the heat shock inducible transgene system devised by Beck et al (2003), to allow for
temporal controls over targeted gene KD/KO in X. laevis.

5.1.1. RNA interference — the ideal method of targeted gene silencing/knock down
Post-transcriptional gene silencing (PTGS) was initially considered as a bizarre
phenomenon limited to plants. However, with the discovery of double-stranded RNA
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(dsRNA) mediated transgene silencing by Fire et al. (1998), it has become one of the most
interesting topics in the research community of molecular biology. In the last decade, it has
become clear that PTGS occur in both plants and animals, and plays a conserved role in viral
defence and transposon silencing mechanisms in the eukaryotic systems (see reviews by
Naqvi et al. 2009 and Galun and Galun 2005).
The term RNAi describes a specific type of PTGS induced by dsRNA. It was first
observed in Caenorhabditis elegans (Fire et al. 1998) and was later reported in other animal
systems (Galun and Galun 2005). The mechanisms of RNAi have been researched widely
since then, and it has been a popular technique for carrying out specific gene screening as
well as loss-of-function (LOF) experiments in a variety of eukaryotic systems. In particular,
the abilities of RNAi in silencing or down-regulating targeted gene(s) at a sequence-specific
level make it an appealing method for LOF studies.
As an endogenous PTGS pathway that is triggered by dsRNA, the RNAi pathway is
thought to be a primitive form of immune response towards foreign nucleic acid molecules,
such as dsRNA virus (Appasani 2011). In the laboratory, RNAi responses in a cell could be
triggered by the introduction of a variety of triggers. The triggers include the long dsRNA
molecules that were usually over 200 bp in length, or the much shorter small interference
RNA (siRNA) and small hairpin RNA (shRNA). Upon introduction into the cell in question,
the shRNAs are processed by RNase III type endonucleases, such as Drosha and Dicer, to
generate duplex RNAs of 19-28 nt in size, also known as siRNAs. The duplex siRNAs were
subsequently unwound by Argonaute (Ago) proteins, giving rise to single-stranded, mature
small RNAs that act as guide molecules to a multiprotein complex called the RNA-induced
silencing complex (RISC; Ying et al. 2008). The whole process culminates in the cleavage or
transcriptional repression of the target’s mRNAs that share complementary sequences with
the incorporated siRNA (Naqvi et al. 2009; Appasani 2011; Fig. 5.1A). Gene silencing by
RNAi, therefore, is accompanied by down-regulation of specific mRNA levels, grossly
resulting in the inhibition of targeted gene functions at a pre-translation level.
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Figure 5.1: Schematic diagram summarising major steps in (A) RNAi and (B) DNAdirected RNAi. (A) The initial stage is marked by the (i) cutting of a long double stranded
RNA (dsRNA) by Dicer into (ii) small interference RNA (siRNA) molecules. The siRNAs
become part of the (iii) RNA-induced silencing complex (RISC) and ultimately leads to (iv)
cleavage of the target mRNA and down-regulation of the target proteins. (B) The process of
ddRNAi differs from the previously described process in the source of double stranded RNAs.
The shRNA is transcribed and formed from custom DNA construct. The resulting shRNA is
processed by Dicer and the loop- and termination-sequences cleave off, and coupled into
RISC, leading to eventual degradation of target mRNA. The schematic is inspired and adapted
from Naqni et al (2009) and Galun & Galun (2005).
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DNA-directed RNAi (ddRNAi) refers to an in vivo, vector-based approach to RNAi.
Briefly, the method relies on in vivo synthesis of pre-determined siRNA sequences that are
transcribed under the directions of either an RNA polymerase (pol) II or III promoter, such as
the U6 promoter commonly seen in mammalian cells’ DNA template, in a transgene setting
(Fig. 5.1B; Donzé and Picard 2002; Kim et al. 2004; Yuan et al. 2006; Giering et al. 2008).
However, the overly robust and constitutive activities of the pol III promoters across multiple
cell types do not provide the spatial or temporal controls that are necessary for studying
developmental genes. On the other hand, the pol II promoters allow for tissue-specific
transcription or conditional activations.
The RNAi trigger, a dsRNA-forming sequence, is positioned downstream of the desired
promoter, which will drive transcription of the trigger sequences while in vivo. The choice of
ddRNAi triggers includes the conventional long dsRNA or the more popular shRNAs. The
latter had been shown to be capable of more sustained suppressions of targeted gene
expression compared to the use of direct siRNA injections in vertebrate systems, making it a
more ideal trigger in constructing stable transgenic cell lines (see review in Appasani 2011).
The shRNA molecules are normally designed to be transcribed as a single stranded oligo
consisting of both a sense and an antisense domains, with a short (< 8 nt) loop sequences in
the middle, that facilitate post-transcription intramolecular base pairing (Fig. 5.1B). The
resulting quasi-double stranded molecules, i.e., the shRNAs become the substrates for Dicer.
Dicer then proceeds to remove the shRNA's loop, thereby leaving only the small dsRNAs that
eventually become incorporated into RISC (refer to Fig. 5.1A, step ii-iv).

5.1.2. RNAi in Xenopus
The use of RNAi in mammalian as well as other vertebrate systems was initially thought
to be impossible due to the potent antiviral responses triggered by presence of dsRNA viral
replication intermediates in these systems, which commonly resulted in cell death via
apoptosis (Galun and Galun 2005; Appasani 2011). This view was rapidly changed by
demonstrations of sequence-specific silencing in mammalian embryos induced by injections
of dsRNA, and were shortly followed by series of reports of successful gene silencing via
RNAi in other mammalian cell lines (Svoboda et al. 2000; Paddison et al. 2002; Galun and
Galun 2005). The effects of dsRNA-mediated PTGS had also been reported in X. laevis, as
Nakano et al. (2000) demonstrated down regulations of the endogenous hox gene Xlim-1
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mRNA following injections of dsRNA which represents partial sequences of the target gene.
Nevertheless, the dsRNA treatment also produced a range of phenotypes in the developing
embryos, which was likely due to incomplete silencing of the target gene expression (Nakano
et al. 2000). A similar set of experiments carried out by Zhou et al (2002) targeting the
endogenous cyclin B1 and B2, instead of Xlim-1, using much shorter dsRNA sequences, at 21
nt instead of the 1,000 nt dsRNA used by Nakano et al (2000). The smaller RNAi trigger
showed a marked improvement in the rates of targeted gene KD in the amphibian model
(Zhou et al. 2002).
In 2006, a transgenic ddRNAi expression system was described in X. laevis, using the X.
tropicalis U6 (a type III RNA polymerase) as the promoter targeting GFP expression in vivo
(Li and Rohrer 2006). The GFP-targeting RNAi trigger was in the form of shRNA prior to
processing by Dicer. The group first validated the U6-RNAi construct, as well as the targetedinhibitory effects of the shRNA sequences, by cotransfecting the construct together with a
GFP-expressing plasmid into the Xenopus XR1 cells in vitro. The co-transfection resulted in
successful inhibition of GFP expression in the U6-RNAi-transfected cells (Li and Rohrer
2006). This was followed by in vivo experiments for the U6-RNAi construct via transgenesis.
Using a combination of phenotypic expression data and quantitative RT-PCR, they
demonstrated that the relative levels of GFP mRNA were reduced by approximately 60 % in
the U6-RNAi transgenic embryos compared to the control embryos carrying only the generic
pUC19 plasmid (Li and Rohrer 2006). Successful down-regulation of the target gene
functions was further confirmed via immunoblotting showing lower levels of GFP expression
in the U6-RNAi samples. More importantly, the group also showed that the system was
capable of stable suppressions of the targeted protein at even later stages of animal
development (Li and Rohrer 2006).
In 2010, Pan et al. described a similar vector-based RNAi transgene system using a
different plasmid backbone, but also driven by the Xenopus U6 promoter. The target genes in
this case were the retina homeobox gene Rx1A and Rx2A. Interestingly, while their ddRNAi
system demonstrated a 60-90 % specific gene KD efficiency in vivo, it appeared that the
RNAi-induced inhibitory effects did not become apparent until about stage 41, past the early
embryonic stages (Pan et al. 2010). The lack of external or histological phenotypes in the eyes
prior to stage 41 might be due to a late onset of the RNAi effects, which also allowed
development of the retina in early embryonic stages. The delayed RNAi expression could be
- 106 -

Heat shock inducible RNAi

caused by the slow accumulation of transgene products (Pan et al. 2010). Alternatively, it may
be due to a lack in the machineries necessary for the RNAi-mediated gene silencing
mechanism in the early embryos, as per discussion below.

5.1.3. Argonaute in Xenopus
Argonaute is a core constituent of the RISC, and a key player in the different RNA
silencing pathways, as well as an important component in normal development. The structure
of the protein is characterized by the piwi-argonaute-zwille (PAZ) and PIWI domains
(Hammond 2005; Tomari and Zamore 2005). While incorporated in the RISC or other similar
protein complex, Ago senses the thermal stability of the ends of duplex siRNAs and initiates
unwinding from the end with relatively lower thermal energy (reviewed by Naqvi et al. 2009).
Structural studies so far have revealed that the PAZ domain forms a binding module of the
signature 2 nt 3’ overhangs generated by type III RNase enzymes like Dicer with relatively
higher affinity compared to the rest of the dsRNA segments (reviewed by Peters and Meister
2007).
In vivo, Ago can affect the stability of target RNAs by a variety of mechanisms
involving endogenous micro RNAs (miRNA) and other small RNA molecules that function as
guide to the RISC to highly complementary RNA molecules (Peters and Meister 2007).
Therefore, it facilitates the cleavage and degradation of the targeted transcripts. The Xenopus
miR-427, for instance, is a miRNA that accumulates specifically in the early embryo and
reaches the maximum level after the midblastula transition (MBT) when zygotic mRNA
synthesis begins, and cell cycle undergoes remodelling. It has been shown that the abundance
of miR-427 in X. laevis embryos functions to mediate deadenylation of maternal mRNAs after
MBT of embryogenesis. Thereby leads to effective down-regulation of maternal mRNAs
expression early in development (Lund et al. 2009).
Overexpression of ago-2 transcripts in the Rx-shRNA transgenic tadpoles (discussed in
the previous section) led to developmental defects in the eyes. These include anophthalmia
and micro-ophthalmia in the transgenics compared to the lack of phenotypes in the nonshRNA tadpoles and those that were not supplemented with ago-2 at similar stages (Pan et al.
2010). Furthermore, co-expression of ago-2 with shRNA-carrying construct was able to
enhance RNAi in Xenopus embryos (Chen et al. 2009). The efficiency of RNAi KD in cell
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cultures, as well as neurons of Xenopus embryos in vivo, were significantly enhanced by coexpression of human Ago-2 with the respective shRNA (Chen et al. 2009). These studies
clearly showed that ago-2 abundance in Xenopus embryos during development is a strong
limiting factor for RNAi success in the early developmental stages.
In 2011, Lund et al showed that due to the low amounts of Ago proteins present in the
pre-MBT stages, introduction of exogenous siRNA saturated and inactivated maternal Ago
proteins in early embryos, consequently impairing accumulations of newly made miRNAs
such as miRN-427 and resulting in non-specific developmental defects in the animals (Flynt
and Lai 2011; Lund et al. 2011). Such inhibition, however, appeared to dissipate rapidly when
synthesis of zygotic Ago proteins commenced after MBT (Lund et al. 2011). Similar to the
report by Chen et al (2009), Dahlberg and colleagues also demonstrated that supplementary
expressions of several human Ago proteins, including Ago-2, were enough to overcome the
siRNA-mediated inhibitions of biogenesis and functions of the endogenous miRNAs in vivo,
in the early X. laevis embryos (Lund et al. 2011). The abundance of ago-2 transcripts,
therefore, appeared to be one of the deciding variables in enabling RNAi success, and should
be considered seriously in designing a transgene-based RNAi system in Xenopus.

5.1.4. A heat shock inducible RNAi system in X. laevis
The main challenge with functional study of developmental genes as well as genes that
are involved in limb regeneration in Xenopus lie in the need for delayed modifications of the
targeted gene(s)’ activities during development in vivo. By positioning the RNAi-trigger
sequences, the shRNA-forming sequence, downstream of pol II promoter, such as the hsp-70
heat shock promoter, we may confer temporal controls over activations of RNAi. As such, we
may allow for specific gene KD at any phase of the transgenic animals’ development.
In order to test the workability of the design put forth above, this project aims to
produce stable transgenic lines of X. laevis carrying the heat shock inducible RNAi system
with all the elements described earlier. The appropriate shRNA-forming oligos targeting
fgf-8b and GFP as targets of RNAi silencing were designed, synthesised, and incorporated
into the HGEM plasmid backbone respectively (supplied by Beck et al. 2003; also refer to
Chapter 2, Section 2.3, and Appendix B9 for plasmid’s detail). The effects of RNAi will be
assessed in the respective transgenic animals firstly by looking for obvious phenotypes, such
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as a loss of anterior structures in the HGEM:FGF8i carriers, and diminished GFP expression
in the HGEM:GFPi carriers after series of heat shock treatments. Secondly, selected samples
may then be fixed and put through qRT-PCR as well as western-blot analysis to examine the
activity levels of mRNA transcripts and post-transcriptional products in the transgenic
samples.

5.2. Experimental procedures and results
5.2.1. An abundance of Argonaute in Xenopus limb stages
The developmental stages of interest for this project involved mainly early to mid limb
bud stages that were much later than the midblastula transition, by which point the levels of
endogenous Xenopus Ago-2 mRNA should be sufficient via supplies from zygotic
transcriptions (Lund et al. 2011). Therefore, an additional supply of Ago-2 should not be
necessary for the functional RNAi experiments intended here. Nevertheless, in order to
confirm that sufficient levels of endogenous Ago-2 were indeed present in the limb stages of
interest, the levels of end-point mRNA transcripts of the Xenopus Ago-2 in the early limb
stages were compared to those of the household gene, orthinine decarboxylase (ODC) via
semi-quantitative RT-PCR.
Total RNAs of pooled whole animals samples, as well as limbs-only samples, were
extracted from the following stages respectively. For the whole animal samples, RNAs were
extracted from (1) combined stage 1-15 embryos, (2) stage 15-only embryos, (3) stage 20only embryos, (4) stage 30-only embryos, (5) stage 34-only embryos, (6) stage 45-only
tadpoles, (7) and stage 50-only tadpoles respectively. As for the limbs only samples, RNAs
were extracted from the extracted and conserved hindlimb of stage 50, 52, 53, 54, and 55
tadpoles respectively, with seven specimens used for each sample groups. The RNA
extractions were followed by reverse transcription to cDNA prior to RT-PCR using the
xAgo-2 mRNA primers described in Lund et al. (2011; Table 2.4). These primers were
designed to target an intron-containing sequence. As such, genomic DNA controls for the RTPCR should not be necessary, as these primers have been demonstrated to amplify only
reverse-transcribed samples (supplementary data provided in Lund et al. 2011). The levels of
Ago-2 transcripts expression in all of the whole-animal samples and the hindlimb-only
samples described above were obviously higher than the expression of ODC (Fig. 5.2). This
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indicates that a lack of Ago-2 expression should not be a concern for normal RNAi
functionality in the older limb stages in X. laevis.

Figure 5.2: Xenopus Ago2 mRNA transcripts expression in early embryos, whole
tadpoles (A), and hindlimb-only samples (B). End-point mRNA expression of AGO-2 was
compared to a house-keeping gene, ODC, via semi-quantitative RT-PCR.

5.2.2. Design and synthesis of the heat shock inducible RNAi transgenes
Two sets of heat shock inducible RNAi transgenes were used in this project, the
HGEM:FGF8i(s) and the HGEM:GFPi. The HGEM:FGF8i and the HGEM:FGF8iΔ were
previously synthesized in 2011. The latter was produced via reverse PCR of the
HGEM:FGF8i to reduce the distance between the pol II promoter and the FGF8i shRNAforming sequences to 7 bp. The reduced distance between the shRNA trigger and its
transcriptional promoter had been shown to be a contributing factor to RNAi success in other
systems (Xia et al. 2002; Yue et al. 2010; Maczuga et al. 2012). HGEM:FGF8i consists of
mainly two parts: (1) the reporter construct that drives expression of GFP in the lens by the γ- 110 -
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crystallin promoter, and (2) the heat shock promoter, hsp70, which drives the expression of
the FGF8i transgene. A schematic representation of the three HGEM-RNAi transgenes is
shown in Fig. 5.4D-E.
Fgf-8 was chosen as the RNAi target for several reasons. Firstly, as a member of the Fgf
family which has conserved and well-documented functions in development across multiple
taxa, any alteration in its activations and functional capacity should produce obvious
phenotypes in the affected animals (Crossley and Martin 1995; Mahmood et al. 1995; Martin
1998; Fürthauer et al. 2004; Fletcher et al. 2006; Khandani et al. 2011; Itoh 2007; 2010).
Embryos of FGF-8+/- mutant mice displayed a range of phenotypes, including severe
developmental brain defects, cardiac defects, failures of posterior development, as well as
smaller sizes and delayed development compared to their WT littermates (Martin 1998;
Meyers et al. 1998). In Xenopus, fgf-8 is involved in patterning of the anterior-posterior (A-P)
axis as well as neural development during gastrulation (Christen and Slack 1997; Fletcher et
al. 2006). Disruptions of fgf-8 activities before or during gastrulation in early embryos should,
therefore, produce markedly visible phenotypes, such as distorted A-P axis, anterior
deformities, and lack of posterior development, thereby making the effects of the FGF8i
transgene easily assessable.
In contrast, the GFP target for the GFPi construct was chosen for its potential in
producing phenotypes that are less disruptive or lethal to the transgenic animals. Ideally, the
GFP-targeting construct will serve as a live marker to show that the RNAi construct is
working correctly. Depending on the functioning of the GFP-targeting siRNA as well as the
efficacy of the heat shock inducible RNAi system, the levels of GFP expression should be
assessable visually as well as spectrophotometrically. The assessments will be more
quantifiable without causing other physical alterations to the embryos. Unlike the FGF8i
experiments, the GFPi experiments will focus on demonstrating protein knockdown via the
HS-RNAi construct via GFP fluorescence without the specific phenotype in the affected
animals. The system can also be use to test if the heat shock-RNAi construct is leaky by
looking for undesirable down-regulation of GFP fluorescence at a temperature range lower
than the designated 34˚C heat shock temperature.
The siRNA-forming component of the HGEM:GFPi transgene was originally designed
to target the GFP-2 gene carried by the cardiac-actin, C, transgenic Xenopus line provided by
Dr Caroline Beck. The design, preparations, and synthesis of the HGEM:GFPi transgene are
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described in the sections below. As mature lens cells are transcriptionally inert and have no
nuclei, the GFPi transgene should have no effect on the expression of the GFP marker use in
the HGEM construct.

5.2.2.1. GFPi sequence design
The heat shock inducible GFP-targeting RNAi transgene construct (GFPi), was
originally designed to target the GFP-2 present in the transgenic X. laevis line, C. The C frogs
carried the CARGFP2 transgene (originally gifted by the Amaya laboratory group), which
drives expression of GFP2 in the muscle. Due to the lack of detailed documentation on the
plasmid, the whole pGFP sequences (UI7997.1, go:603191) were subjected to nucleotide
BLAST across the entire NCBI database to specify the GFP region for designing GFPi oligos
(Chalfie et al. 1994; Kroll and Amaya 1996). All returned entries that were related to other
cloning vectors were discarded, with only four GFP-related entries that showed over 91-95%
of query coverage were kept for further analysis. The four entries were AF324408.1
(Azotobater vinelandii), AF324407.1 (A. vinelandii), AF324406.1 (A. vinelandii), and
M62653.1 (Aequorea victoria). The nucleotide sequences of the four GFPs were aligned with
the query, pGFP sequence. A fragment of about 800 bp sequences that exhibited the highest
level of similarities among the five sequences was selected as the target range for GFPi oligo
design (Refer to Appendix E for sequence alignment detail). The common sequences that
showed 100 % sequence identity among the aligned sequences were used for the final design
of the shRNA sequences. Refer to Chapter 2, Section 2.3.1 for detail in siRNA sequence
design.

5.2.2.2. GFPi synthesis via PCR
Synthesis of the vector-ready GFPi oligo was accomplished via a PCR-based procedure
originally described in Zhoa et al. (2009), which proved to be an efficient and cost-effective
method in preparing short, custom sequences for sub-cloning. The method was originally
developed for generating high-efficiency PCR products cloning T-vectors. Briefly, it generates
the double-stranded DNA of a sequence of interest via standard PCR by first obtaining an 80
bp single-stranded oligos of the desired sequences and a set of 20 bp primer oligos pairs based
on the larger oligo sequences (Zhao et al. 2009). Using this method as the blueprint, the
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components of the GFPi oligo was designed to include a long, 72 bp single stranded oligo
containing the shRNA-forming sequences (longGFP-f1) and two shorter 18-21 bp oligos
(shortGFP-f1 and -2; Table 5.1). The latter will serve as primers for amplifying the longGFPf1 sequences via PCR. The shRNA-forming sequences in longGFP-f1 consist of a sense and
anti-sense strand of the desired siRNA sequences for RNAi, separated by a nine bp loop
sequences in the middle (Table 5.1). PCR amplification conditions were as described in (Zhao
et al. 2009).

The clear single band obtained from gel electrophoresis indicated specific amplification
of the oligo and the lack of primer-dimer formation in PCR (Fig. 5.3). The remaining PCR
products were purified using a 2 % E-gel® CloneWell (Invitrogen). These were immediately
used in TOPO TA cloning (Invitrogen), and subsequently transformed into chemically
competent Stbl3 cells (refer to Chapter 2, Section 2.5.7.3). Successful transformants were
selected via blue-white colony selections and further verified by colony PCR using the M13
sequencing primers. Selected plasmid DNA was purified from liquid cell cultures using the
appropriate plasmid purification kits (refer to Chapter 2, Section 2.5.3.3 for detail), and the
insert sequences verified through Sanger sequencing using M13 sequencing primers. The
sequencing results confirmed the presence of the full 72 bp, longGFP sequences in the
pCRIITOPO vector (Appendix B9).
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Figure 5.3: PCR product of the long GFPi DNA fragment
on an 1 % agarose gel.
In order to clone the GFPi segment into the destination transgenic plasmid, HGEM
(Beck et al., 2003; refer to Chapter 2, Section 2.3.1), the segment was excised from
pCRIITOPO vector via double restriction digests using HindIII and PstI restriction enzymes,
and then purified and extracted via 2 % E-gel® CloneWell (Invitrogen). The purified, linear
segment was subsequently cloned into HGEM, downstream of the HSP70 promoter, via T4
ligation (refer to Chapter 2, Section 2.5.7.2), followed by transformation into chemically
competent Stbl3 cells, that were known to be more tolerant towards receiving constructs
carrying hairpins or other secondary structures. Bacterial colonies were screened for positive
transformants via colony PCR using the HGEM-specific hsp70 seq (fwd) and PolyLinker
(rev) primers (refer to Chapter 2, Section 2.5.6 for details of PCR, and Table 2.3 for primers).
Plasmid DNA was purified from liquid cultures of selected colonies, and their
sequences verified through Sanger sequencing using the HGEM-specific primers. The
sequencing results showed the presence of the whole GFPi sequences in the expected region
of HGEM (Fig. 5.4E; Appendix B8). The HGEM:GFPi plasmid was subsequently linearized
via single restriction digest using KpnI, and purified with the PCR purification kit provided by
Norrie Biotech, which allowed for relatively high yields of purification products, prior to
transgenesis.

5.2.2.3. GFPi transgenesis
The linearized plasmid was mixed with WT sperm nuclei and integrated into fresh eggs
obtained from WT and ElasGFP7 female Xenopus (supplied by Dr Caroline Beck)
respectively via transgenesis (Kroll and Amaya 1996; refer to Chapter 2, Section 2.5.3.2). If
successful, the mature GFPi-carrying WT and ElasGFP transgenic frogs will be crossed with
the C frogs to produce C-GFPi animals for testing. Nonetheless, both the GFPi-carrying WT
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and ElasGFP transgenic frogs may serve as functional controls for the GFPi experiment. On
the one hand, successful insertion and activation of the GFPi transgene should have no impact
on normal development of WT animals, as it would have nothing to target. On the other hand,
even though the shRNA sequences in GFPi were not designed to target the GFP in the
ElasGFP animals, it would be interesting to see if activation of the GFPi transgene may
down-regulate the GFP expression in the pancreas of the transgenic animals. Embryos of the
intended targets, C frogs, were not used in the transgenic experiments due to poor health of
the animals at the time.
Transgenesis with GFPi was met with limited success. Approximately 2,700 WT eggs,
and 2,250 ElasGFP eggs were injected, with around 21 % (n=560) and 18 % (n=400) of
embryos reached 2-4 cells stage from each group. Out of these, only about 57 % of the WTGFPi group, and 36 % of the ElasGFP-GFPi group reached stage 41. The transgene carriers
for each group were identified through the GFP expression their lens (Fig. 5.4). Only one
GFPi-WT founder and two GFPi-ElasGFP founders survived past metamorphosis. All three
founders were identified as males via genotype. Unfortunately, the two GFPi-ElasGFP
founders were found deceased in the animal suite due to technical failures before they reached
adulthood. The rest of the experiments were, therefore, performed using the GFPi-WT albino
founder, which will be referred to simply as GFPi from here on (Fig. 5.5A).
The attempts on natural matings between the GFPi male and C females failed to
produce progeny that carried both the cardiac-actin and the GFPi transgene, as shown by the
lack of GFP expression in the tadpoles’ lens (Fig. 5.5B’). Repetitions of natural matings
proved to be difficult due to poor health of the C animals and failures in inducing mating
sessions in other occasions. Considering the initial difficulties in producing GFPi founders,
and the apparent lack of GFPi-carrying progeny from the natural matings suggest that the
GFPi transgene may be unexpectedly affecting the viability of its carriers.

___________________________________________________________________________
7 Transgenic

frogs carrying the pElasGFP transgene. Activity of the green fluorescent protein (GFP) is driven by

the vertebrate elastase promoter (elas). The expression of GFP can be observed in the pancreas of the transgenic
animals.
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Figure 5.4: GFP expression in the lens of stage 42 tadpoles in (B) FGF8i and (C) GFPi
transgenic tadpoles, and (D-E) schematic details of the respective transgenes. Transgenic
tadpoles showed no apparent GFP expression (A) under bright field lighting, but the (B)
FGF8i tadpole showed GFP expression in the lens under fluorescent light, and (C) the GFPi
tadpole showed GFP expression in both the lens and the forming pancreas. GFP expression is
indicated by red arrows. Transgene constructs of (D) HGEM:FGF8i and (E) HGEM:GFPi
showing the respective restriction sites available in either transgene, and the sequence details
of the shRNA-forming region of both transgenes. Refer to Appendix B5 and B7 for full
plasmid map.
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Figure 5.5: Founder frog of the heat shock inducible GFPi transgenic line and
representative images of the F1 tadpoles. The only surviving (A) GFPi founder is an albino
male, and it’s GFP expression in the lens was confirmed at developmental stage 40 and 45
(not shown). (B-B’) None of the F1 tadpoles obtained from natural mating between the GFPi
albino male founder and a cardiac-actin (C) female showed expression of GFP in the lens
under fluorescent light. Red arrows point to area of GFP expression under fluorescence light.

5.2.3. FGF8i transgenesis
Both the HGEM:FGF8i (Fig. 5.4D) and HGEM:FGF8iΔ were linearized by single
restriction digestion with KpnI prior to transgenesis into fresh eggs obtained from WT
females. In the first attempt at transgenesis with HGEM:FGF8iΔ approximately 2,250 eggs
were injected, and only 320 of these reach 2-4 cell stage. Unfortunately, none of the 121
surviving embryos at stage 38-40 showed GFP expression in their lens, and over 50 % of
embryos prior to stage 38 exhibited a range of developmental defects involving a loss of
structures along the A-P axis (Fig. 5.6). The truncated phenotypes consist of mainly a lost in
the anterior (Fig. 5.6A-C), or in the posterior structures (Fig. 5.6B, D-F).
These phenotypes may be the results of aneuploidy or others problems related to the
transgenic process or the transgenes themselves. For instance, the FGF8i transgene might
have been activated prematurely during early development prior to 4-cell stage due to the
relatively warmer environmental temperature (23˚C) in the laboratory during the transgenic
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procedures. This would have induced RNAi effects on the embryo’s fgf-8 in the early
embryos, thereby affecting normal development by either disrupting normal actress of the
gene or by saturating the RNAi machinery (e.g., Ago-2) in the pre-MBT embryos (Lund et al.
2011). Leaky HGEM:FGF8iΔ transgenes may be caused by alterations in the heat shock
promoter sequences during the reversed PCR procedures. Unfortunately, the transgenic status
of the affected embryos were not confirmed due to early death of the embryos, and I failed to
fix the samples in time for further analysis.

Figure 5.6: Representatives of deformed embryos from the HGEM:FGF8iΔ transgenic
experiment. The transgenic statuses of these embryos were unclear as they did not develop
past stage 31-32. The phenotypes consist of mainly truncated development in either the (A, C)
anterior or the (D-F) posterior sides, or sometimes (B) both ends of the embryos. The
transgene statuses of these samples were not verified due to early death of the embryos.

The second attempt on transgenesis with the HGEM:FGF8i was more successful than
the first. Approximately 2,700 eggs were injected, with about 560 of these reaching the 2-4
cell stage, and only 150 embryos survived to stage 38. Out of the 150, 10 of these showed
GFP expression in their lens (Fig. 5.4B), and only 5 of these survived past metamorphosis.
Five of these survived past metamorphosis, with two of them genotyped as females (Fig.
5.7A-B), and the other three as males (Fig. 5.7C-E).
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At seven months old, the males were induced for natural matings with WT albino
females. Out of the three, only the mating of the albino FGF8i male was successful, and about
50 % of the resulting progeny were found with GFP expression in the hindbrain at early
stages 26-28, and in the lens later at stage 36-38. Some of these embryos were subjected to 30
minutes heat shock at 34˚C at early blastula stage, prior to gastrulation. The heat shocked
embryos were maintained in 0.1 x MMR at 17˚C until certain phenotypes developed followed
by fixation. While these were not sorted for transgene as their lens had not been developed at
this stage, the hope was that those do carry the FGF8i transgene in the mix will develop
distinct phenotypes, such as dorsalization of the embryos or distorted axis, compared to the
non-transgenic, WT embryos.
Unfortunately, no obviously interesting phenotypes were observed in the heat-shocked
tadpoles, suggesting that either the FGF8i siRNA construct was not effective in targeting and
the subsequent knockdown of the endogenous fgf-8 gene or the heat shock activation via the
hsp70 promoter was not functioning as expected as discussed in the HGEM:spry-1a issue in
Chapter 3. The lack of RNAi effect may be due to failures or inefficiency in transcription of
the shRNA sequences due to the distance between the FGF8i sequences and the heat shock
promoter. Due to constraints of time and resources, no further experiments were done to
verify the transgene statuses in the FGF8i tadpoles.
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Figure 5.7: Founder frogs of the heat shock inducible FGF8i transgenic line. One of the
two (A-B) female FGF8i founders is (A) albino, and one of the three (C-E) male founders is
(D) albino.
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5.3. Discussion
Six founder transgenic frogs carrying heat shock inducible RNAi transgenes were
generated at the end of this project. However, the efficacy of the heat shock inducible RNAi
system in these animals remains inconclusive due to the many setbacks described in the
previous sections. In order to thoroughly examine the functions of these transgenes, more
experiments with the F1 progenies from each of the founders are necessary, as each of these
carry the transgene at potentially different insertion sites. The lack of apparent phenotypes in
the heat-shocked FGF8i embryos obtained from one of the five FGF8i founders during
development, in particular, warrant repeated heat shock experiment on the F1 progeny from
the other founders. On the other hand, the GFPi line needs to be further assessed for the
founder’s ability to produce viable progeny that carries the GFPi transgene. As for now, it is
difficult and still too early to comment on the effectiveness of the heat shock inducible RNAi
transgene system in these animals.
If the FGF8i transgenesis experiments would be repeated in the future, it will be ideal to
perform the transgenesis procedures in a temperature-regulated cold room (13-15˚C) to ensure
that the FGF8i shRNAs are not being activated prematurely during the process. This is
particularly important in the case with FGF8iΔ, as the complete lack of transgenic embryos
and the high mortality rates of the initial transgenic experiments indicate that something
might have gone wrong in either the transgene itself or the transgenesis process that was
affecting the viability of the embryos. In the case of the latter, transgenesis may be repeated
with fresh reagents and in a consistently colder environment as described above. In addition,
the functionality of the FGF8iΔ transgene may be tested via the methods described below.
In retrospect, it would be ideal to validate the functions of the GFPi and the FGF8i heat
shock inducible RNAi constructs in either early embryos or cell cultures first before using
them in transgenesis. The linearized HGEM:GFPi transgene may be co-injected into fresh
WT embryos at early stage 1 (about 2 hours after initial fertilisation) with an exogenous GFPexpressing plasmid. In this setting, it would be preferable to supply the treated embryos with
additional ago-2 expressing constructs (e.g. a simple construct where the Xenopus ago-2 is
driven by a CMV promoter), to eliminate the potential non-specific miRNA-mediated
silencing effects caused by saturation the endogenous RNAi machinery (Chen et al. 2009;
Flynt and Lai 2001; Lund et al. 2011). Alternatively, the GFPi transgene and the exogenous
GFP-expressing plasmids may be injected into Xenopus XR1 cell lines for in vitro testing.
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The respective shRNA-expressing constructs may be injected into either fresh embryos
or cell cultures as described above, with a supplement of ago-2 expression to test the FGF8i
constructs. The RNAi effects may subsequently be assessed via Western blot with the
appropriate probes. In the case of GFPi, the effects of GFP KD by RNAi may also be
examined via fluorometric assays to measure the levels of GFP expression in the GFPi-treated
embryos/cells in comparison to the non-GFPi-treated samples.
All in all, regardless of the numerous difficulties encountered in this project, the
experiments described above had established the groundwork necessary for future studies.
The ability to generate viable and fertile transgenic frogs with two of the HGEM:RNAi
transgenes with the first try was very encouraging. If the transgenic heat shock inducible
RNAi system prove to be functional, it may be use for targeted KD of other genes, such as
members of spry, other fgfs, as well as components of the Bmp pathways.
If successful, progenies from the FGF8i frogs will be use to assess the effects of fgf-8
KD in the different stages of limb development in Xenopus by subjecting the tadpoles to
heatshock at 34˚C repeatedly at the specific limb stages. These should yield animals with
either malformed limbs or a lack of limb structures at the distal end (as indicated by partial
fgf-8 KO mice described in Verheyen and Sun 2008), while the rest of the organs remain
normal. As fgf-8 is one of the main components of the epithelial-mesenchymal feedback loop
that regulates and drives early limb development (Chapter 1, Section 1.1; Fig. 1.1), KD of the
gene expression in stage 50-54 limb buds may also disrupt the normal expression patterns of
shh, grm and bmp-2/4. It is likely to lead to increased levels of grm expression in these limb
stages due to the lack of sufficient levels of negative feedbacks from fgf in the AER.
Conversely, the levels of the shh activities may decrease due to the lack positive enforcements
from the AER.
Finally, F1 progenies of the FGF8i founder animals can also be use to assess the effects
of fgf-8 KD in limb regeneration. While it is expected that this will have an adverse effect on
the regenerative success of the animals, it will be interesting to see what kind of effects it will
have on the expression patterns or activities in grm, shh, as well as members of spry and sulf
in the regenerating limbs.
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6.1. From expression to function — Xenopus Spry and Sulf
The expression profiles of the three X. laevis spry genes, and the two sulf genes in the
amphibians’ developing limb buds demonstrated in the previous chapters showed many
differences in their respective patterns of expression compared to the other animal models
(refer to summary Table 6.1 and 6.2), indicating alternate functions of these genes in
amphibian limb development. As the comparative expressions of the Xenopus spry and sulf
had already been analysed and discussed in Chapter 3 and 4 respectively, the aim of this
section is to present a model or possible functions of an integrated molecular pathway, with
the two groups of RTK-ERK/MAPK regulators as key modulators of e-m signaling in
Xenopus limb development as well as regeneration. This section will begin with a brief
summary of the main findings in Chapter 3 and 4 in terms of limb development and
regeneration, followed by the presentation and discussions of the proposed model.

6.1.1. Differential expressions of spry and sulf in developing limbs of vertebrate
models
The overall expression patterns of the three spry genes are very similar to the their
murine and avian homologues, with marked differences, such as their presence in the AER/
AEC and the extent of localized expression in the limb buds (Table 6.1; Fgf and Shh are
included in the table for comparison). Like fgf-8, the expression of the Xenopus spry-1a and
spry-2 transcripts underwent an anterior shift at the later developmental stages as transcripts
expression of the gene showed particular emphasis on the anterior side of the distal limb
structures (Christen et al. 2012; Wang and Beck 2014). This was documented in either the
avian nor the murine models (Minowada et al. 1999; Darnell et al. 2007; Delfini et al. 2009),
but the prominent anterior expression resembles the expression patterns of several other
modulators of Fgf signaling that contribute to patterning of the anterior-most digits in mice,
chicks and gecko (Uejima et al. 2010). Unlike the reports in mice and other avian models, the
Xenopus spry-1 and -2 do not overlap in their transcripts expression in developing limbs
(Impagnatiello et al. 2001; Uejima et al. 2010). Instead, the expressions of the two genes
appeared to complement one another in the amphibian limbs during development, indicating
that their functions may be more complementary than they are redundant.
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Similar to the spry genes, the expression patterns of the Xenopus sulfs demonstrated
marked differences in their spatial expressions in developing limbs compared to the murine
and avian models. For instance, while distinct expression of sulf-1 was reported in the AER of
early mice limb buds, it was not seen in X. laevis limb buds of similar stages (Ratzka et al.
2008). The lack of AER expression in the early limb buds, however, was a feature observed in
mouse sulf-2 and both the Xenopus sulf homologues (Ratzka et al. 2008).
Another distinct difference between the murine and the amphibian Sulfs was seen in the
expression patterns of sulf-2. In mice, the pattern of sulf-2 transcripts expression overlapped
with the domains of sulf-1 expression, while being more prominent throughout the entire
appendages and was not restricted to digital joints at later stages (Ratzka et al. 2008; see Fig.
4.7 for schematic summary). Transcripts expression of the Xenopus sulf-2, however, were
restricted to the interdigital, webbing regions, and were not visible in digital joints, suggesting
its role in the regulation of cell proliferation in the interdigital spaces. While there are obvious
differences in the expression patterns of the anuran and murine sulf-1, the patterns of sulf-2
expression showed the most distinctions between the two (Table 6.2). This suggests not only
alternative functions, but also a divergence in the evolutionary history of this family of genes
in Xenopus.
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6.1.2. Lessons from other models — Regulatory role of Spry and Sulf genes during
Xenopus limb development by modulating Fgf activities in e-m signaling
The molecular dynamics of limb development are well established in the murine, and
fairly well in the avian models by the extensive genetic analysis and functional studies in the
past decades (reviewed in Chapter 1). In mice, the initial outgrowths of the embryonic limb
buds are induced by mesenchymal Fgf expression that stimulate, and later maintain, Fgfs
activities in the AER (Duprez et al. 1996; Ohuchi et al. 1997; Martin 1998). This is followed
by stimulation of Shh expression in the posterior limb bud mesenchyme by the Fgf activities
in the distal AER. The Shh activities lead to specification of the ZPA domain that serves as a
major signaling centre in controlling expression of several other genes in the distal
mesenchyme that are essential for patterning along the A-P axis (reviewed in Zeller et al.
2009). Signaling from the ZPA-shh and the AER-fgf centres are mediated by Grm-Bmp
signaling, which render temporal controls over the growths, development, and the eventual
termination of the embryonic limb buds (Fig. 1.1; Verheyden and Sun 2008; Bénazet and
Zeller 2009). The initiation of each phase of e-m signal transductions and activities is driven
by differential expressions of specific hox genes, such as hox A and D in the adjacent
mesenchyme (Sheth et al. 2013).
In Xenopus, there are certain discrepancies in the expression patterns of key genes, such
as grm and fgf-8, in developing limbs compared to their murine and avian counterparts as
discussed in Chapter 1 (section 1.1). Nevertheless, the overall e-m signaling pathway
appeared to be similar, if not identical, among these amniote groups (summarized in Fig. 1.1).
The temporal and general spatial expression and, in particular, the intensities of the Xenopus
fgf-8, shh, and grm expression in the developing limb buds are consistent with the bi-phase
signaling model proposed for mice (Yakushiji et al. 2006; Pearl et al. 2008; Bénazet and
Zeller 2009; Zeller 2010; Christen et al. 2012). Similarly, even though the three Xenopus spry
genes described above exhibited certain differences, especially in terms of their presence in
the AEC (AER in chicks and mice), their overlapping presence with the anuran fgf-8 and shh
in the distal mesenchyme is consistent with the other taxa (Verheyden and Sun 2008; Zeller
2010; Wang and Beck 2014). Their combined presence in the AER and localized area of distal
mesenchyme, and the apparent anterior emphasis in conjunction with fgf-8 as development
progresses, indicate their association with the regulations of Fgf activities in both the
ectodermal as well as mesenchymal cells in the distal limb buds. The proposed model of e-m
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signaling in embryonic X. laevis limb development in Fig. 6.1 illustrated Spry proteins as the
negative modulators of the Fgf activities in both the AER and the distal mesenchyme by
interfering with the respective RTK-ERK/MAPK pathways (Fig. 6.1).
The expression data available for Xenopus grm, shh in the posterior ZPA, fgf-8 in the
distal AEC (summarised in Fig. 1.1B-C), and the mesenchymal fgf-10 and -2 in developing X.
laevis limbs can be fit into the integrated, bi-phasic signaling model originally proposed for
murine limb development (Fig. 1.1A; Bénazet and Zeller 2009; Zeller 2010). Assuming that
this integrated model of Shh-Grm/Bmp-Fgf feedback loop is applicable for limb development
in Xenopus, which experiences limb outgrowth later than other organogenesis processes, the
regulatory roles of Spry could be as followed (Fig. 6.1). As the onsets of the AER-fgfs
signaling are activated by fgf-10 in the adjacent mesenchyme, the overall expressions and
functions of these Fgf-signaling in these domains are negatively modulated by Spry activities
in the region. The regulated expression of the AER-fgf contribute to the step-wise Shh-Grm/
Bmp-Fgf feed-back system driven by differential expressions of specific hox genes that
stimulate Shh signaling in the ZPA. As expressions of the spry genes are sustained through the
onset of autopod development, it further suggests their roles in modulating differentiation and
limb patterning along the A-P axis by affecting Shh activities via Fgf signaling. Therefore, the
Spry proteins play a role in the initiation of limb buds outgrowth, elongation, and A-P
patterning by regulating Fgf-dependent e-m signaling in Xenopus.
Similarly, disregarding the differences in spatial expressions between the Xenopus and
the murine sulf-1s, which are most likely due to the disparities in morphology and timing of
development between the two, the prominent expression of the genes in developing limb
joints are consistent among both groups of animals. As transcripts expressions of both
Xenopus sulfs were never observed in the AEC but were restricted to highly localized domains
throughout development, it indicates a structure-orientated function for the genes’
expressions. Therefore, these are less likely to be involved in the initiation of limb
development, but may be more associated with the development and patterning of specific
structures, such as limb joints for sulf-1 and interdigital webbing for sulf-2, at the later stages.
Furthermore, the transient expression of sulf-1 that followed a proximal-to-distal
sequences of expression initially, and ended with sustained expression only in the autopods is
compatible with the sequence of limb cartilage elements formation. This indicates its
involvements in mesenchymal condensation of the cartilaginous elements, which is consistent
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with the suggested functions of its quail homologues (Zhao et al. 2006). As the expressions of
both sulfs are restricted to the mesenchyme, it is likely that the secreted enzymes encoded by
these genes are involved in regulation of mesenchymal Bmp signaling as well as Fgf activities
that control bone development (Pizette and Niswander 2000; Viviano et al. 2004). A series of
further experiments that may be done to test this model in Xenopus will be described in
section 6.1.4.

Figure 6.1: Proposed model for the regulatory role of Spry in the epithelialmesenchymal (e-m) signal transduction contributing to limb outgrowth and patterning
in Xenopus. Diagram adapted from Sheth et al. 2013, Duprez et al. 1996, Ohuchi et al. 1997,
and Martin 1998.
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6.1.3. Insights into Xenopus Sprys and Sulfs in limb regeneration
Transient expressions of all five genes were observed in the regenerating blastema at
certain points of hindlimb regeneration, suggesting their activities in the blastemal
mesenchyme during these periods. Overall, transcript expression of spry-2 and sulf-1 in the
blastema were the lowest and the most spatially restricted among the five. Although their
expression was only visible during the first 1-4 day-post-amputation (dpa), spry-1a and -4,
and sulf-2 were much more prominent in comparison, as they remained strongly visible at 4-6
dpa (Fig. 6.2).

Possible involvements of muscle stem cells in early limb buds regeneration
In mammals, Sulf expression is required for promoting myoblast fusion in skeletal
muscles regeneration by repressing non-canonical Wnt signaling (Langsdorf et al. 2007; Tran
et al. 2012). The mammalian Sulfs have been shown to be expressed differentially in the
quiescent and activated satellite cells in regenerating muscle tissues (Langsdorf et al. 2007).
Satellite cells are a pool of self-renewing muscle stem cells residing in the skeletal muscles
that give rise to differentiated myofibers to repair adult muscle injuries (Buckingham 2006).
These can be identified by expression of the paired box transcription factors, pax-7 and pax-3
(Relaix et al. 2006). Interestingly, the differential temporal expression between the two
Xenopus sulfs described in Chapter 4 is reminiscent the mRNA expression profiles of the
mammalian homologues described in Langsdorf et al. (2007). The mammalian sulf-1 mRNA
was expressed in the freshly isolated satellite cells, whereas expression of sulf-2 was only
seen at around three days after the satellite cells were activated.
The involvements of satellite cells in limb and tail regeneration in Xenopus, as indicated
by pax-7 expression in the cell mass of regenerating structures, have been previously
documented (Chen et al. 2006; Satoh et al. 2005). Nevertheless, the apparent similarities in
the temporal expressions of the two sulf genes in Xenopus’ regenerating limbs and the
mammalian muscle tissues were still rather surprising, as the Xenopus limb stages (stage
52-54) used in the regeneration experiments here consist of mostly mesenchymal tissues. As
the proliferation and differentiation of satellite cells are regulated by members of Fgfs and
their signaling modulators, Sulfs, the expression patterns of the Xenopus sulfs here indicated
the presence or activities of satellite cells in the regenerating limb buds at these relatively
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early stages. It would, therefore, be interesting to check for pax-7 expression in these limb
stages during regeneration as well.

Figure 6.2: Schematic representation of the three Xenopus spry, and two sulf genes’
expression in regenerating hindlimb operated at stage 52. Expression of fgf-8b, shh, and
grm are also included in the first panel for comparison. Abbreviations: we, wound epithelium;
bl, blastema; aec, apical ectodermal cap; fa, functional aec.

Unique functions for spry-1a, -4 and sulf-2 in regenerating limbs?
In comparison, spry-1a and -4, and sulf-2 appeared to be implicated in the later phases
of regeneration (refer to summary diagram in Fig. 6.2). Expression of spry-4 and sulf-2 were
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observed from 3 dpa onwards. The expressions of spry-1a and -4 in the blastema
mesenchyme, in particular, appeared to overlap with expression of grm from 3 dpa onwards,
suggesting their involvement in regulating Bmp signaling in the mesenchyme close to the redevelopmental phase of regeneration (Pearl et al. 2008).
In situ hybridization has demonstrated much stronger staining of transcripts expression
for these three genes in the blastema during regeneration compared to their expressions in
developing limbs of similar stages. In the cases of spry-1a and -4, while the intensities of
transcripts staining in the regenerating blastema appeared to be stronger compared to
development, the overall patterns of expression were still rather similar between the two
processes. This indicates that the apparently stronger staining for these transcripts during
regeneration may be due to the demands of certain developmental processes, such as intensive
cell proliferation and dedifferentiation, which were occurring at greater extent during this
period of regeneration.
Sulf-2, however, showed strong and highly localized expression in the distal blastemal
mesenchyme during later phases of limb regeneration. In contrast to its diffused and tightly
restricted expression in developing limbs. The expression patterns of the Xenopus sulf-2 also
showed the least similarities with its mammalian homologue during limb development
(Ratzka et al. 2008). Taken together with its distinct pattern of expression in regenerating
limbs, this suggests that the Xenopus sulf-2 may play different roles in limb development in
the amphibian model compared to mammals. For instance, the expression of the Xenopus
sulf-2 transcripts appeared to be much less prominent in the limbs compared to its murine
homologue (refer to summary diagram in Fig. 4.7). Therefore, it is likely that it plays a less
dominant role in skeletal development in the amphibian model (Ratzka et al. 2007). This will
also support the previous suggestion that the Xenopus sulf-2 has alternative functions from
sulf-1. In order to test either of these theories will require down-regulation of either protein in
a live system to assess the respective impacts on the other’s expression, activities, and
functions. So far, there are no Sulf-2-specific inhibiting agents known. The best way(s) to
approach the issue described earlier is through novel sequence-specific/dependent target gene
knock down via methods such as RNAi or clustered regularly interspersed palindromic
repeats (CRISPR)-associated (Cas) technology.
The RNAi approach, allows for sequence-specific targeted post-transcriptional gene
silencing (described in depth in Chapter 5). The latter technique creates genome modifications
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at a DNA level. The type II CRISPR/Cas system uses an RNA-guided DNA endonuclease
(Cas9) which cleaves target DNA by forming a complex with two small RNAs. The two
RNAs are a CRISPR RNA that has complementary sequence to the target DNA, and a transactivating CRISPR RNA (crRNA) that basepair with the crRNA. For genome editing
application, these RNA elements are fused to create a cassette for production of synthetic
guide RNAs (sgRNAs) that also carry a short target sequence. The sgRNAs then direct Cas9
to specific site in the genome for cleavage. In Xenopus, sgRNAs are co-injected with either
Cas9 mRNA or protein into fertilized eggs or early embryos. The Cas9-mediated doublestranded breakage in the target sequence usually leads to insertion or deletion mutants due to
imperfect strand repairs (Nakayama et al. 2014). The resulting embryos are mosaic, as
demonstrated by targeted mutations of the tyrosinase gene in X. tropicalis by Nakayama et al.
(2013) and Blitz et al. (2013) respectively. Other experiments utilizing Cas9-mediated
mutation of the six3 gene, which is required for proper eye and brain formation, had also
showed effectiveness of targeted mutagenesis using this method (Nakayama et al. 2013).
Therefore, sulf-2 mutants may be produced via CRISPR/Cas9-mediated targeted mutagenesis
at genome level in X. laevis following the methodology described in Nakayama et al. (2014).
Alternatively, the gene may be down-regulated post-transcriptionally using RNAi-mediated
technology.

6.1.4. Functional studies with the Xenopus spry and sulf
The comparisons between the expression patterns of the Xenopus and other amniote
models’ sprys and sulfs discussed in the previous sections indicate a divergence in the
functions of these genes’ products in limb development. While expression profiles of sprys
have been quite well recorded in amphibians, mice, and chicks, there are still certain lacks in
the descriptions of sulfs expressions in chicks. As expression of the Xenopus sulf-1 showed
more similarities with its quail homologue compared to mice (refer to Table 6.2), it will be
interesting to see if the similarity between both groups persist in sulf-2 by performing in situ
hybridization experiments for the quail homologue on the avian limb stages. Moreover, the
expression patterns of the Xenopus sulf-2 in the periphery of interdigital webbing area of the
tadpoles’ autopods suggested its involvements in the pattering of webbed autopods, possibly
through its direct interactions with the Fgf signaling and indirect interactions with the Bmp
signaling pathways that regulate interdigital cell death (Hernández-Martínez et al. 2011).
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Therefore, it will also be interesting to see if ectopic expression of either the quail or the
frog’s sulf-2 in embryonic mice limbs can induce webbing in the autopods.
In contrast, Xenopus sprys showed a lot more similarities in their overall patterns of
expressions in developing limbs when compared to their murine and avian homologues (Table
6.1). Spry-1a and -2, however, demonstrated an anterior emphasis in the developing autopods,
a phenomenon that has never been described in other models (Minowada et al. 1999; Darnell
et al. 2007; Delfini et al. 2009; Uejima et al. 2010), which indicate a more prominent role in
the development or patterning of the anterior autopod structures. Assuming that the anterior
shifts of these genes is associated with patterning of the anterior-most digit as well as
modulation the spatial expression of Fgf signaling in the autopods, as suggested by similar
observations of anterior-shifting of other Fgf antagonists in chicks by Uejima et al. 2010, one
may postulate that an alteration in these sprys’ expressions will disrupt the anterior autopod
patterning and Fgf signaling.
Specifically, as an overdose of Fgf in the putative digit 2 region of chick forelimb buds
led to unexpected elongation of the digit (Uejima et al. 2009), it will be interesting to see if
suppressing spry expression in during the autopod-forming stages will produce a similar
effect in Xenopus. Conversely, an overexpression of these sprys in the anterior digits via
either transgenics or pharmaceutical-related approaches may generate an opposite effects as
observed in Uejima et al (2009). These results will serve as validation for the hypothesis that
the sprys are involved in anterior autopod patterning in the amphibian model by modulating
Fgf expression in the structures.
In order to test the proposed model for the regulatory role of Sprys in the e-m signaling
loop (Fig. 6.1) as well as the bi-phasic model described in Chapter 1 (Fig. 1.1), it will ideal to
induce ectopic expression of sprys at specific limb stages, or preferably, only in the limb buds.
An overexpression of the Fgf-inhibitors in this scenario should lead to an overall suppression
of Fgf signaling in the developing limb buds, and thereby resulting in early termination of the
entire e-m feedback loop. An overexpression of sprys, therefore, should result in a failure or
truncation in limb bud development in Xenopus. As the developmental stage in which ectopic
expression of sprys are induced is crucial, the overexpression should be done through either
the transgenic methods described in Beck et al (2003), or via beads implantation in stage
50-51 limb buds’ distal mesenchyme. These experiments may also be applied to limb
regeneration. This may be use totes the theory of the re-establishment of the e-m feedback
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loop in the regeneration limb buds in Xenopus (Fig. 1.2), in which case ectopic expression of
spry-1a or -4 should result in the effects described above and severely down-regulate limb
regeneration. However, as spry-1a expression was also known to be required for epithelial
differentiation and maintaining self-renewing ability of muscle stem cells in mature
mammalian cells (Shea et al. 2010; Jung et al. 2012), it is also possible that an overexpression
of the gene may improve the regenerative ability of the otherwise non-regenerative older
limbs in Xenopus.
Additionally, while spry-2 showed the least regeneration-specific expression compared
to the other two sprys, its mammalian homologues have been reported to be the most potent
MAPK inhibitor among the four sprys (Wietecha et al. 2011; Felfly and Klein 2013;
Rathmanner et al. 2013). Knocked down expression of human spry-2, in particular, have been
shown to lead to increased cell death, decreased cell proliferation, and a tendency toward
increased ectodermal differentiation in human embryonic stem cells (Felfly and Klein 2013).
This indicates the gene’s ability to inhibit cell death while inducing cell proliferation and
ectodermal differentiation in human stem cells. Therefore, it will be interesting to see if the an
overexpression of spry-2 in the older limb stages 53-55 may improve the regenerative ability
of these limbs. The resulting limbs samples may be assessed via histological sectioning for
profiling the cell morphology of the regenerating structures.
Finally, it should be noted that the functional experiments for Sprys described above
may also be done through the applications of Fgfr inhibitors that repress RTK-MAPK
signaling. Some examples of this type of inhibitors include the pan-Fgfr inhibitor, BGJ398
(Guagnano et al. 2011), and the more specific Fgfr-1/2/3 inhibitor, AZD4547 and PD173074.
The former chemical will inhibit Fgfr-1, -2, -3, and -4 at varied concentrations and efficiency
upstream of the known Spry-mode-of-action. The latter chemicals are none selective Fgfr
inhibitor that targets either Fgfr-1, -2, and -3, and Fgfr-1 and -4 specifically, with weaker
activity against Fgfr-4 and VEGFr-2. A series of varied concentrations of these chemicals may
be used to examine the effects of down-regulated Fgfr-MAPK signaling on Sprys expressions
and their impacts on development and regeneration, in general. Successful inhibition of the
RTK-MAPK pathways may be validated via not only in situ hybridization and RT-PCR, and
Western blotting for the transcripts as well as protein expression of sprys, but also a member
of the membrane-associated Grb.
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6.2. Lessons from heat shock inducible RNAi transgenic
experiments
6.2.1. Keeping Ago in the loop
While RNAi is being widely used in the gene screenings and functional experiments in
a variety of model systems, its mechanism remains largely unknown. RNAi as a method of
manipulating specific gene expression in Xenopus, in particular, is still an emerging field due
to the lower over all number of reports and studies so far. For instance, the apparent lacks of
zygotic ago-2 transcripts in pre-MBT Xenopus embryos was a pleasant surprise to me, as it
provided an explanation for the limited success of eliciting target-specific RNAi effect in the
amphibian model (Lund et al. 2011; refer to Galun and Galun 2005 for reviews regarding
RNAi experiments in Xenopus). This was particularly important as most studies with RNAi in
Xenopus up to this point were performed on Xenopus embryos (Galun and Galun 2005; Flynt
and Lai 2011).
The discovery of limited abundance of Ago-2 in these early embryos suggests that the
desired RNAi effect could be aided by a supplement of ago expression in these systems (Chen
et al. 2009; Lund et al. 2011). On the one hand, the preliminary PCR-based assessment of the
abundance of Ago-2 mRNA transcripts in the various developmental stages of X. laevis limb
samples indicated a relative abundance of the endogenous Ago-2 level in these developmental
stages compared to the orthinine decarboxylase housekeeping gene. On the other hand, it
would still be interesting to see if a supplement of Ago-2 expression in addition to the
intended RNAi-transgene will enhance RNAi effects in the limb-stage tadpoles.

6.2.2. Perspectives on experiments with heat shock inducible transgenes
Chapter 5 described the successful creation of a heat shock inducible RNAi transgene
construct, with shRNA as the RNAi-effector, using a PCR-based method (Chapter 5, section
5.2.2.2). The success of this methodology was particularly exciting as it allows for a relatively
easier and more economical way of synthesizing short custom oligo targeted for the range of
plasmid backbones currently available at Beck Lab. These include the heat shock vector,
HGEM, as well as the more common plasmid vectors, such as pBSIIKS and pCS2+. This
method will allow for more efficient work flow in transgene-based RNAi experiments in
Xenopus at a reasonably low budget in the future.
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Future experiment using GFP as the RNAi target should include at least another two sets
of shRNA sequences. The three sets of shRNA sequences will include two sets of putative
functional RNAi-effector sequences that are designed to target GFP, and one to serve as
negative control. The latter will most likely consist of the shRNA sequences of one of the
functional sequences but with a couple of alteration in the sequences. Using the PCR-based
procedures described in the previous chapter, transgene syntheses for these sequences could
be done with relatively fewer costs compared to commercial option.
Moreover, the spacing of the hairpin sequences immediate to the promoter has been
reported to be critical for functional target reduction by RNAi in both in vitro and in vivo
systems (Xia et al. 2002; Maczuga et al. 2012). Using a series of similar constructs consisting
of pol II cytomegalovirus (CMV) promoter with the hairpin structure juxtaposed to the CMV
transcription start site variable distance ranging from 6-21 nt respectively, (Xia et al. 2002)
demonstrated that apart from the 6 nt-spacer construct none of the others showed the expected
target-silencing activities. A similar transgene design with shRNA targeting either luciferase
or Apolipoprotein B100 positioned at +5 or +6 nt with reference to the transcription start site
of the CMV promoter was shown to be highly effective in targeted silencing (Maczuga et al.
2012).
The apparent efficiency of target silencing functions described above can be one of the
explanations for the failures in obtaining any viable transgenic embryos from the
HGEM:Fgf8iΔ transgenesis experiments, which has a reduced distance of about 7 bp between
the Fgf8i shRNA sequences and the Hsp70 promoter transcription site. The new shRNAtranscribing transgenes, therefore, should also be engineered to reduce the spacer size
between the polymerase II promoter and the shRNA sequences to preferably less than 5-7 bp.
Additionally, any further attempts using the current HGEM:Fgf8iΔ transgenesis experiments
should be performed in at a constant temperature of 13-15˚C to prevent in unexpected
activation of the transgenes in the injected embryos. Co-injection of an additional ago-2
expression vector with the heat shock inducible RNAi construct may also be considered.

6.2.3. Future directions and possible applications
For future studies, it will be ideal to test the efficacy of the RNAi sequences by coinjecting an exogenous target gene, such as GFP or luciferase gene, driven by constant driver
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such a the CMV promoter, with the corresponding small dsRNA sequences into two
blastomeres at the 4-cell stage (refer to methods described in Nakano et al. 2000). In order to
ensure an adequate supply of Ago proteins is present for the desired RNAi effect, the
expression construct for the exogenous gene will preferably be driving ectopic expression of
Ago-2 as well. Alternatively, an additional Ago-expressing construct may also be injected in
conduction with the others.
Ideally, the effects of gene-targeted KD by the dsRNA sequences should be assessable
by eyeing the levels of GFP expression in the treated embryos as they reached later
developmental stages at about stage 24-30. In the case of using luciferase as the target, a
luciferase assay may be carried out to test for luciferase activities. The RNAi-effector
sequences for targeting endogenous developmental genes, such as fgf-8 and bmp, may also be
tested by injecting the respective expression constructs into early embryos, and the effects
assessable by scoring the corresponding phenotypes in the later developmental stages. Once
the functions of the RNAi-effector sequences are verified, the respective sequences may be
incorporated into the heat shock inducible HGEM construct for the next phase as described in
Chapter 5.
If proven to be successful, the inducible-ddRNAi method described in this thesis will be
of immense value to the developmental and regeneration biologists, as it allows for direct
suppression of a targeted gene without the need of a third (e.g. the use of an inhibitor to
suppress the target). This can not only decrease the rates and possibilities of complications
caused by unintended interactions between the third factors and other molecular signals, but
also allows us to perform directed gene KD studies on genes such as the sulfs, where specific
inhibitors are hard to find. This will allow for greater levels of gene manipulations for those
who work on Xenopus, which is traditionally hard to perform specific gene KD due to the
extents of gene duplications present in its genome.

6.3. Conclusion
In conclusion, the projects revealed potential new functions for the members of spry and
sulf in developing amphibian limbs that were not previously anticipated in the other vertebrate
models. Further studies concerning their respective roles in the developing amphibian limbs
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may not only shine light on the evolutionary development of appendages among vertebrates,
but also provide clues to the regenerative abilities in amphibians. Their putative roles in the
process of limb regeneration, as indicated by their expressions in the regenerating blastema,
also made them interesting subjects of inquiry for further studies in limb regeneration.
The unique expression patterns of the Xenopus sprys and sulfs described here
demonstrated distinct differences between the temporal and spatial expressions of these
developmental genes between the regeneration-capable amphibian model and the nonregenerative mammalian and avian models. It is, therefore, likely that the answer to the
differential abilities to regenerate lost organs lies in these subtle differences in molecular
pathways in development (also see discussion in Muneoka and Sassoon 1992; Tanaka and
Galliot 2009; Beck et al. 2009; Brockes and Kumar 2008). The two families of Fgfr-MAPK
regulators described here are associated with the regulations of multiple developmental
processes and organogenesis in the murine and avian models. These range from epithelial as
well as ectodermal cell differentiations and migrations in early embryos, to the formation and
homeostasis of skeletal structures and muscles in the adult animals (Kim and Bar-Sagi 2004;
Otsuki et al. 2010; Ratzka et al. 2008). Although the expressions of these genes in Xenopus
also reflect their involvements in these processes in the amphibian model, the irregular
expression patterns compared to their murine and avian counterparts indicate additional
functions for these genes in Xenopus. Compounded with their expressions in the regenerating
blastema, which is the most prominent structure during regeneration, one cannot help but
postulate that they have something to do with the better-regenerative ability enjoyed by the
amphibian model.
Finally, it is regrettable that the experiments in the transgene-based heat shock inducible
RNAi project did not work out as expected, the detailed documentation of transgene designs
and productions, as well as the process and outcomes of transgenesis, are invaluable for future
projects. In particular, the lines of HGEM-RNAi transgenic frogs, GFPi, and FGF8i, that
were established in this project can still be use for further testings in the future.
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production.
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genes.
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These include the expression of the X. laevis arylsulfatase, fgf-2, fgf-4b and fgfr-4 in stage 30
embryos and limb stages, and the expression of fgf-8b in regenerating hindlimbs amputated at
future knee level at stage 52, 53, and 54 respectively.
Appendix E
Sequence alignments of pGFP2 and the GFP sequences of Azotobater vinelandii
(AF324408.1), A. vinelandii (AF324407.1), A. vinelandii (AF324406.1), and Aequorea
victoria (M62653.1).
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Appendix A

Normal development table of Xenopus laevis according to Nieuwkoop and
Faber (1967).
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Appendix A (1)
Normal development table of Xenopus laevis. Figure from Nieuwkoop and Faber (1967). The
suggested time for growth was based on a constant temperature of 23±2˚C.
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Appendix A (2)
Normal development table of Xenopus laevis. Figure from Nieuwkoop and Faber (1967). The
suggested time for growth was based on a constant temperature of 23±2˚C.
- 161 -

Appendix A

Appendix A (3)
Normal development table of Xenopus laevis. Figure from Nieuwkoop and Faber (1967). The
suggested time for growth was based on a constant temperature of 23±2˚C.
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Appendix B

Details of custom plasmids for generating antisense RNA probe as well as
transgene production.

No.

Plasmids/Vectors

Application

B (1)

pCRIITOPO:xSpry-1a

Probe synthesis for in situ hybridization

pCRIITOPO:xSpry-2

Probe synthesis for in situ hybridization

pCR4TOPO:xSpry-3

Probe synthesis for in situ hybridization

pCRIITOPO:xSpry-4

Probe synthesis for in situ hybridization

pCRIITOPO:xSulf-1

Probe synthesis for in situ hybridization

pCRIITOPO:xSulf-2

Probe synthesis for in situ hybridization

HGEM:xSpry-1a

Transgenesis

pCRIITOPO:xSpry-1aCDS

Subcloning vector for generating HGEM:xSpry-1a

B (5)

HGEM:FGF8i

Transgenesis

B (6)

pIDTSMART:FGF8-shRNA

Subcloning vector for generating HGEM:FGF8i

B (7)

HGEM:GFPi

Transgenesis

B (8)

pCRIITOPO:GFP(shRNA)

Subcloning vector for generating HGEM:GFPi

B (9)

pHSP70-GEM (HGEM)

Heat shock inducible transgene backbone

B (2)

B (3)

B (4)
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Appendix B (1)
Plasmid map of the pCRIITOPO:xSpry-1a and pCRIITOPO:xSpry-2 synthesized for RNA
probe synthesis for in situ hybridization.
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Appendix B (2)
Plasmid map of the pCR4TOPO:xSpry-3 and pCRIITOPO:xSpry-4 synthesized for RNA
probe synthesis for in situ hybridization.
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Appendix B (3)
Plasmid map of the pCRIITOPO:xSulf-1 and pCRIITOPO:xSulf-2 synthesized for RNA
probe synthesis for in situ hybridization.
- 166 -

Appendix B

Appendix B (4)
Plasmid map of the HGEM:xSpry-1a transgene and pCRIITOPO:xSpry-1aCDS used in
cloning full-length X. Laevis xSpry-1a coding sequences.
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Appendix B (6)
Plasmid map of the pIDTSMART:FGF8-shRNA plasmid. Blue text shows the shRNAforming sequences.
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Appendix B (7)
Plasmid map of the HGEM:GFP3i transgene-carrying vector. Details of the shRNA-forming
sequences are highlighted in yellow.
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Appendix B (8)
Plasmid map of the pCRIITOPO:GFP(shRNA) vector. Details of the shRNA-forming
sequences are highlighted in yellow.
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Appendix B (9)
Plasmid map of the pHSP70-GEM (HGEM) vector used in the synthesis of the heatshock
inducible RNAi transgenes. The diagram is a digital replicate of the original construct map
drawn by Dr Caroline Beck.
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Appendix C
Sequences alignments details and NCBI BLAST results for cloning of Xenopus
laevis sprouty genes.
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Appendix C (1)
BLAST results for the spry-1 -like sequences from Beck’s transcriptome data (continued).
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Appendix C (2)
BLAST results for the spry-1 -like sequences from Beck’s transcriptome data.
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Appendix C (3)
X. laevis spry-1 (FJ439175.1, NM_001137585.1, and NM_001159681.1) alignment
(continued).
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Appendix C (4)
X. laevis spry-1 (FJ439175.1, NM_001137585.1, and NM_001159681.1) alignment.
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Appendix C (5)
Sprouty homolog 1 proteins Clustal alignment and guide tree from CLC Main Workbench 6,
and the phylogenetic neighbour-joining tree (based on percentage, without distance
correction) obtained from CLUSTAL Omega web application on EMBL-EBI.
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Appendix C (6)
Sprouty homolog 2 proteins Clustal alignment and guide tree from CLC Main Workbench 6,
and the phylogenetic neighbour-joining tree (based on percentage, without distance
correction)obtained from CLUSTAL Omega web application on EMBL-EBI.
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Appendix C (7)
Sprouty homolog 3 proteins Clustal alignment and guide tree from CLC Main Workbench 6,
and the phylogenetic neighbour-joining tree (based on percentage, without distance
correction)obtained from CLUSTAL Omega web application on EMBL-EBI.
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Appendix C

Appendix C (8)
Sprouty homolog 4 proteins Clustal alignment and guide tree from CLC Main Workbench 6,
and the phylogenetic neighbour-joining tree (based on percentage, without distance
correction)obtained from CLUSTAL Omega web application on EMBL-EBI.
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Appendix C (9)
NCBI BLAST result for the full spry-1a coding sequences in the HGEM transgene
(continued).
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Appendix C

Appendix C (10)
NCBI BLAST result for the full spry-1a coding sequences in the HGEM transgene
(continued).
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Appendix C (11)
NCBI BLAST result for the full spry-1a coding sequences in the HGEM transgene.
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Appendix D

Supplementary expression data shown through in situ hybridization for Chapter
1, 3, and 4. These include the expression of the X. laevis arylsulfatase, fgf-2,
fgf-4b and fgfr-4 in stage 30 embryos and limb stages, and the expression of
fgf-8b in regenerating hindlimbs amputated at future knee level at stage 52, 53,
and 54 respectively.
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Figure D1: Expression of X. laevis fgf-2 detected by in situ hybridization in (A) stage 32
embryo, as well as (B-E) fore- and (F-I) hind-limb buds. Black arrows marked the antibody
staining that indicate regions of gene expression.

Figure D2: Expression of X. laevis fgf-4 detected by in situ hybridization in (A) stage 38
embryo, as well as (B-D) fore- and (E-G) hind-limb buds. Black arrows marked the antibody
staining that indicate regions of gene expression.
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Figure D2: Expression of xFgf-8 in regenerating hindlimbs originally operated at stage 52-54
respectively. Dorsal view with the anterior side pointing downward. Black arrows indicate
regeneration-specific antibody staining. Red dotted lines marked the margin of AER.
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Appendix E

Sequence alignments of pGFP2 and the GFP sequences of Azotobater vinelandii
(AF324408.1), A. vinelandii (AF324407.1), A. vinelandii (AF324406.1), and
Aequorea victoria (M62653.1).
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Appendix E (1)
Fragment of sequence alignments of pGFP2 and the GFP sequences of Azotobater vinelandii
(AF324408.1), A. vinelandii (AF324407.1), A. vinelandii (AF324406.1), and Aequorea
victoria (M62653.1) using CLC Main Workbench 6.
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Appendix E (2)
Fragment of sequence alignments of pGFP2 and the GFP sequences of Azotobater vinelandii
(AF324408.1), A. vinelandii (AF324407.1), A. vinelandii (AF324406.1), and Aequorea
victoria (M62653.1) using CLC Main Workbench 6.
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